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“When you can measure what you are speaking
about, and express it in numbers, you know
something about it; but when you cannot
measure it, when you cannot express it in
numbers, your knowledge is of a meagre and
unsatisfactory kind: it may be the beginning of
knowledge, but you have scarcely, in your
thoughts, advanced to the stage of science,
whatever the matter may be”

Lord Kelvin, 1883
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Foreword

This thesis summarizes the efforts on the topic of micro manufacturing made by the author and

co workers since 2002. Upon the appointment as full professor of micromanufacturing the research

field was defined and strategies for its development formulated. The research activities were

supported by many colleagues and funding bodies, in this way allowing the exploration of many

aspects of micro manufacturing. The growth of activities was enabled through a motivated team of

researchers, some still being valued colleagues at DTU.

The thesis describes a framework for design and manufacturing of micro mechanical components

with focus on setting and verifying tolerances during the execution of micro manufacturing process

chains. The thesis is a monograph, but the original work has been reported in 81 journal and

conference papers listed in appendix 2.

Kongens Lyngby, July 2020

Hans Nørgaard Hansen



Foreword

II



Acknowledgements

III

Acknowledgements

This work was started when I was hired by former Head of Department, Professor Leo Alting in

2002. The Department of Manufacturing Engineering and Management of DTU had formulated a

vision, in which micro manufacturing was appointed a strategic topic. I am ever so grateful for being

given this opportunity by Leo Alting. He also had committed to writing a keynote paper on the topic

prior to my appointment, and this gave some sense of urgency to my work. Now, many years later,

Leo is still a valued friend and mentor. My early scientific experience was made under the wise

guidance of Professor Leonardo De Chiffre and Professor Tarras Wanheim. They continued to

support me during all the years, and I am very grateful for them introducing me to CIRP

(International Academy for Production Engineering) and for teaching me, what it takes to become

a fellow of CIRP. Leonardo also introduced me to the Italian research community, and there I found

many friendships. Upon an organisational change in 2007 former Heads of Department Professor

Preben Terndrup Pedersen and Professor Henrik Carlsen supported and encouraged me to pursue

the ambition of writing a doctoral thesis. Now, 13 years later, this goal was reached.

This is not the work of one single person. The many investigations, simulations, papers, conference

presentations, project meetings and status reports were only made possible through the

collaboration with dedicated and motivated colleagues. Some of my former PhD students in micro

manufacturing now hold faculty or researcher positions and DTU, and I would like to thank them for

a constructive exchange of ideas and their ambition to always push state of the art. I would in



Acknowledgements

IV

particular like to thank the following former PhD students in the area of micro manufacturing under

my supervision and co supervision: Paolo Bariani, Giuliano Bissacco, Uffe Arlø Theilade, Asta

Gegeckaite, Jan Prichystal, Jimmy Fugl, Aminul Islam, Guido Tosello, Rasmus Eriksen, Stefano

Menotti, Stefania Gasparin, Rasoul Mahshid, Matteo Calaon, Farzaneh Omidvarnia, Max Marhöfer,

Timo Wöhner and Danilo Quagliotti. Also a large number of BSc, BEng and MSc students have

completed their thesis work in the area and under my supervision. A special thank you must go to

Rene Sobiecki who taught me metrology from a practical point of view, and who supported all my

activities also from 2002 and onwards. His enthusiasm and dedication has served me as a guiding

star. I also must thank Dr. Torben Tang and Dr. Mogens Arentoft for our common journey in micro

manufacturing that started in 2002. I have enjoyed the fruitful collaboration and many common

trips around the world.

I would like to thank colleagues and friends in CIRP for their support and guidance. Also, I would like

to thank the European Society for Precision Engineering and Nanotechnology (euspen) for support

and encouragement to further develop the area of micro manufacturing. In particular, discussions

with Professor Pat McKeown (UK), Professor David Whitehouse (UK) and Professor Nam Suh (USA)

have helped me in clarifying my thoughts during the writing of this thesis.

The following grant providers are thanked for their financial support: Rådet for Teknologi og

Innovation (DK), Højteknologifonden (DK), Det Strategiske Forskningsråd (DK), Innovationsfonden

(DK), EU’s 6th Framework Program and EU’s 7th Framework Program. Furthermore, a large number

of Danish and international industrial companies have been taking part in the research activities

over the year, and for that I am very grateful.

Emilie Gøbel Moesgaard is thanked for her support in formatting the thesis and many practical

problems related to text editing. Tomas Benzon has provided an enormous assistance in doing most

of the graphical set up for figures and tables based on my input. I would like to thank him deeply for

his support.

Finally my family has been very patient and supportive. My wife, Hanne, never doubted that I would

finish the thesis, even though I have lost a yearly bet that I would finish the thesis during that specific

year. In 2020 I finally won this bet. Thank you!



Abstract

V

Abstract

This work presents a systematic framework for design and manufacturing of micro products.

In particular, it describes how tolerances and process chains are interconnected. It addresses a

number of key challenges related to the dimensional scale from 1 m to 1 mm, in some cases down

to 100 nm. The framework focuses on the problems arising when geometrical product specifications

meet function oriented tolerancing, when precision manufacturing technologies meet MEMS

processing technologies and when dimensional metrology meets functionality testing. The designer

of micro products needs to take into consideration different design traditions, the integration of

different technology platforms and also there is a need to acknowledge the importance of

metrology as a key tool to control process chains and product quality.

The framework describes the correlation between product specification, manufacturing and

validation at this particular scale. In the context of the above mentioned challenges four research

questions are identified under this framework. These research question are summarized as follows:

 Setting the tolerance – how can micro products and components be developed and specified?

 Establishing traceable metrology solutions – how can traceable metrology solutions be

developed to assure micro product verification and validation as well as process validation in

micro manufacturing?

 Process stability – how can micro manufacturing processes be analyzed, monitored and

optimized based on metrological approaches?
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 Process validation – how can single processes as well as process chains in micro manufacturing

be verified and validated?

The work establishes methods and tools for operating in the specific dimensional interval with

two different technology traditions and toolsets including product and process development and

quality assurance methods. It couples the product and process side of quality assurance and control

by presenting a systematic methodology based on the use of traceable metrological tools and

techniques applied to process chains. It demonstrates how complex quality assurance and control

can be implemented in this dimensional interval by bringing specific examples and

recommendations.

All together, this work establishes a coherent framework for design and manufacturing of

micro products. It allows the designer to undertake a systematic design approach where micro

manufacturing possibilities and capabilities are considered. The process chain perspective

combined with a metrological methodology allows production engineers to analyze and optimize

complex micro manufacturing process chains to meet required specifications of the produced

components. Finally, quality engineers are given tools to enter into dialogue with designers and

production engineers at an early stage of the design process. The work helps move from a pure

experience based setup to a formal method for design and manufacturing of micro products.
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Resume (dansk)

Denne afhandling præsenterer en systematisk tilgang og metode til design og fremstilling af

mikroprodukter. Metoden har særlig fokus på, hvorledes proceskæder og tolerancer er forbundne.

Metoden adresserer en række udfordringer, der relaterer sig til dimensionerne mellem 1 m og 1

mm, i visse tilfælde ned til 100 nm. Der fokuseres på de problemer, der opstår, når geometriske

produktspecifikationer møder funktionsorienterede tolerancer, når præcisionsfremstillings

teknologier møder halvlederbaserede fremstillingsmetoder og når længdemetrologi møder

funktionstest. Designeren af mikroprodukter bør tage hensyn til forskellige designtraditioner,

integration af forskellige teknologiplatforme til fremstilling, ligesom det er nødvendigt at anvende

metrologi som et kerneværktøj til kontrol af proceskæder og produktkvalitet.

Metoden beskriver sammenhængen mellem produktspecifikation, fremstilling og validering i

denne længdeskala. Med udgangspunkt i de ovenfor nævnte udfordringer er der opstillet fire

forskningsspørgsmål, som er:

 Tolerancefastsættelse – hvordan kan man udvikle og specificere mikroprodukter?

 Etablering af sporbare metrologiske løsninger – hvorledes kan man udvikle sporbare

metrologiske løsninger til understøttelse af produktverifikation og validering af proceskæder i

denne skala?

 Processtabilitet – hvordan kan man analysere, overvåge og optimere mikro

fremstillingsprocesser baseret på en metrologisk tilgang?
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 Procesvalidering – hvorledes kan man validere enkeltprocesser og proceskæder i denne

længdeskala?

Afhandlingen beskriver metoder og værktøjer til at arbejde i denne længdeskal inklusive to

forskellige teknologitraditioner omfattende produkt og procesudvikling samt

kvalitetsstyringsmetoder. Metoden sammenkobler produkt og processiden af kvalitetsstyring ved

at anvende sporbare metrologiske værktøjer og teknikker anvendt på proceskæder. Afhandlingen

demonstrerer, hvorledes kvalitetsstyring og kvalitetskontrol kan bringes i anvendelse i dette

længdeinterval ved at vise en række eksempler.

Denne afhandling beskriver dermed en systematisk metode til design og fremstilling af

mikroprodukter. Metoden sætter designere i stand til at benytte en systematisk tilgang til

produktudvikling, hvor fremstillingsmetodernes kapabilitet inddrages. Kombinationen af

proceskædeperspektivet og den systematiske metrologiske tilgang sætter produktionsingeniørerne

i stand til at analysere og optimere komplekse proceskæder med det formål at opnå de ønskede

produkter. Endelig giver metoden kvalitetsingeniørerne mulighed for at indgå i en dialog med

designere og produktionsingeniører på et tidligt tidspunkt af produktudviklingsprocessen. Metoden

gør det muligt at bevæge sig fra et rent erfaringsbaseret paradigme til en formel systematik omkring

design og fremstilling af mikroprodukter.
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Chapter 1

Micro manufacturing: Challenges and new

framework

1.1 Background

This work defines micro manufacturing as production technologies capable of making parts

with critical dimensions in the m scale, and it addresses challenges and issues related to product

definition, product manufacture and validation of components.

Manufacturing engineering as a technical scientific discipline involves all aspects of the

physical design and creation of components and products. It uses aspects of materials science,

process technology, production planning as well as quality assurance and quality control techniques

in order to describe, analyze and optimize the production system. Furthermore, the design of the

components and products plays a major role in making high quality manufacturing possible.

Precision manufacturing is characterized by parts with increasingly tighter tolerances and

specific functional properties, often made in advanced materials. A prerequisite for maintaining

manufacturing in Europe is that products should be characterized by high yield and low defect rate

in parallel with being highly innovative. The European Commission has identified advanced

manufacturing as one of seven key enabling technologies for Europe in future. As indicated in [1]

focus is on advanced manufacturing processes enabling clean production for example by focusing

on:
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 Sustainable manufacturing technologies, i.e. technologies to increase manufacturing efficiency

in the use of energy and materials and drastically reduce emissions

 Intelligent manufacturing, i.e. integrating digital technologies into production processes

 High performance manufacturing, combining flexibility, precision and zero defect

This increased focus on advanced manufacturing in a broad sense has been a driver of

research and development in many European countries. Since 2012 various national initiatives

related to manufacturing engineering have been launched all over the world: Germany (Industrie

4.0) [2], UK initiative on High value manufacturing [3], US Advanced manufacturing initiatives [4],

the Swedish “Made in Sweden 2030” initiative [5] etc. In Denmark the Manufacturing Academy of

Denmark promotes a holistic view on challenges and possible solutions for the Danish

manufacturing industry [6]. Danish manufacturing industry has moved in the direction of precision

manufacturing over the last few decades and covers today a large range of sectors and products

such as wind turbines, pumps, automation equipment, medical equipment, toys etc. Medical

equipment is a big Danish manufacturing activity covering for example hearing aids, drug delivery

devices, colostomy devices and medical equipment. Digitalization [7,8] is a trend that gains

increasing importance also in Danish manufacturing industry. Digitalization may drive quality

development, product service system development and economic efficiency of companies.

During the past 20 years, an increasing trend towards miniaturization of mechanical and

electro mechanical devices and systems has been observed. Twomain manufacturing routes can be

described: One based on semiconductor processing and another based on more traditional

processing of polymers, metals and ceramics. The first can be described as a “bottom up oriented“

process where functional features and geometries are made with nm resolution technologies. The

second can be described as a “top down oriented” process where conventional technologies are

scaled down to achieve micro scale resolution e.g. ultra precision single point diamond machining.

Alongside the miniaturization an increase in component or product functionality and complexity is

a fact. This results in a pressure towards use of multi materials in the physical realization of the

components.

The first route towards miniaturization is based on the continuous development of

semiconductor processing towards resolutions in the nm range [9]. The development can be

illustrated by the development in achievable critical dimensions as discussed by Moore already in
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1965 [10]. In the 1990s Moore revisited the hypothesis [11], and could confirm the exponential

growth in number of transistors per chip and consequently the decrease in critical dimensions.

Figure 1 illustrates the observation that the number of transistors in an integrated circuit doubles

approximately every two years. Moore as well as many others also predicted around 2012 that the

pace would slow down due to physical constraints and the massive investments required in order

to develop manufacturing systems and machines capable of achieving the required precision.

Critical dimensions of computer chips are reported and projected in the International Technology

Roadmap for Semiconductors [12], and in 2015 IBM Research announced the production of a 7 nm

node test chips with working transistors. This actually represents a jump in the forecast.   

Figure 1. Transistor Count and Moore's Law. Inspired by [11].

The drive from computer chip manufacturers has resulted in high performance computer

chips, ink jet printers, reading heads for hard discs as well as medical and biomedical products,

sensors etc. The development of lithography based technologies to MEMS (micro electro

mechanical systems) applications has opened the possibility to take advantage of materials and

precision of the processes to develop smart and innovative products with moving elements as seen

in motion sensors for the automotive industry. This also has meant a movement from a flat (two
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dimensional, 2D) device layout to 2½D and even 3D in some cases. The semiconductor processing

platform is based on the specific material properties of semiconductors (e.g. single crystal nature,

possibility to change material properties by doping etc.) and the combination of lithography with

etching and material deposition [13]. In essence, the methods rely on a layer by layer approach

whereby stationary or moveable devices are fabricated. Almost all semiconductor based

components contain different materials. Manufacturing is batch oriented where semiconductor

wafers are processed (containing a large number of components) and final components are

achieved by dicing the wafer in a final process step. The material properties are well known and

therefore the nature of the single material processing is relatively deterministic. However, material

combinations and the resulting complex processing schemes will result in variations also for these

processes.

The second route is based on a downscaling of conventional manufacturing engineering

technologies and a development of new ultra precision manufacturing processes for metals,

polymers and ceramics. Materials are typically polycrystalline, semi crystalline or amorphous in

microstructure. Examples of areas that have benefitted from and pushed this approach are hearing

aids, lab on chip analysis systems, drug delivery devices, mobile phones, optics etc. As a result, a big

research effort has been undertaken to enable the use of conventional process technologies for

making miniaturized components and products. Examples of such initiatives include micro milling

of hard materials with tools having diameters below 50 m [14,15], diamond machining of ultra

precise optical features with optical surface quality for subsequent replication [16], micro electrical

discharge milling with electrodes having diameters below 10 m [17], injection molding of

components with weights below a few mg and critical dimension below 500 m [18] and micro

metal forming of components with critical dimensions below 500 m [19]. Assembly processes are

developed to handle miniaturization as described in e.g. [20]. For these types of processes,

establishment of process chains involving several processing steps and different materials (e.g.

structuring of mold for subsequent micro injection molding followed by handling and joining

operations) is a big challenge. The reasons for this include ability to establish certain geometries at

the required dimensional scale, material behavior and compatibility. These are often referred to as

size or scale effects [21–23]. There are, for example, size effects related to the combination of

material microstructure characteristics and dimensions to be obtained. If for example a
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polycrystalline material with an average grain size of 100 μm is to be milled to achieve a feature of

200 μm, then the material process interactions will result in big variations and it becomes doubtful

that specifications will be met. Another size effect is related to surface roughness of tools. If a

punching tool has a diameter of 300 μm, then surface roughness must be sufficiently low as not to

affect final feature dimension and to allow for a smooth process.

Taniguchi predicted in 1983 how ultra precision machining (in its broadest sense) would

develop over the years [24]. He foresaw that the sub μm precision for normal machining would be

achieved by 2000 and that the nm level would be reached at the same time for ultra precision

machining (Figure 2). In his paper, he combined the two routes described above. He also indicated

that there must be a physical lower limit defined by atomic structures of materials beyond which it

makes little sense to speculate. The years have shown that his prediction was true.

Figure 2. Taniguchi’s prediction of achievable machining accuracy (from [24]).
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Figure 3. Categorization of devices, systems and products based on micro or nano scale features and parts
(from [25]).

Different devices and systems are based on the two technology routes described above. Figure

3 illustrates a selection of these. They comprise stationary as well as movable systems and typically

involve different working principles (e.g. mechanical, electrical, optical etc.). The convergence of

different scientific disciplines into the micrometer and nanometer scales is often labelled micro and

nano technologies. This interdisciplinary approach complicates the creation of a common

terminology on these issues (Figure 4). Here not only the difference between the two basic

manufacturing routes becomes evident, but also the entire design process may differ depending on

the engagement of various disciplines.

Micro manufacturing is an essential part of the physical realization of various designs of

components, devices and systems at this scale. As such, micromanufacturing comprises all activities

including design, production and quality assurance of such components and products. This work

deals with quality assurance of the entire value chain of design production validation of devices,

systems and products with critical dimensions in the sub mm scale ranging from m to nm.



Micro manufacturing: Challenges and new framework

7

Figure 4. Convergence of scientific discipline towards micro and nano technology based products [26].

1.2 Challenges related to quality assurance in micro manufaturing

ISO 9000 defines Quality Assurance as "part of quality management focused on providing

confidence that quality requirements will be fulfilled" [27]. Quality is defined in the same standard

as “the degree to which a set of inherent characteristics of an object fulfils requirements”. Quality

control is focused on “activities fulfilling quality requirements”. Quality control focuses on testing

of components and products to find defects and the subsequent reporting. Quality assurance is

more focused on improving and stabilizing production to minimize issues which have led to the

defects.

The basis of these activities is formed by the detailed specifications of the component.

Specifications typically include dimensions, geometries, surface quality, material properties etc.

Furthermore, specifications are usually equipped with tolerances stating maximum deviations from

an ideal geometric form in this way governing functionality of the component (e.g. mating



Micro manufacturing: Challenges and new framework

8

capability, sliding and rolling capability, load rating and different surface finishes). At the same time,

tolerances are used as information for the manufacturing step in order to choose and regulate

processes to the appropriate level. Finally, tolerances are used togetherwith the final quality control

of the component to determine whether the component meets specifications or not (Figure 5). This

closed loop system is very well established in conventional manufacturing. Here various ISO

standards regulate this field in terms of Geometrical Product Specifications (GPS) e.g. [28]. These

standards describe the entire sequence from specification over choice of measurement equipment

to final evaluation of the results. GPS standards follow a set of well founded principles. Two of these

principles are [29]:

 No measurement is absolutely accurate, and with every measurement, there is some finite

uncertainty about the value of the measurand.

 All manufacturing processes are imprecise and produce parts that exhibit variations. In fact, no

manufactured object can have ideal form.

When a production process chain is composed of a number of process steps, the variation in

each of these steps will interact and result in a final variation of the end product. The GPS system

allows for the use of general tolerances [30,31] or specific tolerances related to limits and fits

[32,33], however for sub mmdimensions these standards are not adequate. Someworks introduce

a function oriented tolerancing concept for monolithic integrated systems (e.g. MEMS) as reported

in literature [34] and [35]. Function tests should be carried out for small scale components and

systems no matter what manufacturing route has been chosen. This is essential for validation of

any physical product.
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Figure 5. Illustration of typical connection between specification, manufacturing and quality control.

Dimensional scale plays a significant role also in themetrology of components. In connection

with the geometrical complexity of the component, choice of measurement instrument,

measurement procedure and evaluation method determine the final outcome of these efforts.

Availability of suitable metrology methods (from imaging over scanning probe microscopy and

surface roughness instruments to real three dimensional metrology using coordinate measuring

machines or CT scanners) is limiting the possibility to achieve good results. Focus on establishment

of traceability and measurement uncertainty becomes a key issue in establishing a methodology for

quality assurance at micro scale. Finally, the integration of features and critical dimensions into one

component covering several orders of magnitude poses a big challenge for quality assurance. It

implies that a range of different traceable instrumentation is needed to establish the necessary data

for component evaluation.

The validation of produced parts brings together specifications and tolerances with

measurement results. This is key in bringing micro manufacturing from the laboratory to industrial

applications. According to ISO 14253 [36] the measurement uncertainty (U) must be subtracted

from the tolerance zone (T) in order to establish the so called conformance zone (Figure 6a). If the

ratio U/T is close to 1, then a very small conformance zone is realized, and the consequence is a very

little allowable interval of variation for the manufacturing processes. The so called “golden rule of

the gauge maker” expresses that if U/T < 0.1, then you are on the safe side. In micro manufacturing

U/T almost never is on that level. It is far more likely to see 0.5<U/T<1, and of course in this case
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verification becomes critical. Establishment of traceability and thereby reliable (and sufficiently low)

values for the measurement uncertainty is therefore very important. It can be observed that

tolerance zones usually are reduced as absolute dimensions are scaled down, and at the same time

measurement uncertainties are not reduced at the same rate leaving a smaller relative conformance

zone for the component validation and/or for process variations (Figure 6a).

(a) (b)

Figure 6. Illustration of (a) relationship between tolerance zone, measurement uncertainty and conformance
zone and (b) different process variations compared to tolerance zone.

The requirement for process control is increased as the dimensions and tolerances are scaled

down (Figure 6b). In order to achieve components within specifications, processes must be

optimized to deliver results within the conformance zone. This goes for single processes as well as

process chains. As described earlier, it is very seldom that a component can be manufactured by

one process step only. Several factors influence the final component quality in this case: (I) the

choice and sequence of the single processes in the process chain (II) single process control and

optimization (III) material characteristics throughout the process chain e.g. compatibility, shrinkage,

flow behavior etc. and (IV) mirroring effects in replication processes (e.g. protrusion in mold

geometry becomes cavity in a molded part). Also the interaction of different processes and their

relative accuracy will affect the process chain capability and behavior and potentially contribute to

manufacturing imprecision.

In summary, when absolute dimensions as well as tolerances are scaled down in connection

with miniaturization of components, demands for quality assurance and control are increased.

Process variations of a single process as well as cumulative variations in process chains need to be

limited often to a m level. For semiconductor based processes the nature of the materials and the
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production equipment typically allows for meeting such requirements. In the case of downscaling

conventional manufacturing processes, material variations, process characteristics and the fact that

miniaturization drives the processes towards their limits will result in increased variations. When

this is combined with smaller tolerances a situation occurs where production may not be possible

at all.

Therefore, a new set of terms and tools is required that addresses the above problem complex

at micro scale. The concept shall ideally:

 help designers in specifying components at micro scale taking into account functionality as well

as the manufacturability (both using top down and bottom up technologies).

 help production engineers choose an adequate combination of processes for maximizing the

likelihood that the components can be produced to specifications.

 help quality engineers to bridge the gap between the two above mentioned groups by applying

adequate and traceable metrology and inspection tools in quality assurance.

1.3 Framework

In this work an overall framework is established for designing andmanufacturing micro products

based on a systematic approach.

The framework regards the integrated treatment of product design and specification,

process chain definition end execution as well as product and process validation for products

characterized by the dimensional scale below a few mm. Figure 7 illustrates the correlation

between four different levels in this framework: function level, activity level, physical level and

model level. The desired function is transformed into concepts and detailed designs during the

design activity, and the outcome is a specification forming a model of the desired design (e.g. CAD

models, technical drawings etc.). Based on this model, materials are selected and the process

technologies are defined. During the processing activity, specifications are matched with process

characteristics and process capabilities. Furthermore, compatibility of materials and process steps

as well as coherence between process steps is considered. Process and process chain validation

plays an important role in securing process output. The physical outcome of the processing is a
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component which is subjected to validation activities. Validation typically is directed towards a

comparison with specifications, but also validation of function of the component is important.

The framework is well presented as a serial model, but in reality the steps are highly

interactive and the nature of the procedure iterative. From a traditional mechanical engineering

perspective entry point should ideally be the desired functionality. In some cases and for some

technology platforms the entry point is considered process chain capability and availability. The

concept is applicable to all micro manufacturing platforms.

In principle, the framework is not specific to micro manufacturing. However, the challenges

that arise from the scaling issue are massive. Figure 8 illustrates three main challenges related to

downscaling, or more specifically to the dimensional scale where the top down technologies meet

the bottom up technologies. The three challenges are:

 The combination of geometrical product specifications and function oriented tolerancing.

 The combination of precision manufacturing technology and MEMS processing technologies.

 The combination of dimensional metrology and functionality tests for validation purposes.

Figure 7. Correlation between activities and physical elements in the framework for designing and
manufacturing micro products.
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Figure 8. Definition of area of interest for this work and the three challenges.

In the zone of interest the function oriented specification meets the geometry oriented

specification and there is a need to redefine the concept of tolerancing (Figure 8). The function

oriented approach does not consider dimensional and geometrical tolerancing and at the same time

the traditional GPS system is not extended in a meaningful way to the micro scale dimension. The

distinction between dimensions, geometry and surface texture becomes increasingly more difficult

as dimensions are scaled down, and therefore there is a need to establish definitions as well as

relations between these properties both from a product functionality point of view and from a

process point of view. Function characteristics are of primary interest but not always suitable as

control parameters for process technologies. For that purpose, both in the bottom up and top down

oriented approaches, tolerances of dimensions, geometries and surfaces are useful. Tolerances as

defined in the GPS system are based on tolerance zones – no control of the geometry within these

zones is provided. Furthermore, surface roughness is definedwith respect to limited scales (i.e. filter

cut off values). This implies for example that dimensional tolerances have to be “estimated” and

surface roughness has to be adapted to the physical dimensions of the parts not meeting

standardized requirements. In turn, this has direct influence on instrumentation and calibration in

connection with the verification of specifications. The fact that there is only little or no tradition in

the MEMS community to discuss tolerances as known from the GPS system further increases the

level of difficulty in combining processes across this zone.

In principle function should govern tolerances, but in reality manufacturing capabilities play

an important role in tolerance definition. Particularly, down scaled precision manufacturing
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processes and their related capabilities govern which tolerances can be achieved. In the defined

zone where the two paradigms meet, there is a need for re defining the concepts leading to quality

assurance of the manufacturing processes. In principle, it should lead to robust manufacturing

processes combining the two approaches and technologies related to these. The industrial

relevance of this zone has become increasingly interesting over the last decade. The push for further

miniaturization of medical devices, e.g. hearing aids, drug delivery devices, medical sensors and

diagnostics, implants, has been remarkable. Regulatory requirements for documentation of

function, specification and manufacturing process capabilities leaves industrial companies in a

vacuum regarding quality assurance. The same situation is found in other industrial sectors such as

optics, automotive etc.

Even though the dimensional scale in principle is one dimensional, structures and components

are usually not. Therefore, a slightly more complex view on the interaction of dimension is proposed

using the so called Stedman diagram [37,38] (Figure 9). It depicts vertical dimension versus

horizontal dimension and is also showing the outline of process capabilities from the two domains.

The diagram is not an exact representation of the process areas. Rather the diagram is introduced

as a way of identifying what are the characteristic length scales from a product point of view, a

process point of view and a metrology point of view. The diagram will be used for product

characterization and process selection as well as for identification of metrology solutions.

The dimension in question can be a critical dimension of a component or of a feature. If a

feature has a larger horizontal than vertical dimension then generally speaking, it is easier to

manufacture. For the sake of the discussions in this work the zone can be divided into two areas:

 The “sub mm area” characterized by dimensions in all three directions in the range from 1 m

to 1 mm.

 The “sub m area” characterized by dimensions in the horizontal plane in the range of 0.1 m

to approximately 100 m and in the vertical direction from 0.05 m to 1 m.

The processes and process chains discussed are all related to these two areas.
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Figure 9. Dimensional regimes of this work.

1.4 Research questions

The proposed framework (Figure 7) combines the product and process perspective into an

integrated set of activities related to quality assurance in micro manufacturing. The challenges and

research questions are related to these two perspectives. In the following, the challenges as well as

two research questions are presented for each perspective.

The product perspective focuses on the correlation between the design and specifications of

the product, and the compliance of the final product or component with these specifications. As

indicated in Figure 7 the relationship between functional requirements and geometrical

specifications is an important step in defining how components should be in order to obtain the

desired function. This translation of function into tolerances often is very difficult and incomplete.

Experience plays a major role in this respect, and as such industrial practice and knowledge holds

an enormous amount of information that is not necessarily publically available.

Assuming that it is possible to translate function into dimensional and geometrical tolerances,

these specifications serve as reference. Figure 10 illustrates the principle situation as defined also

in ISO 14253 2 [39]. The tolerance (T) is defined as the difference between the upper tolerance limit

(UTL) and the lower tolerance limit (LTL). The nominal value (NV) indicates the desired specification

of the component. When performing measurements of components, the measurement uncertainty
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needs to be evaluated (ideally using GUM [40]) and estimated at a confidence level equal to 95%:

U=k*u (k=2). The conformance zone (CZ) is defined as CZ=T 2U. If the result of the measurement is

within CZ, then the part is accepted. If the result falls within the gray zones around LTL and UTL

illustrated with the measurement uncertainty (U), then no definite answer can be given. If the result

is outside the grey zone, then the component is not complying with specifications, and the part is

rejected.

Figure 10. Nomenclature related to tolerance verification from a product perspective.

The challenges of applying this overall principle for design and verification of components with

critical dimensions in the sub mm scale are summarized in the following research questions:

1. Setting the tolerance – how can products and components be developed and specified in this

dimensional regime? New approaches to specification and product development at the sub

mm scale are needed. This includes definition of the tolerance at this scale in a meaningful way.

Tolerance should be connected to function, assembly and manufacturability. The connection to

the absolute dimension is critical (ratio T/NV).

2. Establishing traceable metrology solutions – how can traceable metrology solutions be

developed to assure product verification and validation as well as process validation in this

dimensional regime? Suitable metrology solutions for realizing relevant measurements with a

sufficiently low uncertainty (resulting in a low U/T) are needed. This will result in the ratio CZ/T

being of such a size that component verification and validation can be performed. Traceability

of measurement results need to be established, as this is the only way to ensure a reliable U

value and thus a verifiable CZ.



Micro manufacturing: Challenges and new framework

17

The process perspective focuses on the ability of the processes and process chains to produce

components of the same kind with a limited variation. Processes are usually assumed to produce

components with a normally distributed process output characterized by a mean value ( ) and a

standard deviation ( ). As illustrated in Figure 11 this distribution should be compared to the

tolerance as specified from the product side. From a process perspective the tolerances are

necessary to control process performance. If the process is stable, measures of the process

capability can be calculated to evaluate the degree of capability. These include Cp and Cpk. Cp is an

estimation of what the process is capable of producing if the process mean is centered between the

two specification limits. Cpk is an estimation of what the process is capable of producing,

considering that the process mean is not centered between the lower and upper tolerance limits.

In the definitions/formulas mean values and standard deviations can be estimated by experimental

observations of a sufficiently large number of parts. Process stability is influenced by the small

absolute dimensions and consequently by the size effects (both related to material characteristics

as well as process material interaction). So establishing process conditions which result in stable

process outputs is highly complex.

Figure 11. Nomenclature related to tolerance verification from a process perspective.

The following research questions have been formulated related to the process perspective:
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3. Process stability – how can micro manufacturing processes be analyzed, monitored and

optimized based on metrological approaches? Suitable solutions for monitoring process

stability and process output are needed. This includes methods for analyzing and modelling

process characteristics such as influential process parameters and their effect on process output

quality.

4. Process validation – how can single processes as well as process chains be verified and

validated in this dimensional regime? Validation of process stability requires measurements

that are equally challenged as the metrology of components. In fact, process output is validated

by exactly the same types of measurements. Also in this perspective, the measurement

uncertainty plays a major role. The size of process variations compared to measurement

uncertainty is forming the background for what can actually be deduced. A framework for

validating single processes as well as process chains by applying metrological approaches in

combination with statistical approaches is needed.

The above described challenges and research questions can be linked to the general

framework (Figure 7) by following the product and process respectively throughout the three main

steps: specification, process chain definition and validation (see Figure 12). Figure 13 illustrates the

use of the Stedman diagram [37] for combining and comparing product characteristics, process

characteristics, metrology methods and the establishment of traceability of these methods.

Figure 12. Challenges and research questions linked to overall framework.
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Figure 13. Illustration of the Stedman diagram [37] and how it is used as a tool in this work.

1.5 Structure of the thesis

The thesis is structured according to the research questions described above in three main

chapters. The three chapters contain the main contributions related to design, manufacturing and

quality assurance of micro products.

Chapter 2 deals with the research question “Setting the tolerance”. It covers the definitions

of basic terms and concepts, methods for product development and their applicability (benefits and

shortcomings) at the micro scale and ending by proposing a methodology for product development

and design at this scale. Finally, also the concept of tolerancing is discussed including how

functionality is related to dimensional tolerance. A categorization of tolerances versus absolute
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dimensions is proposed. Examples and cases are used to illustrate the complexity of systematic

product design at this scale.

Chapter 3 deals primarily with the research question “Traceable metrological solutions”, but

also “Process validation” is relying upon metrology methods: It covers methods for verification of

product specifications at this scale including definitions, metrology instrumentation, calibration and

traceability. Focus will be on proving conformancewith product specifications and linking tolerances

on dimensions, geometry and surface to functionality. Functionality tests are linked to the validation

part of the chapter.

Chapter 4 concerns the two research questions “Process stability” and “Process validation”. It

describesmicromanufacturing processes based onmaterial removal, forming as well as lithography.

Process stability and the parameters influencing process stability is discussed for selected process

technologies. Process signatures are introduced to characterize processes alongside modelling and

simulation. The concept of process fingerprints is introduced and elaborated on the basis of

dimensional and geometrical metrology. Process chains are defined across the various domains and

interdependencies are discussed. The establishment and validation of complex process chains for

realization of micro scale components and products is illustrated through a series of case studies

covering electro mechanical components, optical components, micro and nano fluidics as well as

bio medical components. Tooling process chains are defined and a categorization based on the

integration of the two major manufacturing routes introduced. This chapter integrates elements of

setting the tolerance, establishing traceable metrological solutions as well as documenting process

stability.

Chapter 5 summarizes and concludes the thesis. Furthermore it presents suggestions for

further research in the area of micro manufacturing.
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Chapter 2

Product development, design and

tolerancing at micro scale

2.1 Introduction

In this chapter basic concepts related tomicromanufacturing are defined, product development

methods for products in this scale are discussed and eventually related to tolerancing of

components and products. This is done by introducing definitions of micro products with respect to

size effects and introducing a classification scheme for such products. A number of product

development methods have been adapted to, and applied in connection with, micro scale products.

These include functional analysis, axiomatic design, design for micro scale assembly and

manufacturing, as well as biomimetic design. The experience from this work is integrated into a

methodology for micro product development with a specific focus on the scale related limitations

and possibilities. Finally, a method for the analysis and categorization of tolerances for micro

products is presented.

The author with his research group has developed the framework related to product

development and tolerancing for this particular dimensional scale. Figure 14 summarizes the

contributions of the author with respect to this chapter.
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Figure 14. Contributions by the author in chapter 2.
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2.2 Definitions

2.2.1 Micro products

Definitions of scale and scale induced phenomena are important in order to set the boundaries

for the discussion. Typically “micro products” are characterized by small dimensions in one way or

the other. Various definitions have been proposed in the literature:

 Masuzawa discussed state of the art in micromachining of structures with dimensions less than

500 m [41].

 Geiger et al describe micro forming technologies applied to “the production of parts or

structures with at least two dimensions in the submillimeter range” [19].

 For micro plastic parts various definitions have been proposed. Marhöfer [42] proposes besides

overall dimensions of the parts to add the weight constraints. He also introduces parts of larger

dimensions but with features typically less than 100 m in critical dimensions. This makes good

sense since many of the early polymer products featured such details (e.g. CDs, DVDs and Blu

Ray discs).

 Uhlmann et al [43] discuss a classification of high precision components with micro scale

features based on process chain complexity. These are divided into 1) single machine tool setup,

2) multiple machine tool setup and 3) multi machine tool setup and multiple parts for

subsequent assembly.

In this work a micro product is characterized by small dimensions ( m scale), either of the

product itself (one ormore critical dimensions) or of functional features or structures on the product

(as defined by the author in [25]). However, it must be noticed that discussing both tiny components

and features may introduce some confusion, since features usually are one or more orders of

magnitude smaller than the component’s overall dimensions. As discussed, this definition needs to

be accompanied by additional descriptions and/or constraints:

Weight: the addition of a weight constraint helps in visualizing whether the part is tiny or

whether the features are micro scale on a larger component e.g. [18]. The coupling of the weight

with dimensions (volume) is also interesting because of the potential impact on handling of parts

(will be discussed in the next section).
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Geometry: An important discussion initialised in [25] deals with geometrical complexity. It is

a fact that products and components range from flat to fully three dimensional layout (see Figure

15). Two dimensional (2D) structures are flat and can be seen for example in optical gratings, optical

discs etc. Real 3D components can be illustrated with components used in hearing aids. Finally a

third category is proposed, namely 2½D: 2D structures with a third dimension, for example

microfluidic sensors (the structure of the channel system itself is two dimensional, but since the

channels have a finite depth they can be characterised as 2½D).

2D [18] 2½D 3D [44]

Figure 15. Examples of micro parts with different geometrical complexity.

Aspect ratio: The aspect ratio is defined as the ratio between the vertical dimension and

horizontal dimension of a part or a feature. An aspect ratio of 1 occurs if the feature is equally

high/deep as it is wide. Aspect ratios above 1 indicate thin and tall/deep features (usually difficult

to manufacture) and aspect ratios below 1 indicate shallow features. Figure 16 illustrates different

aspect ratios. It must be emphasized that the aspect ratio does not contain any information

regarding the surface geometry (i.e. how material is distributed). It only indicates a maximum ratio

between height/depth and width.
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Figure 16. Aspect ratios. A: aspect ratio 1. B: Aspect ratio > 1. C: Aspect ratio < 1. D: Aspect ratio < 1
obtained with a curved feature.

2.2.2 Size effects

Size effects refer to the phenomena that occur when absolute dimensions of parts and features are

scaled down. These phenomena are mainly related to material characteristics and resulting

mechanical behavior of parts, surface to volume ratio, surface roughness and dimensional

tolerances. Vollertsen has worked systematically with categorization of size effects for example in

[21–23]. He introduces twomain sources of size effects, namely physical and structural sources [21].

Physical sources include volume size effects related to the fact that a decreasing part volume also

means that the number of microstructural features (e.g. grains) inside the part decreases. This

directly affects the material characteristics of the part and is named density effects in [22,23].

Another physical source is related to change in surface to volume ratio as the part dimensions

decrease. Depending on the geometry of the part this effect can be quantified, and it will directly

influence e.g. heating and cooling, tribology, and adhesion. The change in surface to volume ratio

also directly affects force balances. As critical dimensions are approaching the region of 1 10 m

gravity forces are overtaken by surface interaction forces like Van der Waals forces and surface

tension forces. This effect is also well known from challenges related to handling of micro parts e.g.

[20,44]. Vollertsen in a later work [22,23] names these effects shape effects. The structural sources

of size effects are mainly related to micro structure. It originates because it is not possible to scale

down (or up) simultaneously all structural elements. As an example the grain size to thickness effect

in metallic materials directly affects the flow stress of the material [22]. Figure 17 illustrates some

of the relevant size effects related to micro metal forming as presented by [45].
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Figure 17. Size effects related to micro metal forming. Further elaborated in [22,45].

2.2.3 Classification of micro products

As indicated in chapter 1 the number of micro products is large and growing, and their working

principles include chemical, physical, mechanical, electro magnetic, optical and combinations of

these. Figure 18 illustrates some application areas and some examples of specific product

categories. The figure is further described in [25,26].

Products can also be classified according to their dimensions in a Stedman diagram (Figure

19). This representation gives the possibility to compare critical dimensions of micro products and

also eventually to relate this to manufacturing capabilities. The Stedman diagram however does not

give any information on the geometrical complexity. When comparing the examples of products

and components with process family capabilities (from Figure 9) it is clear that the area of interest

in this work covers many relevant products.
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Figure 18. Classification of micro products. Further elaborated in [25].

Figure 19. Stedman diagram of groups of micro products. Elaborated from [26].
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2.3 Product development at micro scale

Systematic approaches for development and design of micro products are urgently needed

[25,46]. The area can be characterized by two in principle independent approaches: the traditional

mechanical engineering approach and a specific MEMS based approach [25]. A schematic

illustration is shown in Figure 20.

 Product development is the transformation of ideas into a functionality of a product or

component. In mechanical engineering, product development is based on well known

disciplines such as materials science, mechanics, tolerancing, production technology etc.

Usually, the step from a principle structure to a quantitative structure is supported by the

definition of functional elements in the product. The requirements to the functional elements

are determined on the basis of expected load, operating conditions and performance

requirements for the final product. Functional elements can be characterized in terms of

dimension, geometry and surface texture, but also physical, chemical or optical properties can

be used in the specification. As indicated earlier, the GPS system (e.g. [28]) forms a widespread

and accepted set of standards to guide and regulate mechanical designers.

 Systematic approaches to MEMS design is described in many textbooks e.g. [13]. Typically the

product is analyzed and described on four levels: system, device, physical and process level. The

process level covers process sequence and photo mask design. Modelling is used at this level to

predict device geometry based on masks and processes. At the physical level the performance

of the 3D objects is investigated by the use of advanced modelling tools. At device level, macro

models are created in order to capture the essential physical behaviour of a component of the

system and simultaneously assure compatibility with the system level description. According to

[13] designers may choose to enter at any level, and then the approach is highly iterative. The

approach has been matured for semiconductor based technologies (materials and processing

platforms).

In the following a selection of relevant design methodologies is presented with emphasis on

their applicability for micro scale design.



2. Product development, design and tolerancing at micro scale

29

Mechanical engineering approach MEMS approach

Figure 20. Illustration of product development methodologies for micro products.

2.3.1 Functional analysis

A lot of effort has been put into development of technologies and specific solutions, but so

far relatively little effort has been made with respect to systematic design approaches not related

to any specific technology platform. A systematic method based on functional analysis as described

in [47,48] can be used as a more generic approach. The method could contain an analysis of a macro

scale device, followed by an analysis of which functions are influenced by the downscaling. This

approach has proven to be beneficial in pinpointing problem areas induced by downscaling. The

method proposed by the author and his research group consists of four steps [49]:

1) Functional analysis of the device or the working principle as it works at macro scale. It is

indeed necessary to examine the macro scale device in order to consider all functions

implemented within the device and therefore what the customers expect to find.
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2) Analysis of the functions that can be affected by a scale change: it means, from macro to

micro, to underline all the functions driven by standard forces or where size effects dominate

(e.g. mass and gravity).

3) Analysis of the functions that can be obtained in a different way by exploiting surface forces

or physical effects dominating at the micro scale (e.g. surface tension as in capillary forces).

4) Design at the conceptual and embodiment stages of the micro device.

The example discussed in [49] uses the downscaling of a coffeemachine as case study. Various

macro scale principle were analysed with respect to possible downscaling issues (Table 1). The

‘moka’ principle was chosen. Following a thorough analysis of the working principle: components

were identified alongside with their function(s) and in particular attention was made to those

functions operated via gravity (Table 2). Figure 21 illustrates the functional map of the coffeemaking

process. The map helps highlighting where gravity is playing a role, and thus where a downscaling

exercise might be influenced by size effects. Also logical connections among functional blocks are

physical connections, and therefore their relationships can be changed during a downscaling

exercise. Please refer to [49] for specific results in designing a miniaturized coffee machine.

Table 1. Issues related to different coffee making principles. From [49].
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Table 2. Drivers and physical effects in comparison between micro and macro scale Moka coffee machine.
Further elaborated in [49].
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Figure 21. Functional map of 'moka' coffee making process as presented in [49]. Drivers of each action are in
red: g is gravity, h.e. human energy, h.s. human sight, p pressure, T temperature. Moreover for space
reasons the following capital letters have been used: C for Coffee, F for Filter, W for Water and B for Base.

Themethod of functional analysis has also been successfully used to analyze and propose new

designs for hearing aids (as introduced by [50]). Hearing aids have different designs depending on

the type and severity of the hearing loss. Two principal designs dominate the market: “behind the

ear” hearing aids (BTE) and “in the ear” hearing aids (ITE). Hearing aids are complex

mechanical/electrical/acoustic devices where signals are collected and transformed in advanced

manners. Here functional analysis can help make order in the complexity rather than focusing on

downscaling effects. Figure 22 illustrates a high level functional map of the main functions. Specific

designs will have specific functional maps. For example, Figure 23 shows a functional map of an ITE,

and here it can be seen that functionalities were defined of specific interest to the ITE (e.g. “protect
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sound quality”). This particular function is important due to the physical location of the hearing aid

inside the ear, where wax and other contamination are a big challenge.

Figure 22. Functional map of hearing aid. Main functions indicated in red, sub functions in boxes. h.e.=
human energy, P=pressure. From [50].
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Figure 23. Functional map of ITE hearing aid. Main functions indicated in red, sub functions in boxes.
h.e.=human energy, P=pressure. From [50].

2.3.2 Axiomatic design approach

Suh [51] defines design as an activity that “involves interplay between what we want to

achieve and howwe choose to satisfy the need (the what)” and four domains that in principle define

four different design activities: the customer domain, the functional domain, the physical domain,

and the process domain (see Figure 24).
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Figure 24. Illustration of domains in axiomatic design.

The customer domain is characterized by attributes (CAs), and in principle they describe the

needs that the customer seeks in a product or a system. In the functional domain the needs are

translated into functional requirements (FRs) and constraints. These are then subsequently

translated into design parameter (DPs) that satisfy the specified FRs. Finally, in the process domain

manufacturing process variables (PVs) are characterized and a process based on the PVs that can

produce the DPs is developed. Constraints provide the limits on the acceptable design. The activity

in between the domains are referred to as mapping. Mapping is based on a mathematical approach

where relationships between for example FRs and DPs are put into matrices. FRs, DPs and PVs are

ordered in a hierarchical manner and the goal of the design process is to achieve as uncoupled a

design as possible since this will (according to [51]) result in the best overall solution.

The axiomatic design method makes it possible to take into consideration not only design

parameters but also the processing variables. This is for micro scale products extremely important.

In any micro manufacturing technology and particularly in silicon micromachining, the

manufacturing sequence influences the technical performances and quality of the product.

Therefore, several constraints due to incompatibilities of materials, processes and geometries have

to be considered while defining a manufacturing sequence [13,46]. Since each process step

influences, in principle, the results of both the previous and the following process steps the process

sequence has to be checked for consistency and incompatibilities must be identified. “Forward

coupling” describes the effects of the process variables in the previous process steps on the design

parameters of a following process step. “Backward coupling” describes the effect of process
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variables in the following process steps on the design parameters of a previous process step. For

example, the polarization characteristics of a thin piezoelectric layer are affected by the

temperatures of the following processes exceeding 150°C [52]. Often designers are not conscious

about this fact. In this respect axiomatic design can be extremely useful to identify these

relationships. Kim et al [52,53] have reported extremely interesting work on semiconductor based

designs of micro mirrors and micro actuators based on this approach. In [54] the approach was

applied in the region between MEMS and precision engineering. Two case studies are discussed,

namely a diesel fuel injector and a digital on demand deposition process. The authors showed that

due to the solution neutrality of the axiomatic design approach (and therefore not based on a pre

determined choice of manufacturing process or platform), the solutions can integrate different

technology platforms.

In [55] the axiomatic design approach is applied by the author and co workers to

manufacturing of micro holes in a Ti alloy suitable for turbine blade applications. The investigation

compares three different manufacturing technologies that show potential for making Ø 1 mm

through holes: mechanical drilling, laser drilling and electrical discharge machining. Functional

requirements for the machining are identified as follows:

 diameter deviation from nominal less than 0.01 mm.

 average hole wall roughness less than 0.3 m (Ra).

 change on surface roughness around holes less than 0.01 m (Ra).

Process capabilities are verified experimentally and the system ranges are paired with

probabilities of fulfilling the functional requirements. When observed one by one, each process

actually fulfils only one functional requirement. However, when combining information on to what

degree (and with what probability) each of the processes would fulfil all functional requirements, it

becomes clear that mechanical drilling is the “best” solution.

2.3.3 Design for microscale assembly and manufacturing

Design for manufacturing and assembly (DFMA) is an important design and manufacturing

principle documented throughout the last 30 years e.g. [56]. The basic principles include [57]:

 Simplifying the design and minimizing the part count.
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 Using common materials and available parts as well as standardized components.

 Mistake proof product design and assembly.

 Designing for parts orientation and handling during the assembly process.

 Reducing the number of flexible parts and interconnections.

 Minimizing the number of axes of assembly and using simple patterns of movement.

 Designing modular products to facilitate assembly.

These principles are valid as general rules and considerations for DFMA. When applying these

lines of thought in micro manufacturing, at least three points of deviation become obvious:

 The required absolute accuracy that needs to be applied for micro parts assembly is significantly

higher than for standard scale parts [20,44,58,59].

 Due to size effects the force balances shift and surface related forces dominate gravitational

forces (see earlier section).

 Due to the small dimensions direct eye hand coordination is lost for manual processes, and

automated assembly processes can only partly rely on vison based systems [44].

In the MEMS area a high degree of standardization of building elements and processes is

established [13,54]. The coupling of processing steps and the interaction on previous and future

process steps was already discussed under the axiomatic design section. Furthermore, the nature

of the MEMS based processing platform is a layer by layer approach. This results, typically, in

monolithic systems with limited assembly steps (of course soldering, packaging etc. typically is

required).

Various analyses and case studies have been performed by the author and his research group

on products with 3D geometry and typically originating from precision manufacturing [44,60–65].

One example illustrates the complexity from a DFMA point of view [66]. A standard on off switch

(push button) in hearing aid devices has the following dimensions: maximum diameter 2.5 mm,

height 3.5 mm. It consists of 7 different components which are assembled through 11 different

assembly steps (Figure 25). The assembly is mostly donemanually assisted by semi automatic steps.

The assembly was addressed in two different ways. Firstly, how could the assembly process be

designed, arranged and optimized in order to reach a higher level of automation for the current

design. This work comprised suggestions for design of grippers, tools and assembly strategies as
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documented in [44,58–63]. It is however also evident that the current design based on mechanical

screws and springs has come about by a downscaling of macroscopic best practice design rules. A

new design was proposed and prototyped based on a significantly smaller number of components

(namely 3) and based on a different principle [65,67]. The main function is to establish electrical

contact between the two “legs” of the switch upon activation. This functionality is achieved in the

new design by establishing a core component consisting of two polymers (established using two

component micro injection molding). One of the polymers can be covered with metal in order to

create a conductive surface. A flexible dome that can create a short circuit between the two tracks

is the final part (Figure 26). This design satisfies a number of the DFMA principles, and as a

consequence assembly becomes more simple. Complexity is however created in the preceding

manufacturing steps because two component micro injectionmolding and electro less metallization

of polymers are more complex than simple machining or injection molding. The more detailed

description of the process chain applied will follow in chapter 4.

Figure 25. Illustration of push button for hearing aid. Left: assembly steps. Right: physical elements. Further
elaborated in [65,66].
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Figure 26. Design of two component molded plastic part as a core for the new push button design [65].

2.3.4 Biomimetic design approach

Biomimetic design uses biological phenomena to inspire solutions in engineering problems.

Some examples of biomimetic design originated from interesting biological phenomena, and were

subsequently developed into engineered products. For example, Velcro hook and loop fasteners

were invented after observation of how plant burrs attached to materials such as clothing and

animal fur [68]. Over the last 10 15 years more systematic methods have evolved that couples

engineering problems with potential solutions originating in biology. Shu has made a recent study

on biologically inspired design [68]. It is quite attractive to seek inspiration in biology for micro scale

design since scales are typically of the same order of magnitude as seen in biology. Typically, this

methodology requires access to biological databases and the competence to interpret and translate

analogies into engineering solutions.

The author and his research group have primarily employed the biomimetic approach to

assembly related problems, e.g. [69]. As stated in [20] positional accuracy is a big challenge in micro

assembly. The bioinspired method proved useful in terms of giving three useful potential solutions

to the problem statement. In [44,70] the same principle is applied for finding solutions for picking

up, correctly positioning and tightening a metal screw of 0.6 mm diameter (screw illustrated as a

part of the assembly in Figure 25). The focus of the work was to develop a grasping and releasing
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mechanism for micro grippers that overcomes adhesion due to surface forces between

components. One of the biological analogies identified was the phenomenon of abcission. This is

the process by which leaves, petals, and fruits separate from a plant. This process is chemical, but

the resulting effect is that specific parts of the stalks of the leaves break down and become

completely detached from the plant. The strategy extracted from the abscission phenomenon is

that an intermediate zone, which can be broken down, is used to enable separation of the micro

part from the gripper. The physical implementation could be in form of a permanent intermediate

part (that remains an entity after separation) or a dissolvable intermediate part (e.g. dissolved by

chemical methods or by evaporation). The abscission zone is implemented as a polymer rod

(Polypropylene) of 4 mm diameter that is easily gripped and positioned by the robot. The tip of the

polypropylene rod is locally melted by heating, and then pressed over the head of the screw. The

contact with the screw results in solidification of the polypropylene, and a solid bond between the

rod and the screw is formed. The robot then manipulates the screw into the plastic counterpart.

Once the screw is tightened into its final position, the resulting increased torque will break the bond

between screw and rod. Figure 27 illustrates the principle. Finally this principle can accommodate

small variations in positioning accuracy of robot and/or counterpart due to the fact that the

intermediate part is slightly flexible.

Figure 27. Implementation of intermediate part in handling of micro screws [44].
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2.4 Methodology for design for micro manufacturing

The results and experience presented so far have resulted in various attempts by the author

and his research group for making a methodology that could comprise the specific micro scale

challenges in design, but still respecting general design theories. The synthesis of the work is

collected in [64], but also reported in [71,72]. The starting point is the general engineering design

methodology as described by Cross and others [73]. It consists of a first part that is identical to

general methods and a second part that is micro specific. In the latter part specific size related issues

are considered such as size effects, material properties, shape and feature design as well as

manufacturing constraints and possibilities. Experience is proposed summarized in a collection of

guidelines called “Rules To Consider” (RTC) unit and will be implemented for the next iteration of

the design [64,71]. The model implies that simulations are used to collect information, but also

experimentation can and will be necessary in order to build the knowledge base of the RTC unit.

The model as presented in [64] does not introduce the connections to the above mentioned design

methods. It is however evident that functional analysis at an early stage can help identifying

concepts and basic functions. This can also be the case for biomimetic approaches, this approach

being dependent on a good ability to interpret biological analogies and translate them into

engineering solutions. DFMA principles would be found in the micro specific activity related to

manufacturing. Axiomatic design theory cuts through the design activity in a slightly different way.

Respecting basic principles of independence (de coupled design) the method covers the entire

range of domains from customer to process.
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Figure 28. Methodology for micro specific design [64].

The application of the methodology has been documented in e.g. [64] by applying it to the

design of micro fuel cells and micro heat exchangers. The design of the micro heat exchanger will

be discussed as an example in the following based on [64,71,72]. A comprehensive review of

available micro heat exchangers can also be found in [64]. The functional requirements are:

 To keep the temperature of a heat source (e.g. a CPU) below 50 C.

 To have maximum footprint of 20*20 mm2.

 Furthermore, manufacturability has a high priority in terms of cost and complexity.

To compare effects of downscaling the analysis was also carried out for a heat exchanger 10

times the size of themicro heat exchanger. Commercially available finite element software was used

for simulating steady state thermal conditions of the heat exchanger.

Figure 29 illustrates the layout of the heat exchanger along with some characteristic

dimensions. From the macro scale heat exchangers, it is assumed that internal ribs would increase
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cooling efficiency. Thermal contact surface area, heat transfer coefficient at the contact surfaces,

and thermal conductivity of the materials used in the heat exchanger are the most critical influence

parameters on the thermal performance of a heat exchanger.

Figure 29. Principle sketches of heat exchanger. a): Sketch of heat source and heat exchanger. b):
Characteristic geometry parameters of heat exchanger. c): Numerical model showing heat source and heat
exchanger in steady state (example only). From [64,72].

The first design iteration resulted in a number of proposals of designs with various layouts of

ribs. These proposals were then evaluated on the micro specific issues (Figure 30) in the following

way:

Material selection: Copper, aluminium and PMMA were analyzed for thermal conductivity,

and clearly copper has the highest value and PMMA the lowest. Also the ability to seal the heat

exchanger was considered in the material selection, in particular the combination of different types

of materials. Material choice clearly also affects manufacturing possibilities.

Size effects: It is well known that flow inside micro channels is typically laminar [74]. Special

attention has to be made in order to obtain turbulent flow. In case of fluidic heat exchangers, the

convective heat transfer coefficient at the solid fluid interface declines with a decrease in Reynolds

number, and thus the thermal performance of the heat exchanger is altered. Furthermore, thermal

resistance is inversely proportional to the cross sectional area (perpendicular to the heat transfer

direction), thus some micro features may have considerably high thermal resistance [64].

Manufacturing processes: It is well established that the semiconductor processing platform

can establish micro channels, e.g. [25,75]. It is also established that the materials listed above can
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not directly be processed by such technologies. PMMA structures could be embossed or injection

molded using tools established by semiconductor processing [76]. However, for the metal materials

the following processes were considered: micro milling, micro electrical discharge machining, micro

metal injection molding, micro casting and micro extrusion. Evaluation criteria comprised ability to

produce feature sizes with dimensions below 500 m of certain shapes (Figure 30), applicability to

the proposed materials, achievable precision, and finally the possibility of upscaling production

volume. In this analysis micro metal injection molding and micro extrusion stood out as giving the

most promising overall performance. [77] gives a summary of considerations related to design for

manufacturing of a micro heat exchanger.

Shape and feature design: Shapes and features are influenced by the findings of size effects.

And also the chosen manufacturing processes will eventually influence the size and geometry of

obtainable features. As indicated in the size effect analysis, perhaps the influence of small ribs in

the micro scale design is not enhancing performance of the heat exchanger. In parallel, it is obvious

that the simpler the inner geometry of the heat exchanger, the more beneficial from a

manufacturing point of view (easier tool design, more robust process, less maintenance etc.).

This information is used as input to the RTC unit regarding the micro heat exchanger, and a

second design iteration is performed. Here focus is put on the effect of ribs. Width and height of

fins as well as distance between them are varied for three design proposals (Figure 30). The analysis

shows the lowest steady state temperature of the heat source of around 41°C and the highest of

around 44°C over the entire span of rib layouts and dimensions (for aluminium as material). Figure

31 illustrates a sensitivity analysis of heat source temperature as a function of height and width of

fins. Implementing fins increases flow resistance and consequently if mass flow of the cooling liquid

should be increased pressure is increased (Figure 31). As a consequence the recommendation is to

avoid fins in the micro heat exchanger as documented also in [72]. It was concluded that the

aluminum micro heat exchanger without fins can satisfy the functional requirements, and the most

suitable manufacturing process would be based on extrusion.
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Figure 30. Illustration of design proposals and range of design parameters. From [64].

Figure 31. Sensitivity analysis of fin geometries (left) and pressure drop as a function of fin’s presence
(right). From [64].

In [18,42] a comprehensive effort is reported on the use of advanced process simulation in a

concurrent design approach for micro injection molded parts and components. The approach is an

illustrative example of how the micro specific part of Figure 28, and thereby the information for the

database (RTC unit), could be established. It connects part geometry, material, mold design and

processing characteristics, and it allows for a concurrent engineering approach in this area (Figure

32). Some of the key findings include:

 Material data forms the basis of any simulation. Material data needs to be valid for the

processing range the material is subjected to.
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 CAD model of the part, the mold including runners, inlets, cooling channels etc. must be

accurate. It must contain the different materials employed as well as indication of parting lines

between elements of the mold construction.

 FEMmodelling must be based on a non uniform mesh. Large density of elements is required for

high precision in prediction or wherever critical features and/or junction are present. FEM

modelling should extend to machine parts (e.g. barrel) as well. See also Figure 32.

(a) (b)

Figure 32. Approach to systematic design for micro injection molding (a). Example of advanced FEM model
for micro injection molding from (b). Further elaborated in [42].

2.5 Tolerancing

2.5.1 Background

The activity of defining and setting tolerances becomes a natural part of the product design

process. It is also the level of detail that links the function, the manufacturing and the quality

assurance [78]. Therefore the activity becomes extremely important. As stated in the motivation

part of this thesis, the ability to set a meaningful tolerance is of outmost importance for the

subsequent manufacturing steps and resulting product performance. The activities described so far

in this chapter all are related to making good decisions based on a systematic approach to product

development. However, the very last step of the process would be to set the specific tolerances for

specific features and components expressing the engineering intent of these parts and assemblies.
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According to [36] the term tolerance (T) is defined as “the difference between the lower and upper

tolerance limit”. The tolerancing limits are “specified values of the characteristic giving upper and/or

lower bounds of permissible value”. Also the specification is defined as “the tolerance on a

workpiece characteristic or the maximum permissible error of a measuring equipment

characteristic”. Tolerances on dimensions can be symmetrical or non symmetrical. Geometrical

tolerances are by nature one sided since they describe maximum allowable deviation from an ideal

shape. A tolerance zone does not necessarily specify the part surface behavior inside the zone. The

smaller the tolerance zone, the smaller the allowable variations and therefore the less freedom in

terms of surface deviations. The dimensional tolerance system as defined in ISO 268 [32,33] is

established to govern mechanical functions of construction elements such as mating capability,

sliding and rolling capability etc. If these standards are consulted the first observation is that all sizes

below 3 mm are grouped into one category (Table 3). Next observation is related to the fact that

tolerance values below 10 m dominate approximately 50% of the fine tolerance grades (IT

values).It can even be seen that some of these are on the nm level. At the other end of the scale a

tolerance of 1 mm on a 3 mm dimensions also seems quite useless. The usefulness of such values

from a specification point view is doubtful. Considering also that at small scales size effects come

into action, these principles and standards can not be recommended for setting tolerances related

to function at this scale. However, both dimensional tolerances [32,33], geometrical tolerances [79]

as well as surface roughness standards e.g. [80,81] are extremely useful in connection with defining

and controlling manufacturing processes and establishing a quality assurance system.

Table 3. Standard tolerance values according to ISO 286 for nominal dimensions less than 6 mm and
tolerance grades IT01 IT18 [33].
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Weckenmann proposes three fundamentally different integration techniques in micro and

nano technology [34,35]:

Hetero integration: the integration is based on the same concept as for the macromechanical

assemblies. Therefore, geometric tolerances are required to achieve the functionality of the

assembly according to Weckenmann. Based on the previous discussion at least a size dependency

must be added to this statement based on observations of size effects.

Hybrid integration: in this category micro components are placed, fixed and assembled on a

substrate, resulting in fully functioning micro systems. For the hybrid integration technique, the

positional accuracy of the components on the substrate is the most important control parameter.

Monolithic integration: in this case, all the process steps are integrated on one single

substrate. This means that the mating capabilities are no longer required since there are no

components to be mated. According toWeckenmann using this approach geometric measurements

are not of primary importance, neither to achieve the functionality of the product nor to control the

production process. This point is linked closely to the nature and characteristics of the

manufacturing processes.

For monolithic micro products and to some extent also for hetero integrated micro products,

the manipulated variables and the functionality parameters are no longer linear or geometric

dimensions. In the case of etching processes the primary manipulated variables for the

approximation to the ideal geometric form are not geometrical dimensions, but process parameters

as for instance composition of the etchant, etching time etc. Based on these observations,

Weckenmann et al. suggest a function oriented tolerancing concept. According to this concept, a

tolerance is associated to the overall function of the micro component. If the calculated

performance deviations during the various process steps are larger than the product tolerances, the

parameters of the currently active manufacturing step will be corrected, so that the final product is

situated within the expected product tolerances as defined by the functional behaviour.

The challenges related to definition and verification of micro structured surfaces is discussed

in [82]. Here the relationship between the definition of micro structures to fulfil a certain function

and the related manufacturing processes is described. The proposed concept is a model based

verification, whereby the variations and uncertainties introduced along the value chain are taken

into consideration.
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The Institute of Production Science (wbk) at Karlsruhe Institute of Technology have also

worked on the tolerancing of micro mechanical components based on a functional as well as

manufacturing point of view. According to [83] the difference between macro scale and the micro

scale approach is found in the need for incorporating both functionality and manufacturability

considerations in the tolerancing phase (tolerance oriented vs. part oriented approach). This is an

important and relevant point of view, and in subsequent publications with more focus on design

and implementation of quality assurance strategies an instrumentation further on in the process

chain is proposed [84,85]. It is also proposed to establish a catalogue of specific micro features and

use this as also seen in the semiconductor area [86]. The same group has developed a strategy for

coupling of functional performance with dimensions and geometry in particular in the area of micro

gears [87]. In recent work the coupling of advanced modelling tools in the product development

phase with data based information (geometries, variations and errors etc.) is used to predict

component performance [88]. This method is extremely useful in order to quantify tolerances and

thereby allowable variations in product characteristics. It requires however a comprehensive

knowledge about the parts and the function.

2.5.2 Method for tolerance analysis

A collection of information of various micro scale products and their related dimensional

tolerances is presented in Figure 33 (published in a first version in [89]). The information is collected

over a period of 15 years from various industrial projects by the author. It is clear that such data is

based on best practice from a large number of companies and individual designers. When in

dialogue with practitioners in this field they state that typically tolerances are set by experience.

When challenged on the reasoning behind the tolerances no clear picture emerges.

Figure 33 illustrates the findings of the analysis: The ISO standard 286 2 [33] is represented by

solid green lines. The tolerance grades (differentiated by gradient shades of colors) express the

magnitude of the tolerance for a certain dimension interval. Higher grade number, for instance IT18,

relates to higher tolerance values for the same dimension. Lower grades correspond to smaller

absolute tolerance values. There is only one tolerance category when the dimension is less than 3

mm.
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The tolerances and dimensions from practical cases are plotted by red triangular dots for

metallic parts, blue square dots for polymer parts and orange circular dots for ceramic parts. T/d

(Tolerance/dimension) ratios are indicated by lines to illustrate whether the tolerances scale at the

same rate as the dimensions. When the T/d ratio is close to or even more than 100% the tolerance

is impractical or meaningless.

When the dimension is below 1mm, for most of the studied cases, the tolerance is above 10%

of the dimensions. In contrast, when the dimension is more than 1 mm, the tolerances drop until

barely 1% of their dimensions. For the components with critical dimension more than 10 mm, the

tolerances are even smaller in the sense or T/d ratio. If T/d is of the order of 0.01 0.1% this is

typically referred to as precision engineering [90]. However, they may correspond to higher grade

numbers of the standard.

When the dimensions are below 10 m, the tolerances are limited to the level corresponding

to the very low grade numbers of the standard or even beyond the standard, while the T/d ratio

does not similarly fall. For instance, the 3 polymer examples in the left end of the figure are the

specifications of pits length on the surface of studied compact discs (CDs) [91]. They are defined to

ensure the correct data transfer. The controlled functional parameters are time and scanning

velocity, and they are transferred to a dimension by multiplying time and velocity. This permits the

tolerance to be expressed as a dimension and thus enables the verification from a dimensional

metrological point of view. Their T/d ratios are slightly below 1%. However, the range of these

tolerances are far below the border of the ISO standard. One interesting observation is that the

tolerances are the same for dimensions in a certain range. For example, from 400 m to 1mm, there

are a few cases with tolerance 40 m; from 850 m to 5 mm, there are a few cases with tolerance

100 m. It shows that some of those tolerances may be from experience instead of being based on

physical function requirements. Most of the polymer parts plotted in this figure are produced by

injection molding. The range of the tolerance upper/lower limit is from 10 to 50 m, since milling,

EDM or other so called conventional processes produced molds for those parts. The tolerances are

defined by functions, but in reality also limited by those processes and their capabilities. Metal parts

are produced by a variety of processes. For example, the most left case represents a 2 m deep hole

with a tolerance 1 m [92], which was produced by a lithographical process starting from silicon

substrate. This type of process allows much finer tolerances and smaller T/d ratio can be achieved.
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Figure 33. Illustration of tolerances applied to products with dimensions below 10 mm. Data points collected
over a period of 15 years in connection with industrial collaboration partners of the author e.g. documented
in [18,44,45,65,93,94]. The blue square dots are for polymer parts, the red triangular dots are for metal
parts; the orange circular dots are for ceramic components. The green lines show the tolerance values for
different dimension ranges in the ISO 286 standard, while the different shades of colours illustrate different
tolerance grades. The dashed lines are contour plots for constant Tolerance/dimension ratio.
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If the function can somehow be expressed entirely or partly by models, then sensitivity

analyses can help understand the connection between certain geometrical properties and the

function. Over the last 10 years the author has hosted a PhD summer school on Design and

Manufacture of Micro Mechanical Systems at Technical University of Denmark [95]. A typical case

study is amicrofluidic system. One of the case studies dealt with designing an integratedmicrofluidic

system, where three liquids with different viscosity would perform a race. Or more precisely, the

aim of the project was to design and build a sealed microfluidic device 14mm x 14mm that uses

capillary forces to bring three fluids (oil, ethanol and water) from three inlets to meet at a given

point at the same time. To achieve this, it is necessary to understand how fluids move in

microchannels and how the channel dimensions affect the progress of the fluid. In particular the

relation between channel length and flow time is needed. This relation will be derived from the

hydraulic resistance of the fluids used. The hydraulic resistance R for straight channels with

rectangular and square cross sections is based on channel length, height and width as well as

viscosity of the fluid. Based on these relationships, the flow length can be calculated for a given flow

time. These relations are then used, in connection with a number of supplementary experimental

tests, to decide for a flow time of 1.14 s (based on experimental results with water). The time of the

3 fluids to get through the channel is the parameter of reference and a ±10% deviation from the

desired time is considered acceptable in this case. It has been decided to use a square channel

design. Table 4 illustrates the results of the functional requirements into dimensional tolerances.

Figure 34 shows the realized system by injection molding.

Table 4. Specifications for micro channels during summer school [96].



2. Product development, design and tolerancing at micro scale

53

Figure 34. Micro fluidic device for fluid racing produced during the DTU PhD summer school [95,97].

 

2.6 Summary

This chapter deals with the research question “Setting the tolerance”. In this chapter basic

concepts related to micro manufacturing are defined, product development methods for products

in this scale are discussed and eventually related to dimensional tolerancing of components and

products. A new product development methodology is proposed taking into account the small

dimension of the product. The methodology is connected to an analysis of tolerances and absolute

dimensions. Also, it takes into account manufacturing possibilities and constraints at this particular

scale. The relationship between function and tolerances at this scale are illustrated through

examples.

The author introduces a new definition of micro products based not only on dimensions, but

also on weight and geometrical complexity. Aspect ratio is an important characteristic of a micro

product and can be used to classify it. The author introduces the Stedman diagram as a tool to

compare various micro products and put their dimensions in relation to manufacturing capabilities.

Size effects are introduced as one of the limiting factors in micro scale products and micro

manufacturing.

Methods for product development are introduced and discussed with special emphasis on

addressing the issues of small absolute dimension: functional analysis, axiomatic design, design for

micro scale manufacturing and assembly as well as biomimetic design. The author demonstrates

the strength of functional analysis to deal with scale related issues at an early stage of the product
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development process. Also, the biomimetic approach seems a powerful tool if the interpretation

and translation of biological analogies is done in a adequate way. This was demonstrated by the

author in terms of gripper designs for micro assembly. Design for micro scale assembly and

manufacturing has been explored by the author with emphasis on the assembly steps.

The author introduces a methodology for micro product design based on extensive

experiencewith the abovementioned product developmentmethods. Themethodology introduces

a specific micro oriented design step that takes into account size effects, material selection, shape

and feature design as well as manufacturability. The methodology is verified by two case studies:

product design and tool design.

Finally the issue of tolerancing is addressed. The use of tolerances and the coupling to ISO

standards is analyzed using a framework introduced by the author. This framework links tolerances

(T) with dimensions (d), and thus directly identifies the T/d ratio. As dimensions are scaled down,

the tolerance occupies a larger part of the absolute dimension, i.e. it is not scaled at the same rate

as the absolute dimension. This holds for dimensions above 10 m. For dimensions below 1 m

tolerances are significantly smaller, due to the fact that the semiconductor based technologies are

capable of making structures extremely precise at this scale. The link between function and

dimensional tolerances is presented as an essential tool.
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Chapter 3

Metrology and tolerance verification at

micro scale

3.1 Introduction

Metrology in general is traditionally regarded as a key discipline in making industrial

manufacture of components possible. In particular metrology enables process control on the basis

of measurands either defined on the components or on some specific process characteristics. In this

way parts are described using absolute values combined with tolerances. Dimensional metrology

covers measurement of dimensions and in principle also geometries based on distance

measurements. In the traditional manufacturing environment dimensional metrology is an integral

part of all quality assurance systems, and the available tools in terms of instrumentation, calibration

artefacts, standards and well established procedures all support the increasing demands for

production in global networks of highly complex components and products [26].

The absolute dimension of the measurand plays a major role in the challenges associated with

the measurement task. It is by far easier to handle, find suitable measurement equipment and also

relevant competences to carry out a dimensional measurement of a 100 mm * 100 mm * 10 mm

object than one of dimensions 1 mm * 1 mm * 0.1 mm. Some of the challenges related to

dimensional metrology at the sub mm scale are:

 The capability of measuring critical dimensions on the m or even nm scale sets high

requirements regarding instrument resolution, traceability and measurement uncertainty.
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 The capability of measuring and combining dimensions across several orders of magnitude on

the same item sets high requirements regardingmeasurement instrument range and resolution,

and in some cases limits available measurement principles.

 The verification of product tolerances on the m scale requires a well determined and low

measurement uncertainty.

 Since the process precision is very high and usually the process variations are low, similar or

smaller measurement uncertainties are required to establish process control.

In this chapter dimensional metrology at the sub mm scale is presented. Challenges related

to performing sub mm dimensional measurements are discussed along with typical metrological

tasks. Then measurement instrumentation is presented and classified according to the Stedman

diagram. The establishment of traceability (including uncertainty estimation) is an important point

due to the critical length scales and various methods are introduced and compared. Calibration

artefacts are also classified according to the Stedman diagram. The author demonstrates how

function related specification can be translated into dimensional specification for the purpose of

applying dimensional metrology for product and process validation at this scale. Figure 35

summarizes the contributions of the author with respect to this chapter.
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Figure 35. Contributions by the author in chapter 3.

3.2 Definitions and terms

3.2.1 The definition of the meter

The base quantities used in the SI are length, mass, time, electric current, thermodynamic

temperature, amount of substance, and luminous intensity. The base quantities are by convention
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assumed to be independent. The corresponding base units of the SI were chosen by the CGPM to

be the metre, the kilogram, the second, the ampere, the kelvin, the mole, and the candela [98]. The

unit meter is defined as “The metre is the length of the path travelled by light in vacuum during a

time interval of 1/299 792 458 of a second”. This definition is based on the fact that the speed of

light in vacuum has been agreed to be exactly 299 792 458 metres per second, c0 = 299 792 458

m/s. The BIPM specifies that the meter should be realized by one of the following methods [98]:

 by means of the length l of the path travelled in vacuum by a plane electromagnetic wave in a

time t; this length is obtained from the measured time t, using the relation l = c0*t and the value

of the speed of light in vacuum c0 = 299 792 458 m s–1.

 by means of the wavelength in vacuum lambda of a plane electromagnetic wave of frequency f;

this wavelength is obtained from the measured frequency f using the relation lambda = c0/f and

the value of the speed of light in vacuum c0 = 299 792 458 m s–1.

In practice the meter is realized by stabilized lasers at national metrology institutes, typically

with a relative uncertainty of the order of 10 11.

3.2.2 Terms and expressions

The generic measurement tasks to be performed in micro and nano metrology can be

classified according to [26,99]:

 Distance as defined between two surfaces oriented in the same direction. Example: distance

between two lines of a line grating.

 Width as defined by the distance between two opposing surfaces, for example the width of a

line.

 Height as defined by the distance between two surfaces of same orientation but placed in a

vertical direction, for example the depth of a microfluidic channel.

 Geometry (or form) as defined by the distance between the surface of the object and a pre

defined reference, for example the flatness of a wafer.

 Texture and roughness defined as geometries of surface structures whose dimensions are small

compared to the object under investigation. This poses a particular challenge for micro or nano

sized objects because the surface becomes dominant with respect to object volume.
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 Thickness of layers.

 Aspect ratio as defined by the depth or height of a structure divided by its width.

The Joint Committee for Guides in Metrology (JCGM) has over the years prepared several

version of the Guide to the expression of uncertainty in measurement (GUM) and the International

vocabulary of basic and general terms in metrology (VIM). The most recent versions of the GUM

and VIM are used in this work [40,100]. In particular the VIM contains all basic definitions and

interpretations of terms and expressions related to metrology. Some of the most relevant for the

topic of this work will be presented and discussed here. An extended list of terms can be found in

Appendix 1. When text is marked by “quotes” it is an indication that the definition is taken directly

from VIM [100].

A measurand is the quantity that is intended to be measured. The measurement result is the

result of such a measurement for a specific measurand, the so called measured quantity value. Two

important attributes of the measurement result are highlighted in this work:

 Measurement accuracy – “closeness of agreement between a measured quantity value and a

true quantity value of a measurand”.

 Measurement precision – “closeness of agreement between indications or measured quantity

values obtained by replicate measurements on the same or similar objects under specified

conditions”.

The concept measurement accuracy is not given a numerical quantity value. Measurement

precision is usually expressed numerically by means of standard deviation, variance, or coefficient

of variation under the specified conditions of measurement. Figure 36 illustrates the connection

betweenmeasurement accuracy andmeasurement precision. The center point (cross) indicates the

desired (true value) of the measurement (reference quantity value). Ideally measurements need to

be both accurate and precise.
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Figure 36. Illustration of measurement accuracy and measurement precision.

The definitions indicate a relative complex relationship among each other. The difference

between the measured quantity value and the reference quantity value is the measurement error.

If this error remains constant during repeated measurements, it is referred to as systematic

measurement error. Measurement precision is determined typically by evaluating repeatability or

reproducibility. These elements typically form parts of the combined measurement uncertainty as

described in the GUM [40].

Metrological traceability is defined as “the property of a measurement result whereby the

result can be related to a reference through a documented unbroken chain of calibrations, each

contributing to the measurement uncertainty”. The establishment of traceability involves

calibration activities: “calibration is an operation that, under specified conditions, in a first step,

establishes a relation between the quantity values with measurement uncertainties provided by

measurement standards and corresponding indications with associatedmeasurement uncertainties

and, in a second step, uses this information to establish a relation for obtaining a measurement

result from an indication”. The activities of calibration, uncertainty estimation and thereby

establishment of traceability constitute the link to the definition of the base units, in this case the

meter. By doing this the so called unbroken chain of calibrations can be established. Figure 37

illustrates the calibration hierarchy for the unit meter.
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Figure 37. Illustration of traceability chain and calibration hierarchy in case of length.

3.3 Instrumentation

Many different technologies for carrying out dimensional micro and nano metrology exist. The

main limitation is of course the ability to measure m or nm dimensions. In this work the following

categorization is used (Figure 38):

 Instruments for characterization of surface micro topography.

 Scanning probe microscopes including atomic force microscopes.

 Coordinate measuring systems.

 Other instrumentation including scanning electron microscopy and computed tomography.

The first group can be further subdivided into stylus based (mechanical) instruments, optical

profilometers, interferometers, confocal instruments and finally instruments based on focus

variation. The coordinate metrology group typically is subdivided according to the probing principle

(mechanical, optical), but also the area of dedicated so called micro or nano coordinate measuring

machines is included. The group consisting of other instruments contains digital holography, optical

diffraction, scanning electron microscopy in 2D and 3D as well as micro computed tomography.

In the following sections short descriptions of characteristics of these types of instrument

categories will be given.
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Figure 38. Classification of instruments for dimensional micro metrology.

3.3.1 Surface metrology instruments

As discussed previously the features and components can vary in geometry from essentially

flat to fully three dimensional. Since surfacemetrology instruments in general have been developed

to measure small vertical and horizontal variations of surfaces, they exhibit a limit in terms of range.

Surface metrology instruments have been deeply described by Whitehouse [101] and the current

section will summarize characteristics related to the application of such instruments for micro

dimensional metrology.

In mechanical stylus instruments a pick up draws a stylus over the surface at a constant speed,

and an electric signal is produced by the transducer. A 2D profile is created with information on

z=f(x). Vertical ranges up to severalmillimeters with resolutions in the nanometer range, with lateral

scans up to hundreds of millimeters being possible. The stylus is typically provided with a diamond

tip with a cone angle of 60° or 90° and a tip radius in the range 1 10 m. The maximum detectable

slopes using a stylus instrument are, respectively, 60° or 45°. The spatial resolution achieved by this

method, generally in the 2 20 m range, is limited by the tip geometry, and depends on the actual

surface slopes and heights in the vicinity of the point of contact. Moreover, the force applied by the
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stylus on the surface can generate plastic deformation on the surface, making this method

inapplicable to surfaces that are soft or where even light scratches cannot be accepted.More details

can be found in [102,103].

Optical instruments cover a large variety of different measurement principles and

configurations [104,105]. The difference compared tomechanical instruments lies in the interaction

of the light with the physical surface. This interaction depends on the nature of the light, the colour

of the surface, surrounding light conditions etc. [106]. In interferometric microscopy a sub nm

resolution can be achieved in the direction of the beam propagation, however if sub micrometer

and sub nanometer resolution in the x and y lateral directions are required, direct optical detection

methods fail because of the diffraction limit. The diffraction limit is given by:

This illustrates that in visual light, where high lateral resolution is needed, optical microscopy

can be just used for micro metrology, but certainly not for nano metrology. In contrast to the

displacement interferometry, the range is small here because of a limited focal depth. This range

can be reduced on purpose in order to get a higher and unambiguous sub nm resolution by

extending the light wavelength range: this is called white light interferometry. When the surface is

moved relative to the objective along the beam direction, a complete surface profile can be

obtained by recording the white light interference position for every pixel; thus extending the

range. This is, next to confocal microscopy, themost commonly technique in optical surface profiling

[26].

Optical scanning techniques encompass most typically autofocusing profilometers, confocal

microscopes, focus variation instruments and interferometers [26,104]. The optical methods are

non contacting which allows measurements on soft surfaces. However, this kind of instrument is

subject to measurement errors related to achieving a useful reflection signal from surfaces that are

shiny or transparent to the light source [104]. Optical styli for profilometry can be based on the

auto focusing signal of a laser beam detector with a similar use as conventional stylus instruments,

with a vertical resolution of approximately 5 nm. The maximum detectable slope using an auto

focusing stylus instrument is approximately 15 . Laser scanning confocal microscopy is another
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optical technique based on the focus detection principle, where one surface picture element (pixel)

is imaged at a time. Topography is reconstructed as a stack of vertical optical sections, in a fashion

similar to computed tomography. Confocal microscopes allow steep surface details to be assessed,

the maximum detectable slope being up to 75 . Confocal microscopes have a limited lateral

resolution, and some commercially available instruments even have a limited vertical resolution.

Interference microscopy combines an optical microscope and an interferometer objective into a

single instrument. These optical methods allow fast non contacting measurements on essentially

flat surfaces. Interferometric methods offer a sub nanometre vertical resolution, being employed

for surfaces with average roughness down to 0.1 nm and peak to valley heights up to several

millimetres. Interferometric microscopes are all limited with respect to the surface slopes from the

finite numerical apertures. Moreover, the lateral resolution is limited by diffraction. The maximum

detectable slope using interferometry amounts to about 30 . Focus variation combines the small

depth of focus of an optical system with vertical scanning to provide topographical and colour

information from the variation of focus. Vertical resolution can reach 10 nm and maximum slopes

up to 80° can be achieved [94]. This technique is applied only for measuring surfaces where the

focus varies sufficiently during the vertical scanning process: transparent specimens or components

with only a small local roughness cannot be characterized [104].

The dilemma of high resolution requirements and desired large range can be addressed by

applying a three dimensional stitching procedure with high magnification optics. This is reported by

various authors e.g. [107,108].

3.3.2 Scanning probe microscopes

Scanning probe miscroscopy (SPM) is a non destructive technique that works equally well on

metals, semiconductors and even on biological specimens. A very sharp tip, with a radius of a few

nanometres, is scanned in close proximity to the surface using a piezoelectric scanner. A detailed

description of SPMs can for example be found in [109]. Depending on the physical interaction of the

tip with the surface, the system can be:

 Scanning Tunneling Microscopes (STM): Based on the quantum mechanical tunneling effect.

 Atomic Force Microscope (AFM): Based on intermolecular forces.

 Scanning Near field Optical Microscope (SNOM): Based on near field optics to scan the surface.
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The measurements on the surface typically cover an area up to 100 m x 100 m and height

less than 10 m. The vertical resolution is about 0.1 nm, while the horizontal resolution for most

AFMs is typically 2 nm to 10 nm [26]. Also for AFMs the possibility for stitching single measurements

have been reported over time [108,110,111]. Various developments of so called large range atomic

force microscopes enables the measurement of for example 25 mm x 25 mm x 5 mm [112,113].

Typically these instruments are developed with focus on their traceability and are also named

metrological AFMs. Metrological AFMs are used to establish traceability through calibration of

reference artefacts. Different measurement applications are reported such as step height, lateral

pitch, nano roughness and other parameters of nano structures.

3.3.3 Coordinate measuring systems

In coordinate metrology a probe collects measurement points in space (typically {x,y,z}) and

geometries and distances are reconstructed based on these points (Figure 39). The probe can be

mechanical or optical. The smaller the object gets, the smaller a mechanical probe is needed.

Conventional coordinate measuring machines (CMMs) can handle mechanical probes with sphere

diameters down to approximately 0.5 mm, but the smaller the probe the more delicate is the

measurement situation. Extremely small measurements forces are required and the approach of

the probe towards the work piece needs tight control. Even with this small probe diameter it is very

difficult or even impossible to measure features with dimensions/features below 1 2 mm. Optical

CMMs are typically equipped with CCD solutions and various objectives. This allows for two

dimensional measurements and a variety of influence parameters such as type and intensity of

illumination, light material interactions etc. [94].
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Figure 39. Illustration of the principle of coordinate metrology. a: coordinate measuring machine. b:
workpiece [114].

A range of so called micro or nano CMMs have been developed and commercialized over the

years. Usually they are characterised by smaller and very stiff and stable metrology frames

combined with ultra small mechanical probes. Some set ups satisfy Abbe’s principle in 2D and even

in 3D. For a high accuracy in the coordinates, either laser interferometers or highly accurate linear

scales are used. These instruments can be considered a class of their own enabling true three

dimensional measurements of micro and nano features. True three dimensional capability would

be if features can bemeasured from aside and partly from inside, e.g. small holes. Large range AFMs

and surface profiling instruments can deliver data points in three dimensions, but these techniques

have a strong limitation in the maximum slope and height of a surface as already mentioned. Quite

a few years ago an “ultimate” surface measuring instrument was developed at the NIST, called the

Molecular Measuring Machine: M3 [115]. This instrument is an STM with a largely extended x y

range of 50 x 50 mm. The x and y axes are read out by laser interferometers. When it comes to

measuring even micrometre areas with molecular resolution, measuring times become very large.

Some of the earlier developments of micro and nano CMMs are described in [26]. The industrial

adaptation of these types of machines has so far been limited and for specialized applications only.

For true three dimensional measurement, the probing system is crucial. This has been

extensively described in [116,117]. Here the systems are divided intominiaturized tactile 3D probing

systems, SPM based and optical probing systems and non conventional probing systems. For the
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tactile 3D probing systems some of the main influence parameters are stick slip effects, uncertainty

in the probe form and diameter and low stiffness of the probing shaft. Besides this, the problem of

determining the exact probe position is added. Optical methods have the advantage of being

contact less, but they are limited in lateral resolution. Furthermore, it is difficult to measure high

aspect ratio features using optical techniques [117]. The metrology problem of shaft bending was

treated by PTB by measuring the probe position optically using a 30 m glass sphere attached to a

glass fibre [118]. This principle has been commercialized by Werth. Takaya et al completely left out

the shaft by applying laser trapping of ultra small spheres and by measuring their position using

interference microscopy [119,120]. Finally, resonance based microprobes are excited and then

carefully moved towards the surface to be measured. By doing so, the amplitude of the excitation

changes and the surface is detected [121]. The Mitutoyo UMAP probe is based on such a principle.

3.3.4 Other instruments

Among the other instruments used for performing dimensional metrology at the micro scale

we find scanning electron microscopes (SEM), micro computed tomography (microCT) and optical

diffraction microscopy.

SEM is a microscopy method existing for several decades. It is based on scanning an electron

beam on the specimen. The interaction between the beam and the specimen surface leads to

several emissions, which can be detected and used to characterize physical and chemical properties

of the sample under investigation. Among others, it is possible with the SEM, to obtain topography

images. As regards topography, SEM has some unique properties: magnification levels (100x to

100.000x), resolution down to 2 nm (for highest magnification), large depth of field, long working

distance (allowing multiple positioning measurement strategies), elemental analysis capability and

minimum diffraction effects. Some disadvantages compared to optical microscopy include usually

high vacuum requirement, relatively low throughput, potential for sample charging, electron

beam/sample interaction etc. [122]. SEM exhibits excellent visualization possibilities, but is

inherently a two dimensional technique.

The use of SEM for highly accurate dimensional measurements is relying upon the

interpretation of the electronic representation of the sample (the image or micrograph). It requires

a calibration of the scales and uncertainty estimation to be able to use images for quantitative
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purposes. All distortions of the image directly influence the measurement accuracy. In the case of a

40 nm transistor gate the industry specifies ameasurement bias of less than 4 nm and a repeatability

of 0.7 nm [123]. In a SEM the edge bloom is typically tens of nanometers wide. Various instrument

parameters affect this performance including vibrations, thermal drift and brightness.

Despite the very clear images they are in fact purely two dimensional as they are built up of

intensity variations displayed in an array of pixels obtained as the electron beam is scanned over

the specimen surface. In order to reconstruct the third dimension of surface features,

photogrammetrymethods can be used [110,124]. 3D information can be achieved by reconstruction

from stereo pairs or triplets of SEM image scan be used for the evaluation of surface topography.

Figure 40 illustrates the results of the 3D reconstruction of an ISO type C roughness standard.

It was estimated that the lateral dimensions were determined satisfactorily while deviation of the

order of 20% were observed for the vertical dimensions [110].

Figure 40. Example of reconstructed 3D surface from ISO Type C roughness standard based on
photogrammetric SEM [110].

State of the art microCT systems have resolution below 1 m [110,125]. The unique feature

of this measurement technique consists in that it is fully three dimensional. It has in fact no

limitations related to probe access, because of the high penetration power of X rays. A micro

focused X ray source illuminates the object of interest, which is positioned on a precision

manipulator. X ray shadow images are acquired by an X ray sensitive camera. Such X ray

radiographies consists of two dimensional shadow images of the complete internal three

dimensional structures, but in a single two dimensional shadow projection the depth information is

not discernible. Therefore, during image acquisition, the sample is rotated stepwise through 180

degrees, and images are recorded at each position. Based on the X ray intensity 2D shadow images
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are calculated for each position and a 3D model of the object is finally achieved by combination of

2D shadow images. This technique has obvious advantages compared to tactile techniques, but the

interpretation of results is complicated in reality [126].

Optical diffraction microscopy is based on white light diffraction, where both the direct beam

(0th order) and all orders of scattered light are analyzed. With no moving parts and based on optical

signal processing, it offers a fast and relatively accurate tool for a variety of optical gratings. White

light is shone on to the sample, and scattered light as well as the 0th order are collected and

analyzed spectroscopically. The spectra are analyzed by simulating spectra frommodel gratings and

then fitting the model parameters to the observed spectra. Comparisons with both AFM and cross

sectional SEM prove that the technique is very selective and robust [127].

3.3.5 Summary

The wide range of general purpose and specialized instruments described above leaves the

user with many options for a specific measurement task. On top, availability of the instruments

often govern the possible choices. Therefore, it is necessary to know limitations of the single

techniques. For this purpose a mapping of measurement ranges in a Stedman diagram (Figure 41a)

is introduced in this work. It allows a direct comparison of dimensional characteristics of the parts

to be measured with instrument ranges (see Figure 19).

The geometrical complexity also plays a major role in choice of suitable measurement

techniques. In Figure 41b the author introduces a classification according to geometrical complexity

based on [26]. A variety of 2D and 2½Dmetrology systems are currently available. They are relatively

expensive and slow. Regarding robustness and inspection speed, most metrology systems lack the

ability to be used in a production setting. Measurement challenge increases from left to right and

from the top to the bottom of the figure. High aspect ratio features, such as deep trenches, are

critical; moreover undercuts cannot be measured.
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(a) (b)

Figure 41. Measurement instrument capabilities illustrated in a Stedman dagram (a) and as a function of
geometrical complexity (b). From [26].

3.4 Calibration and traceability

Uncertainty estimation is crucial in determining the level of variation that can be attributed to

the result of a measurement. As indicated previously the establishment of traceability is necessary

in order to establish the relationship to the definition of the unit ([m] in this case). These points are

generally valid for manufacturing, but for micro manufacturing some specific issues make it even

more important:

 The absolute dimensions (typically below 1mm) pose challenges to selection of instrumentation.

This means that measuring instruments are used to the limit of their capabilities and therefore

larger measurement uncertainties may be expected.

 Tolerances are typically small (cf. chapter 2) and therefore the measurement uncertainty ideally

should also be small in order to be able to make conclusions based on the measurements. The

only way to ensure “small” uncertainties is to establish a proper traceability and uncertainty

estimation.
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 Obtainable accuracies of manufacturing processes (e.g. Figure 1 and Figure 2) are of an order of

magnitude comparable to that of the measurement uncertainties (or in some cases even

smaller). Therefore establishment of traceability is necessary to ensure proper measurement

uncertainty estimation.

3.4.1 Approaches for establishing traceability

Two fundamentally different approaches are generally used to establish traceability. One is

related to the calibration of an instrument followed by an uncertainty estimation of specific

measurements. The other is based on the use of a repeatable measuring instrument where

traceability is secured through a calibrated object very similar to the workpiece to be measured

(Figure 42).

Figure 42. Overview of the two methods applied for establishing traceability in manufacturing. Top: The
method of calibrating your measuring instrument and subsequently applying this calibrated instrument for
measurements. Bottom: The substitution method or measurement by comparison, whereby a calibrated
reference workpiece is used to establish traceability.

The first approach is related to the calibration of a specific measurement instrument and then

applying this calibrated instrument tomeasure a component. The uncertainty estimation in this case

is based on the GUM approach [40] or the so called PUMA method [39]. Typically, calibrated

reference artefacts are used for the calibration of the instrument(s) and all contributors to

uncertainty have to be identified and quantified. The PUMAmethod principally proposes to identify
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only the most dominating uncertainty contributions (in terms of absolute values) since they will

determine the overall level of uncertainty anyway.

The GUM approach [40] is based on the law of propagation of uncertainty and the central limit

theorem, i.e. if a sufficiently large sample size is observed, the distribution of the mean will be a

normal distribution. The method involves identification of all sources of uncertainty and their

combination into a model expressing the measurand (Y) as a function of the input quantities (Xi):

Two approaches for determining sources of uncertainty are described in GUM:

 Type A evaluation based on statistical analysis of observations. The observed distribution is

described via mean value x of a number n of measurement results as well as the experimental

standard deviation ux/ux.

 Type B evaluations are calculated from assigned probability distributions (see Figure 43): from

past measurements experience, from calibrated certificates, instrument specification, from

published information or, finally, from common sense.

Once the different sources of uncertainty are estimated, the combined standard uncertainty is
calculated as the estimated standard deviation associated with the final result. It is equal to the
positive square root of the combined variance obtained from all variance covariance components
evaluated using the law of propagation of uncertainty.
Combined standard uncertainty for uncorrelated (independent) input quantities:

Combined standard uncertainty for correlated input quantities:
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Figure 43. Probably density function used for type B standard uncertainty evaluation [128].

The expanded uncertainty U is obtained by multiplication of the combined standard

uncertainty uc by a coverage factor k corresponding to a statistical level of confidence (Table 5). The

complete statement of the result of measurement requires the statement of the estimate y for the

measurand Y and its expanded uncertainty U. The units of y and U must always be given. The

approximate level of confidence to be associated with the interval ( U; +U) should be given as well.

Table 5. Coverage factor k values corresponding to the different levels of confidence.
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The so called PUMAmethod is a simplified GUM approach deliberately trying to overestimate

the uncertainty components by applying a worst case scenario [39]. This document also describes

the procedure for uncertainty management (PUMA) as an iterative process. The dominant

uncertainty contributors are identified and the resulting estimated uncertainty compared to the so

called required uncertainty. If the required uncertainty is met, then no further actions need to be

taken. If not, then another iteration needs to be done aiming at achieving a lower uncertainty.

The second approach is based on the so called substitution (or comparator) principle as

outlined in ISO 15530 3 [129] and has its origin in coordinate metrology. Here the principle is to use

a calibrated workpiece (or reference artefact) and compare the readings of the measuring

equipment with the calibrated value. This results in a possible correction of systematic errors to be

applied when the workpiece is measured. The measuring equipment needs “only” to be repeatable

and therefore stable, and thus no overall calibration of the instrument is required. The calibrated

workpiece (or reference artefact) on the other hand needs to be similar to the workpiece to be

measured and calibrated with a sufficiently low uncertainty. The so called similarity requirements

are outlined in [129] and are shown in Table 6. From this it is evident that the standard was made

for larger scales than dealt with in this work. The point of calibrating the reference artefact or

workpiece is another big challenge for micro scale artefacts. Usually a more precise measuring

instrument is used to calibrate reference artefacts to obtain as low a calibration uncertainty as

possible. When a workpiece needs calibration, available alternative measuring instruments are

most probably limited. This directly influences the obtainable measurement uncertainty by this

method.



3. Metrology and tolerance verification at micro scale

75

Table 6. Similarity requirements as outlined in [129].

The ISO 15530 3 method takes into consideration the following uncertainty contributions:

 Uncertainty contribution due to the measurement procedure (up).

 Uncertainty contribution due to calibration of the calibrated workpiece (ucal).

 Uncertainty contribution due to the variations of themeasuredworkpiece (form deviations, CTE,

surface texture etc.) (uw).

 Uncertainty contribution due to correction of systematic errors b as identified when measuring

the calibrated workpiece, for example thermal compensation (ub).

The expanded measurement uncertainty is calculated from the uncertainty contributions:

Table 7 shows elements of the components. The standard holds detailed description of the

procedures to be applied to estimate the uncertainty components in a satisfactory way.
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Table 7. Uncertainty components and their consideration in ISO 15530 3 (after [129])

The methods presented above are compared in Table 8. The intended industrial focus of both

the PUMAmethod and the substitution method is evident, and so is the more complex approach of

the GUM requiring a model function. All methods are however scale independent, even though the

calibrated reference artefact (for all methods) poses remarkable challenges in terms of availability

and possibilities for performing calibration. Other methods for estimating uncertainty components

include computer simulation, expert judgement and statistical estimation from measurement

history. Finally proficiency testing or intercomparisons are used as a means of assuring both result

and level of uncertainty is matching the findings of others [26][130].
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Table 8. Comparison of methods for uncertainty estimation.

3.4.2 Reference standards and artefacts

As described above the presence of calibrated reference artefacts or workpieces is a

prerequisite for establishing traceability. In the macroscopic world artefacts such as scales, step

gauges, ball plates, straight edges, optical flats etc. are used as reference artefacts [131]. In

particular, they are used to calibrate and verify the performance of measuring instruments (i.e. the

first of the two approaches described above). For form measurements specific form standards such

as straight edges, spheres etc. are used and often in combination with reversal techniques [132]. In

the microscopic world far less standards are available. The first standards all originated from the

surface roughness or AFM area and included profile standards, step heights, scales and gratings

[26]. Over the last 5 10 years a larger number of artefacts have been proposed including

miniaturized ball plates, cubes with hemispheres and tetrahedrons [133]. The calibration methods

are inspired by macroscale approaches including reversal methods [132]. Typically, center distances

between geometric elements are calibrated in this way. In [133] diameters of hemispheres and
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calottes are 2.5 mm and 0.8 mm respectively. Center distances are typically in the mm range. The

micro tetrahedron presented in the same paper shows sphere diameters of 1 mm. Spheres can be

down to 0.2mm in diameter, but handling becomes increasingly difficult at smaller scales. Marinello

proposes a so called fiber gauge in [134,135]. It is characterized by high aspect ratio fibers mounted

on a plane exhibiting different heights (Figure 44). The main component is an optical fiber, and the

gaugemanufacturing is taking advantage of the fact that optical fibers when exposed to a controlled

cleaving process produce a flat and mirror like surface. Marinello also describes the practical

difficulties in calibrating the gauge: influences from parallelism and orthogonality of fibres, optical

interferences with fibre, distortions and deflections due to probing forces. The fiber gauge is close

to a microscopic step gauge or gauge block. It suffers (as in the macroscopic world) from the

limitation that the artefact is always approached from the same side. In this way 2 sided probe

effects do not become visible. The micro contour standard exhibits a deterministic profile with

various cylindrical elements, slopes and steps of different dimensions and aspect ratio [133]. It is

essentially a two dimensional standard but with calibrated features of the sub mm range.

When mapped in a Stedman diagram, calibration artefacts cover the low aspect ratio area

primarily (Figure 45). The fiber gauge is an exception to this. Another point of importance is the fact

that the purpose of the artefact also is reflected in its calibration. As an example, roughness

standards exist with dimensions in the m domain, but the calibration is reflecting the use of the

standards for conventional roughness measurement. This results in a cut off length of 80 m (ISO

Type D standard, Ra 15 nm), but this is not applicable for a typical measurement area of an AFM of

20 m x 20 m. If the AFMmeasurement is also used for extracting dimensions and/or geometry of

a micro feature, the calibration may be considered inappropriate.
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Figure 44. Micro calibration artefacts. Top left: Micro calotte cube [133]. Top right: Micro fiber gauge [134].
Bottom: Micro contour standard [133].
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Figure 45. Classification of calibration artefacts for micro scale calibration. First presented in [26].

3.5 Establishment of traceability and uncertainty estimation for industrial objects

This section summarizes the results published by the author and co workers in [136–140]. The

two approaches for establishment of traceability are compared using different measuring

instruments and calibration artefacts. Also the influence of different parameters in optical

coordinate metrology is demonstrated. Measuring instrument capabilities are shown to be heavily

influenced by the total measurement uncertainty.

A micro mechanical component applied in hearing aids has been the object of several

investigations during the years. The component is a toggle for a hearing aid application made of

liquid crystal polymer with a part weight of 35 mg (illustration Figure 46). The component is

produced in batch sizes of several hundred thousand parts per year using a conventional injection

molding machine having a rather small plasticizing screw (diameter 15 mm) and a mold with micro

cavities produced by micro die sinking EDM. Four different measurands were identified by the



3. Metrology and tolerance verification at micro scale

81

company as most relevant for the investigation: inner diameter (d), outer diameter (D),

concentricity between the two circles (C) and height (H) of the pillar placed at the bottom of the

component (Figure 46).

Figure 46. Toggle for hearing aid application including four critical measurands with their nominal values
and tolerances.

The establishment of traceability and corresponding uncertainty estimation was carried out

in a number of different ways according to Table 9. In the following an overview of these methods

and their results will be given and discussed.

Table 9. Overview of different approaches applied for establishing traceability for measurements of toggle
component [93,94,136–140]. OCMM=optical coordinate measuring machine. TCMM=tactile coordinate
measuring machine. XCT=X ray computed tomography.
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When the component was chosen as a subject for investigation, a quality assurance procedure

was performed at the industrial partner company. It was based on the use of dial gauges and a

measurement microscope. Both setups were manual i.e. no automated measurement runs were

performed, and the instruments were operated by a variety of operators. In the course of these

investigations [93] a calibration of the instruments was carried out using gauge blocks (dial gauge)

and an ISO 10360 2 approach (microscope) [141]. The uncertainty of the instrument (as calibrated)

was of the order of 2.7 m (dial gauge) and 3.8 m (microscope). The calibration of the dial gauge

with gauge blocks was relatively close to the subsequent measurement performed on the

workpiece. The calibration of the microscope was however quite far from the subsequent use of the

instrument. One could argue, that a verification according to ISO 10360 2 in fact is a performance

verification rather than a calibration of the instrument. It was observed that the contribution from

manual operators would increase the measurement uncertainty of the microscope to a level of

approximately U=10 m (k=2) [93]. This corresponds to a conformance zone of only 50 66% of the

tolerance interval depending on the measurand. Different operators would also yield different bias

of results [93]. It was recommended to bring down measurement uncertainty in these cases by a

combination of the following:

 Unification of measurement procedure.

 Minimizing the number of operators and ensuring the same procedure from all operators.

 Using the same measurement instrument under similar conditions for all measurements.

In fact the different contributions tomeasurement uncertainty could be described as in Figure

47. Contributions from the instrument calibration form a lower level of uncertainty. On top of this

variations from the chosen metrology procedure (i.e. selection and distribution of points,

measurement force, illumination, operators etc.) as well as variations from the process (i.e.

variations in the objects to be measured). As indicated in Table 10 these variations can be

considerable, and if the measurement uncertainty has to be decreased, one needs to choose which

influence parameters to work with and focus on.
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Figure 47. Illustrations of measurement variations coming from instrument, procedure and process.

Table 10. Analysis of variations of measurement results using different instruments and different operators.
Further elaborated in [93].

The workpiece was also measured using a high precision tactile coordinate measuring

machine (TCMM). The maximum permissible error (MPE) of the TCMM was verified to be 0.4 +

L/900 m (L in [mm]) according to ISO 10360 2 [141]. 21 workpieces were glued to a steel plate

mounted on the CMM’s measuring plane and repeated measurements performed. The diameter of

the tactile probe was 500 m and the probing force set to 50 mN. Details of the applied procedure

are described in [136].

The measurement uncertainty of polymer objects using the TCMM is calculated using the

following approach:



3. Metrology and tolerance verification at micro scale

84

Table 11 summarizes estimated values of contributors as well as combined uncertainty

based on this approach.

Table 11. Estimated uncertainty contributions for TCMMmeasurements on toggle [136].

Table 12 summarizes the results of applying a calibrated (or verified) instrument for

performing the measurements. A well calibrated instrument (e.g. TCMM) can under the right

conditions produce measurements with uncertainties of the right magnitude compared to the

tolerances to be verified. It is also obvious that simple solutions often can’t meet the requirements

of very tight tolerances. In [90] the requirements to the ratio U/T are discussed with respect to the

so called golden rule of metrology. This empirically based rule states that if the measurement

uncertainty is lower than 10% of the tolerance zone, then compliance can be proven almost in any

case. However, when the tolerances get smaller it is necessary to carefully estimate measurement

uncertainty and assure traceability of the result in order to know how much of the tolerance zone

is available for process variations.
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Table 12. Examples of uncertainties estimated using different measurement instruments. Further elaborated
in [93,136].

From a production point of view the TCMM provides a too slow solution. Therefore the

approach according to ISO 15530 3 [129] was investigated using optical coordinate measuring

machines (OCMM) as well as X ray computed tomography (XCT) systems. These investigations have

been reported in [136–138,140]. The OCMM has a resolution of all scales of 0.5 m and an MPE in

all axes of 4.0 m + L/150 (L in [mm]). It is equipped with three types of illumination: backlight, ring

light and coaxial light. Three lenses are available with different magnifications. The advantages of

optical measurements include contactless and forceless probing, high speed (less than 1min for one

measurement cycle of one item) and suitable for in line implementation on the production floor in

a micro manufacturing environment.

For the OCMM, one workpiece was chosen as reference artefact and calibrated using the

TCMM following the approach just described. Measurement uncertainty was calculated according

to ISO 15530 3 [129] applying a compensation for an apparent systematic error (b):
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Results are indicated in Table 13. It is clear that uncertainty levels are higher than for the

TCMM. In particular the measurement of H is critical, since the auto focusing routine does appear

not to be very good. For D, d and C however, the levels of U are acceptable.

Table 13. Results of applying ISO 15530 3 to the estimation of measurement uncertainty for various
measurands. Based on own results reported in [136–138,140].

Alternative reference artefacts have been considered for the use with the substitution

method. These include a metallized Toggle and a so called micro hole plate inspired by e.g. [142–
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144]. The reasoning behind the metallized toggle was to create a better long term stability.

However, investigations revealed that the obvious violation of the similarity requirement with

respect to the material directly influenced the use of the part as reference. In particular, the

correction values obtained with the calibration of the part on the TCMM did not yield correct values

when applied to OCMM measurements [136]. The suggested micro hole plate (Figure 48) was

calibrated using a TCMM using reversal approaches [132]. When applying the micro hole plate the

uncertainties were estimated to be of the order of 7 m. The hole plate also exhibits a violation of

the material similarity requirement. But since the diameters are very well defined (due to the thin

plates) it is less critical than for the metallized toggle. However, for each new dimension/geometry

a new reference artefact has to be made, thus making the approach academic rather than industrial

viable.

Finally, the toggle was also measured using two different XCT instruments applying the

substitution method [138]. The use of this technology is interesting because of the non contact

principle and the fully three dimensional dataset obtained. However, challenges are related to data

extraction and data interpretation. As opposed to the previous example, here OCMMdata was used

as reference for the correction because of the non contact optical principle. XCT data are corrected

using OCMM data, and the resulting uncertainties calculated as before. The large uncertainties, in

particular for d, can be explained by the quality of the data for the inner hole on one of the XCT

instruments.
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Figure 48. Alternative reference objects for the use in ISO 15530 3 approach [93]. (a) Nickel plated toggle
with a nickel layer in the range of 10 m. SEM picture of cross section showing a uniform nickel layer
surrounding a polymer. (b) The micro hole plate with the ability to verify diameters and concentricity.
Section cut of the design with an Ø1.5 mm hole, 4 Ø8 mm holes and a plate with an Ø5.5 mm hole. Plate
thickness 0.1 mm.

The influence of different instrument settings needs to be quantified in order to estimate

the contribution to the uncertainty. It is desirable to identify the threemain variability contributions:

instrument, metrology procedure and process variation, according to Figure 47. This approach was

carried out for the OCMM and reported in [94,137,139].

Table 14 summarizes the setup and corresponding influence parameters: two lens

magnifications (2x and 5x) were used; two types of illumination (coaxial and ring light) were applied;
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three different illumination intensities were set according to the light used. Measurement

uncertainties were estimated according to ISO 15530 3 and can be seen in Table 15.

Table 14. Set up parameters of the used OCMM [94].

Table 15. Uncertainty values for the optical measurements obtained using different set ups of the OCMM
[94].

The deviation of the optical measurements from the reference values in conjunction with their

relative standard deviations are plotted for one particular component (no 413) in Figure 49. The

graph on the left represents the absolute deviation from the reference values of the optical results

obtained using different lens magnifications (2x 5x), same illumination type (coaxial light) and

different illumination intensity (40% 43% 46%). A larger intensity led to better results and a

magnification lens equal to 5x gave values closer to the reference. The problems encountered on

the outer diameter investigation are underlined by the substantial standard deviations (20 m).

Regarding the outer diameter, the software had difficulties in detecting the edge of the circle. The

large deviations (approximately 70 m) achieved during the height estimation represent the

difficulties and the limitations in z axis of this type of optical CMM. There seems to be no significant

change in results if the measurements were carried out using a 2x or a 5x lens. On the other hand,

the metrology procedure variability was related to the illumination intensities: a stronger intensity

resulted in smaller deviations. Figure 49b clearly indicates that a ring illumination yields smaller

deviations than a co axial illumination.
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Figure 49. Left: Absolute deviation from reference values of the optical measurements obtained using
different OCMM set ups. Lenses: 2x and 5x; illumination type: coaxial light with intensities: 40%, 43% and
46%. Right: Absolute deviation from reference values of the optical measurements obtained using different
OCMM set ups. Lens: 2x; illumination types: coaxial light (coax) (with intensities: 40%, 43%, 46%) and ring
light (ring) (with intensities: 3.7%, 4.7%, 5.7%). From [94].

A Quality Control approach (QC) was implemented for estimating the main variability

contributions illustrated in Figure 47: instrument, metrology procedure and process variation. The

QC approach was applied following the procedure described in [145]. According to [145], the

standard deviation of the total variability of the measuring instrument ( tot,j) is the standard

deviation of the five performed optical measurements. This variability includes both the variability

related to the instrument ( instr,j) and the contribution coming from the process ( proc,j):

Moreover the instrument variability ( instr,j) contains also the variability derived from the

metrology procedure:

Results show no substantial difference in the optical values obtained using a 2x or a 5x lens

magnification for inner diameter measurements. Total variability was seen to be of the order of 1
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2 m [137]. The challenges related to measurement of the outer diameter with variability up to 16

m. This was primarily dominated by the instrument variability (up to 9 m), which was quite large

compared to the instrument variability for the inner diameter measurements (0.5 m).

The measuring instrument indices approach was implemented in order to evaluate the

measuring system capability. This method was previously reported by other authors for metrology

studies of components made by the LIGA technique [146–148]. In order to evaluate the measuring

instrument capability, 20 measurements were performed on one micro part (411) using the

different optical set ups listed in Table 14. The measuring instrument indices Cg and Cgk were

calculated as:

The index Cg compares the spread of the instrument measurements with a percentage of the

tolerance. Values greater than 1.33 indicate that the measurements are acceptable in relation to

the tolerance range. The index Cgk takes into account the spread of the measurement, but also the

deviation of the results from the nominal value. Values greater than 1.33 are acceptable [94,137].

Results indicate (Table 16) that the OCMM indeed was capable of measuring the inner diameter (d)

using different setups. This was not the case for the other measurands. Here care is to be taken in

choosing the right setup. A coaxial light with a 5x magnification was best for the outer diameter (D),

and for height (h) and concentricity (C) an even smaller window could be used. Cgk was only
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calculated for the measurands estimated to be in the tolerance range, in this case the outer

diameter measured using a coaxial light and a lens magnification equal to 2x and 5x.

Table 16. Instrument capability indices, Cg and Cgk. The orange cells indicate that Cg or Cgk is lower than
1.33: the measurements are not acceptable.

Finally, indices Cg and Cgk were calculated considering the measurement uncertainties of the

optical measurements instead of the measurement standard deviations. This yielded not

surprisingly a much more negative picture (Table 17). Measurement uncertainty (UOCMM) consists of

additional components to themeasurement standard deviations, and therefore indices will become

smaller. It can be discussed whether the measurement uncertainty should be used in calculation of

the capability indices. The measurement uncertainty however is a more realistic estimation of the

variations attributed to the result of the measurement. Another point of discussion is the setting of

k=20% of the tolerance. This factor describes how much of the tolerance zone we are willing to

“use” on variations or uncertainty. And as discussed intensively in the previous sections, in micro

manufacturing one should be willing to increase this ratio. If increased to 40% Cg will be larger than

1,33 for all combinations using standard deviations with respect to D and d. We still have problems

in achieving Cg>1,33 if measurement uncertainty is used as estimate for the variation also for

k=50%.
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Table 17. Instrument capability indices, Cg and Cgk, calculated using the uncertainties of the optical
measurements instead of the measurement standard deviations. The orange cells indicate that Cg or Cgk is
lower than 1.33: the measurements are not acceptable according to the tolerance range.

The presented example illustrates the many different possibilities that exist for making

choices with respect to dimensional measurements on micro components. It is also clear that not

all choices are adequate for verification of micro scale tolerances. Appropriate care must be taken

to establish traceability and proper uncertainty models as a basis for correct decisions.

3.6 Validation of product specification

The link between function and dimensions and geometry is critical in this work (chapter 1).

The correct translation of functional requirements into critical dimensions and features is key in any

product design process. Sometimes it is even not possible to correlate function to specific

dimensions and geometries, and then realistic assumptions and a priori knowledge will form the

basis of sound detailed designs (materials, dimensions, geometry etc.). As discussed previously, the

use of functional requirements to directly control manufacturing processes is very problematic. Only

in a few areas (e.g. optics manufacturing) direct functionality tests can be applied also throughout

the process chain to control the processes. The allowed variations in function must therefore often
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be translated into tolerances applied to dimensions and geometry (Figure 50). This translation is far

from easy, especially if no governing equations help the designer in setting these tolerances.

In this section this approach will be presented for two examples applied to micro

manufacturing. The first one deals with micro and sub micro scale features on optical discs and has

been documented by the author and co workers in [91,149]. The second example deals with a

medical device and was documented by the author and co workers in [150–153].

Figure 50. Relationship between function, dimensions and processes.

3.6.1 Optical discs

In the field of media support for both data storage and entertainment, polymer based

substrates composed of thin polycarbonate discs having a sub micro structured surface (so called

optical discs) are nowadays the established format for a variety of different uses. In an investigation

reported in [91,149] three different formats of optical discs (CD, DVD and HD DVD) were

investigated with respect to replication fidelity and verification of dimensional tolerances. This

section describes the translation of functional requirements to dimensional tolerances and also

shows, how these tolerances were verified. Previous research include functionality testing of the

final disc (e.g. by playing a disc in a fast reading mode), digital image processing to detect surface

errors (e.g. holes, scratches, inclusions etc.), or detection of internal stresses induced by themolding

process [94]. Also, a number of investigations have dealt with dimensional metrology for assessing

replication quality.

The digital information of an optical disc is stored in a spiral consisting of a large number of

sub micrometer grooves (Figure 51). The quality and uniformity of these grooves determine the
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quality of the function of the disc. The polymer disc is fabricated by using a Nickel stamper

containing peaks (so called pit heights) that during the molding process form the grooves. Typical

dimensions of these grooves/pits are shown in Figure 51. By defining tolerances for these critical

dimensions it will be possible to control and optimise the single steps of the process chain.

Figure 51. Illustration of optical discs including typical dimension.

The “track pitch tolerance” includes the specified upper and lower limits of the distance

between two consecutive lines of features on the disc. The “pit height tolerance” is the allowed

variation of groove depth in the polymer disc in order to ensure a proper signal level while reading

(i.e. equivalent to a flatness tolerance). For these tolerances see Table 18. Finally, the “pit/land

length tolerance” is defined in order to satisfy the correct data transfer and the data encoding. The

functional parameters that determine this quality are “time” and “scanning velocity”. This

investigation was made for the CD format only. CD pit and land lengths in terms of “time” are

clustered according to the runlength (3T, ..., 11T) and given in Table 19. The scanning velocity during

encoding is 1.2 m/s with a maximum variation through the whole disc of ± 0.01 m/s. The feature’s

lengths in “ns” are multiplied by the scanning velocity in order to obtain the feature length in “nm”

and therefore it permits the tolerance verification from a dimensional point of view.
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Table 18. Tolerances on track pitch and pit height [94].

Table 19. Specifications of CD. Left: pit and land length specifications for CD in terms of “time”; right: pit and
land length specifications for CD [94].

The quality assurance procedure followed two routes of investigation: track pitch and pit

height weremeasured using atomic force microscopy (AFM) for all three formats, whereas pit width

and pit/land length were measured using scanning electron microscopy combined with image

processing only for the CD format. Both instruments were calibrated using traceable reference

standards prior to the application in this investigation. Figure 52 shows illustrations of AFM and SEM

images of the three formats as obtained during the investigation.

Each AFM scan covered an area with a number of features between 50 for CDs and 750 for

HD DVD (scan range of 15 m x 15 m and a sampling density of 2048 x 512 points). To calculate
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the pit height, ISO 5436 [154] was applied coupled with a height distribution frequency analysis.

This analysis allowed to eliminate the influence of the sidewalls of the pits. Pitch measurements

were carried out by calculating the average profile aligned along the slow scanning direction and

then identifying the main peak position in the Fast Fourier Transform of the profile [94].

For the SEM and image processing approach the images were calibrated using a calibrated

reference artefact in connection with the SEM. In this way the pixel size of a specific magnification

could be calibrated. Then SEM images were analysed using an image processing software applying

the calibration factor.

For the AFM measurements the following uncertainty estimation was performed based on

GUM [40]:
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Figure 52. Illustration of SEM (black/white) and AFM (colour) measurements.
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The resulting uncertainties are reported in Table 20. Here they are also compared to the

tolerances. As features get smaller, the tolerance is also reduced. Therefore, as can be seen from

Table 20, the ratio of uncertainty to tolerance (U/T) increases. This makes validation of the product

harder, but more interestingly, the available window for process variations is reduced accordingly.

Table 20. Uncertainties determined for AFM measurements on pit height and track pitch [94].

The uncertainty estimation for the SEM basedmeasurements were based on a GUMapproach

as well:

Measurements on the same feature as well as on different features of the disc were affected by

instrument repeatability. Therefore, the maximum value among the uncertainty contributors (uSEM,

ufeat) was selected to not overestimate the repeatability. The results of the analysis is summarized

in Table 21 for one particular run length 4T. It can be observed that the measurement uncertainty
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for both the Ni stamper and the polymer disc are of the same order of magnitude. They are also

larger than the tolerance of the features. In particular the analysis revealed that the uncertainty

contributors ufeat (standard deviation of different features on 3 SEM images) and uSEM (standard

deviation of 3 repeated measurements on the same feature) were the largest. Repeated

measurements on the same feature led to different results for the same measurand. This is due to

the not well defined edge on the single pattern of a SEM image, leading to a larger uncertainty

contribution. Figure 53 reveals that although uniformity of characteristic dimensions within a single

run length exhibits some variations, the overall performance of the disc is satisfactory. This indicates

that the translation of functional specifications and limits of variations into dimensional tolerances

is less unambiguous than anticipated.

Table 21. Results of tolerance verification of CD features for run length 4T [94].

An approach based on dimensional metrology for critical dimensions in the micrometer and

sub micrometer range has been presented. The translation of functional requirements into

dimensional tolerances was attempted and the corresponding metrological approach developed.

The developed framework can also be used to evaluate the replication fidelity between the different

process steps.
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Figure 53. Tolerance verification of the polycarbonate CD (PC CD) features. Blue lines indicate tolerance
range. Red bars indicate measurement uncertainty. Top: 4T pit length for 26 features. Bottom: 4T land
length for 26 features. [94,149].



3. Metrology and tolerance verification at micro scale

103

3.6.2 Medical device

The design and manufacturing of implantable medical devices is highly relevant as application

example. It is well known that tissue anchoring of implants is enhanced by surface modifications.

These modifications include surface micro (or nano) structuring as well as surface coating. The

example described in this section concerns an implant that can act as electrical stimulator of specific

nerves close to the bladder. The implant consists of a main body, two tine rings and an electrode

(with wire) as illustrated in Figure 54. The main body and the tine rings serve the function of

protecting the electrode and securing insulation from the tissue (except at the tip of the implant).

Furthermore, the electrode needs to be kept in place once implanted, and the main body and in

particular the tine rings are responsible for this functionality. The material needs to be

biocompatible, and for the main body a PEEK polymer material was chosen. The tine rings need to

exhibit flexibility during the implantation, and therefor they were designed to be made of liquid

silicone rubber. Following a design process as outlined in chapter 2, the final design of the body and

tine rings was set as shown in Figure 54. The body and tine rings were produced separately and then

assembled into the final part. Due to the need for fixation of the electrode in the tissue, it was

decided to apply micro structuring to the tine wings [150,151] and eventually also to the body

[152,153]. The affinity of human cells to grow on the surface of the implant is highly affected by the

types and dimensions of the micro structures. Figure 55 illustrates the effect of different surfaces

on cell growth. It is clear that there are quite large differences after 96 hours. It seems that the

smaller structures are preferred by the cells.
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Figure 54. Illustration of implant for electrical stimulation of nerves around the bladder [155].

Figure 55. Illustration of cell growth on PEEK substrate. “TCP” refers to tissue culture polystyrene (reference
surface). “Flat” is a flat, non structured PEEK surface. “2 m” and “10 m” refer to periodical pillars of 2 m
or 10 m height (PEEK). “Nano” refers to hexagonal holes achieved through anodizing of aluminium and
subsequent molding of PEEK achieving bumps. [150]

Different process chains for the manufacturing of the tine rings with micro structures were

investigated. The tine ring has a diameter of approximately 7 mm and the wings have an inclination

of approximately 30° from the ground. The thickness of the wings is of the order of 0.2 mm. Ideally,

the tine ring should be covered entirely by micro structures, but from a practical point of view the

most important surfaces are those of the wings. In order to mold the tine ring two mold parts need
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to be manufactured, and it is the establishment of micro structures on these mold parts that is

subject to investigation (Figure 56).

Figure 56. Illustration of tine ring, mold parts for molding the tine ring and the final implant.

Four different process chains were employed to create the micro structures on themold parts

(Figure 57). The first one is based on a MEMS process chain, whereby a regular flat pattern of Ø4

m wide and 2 m deep holes were fabricated by an etching process followed by Ni electroplating.

The pattern of holes is highly uniform (standard deviations below 10% for diameters, and below 5%

for height). The structured Ni plate is flat, and therefore elements are cut out and mounted on the

flat parts of the mold (corresponding to the tine ring surfaces). The second approach is a direct

structuring of a steel mold using laser machining. The laser machining process is highly flexible also

in terms of geometrical freedom. Set up time is very limited compared to the MEMS process chain.

It turned out that the initial surface of the material needs to be polished to give the best results in

terms of replication. However, polishing of small intricate details is complicated and increases

complexity of the process chain. The third alternative is based on anodizing of aluminium followed

by Ni electroplating and etching of the aluminium. Details can be found in [75,150]. The structures

obtained in this way are sub m in size and therefore quite attractive to cells. Themethod possesses

the potential to cover fully any three dimensional structure, and this was also demonstrated in

[75,156]. Finally, additive manufacturing was used to produce the molds. As clearly seen in Figure

58, the spatial resolution of the employed additive manufacturing technology was not good enough.
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It is expected that in the future sub 10 m resolution is possible, and then the approach described

in [157] becomes highly relevant.

Figure 57. Illustration of different process chains for establishing the micro structured mold parts for the tine
ring. Elaborated from [150,157].
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Figure 58. Illustration of structured surfaces obtained from the four process chains [150,157].

The measurement and analysis of the micro structures employs surface characterization

techniques. The approach would be to measure an area consisting of a large number of

microstructures. The analysis would then be based on an average height of pillars, for example

determined using a histogram analysis or a so called pore and particle analysis (PPA analysis) (Figure

59). The latter detects individual pillars and determines their individual height. This gives the

opportunity to extract standard deviations of the height of pillars. As also seen in Figure 59 the

difference between the two methods are within the estimated measurement uncertainty (31 nm).

Similar types of analysis can help in adjusting laser settings for the laser structuring approach. Figure

60 illustrates diameter and depth of holes as a function of pulse energy and number of laser pulses.
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Figure 59. Analysis of pillar geometry obtained using the MEMS based process chain. A) histogram B) pore
and particle analysis C) comparison of the two methods [151].

Figure 60. Depth and diameter of micro holes made by femto second laser machining [150].



3. Metrology and tolerance verification at micro scale

109

3.7 Summary

This chapter deals with the research question “Establishing traceable metrology solutions”. In

this chapter basic concepts related to metrology are defined with emphasis on challenges in the

dimensional scale from 1 m to 1 mm.

The author introduces a classification method whereby measuring instruments are classified

according to original intended use, range and geometrical capability. Finally, available calibration

artefacts are classified in a similar way. This approach allows a direct comparison of component

characteristics, available measuring instruments and related calibration artefacts.

Establishment of traceability and uncertainty estimation is a crucial element of metrology at

the micro scale since the Uncertainty/Tolerance ratio (U/T ratio) must be well below 1 to allow for

any decision on conformance/non conformance with specifications.

Two approaches to uncertainty estimation at this particular scale are introduced and

adapted: one based on the traditional GUM approach, and one based on the so called substitution

principle. The methods are applied to measurements on industrial parts. Different measuring

instruments are used in the analysis of dimensional and geometrical tolerances of the specimens,

and the results in terms of U/T ratio compared. For the substitution method, new calibrated

artefacts are introduced and tested. Measurement uncertainty is demonstrated to rely heavily on

the nature of the measurand and the available measuring instrumentation. Also, the influence of

different settings of themeasuring instruments are quantified and analyzed, resulting in a capability

analysis of the measuring instruments. A rigorous approach to establishment of traceability and

uncertainty estimation is necessary for metrology at this scale.

Finally, a metrology based approach is introduced to validate product specifications

exemplified through optical data storage devices as well asmedical devices. The link between device

functionality and dimensional and geometrical tolerances is demonstrated and discussed. It is

necessary to combine the use of different measuring instruments (with different capabilities) in

order to achieve a satisfactory picture of the part’s performance with respect to dimensions and

geometry. Establishment of traceability and uncertainty estimation is shown to play a major role in

comparing results across instruments and process settings. In particular, it is shown for the optical

discs that measurement uncertainty was of the same order of magnitude as the tolerance. This
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leaves almost no room for proving compliance with specification. For the medical device the

metrological approach is used to compare the ability of different processes to produce micro

structured surfaces with specific dimensions.
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Chapter 4

Processes and process chains in micro

manufacturing

4.1 Introduction

In 1983 Taniguchi predicted how ultra precision machining in its broadest sense would

develop over the years [24]. He foresaw that the sub m precision for normal machining would be

achieved by 2000 and that the nm level would be reached at the same time for ultra precision

machining (Figure 2). He also indicated that there must be a physical lower limit defined by atomic

structures of materials beyond which it makes little sense to speculate. However, as the

development has shown, also the combination of processes across technology platforms has

become more and more relevant. As also described in chapter 1, the development of new

technologies follows three main paths:

 Downscaling of traditional manufacturing processes (mainly from the precision engineering

field).

 Use and up scaling of semiconductor based processes (from the micro electronics sector).

 Development of new technologies in the cross field of existing technologies (e.g. new

combinations of processes and materials).

In this chapter development, analysis and optimization of single manufacturing processes as well

as process chains for micro manufacturing is presented and discussed. The methodology is based

on a metrological approach whereby establishment of traceability and proper uncertainty
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estimation are the key points (cf. chapter 3). In line with the previous chapters, a categorization of

processes following the Stedman diagram is introduced. Also, the author demonstrates in the case

of replication processes the complexity of process chains including the many possible combinations

of available processes. Size effects for single manufacturing processes are analyzed in the case of

micro milling and micro injection molding. Then, the author introduces tooling process chains and

presents a categorization of tooling process chains whereby tooling processes are divided into direct

and indirect approaches. The metrology based approach for analysis and optimization of complex

process chains is then demonstrated in a number of cases:

 Process chains for polymer micro fluidics, including a novel tooling process regarding electrical

discharge machining of Silicon.

 Process chains for nano fluidics, including the introduction of process fingerprints for the

analysis of processes and process chains and for total quality control of process and product.

 Process chains for molded interconnect devices, including the introduction of the Laser Induced

Selective Activation (LISA) process.

 Process chains for metal displays, including the introduction of selective anodization as a

possible process.

 Process chains for micro metal forming, including the introduction of a high speed handling

system for high speed forming processes.

Figure 61 summarizes the contributions of the author with respect to this chapter.
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Figure 61. Contributions by the author in chapter 4.
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4.2 Definitions and categorization

Brinksmeier [158] suggests a classification of the different manufacturing technologies. The

machining of precision parts and micro structures is subdivided into two general types of

technologies having different origins (Figure 62): Microsystem technologies (MST) and micro

engineering technologies (MET). MST are qualified for the manufacture of products of Micro Electro

Mechanical Systems (MEMS) and Micro Opto Electro Mechanical Systems (MOEMS) including UV

lithography, silicon micromachining and LIGA. Micro engineering technologies (MET) comprise the

production of highly precise mechanical components, molds and micro structured surfaces. Typical

mechanical processes employed in this field are diamondmachining (e.g. diamond turning, diamond

milling and precision grinding) and downscaled conventional machining processes. Furthermore,

manufacturing processes like Laser Beam Machining, Focused Ion Beam Machining, Electron Beam

Machining and Micro Electro Discharge Machining are classified as energy assisted processes.

Finally, replication methods (e.g. forming, injection molding, hot embossing etc.) are suggested in a

class of their own. Brinksmeier also underlines that there can also be an overlap between the

categories.

The diversity of existing manufacturing processes is very large. Masuzawa classified

micromachining processes according to their working principle [41]. If these considerations are

combined with a description of the process material interaction a picture as illustrated in Table 22

emerges. The ability of the different processes to create 2D, 2½D and 3D micro products of course

varies as does the obtainable material removal rate. This sort of classification was first proposed in

2003 [25]. The type of process material interaction directly influences obtainable accuracies.

Typically, mechanical and thermal interaction is less accurate than the ones based on chemical

principles.
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Figure 62. Process technologies for machining of precision parts and microstructures [158].

Table 22. Micro manufacturing technologies classified according to working principle. First presented in
[25].
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As a part of the 4M organization [159] a roadmapping exercise was carried out in the period

2005 2006. The purpose of this study was to map existing research and industrial trends throughout

Europe in the field of micro technologies and their application. This would (and has indeed) laid the

foundation for the European research strategy in this area during Framework Program 7 and horizon

2020. The results are reported in [160]. A few selected highlights are presented in Figure 63. It shows

a complex categorization of a large number of micro manufacturing technologies according to their

capability to process various geometrical shapes and various materials. The numbers in brackets

indicate the frequency of occurrence during the roadmapping exercise. The lower part illustrates

the relative importance of the single technologies as resulting from the roadmapping exercise.

Replication technologies (injection molding – in many forms, nano imprint technologies, hot

embossing) are rated as the most important supplemented with milling and 3D printing. The

dark/grey colours show some discrepancies between the academic and industrial vision for the

technologies.
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Figure 63. 4M roadmapping results from 2006 [160]. Top: Map of process technologies according to
material and geometrical complexity. Bottom: Perceived importance of future micro manufacturing
technologies.
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One possible way of looking at the development and manufacture of micro products is to

consider the process chain. The process chain comprises all aspects of the industrialisation of a

product. Masuzawa introduced in [41] a description of relationship among technologies and objects

in production (see Figure 64). Figure 64 describes the process chain related to development and

manufacture of products. Material, parts/components and product are all physical objects whereas

design, processing, assembly and control/measurement all are technologies and activities related

to these technologies. Please note the relationship with the framework introduced in chapter 1

(Figure 7). The process chain opens up the possibility to discuss in detail specific characteristics of

each technology and each physical object. In particular, “processing” typically involves several

process steps. The close interaction of micro manufacturing processes then requires attention, and

the process sequence must be carefully considered in order to predict the possible problems when

combining different processes. One of the main challenges in micro manufacturing is therefore to

connect the individual steps of the processing into a continuous flow. Previous chapters already

discussed design and measurement related to micro manufacturing. According to the framework

proposed in this work the validation of products and processes is referred to as “Control and

measurement” in Figure 64.

Figure 64. Illustration of the concept of process chain. From [25].

Figure 65 illustrates an example of possible process chains related to the manufacture of a

polymer micro fluidic device. The basic principle was published in [76] and the work was referred to

in [161]. The principle of tooling process chains will be elaborated in section 4.4. In this section the

focus is to illustrate the complexity of the process chain principle in case of a relatively simple device.
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Many routes to product realization are possible, and each route will contain various process

validation steps in order to secure quality of the part before entering the next step of the process

chain. The approach should form the basis of an informed decision on processes and processing

steps.

In [43] Uhlmann describes the difference between an standard process chain and process

chains related to micro production engineering. The postulate is (according to Figure 66 and [43])

that in a classical process chain process variations are reduced over time, thus improving quality. In

micro production engineering the variations between subsequent process steps are highly

dependent on the initial reference surfaces and geometries, and as the number of machine tool

setups increases, it is necessary with more intermediate metrology steps to control the entire

process chain performance.
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Figure 65. Illustration of process chain considerations for manufacturing of a micro fluidic device. Further
elaborated in [76,161].
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Figure 66. Illustration of difference between classical process chain (a) and micro production process chain
(b) according to [43].

For a specific group or class of process technologies it is necessary to understand the

processing basics and also the differences between sister technologies in the same group. As an

example the replication technologies were reviewed by the author and co workers in [162]. The

concept of replication was looked upon through three very different replication mechanisms (Figure

67). In all three cases the starting point is a so called master geometry. This master is transferred to

a substrate material by copying the geometry of the master. This means that protrusions and

asperities on the master geometry will be transferred to the substrate as an indent (the so called
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mirroring effect). The replication can take place from a fluid state (e.g. injection molding), from a

solid or viscous state (e.g. metal forming or hot embossing) and finally via material deposition (e.g.

electroforming). After the replication process has been finalized, the separation of the master and

the substrate takes place (Figure 67). Table 23 illustrates the general description of various

replication mechanisms depending on the material characteristics (melt temperature and glass

temperature).

For the family of injection molding processes [162] contains a detailed review of capabilities.

In particular, the Stedman diagram (as introduced earlier) is introduced to show and compare

process capabilities in terms of achievable dimensions (Figure 68). The diagram does not contain

information on available materials, processing speed or available processing windows in terms of

process parameters. If this diagram is combined with the similar diagrams containing information

on product characteristics, available metrology methods and calibration artefacts, a complete

analysis of the process chain is possible.

In the following paragraphs examples of single processes as well as process chains for micro

manufacturing will be introduced with focus on process chain validation and quality assurance.
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Figure 67. Concepts of replication (see also [162]).
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Table 23. Replication mechanisms [162]. T=temperature of material during processing. Tm= melting
temperature of material. Tg = glass transition temperature of material. Tx = temperature above which the
bulk metallic glass acts as a metal. Below Tx and above Tg the bulk metallic glass acts as a viscous fluid.
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Figure 68. Polymer processing capabilities in terms of achievable dimensional micro and nano scale [162].

4.3 Micro milling

Mechanical material removal processes such asmachining or grinding are well known andwell

described at the macroscopic scale e.g. [163]. These processes are usually characterized by high

productivity, high flexibility in terms of applicable materials and obtainable geometries and a high

degree of industrial adaptation. Micro milling usually is referred to as a milling process using tools

with dimensions in the sub mm range [14,161]. The use of small scale milling tools introduces

obvious effects such as higher deflection of the tool due to cutting forces, lower material removal

rates, and potentially lower relative accuracies. Also, the obtainable cutting speed is directly related

to the diameter and the spindle speed. Therefore high spindle speeds are necessary in order to keep
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acceptable cutting speeds using micro tools, e.g. for a Ø200 m milling tool a rotational speed of

more than 120.000 RPM is required to maintain a cutting speed of 80 m/min [15].

The downscaling of a conventional mechanical milling process introduces size effects of

various kinds [14,21,22]:

 The ratio between the grain size of the workpiece material and the chip thickness.

 The ratio between the cutting edge radius and the chip thickness.

 The roughness of the rake face of the milling tool.

When the diameter of the tool is reduced, also the chip thickness is scaled down. Typically the

grain size of the material (if metal) is not reduced in a similar manner. The consequence is that the

chip will be formed within a single or few grains (Figure 69 top). The stresses applied to the tool are

therefore depending on the individual grain orientation, and therefore the tool will experience large

fluctuations in the cutting forces. This will lead to lower precision.

The cutting edge radius is critical for obtaining a smooth surface. Although excellent results

have been obtained using diamond tools, these tools are not applicable for machining of tool steels

etc. [164]. Sintered carbide tools are well suitable for this purpose and they are characterized by

having a small but definite cutting edge radius [14]. The size effects occurs when the chip thickness

is small compared to the cutting edge radius (Figure 69 middle). The chip formation is occurring

under a highly negative rake angle resulting in an increase in cutting forces and potentially in a

ploughing effect. This will damage the generated surface and result in burr formation and a higher

surface roughness. This is illustrated in Figure 70. A detailed description of models and their validity

is presented in [165].

The roughness of the rake face of the milling tool is a result of the manufacturing process

leading to the final tool. As indicated in Figure 70 this is not an ideal flat or smooth surface. The

result of this effect is an unpredictable chip tool contact length and friction coefficient.
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Figure 69. Size effects in micro cutting. Top: Relationship between grain size and chip thickness. Middle:
Relationship between cutting edge radius and chip thickness. Bottom: Relationship between roughness of
rake face and chip. Further elaborated in [14,166].
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Figure 70. Illustration of size effects in micro milling. Left: Burr formation in micro milling, Ø200 m, tool
inclination 70°. Right: Cutting edge radius (r) and surface texture of micro milling tool Ø200 m. From [14].

The machine tool accuracy is key in determining the obtainable part accuracy. Spindles

capable of obtaining >100.000 RPM will exhibit thermal deformations. With typical axial depths of

cut of the order of some m, thermal elongations of the same magnitude will negatively affect the

part accuracy [15,167]. Also start stop sequences related to the machining affects the thermal

behavior of spindle and machine tool as well as the use of cutting fluid. Temperature control is key

in order to keep the process under control.

The kinematic characteristic of any cutting may be modelled under ideal conditions. This is

also the case for the micro milling process. In [14] a systematic approach to the modelling of surface

texture and cutting forces is presented. The theoretical basis for both ball nose end milled surfaces

and flat end milled surfaces is presented in [168]. Figure 71 illustrates the ideal surface texture that

can be obtained using the two mentioned cutting methods under ideal conditions (no chatter, ideal

machine tool, no deflections etc.). In [168] the creation of these ideal surfaces is described as

follows: “The parallel passes in the Y direction are shifted from each other by a distance equal to

the step over. The parallel paths generate the high ridges aligned with the Y axis. Cutter marks,

almost aligned with the X axis are present between two neighboring ridges, at regular intervals

corresponding to the feed per tooth. The surface is basically constituted by a series of spherical caps

of length equal to the step over value and width equal to the feed per tooth. For an ideal flat end

milled surface, the cutter marks are aligned with the X direction and spaced of a distance equal to
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the feed per tooth. When the actual surface is generated by means of multiple parallel passes along

the Y direction, the cutter marks generated in one pass can be shifted along Y relative to those

generated in a previous pass. An ideal flat end milled surface appears as constituted by a series of

cylindrical caps, with length equal to the axial step depth and width equal to the feed per tooth.”

Figure 71. Illustration of kinematic surface texture as generated in micro milling. A: ball nose end milled
surface. B: flat end milled surface.

The ideal surfaces can be subjected to an analysis whereby the surface roughness is

quantified. This was presented in [168]. Following a plane correction and a Gaussian filter (with

appropriate cut off settings), Sq (average amplitude parameter) and Sdc 5 95 (version of the peak

to valley parameter Sz) parameters were calculated both for the modelled and real surfaces. For

ball endmilled surfaces the deviation between themodelled and real surface roughness parameters

was of the order of 3 5%. For the flat end milled surfaces deviations were as large as 90%. The

explanation for that is the machine tool repeatability error in the directions orthogonal to themilled

surface. Since the surface is generated by parallel passes of the tool, the repeatability error will

create features on the machined surface that increases the surface topography.

The same paper presents an investigation of the scaling behavior of surface topography in

micro milling. A selection of tool diameters from 0.6 mm to 6 mm were investigated for both ball

nose end mills and flat end mills applied to milling of hardened tool steel. Real surfaces were

compared to the ideal surfaces as modelled. Figure 72 shows the result for ball nose end mills at

different surface inclination angles. The empirical models are in good accordance with the

theoretical models for the larger diameters. As the diameters of the tools are scaled down, the

discrepancies between the models and empirical data increase. This indicates that the perfect
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scalability of the models is not valid, and the size effects in surface generation by ball nose end

milling is demonstrated.

Figure 72. Surface roughness parameters (top: Sq; bottom: Sdc_5 95) as a function of tool diameter in ball
nose end milling. Theoretical curve based on kinematic model only. Empirical data based on experiments
with surface inclination angle of 0°, 10° and 70° respectively. [14,168].

4.4 Micro injection molding

Micro injection molding is discussed intensively in literature due to mass production potential

and the strong industrial base of injection molding. The characteristics of parts produced by micro

injection molding have already been introduced in chapter 2: small dimensions and tolerances in

the m range, part weights of the order of mg and potentially larger parts with micro structured

regions [18,42]. In principle the process cycle is identical to conventional injection molding:

plasticizing of polymer material, injection of polymer material in the mold, solidification including

packing phase and ejection of final part. Usually due to the very low mass of the part, machine and

process modifications are usually required [18,42,169]:

 Dedicated micro injection molding machines are typically equipped with a plasticizing screw and

a separate plunger for metering and injection of the molten polymer.

 This construction enables higher injection speeds of the polymer which is shown to benefit the

replication quality of the process.

 Finally the introduction of fully electric molding machines improves process repeatability.
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As part dimensions become smaller, the cooling of each part cross section is extremely quick.

This will lead to premature cooling and the parts not being filled (so called short shots). This can be

avoided by increasing mold temperature and/or by increasing the injection speed e.g. [18]. Increase

of mold temperature will result in a longer cycle time and thereby a lower productivity. High

injection speeds in combination with small cross sections for the polymer melt flow results in high

shear rates on the polymer resulting in a lower viscosity and thus s more easy flow [170].

Figure 68 illustrates the capabilities of various polymer processes in a Stedman diagram. From

this it is clear that micro injection molding is capable of working with dimensions 2 orders of

magnitude smaller both in lateral and vertical directions compared to conventional injection

molding.

In [169] a thorough analysis of process capabilities based on dimensional accuracies of molded

parts is presented. Injection molding is compared to micro injection molding, the only process

parameter varied being injection speed (40 mm/s and 160 mm/s respectively). Experiments are

realized on two different molding machines: conventional machine with reciprocating screw; micro

machine with plasticizing screw and injection plunger. Molded parts are analyzed using a precision

scale and a 3D focus variation microscope. A nominal inner diameter (at the bottom of the part) of

3.2 mm and outer diameter (at the top of the part) of 3.3 mm are used as measurands. Uncertainty

analyses is conducted based on the ISO 15530 3 approach [129], where the mold parts are used as

reference values. Measurement uncertainties of the order of 1.6 2.2 m is obtained. The analysis

shows that micro injection molding is far better in achieving the desired part weight than

conventional injection molding. Parameters Cp and Cpk are used to describe process repeatability

and process ability to meet the design target. For both parameters the micro injection molding

process shows better values (>1.3) than the injection molding process. Figure 73 illustrates the

frequency distributions for inner diameter (ID) and outer diameter (OD) measurements

respectively. Also dimension wise the micro injection molding process outperforms the

conventional injection molding process.
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Figure 73. Frequency distributions of measured diameters with respect to molding methods. Blue: injection
molding. Red: micro injection molding. ID= Inner diameter. OD=Outer diameter. Lower specification limit
(LSL) and upper specification limit (USL) indicated by vertical dashed lines. In [169].

Several methods for validating the filling of micro cavities have been suggested in [171]. They

include short shot analysis, flow visualization by high speed camera and length flow tests. The

purpose is to understand the filling of the cavity and eventually to use this knowledge to adjust

simulation models to better predict the physical flow [18,42]. Dimensional metrology is an integral

part of making a quantitative evaluation of the degree of mold filling of analyzing the flow length.

Due to tight tolerances it has been shown that mold designs that include additional venting of micro

cavities have a favorable effect on the mold filling. Dimensional metrology plays a major role in the

analysis of replication quality. First results are reported and discussed in [172,173]. Following these

findings, metrology has become an integral part of process optimization in micro injection molding.

A weld line is an imperfection in the topology of a molded part. It is created when two flow

fronts meet. The polymer flow is divided inside the cavity when it meets inserts (or obstacles), when

there is more than one injection point into the mold cavity, or when the part cross section varies

(from thick to thin or vice versa). Weld lines are typically visible on the surface of the part, but they

will be present throughout the cross section of the part. This constitutes a mechanical weakness in

the material, and therefore weld lines should be avoided or limited. Weld lines are depending on

the specific process parameters of the injection molding process, and therefore they can be used as

a process analysis indicator as well. In [18,171,174,175] a methodology for using weld lines as flow

markers to understand the effect of process parameters on mold filling is presented. A specific part

design is used to illustrate the principle. Figure 74 shows the design of the part with a varying

thickness as well as varying channel widths to provoke the creation of weld lines. The method
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comprises the identification of the weld line(s) in a starting scenario (example Figure 74), followed

by a determination of the position and orientation of the weld line in a local XY coordinate system.

This analysis is supported by an optical coordinate measuring machine.Weld line shape is described

by means of a series of points in a local coordinate system. The alignment of the coordinate system

with respect to the local micro feature and also with respect to the global coordinate system is

central in securing good repeatability and reliability of results. Figure 75 illustrates the principle.

Measurement uncertainties of X and Y coordinates are estimated to be of the order of 10 m [175].

The effects of change in process parameters are clearly visualized using this method, and when

subjected to a statistical design of experiments, it can be concluded that injection velocity and mold

temperature are the most influential process parameters with respect to weld line position. In [175]

the introduction of measurement uncertainty as a part of the statistical evaluation of the result is

reported. This approach further emphasizes the metrological approach as introduced in chapter 3

as an important tool to give realistic estimates of process variations and their effect on part

geometry. For the depth of the weld lines as analyzed by AFM (Figure 76), a thorough analysis also

shows mold temperature and injection speed to be themost influential process parameters (though

in the opposite order) [174]. Figure 77 shows a profile extracted from the AFMmeasurements. Also

on surface measurements the metrological approach was applied resulting in measurement

uncertainties of the order of 80 nm for the depth measurements [174].

Figure 74. Part design for weld line analysis. Left: dimension. Right: photopraph of molded parts including
close up of weld lines formed on upper section of the part. Red lines indicate weld line positions. From [175–
177].
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Figure 75. Characterization of weld lines on upper part of the test geometry from Figure 74. The effect from
different channel widths on weld line creation is illustrated. In [177].

Figure 76. Visualization of weld lines on test part. Left: SEM image. Middle and right: AFM measurement of
weld line indicated on the left.

Figure 77. Left: Effect of variation of injection speed on weld line position [175,177]. Right: Effect of
variation of mold temperature on weld line depth [174].
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Modelling of the micro injection molding process can be performed using the same type of

software as for injection molding modelling. However, the specific conditions related to micro

injection molding needs to be taken into account in order to get reliable results. Extensive research

has been reported in [18,42,178,179] to describe these effects and how to deal with them in a

simulation setup. The most important effects are:

 Material characterization. Rheological data used in commercial software packages are usually

obtained using macroscale experiments. This does not make it possible to predict well known

phenomena like wall slip and the influence of surface tension on micro cavity filling.

Furthermore, heat transfer coefficient are significantly different at micro scale than at macro

scale, and it can not be assumed that it is kept constant during molding (as in macro scale). The

use of dedicated micro rheological data (obtained with micro sized cavities and high shear rates)

is therefore improving simulation quality considerably.

 Meshing. It is very important to model the entire system (sprue, runner, gate, mold block, part,

and micro features). Consideration needs to be taken when deciding on element size. Good

results were obtained with at least 10 elements per cross section.

 Machine modelling. A correct input of the injection speed and injection pressure in the

simulation model is important for being able to compare simulation results with physical tests.

Injection speed directly affects flow length, shear stress and melt temperature during mold

filling, and it should be implemented according to the true machine characteristics.

In [42,179] a number of examples for the implementation of the above measures are

discussed.

4.5 Tooling process chains

Tooling is a topic of broad interest and covers many different interpretations. In

manufacturing a cutting tool differs significantly from a forming tool in shape and use, and such

tools are also exposed to extremely different operating conditions. In the context of this work, a

tool is a component that can be used (preferably more than once) to make other components. In

[180] the concept of tooling and tooling processes is discussed intensively. Normally the tool is a

durable component with a well defined geometry, but tools that are only used once can be
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envisaged, for example in casting. In most cases, the tool will be used to produce a number of

identical components before wear, corrosion and mechanical failure occurs. Tools are essential in

replication processes such as hot embossing, injection molding, casting, hot and cold forging, cold

forming (punching, stamping, etc.) and so on.

As discussed in connection with Figure 62 each technology family has its strengths and

weaknesses. The level of miniaturization can reach nanometer level using MEMS based processes,

however the geometries are usually of 2D or 2½D type. When using precision manufacturing

technologies geometrical complexity can be increased to true 3D, however the level of

miniaturization is limited by the tools and the principles of interaction between tool and workpiece

material. Figure 78 illustrates the dimensional regimes covered by the two types of process families.

Figure 78. Illustration of capabilities in the dimensional regime of lithography based production processes
and precision manufacturing processes. Geometrical complexity not illustrated. Aspect ratio (defined as
height/width of a certain structure) can be used as an indication of level of complexity.

A systematic approach to classification of tooling approaches is given by the author and co

workers in [76,180]. Tooling concepts can be divided into four groups or schemes. The first division

is made according to the most important shaping process, i.e. the process that creates the shape of

the finished tool. This process can either place material on a substrate (additive process) or remove

material from a substrate (subtractive process) (cf. Table 22). The substrate is normally a

homogeneous material, typically metallic or ceramic (silicon), but it could also be a hybrid material
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(multi layered, containing particles or fibres, etc.). The shape of the substrate is typically that of a

flat disc or plate, but other simple shapes (rods, spheres, etc.) are also possible.

The second division is made with regards to the way the final tool is obtained. If the tool is

fabricated directly it is understood that the substrate – after additive or subtractive machining – will

become the tool. In the case where the substrate is removed during one of the subsequent steps in

the process chain, the tooling concept will be considered an indirect one. Figure 79 illustrates the

relationship between the indirect and direct approach for the fabrication of tools for polymer

replication. In practice this means, that the negative of the desired geometry has to be established

(e.g. if a hole has to be established in the final component, a free standing structure has to be

established in the tool surface). The production of a master geometry may sometimes be more

simple than making the negative geometry. For example in case of an axis symmetrical part, the

master can be fabricated using turning (obtaining very good accuracies relatively easily). Compared

to direct tooling, the indirect tooling may in some situations also result in less material to be

removed. There is a strong relationship to for example the process chains applied for making optical

discs such as CD, DVD og BluRay [181]. Here the structures are usually replicated a number of times

ending up in a Ni based insert to be used in an injection molding process [94]. During the making of

the mold insert a number of additive and subtractive processes are employed including laser

structuring, electroforming, sputtering and etching/dissolution.

Figure 79. Manufacturing relationships and shape relations in indirect and direct tooling [182].
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A framework of 4 different process chains for tooling has been defined and reported by the

author and co workers e.g. [15,76,180,182]. The concept is summarized in Figure 80. For the indirect

process chains, one particular process is common, and has some special demands on the choice of

materials. Indirect tooling, additive or subtractive, always requires eventually the separation of the

substrate and the almost finished tool. A complex tool, with m sized features and high accuracy,

is not easy to separate from a substrate using mechanical methods or force. Consequently, themost

gentle way to achieve the separation is to chemically dissolve the substrate. In this case the

substrate material should be one that can be dissolved without damaging the surface or structure

of the tool.

Figure 80 contains also a mixture of technology areas. Usually, many of the additive process

technologies are affiliated with the MEMS process platform (lithography, sputtering,

electroforming) whereas many of the subtractive technologies are known from the precision

manufacturing platform: mechanical machining, laser machining, EDM etc. Also etching

technologies are of course subtractive by nature.
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Figure 80. Framework for basic elements of tooling process chains in micro manufacturing Further
elaborated in [76,180].
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Tool requirements will differ substantially depending on the application. Therefore main

influence parameters on tool requirements are:

 Material of the final (replicated) part.

 Type of replication process.

 Production volume.

 Smallest feature dimension and tolerance.

 Geometrical complexity and tolerance (e.g. 2D vs. 3D, aspect ratio, through holes etc.).

The points above are all interlinked and it is not possible to optimize one without affecting the

others. It is in other words a coupled system. While mold inserts intended for polymer replication

requires a surface hardness of 300 550 HV, dies for micro forging will require a hardness of above

1.000 HV as a consequence of the greater stresses necessary for the plastic flow of the material. On

the other hand, in case of polymer replication processes, a variety of materials are possible

candidates for the tool depending on the production volume and therefore anticipated lifetime of

the tool.

On the basis of the defined tool requirements a range of materials can be selected for the tool

(mold insert, die, punch, etc.). The material must match the requirements in terms of surface

hardness and at the same time allow the manufacture of all features within the prescribed

tolerances by means of the available processes. In this respect, as seen earlier, it is important to

consider that the tool may not need to bemachined directly frommaterial having all of the required

properties. Indeed, indirect tooling is often a more suitable solution for all those applications where

a high surface hardness is not mandatory. Mold inserts for polymer replication show, in general,

lower demands in terms of wear resistance and can therefore take advantage of the indirect tooling

approach [180].

Dimensions and tolerances of the features govern the choice of manufacturing processes in

any given case. Besides this, consideration needs to be given to the amount of material removed

for subtractive processes. The smaller the amount of material to be removed, the faster the

manufacturing of the tool can be. For example, if the tool is characterized by small cavities on a

relatively large substrate, direct machining of the tool can be an advantage. When the tool is

characterized by small protrusions that are relatively isolated on a large substrate, indirect tooling

is often the best approach, as in this case the machined master (having the opposite geometry to
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that of the tool) would consist of small isolated cavities on a large substrate. Similar considerations

can be made for additive processes. Many cases are far from that clear in terms of the choice

between direct and indirect approach.

As described in [180] many aspects come together in determining the most optimal tooling

approach (direct or indirect): e.g. tool requirements and thereby the final tool material, the type of

geometry and the type of processes (additive or subtractive) available for the generation of the

basic 3D geometry. At this point the most critical choice regards the combination of the specific 3D

micro manufacturing processes used to generate the tool or insert geometry and their sequence. In

selecting the tooling approach an idea of the processes available is of course necessary, as this could

be a major limitation to the employment of many of the choices discussed above. The process

sequence selection must be compatible with the limitations of the individual processes with respect

to machineable materials, machineable geometries, achievable accuracy, minimum feature size,

surface and sub surface characteristics. The sequential order of the micro manufacturing processes

engaged in the generation of the tool must be defined with focus on productivity, minimization of

alignment errors and compatibility of the succeeding process steps. In fact, subsequent process

steps influence each other in complex ways, originating forward coupling (one process step

influences the outcome of the following process steps) and backward coupling (one process step

influences the features generated by the previous process steps). The specific capabilities of single

processes must be compared to product requirements for example using the Stedman.

4.6 Process chains for micro fluidics

Micro fluidics concerns the manipulation and precise control of fluids that are constrained by

dimensions in the sub mm scale. These systems are used in the development of inkjet printers, lab

on chip technology, micro propulsion etc. The label “micro” typically refers to one or more of the

following features: small liquid volumes, small dimensions, low energy consumption and use of size

effects at micro scale [183]. In microfluidic systems the liquids are moved, mixed, separated or

processed in some way. Many techniques are passive (i.e. not involving external actuation), others

are active (e.g. by means of pumps, valves etc.).
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Lab on chip devices (LOC) integrate one or more analysis functions (“laboratory” functions)

on a single chip taking advantage of micro fluidic technologies. In this way automated, high

throughput screening is achieved. The potential for low cost chemical and bio chemical analysis

taking place close to the patient is enormous. In [184] a thorough description of design and

manufacturing aspects of micro fluidic devices is given. The starting point for the manufacturing

technologies is the MEMS processes and related materials. Also in this area ceramics (i.e. glass) and

the related manufacturing methods play a major role in developing new solutions. With the

continued development of polymer processing technologies the interest to apply these types of

replication methods increase. Especially, the aspect of being able to mass produce LOC systems at

low cost for single use purposes drives the polymer processing development. For LOC applications

the biocompatibility of the polymer material is key, and therefore popular thermoplastic materials

include PMMA, PC and COC. The replication processes employed include injection molding, hot

embossing as well as soft lithography and casting. In particular the two last process groups tend to

focus more on thermoset materials for realization of LOC systems. Figure 68 compares available

polymer replication technologies. Generally speaking, hot embossing is slower than injection

molding, but it is possible with hot embossing to replicate much smaller dimensions. The special

micro injection molding technology depicted in Figure 68 is characterized by higher injection speeds

and injection pressures than conventional injection molding in order to be able to fill the mold.

Usually, the shot weight for micro injection molding is below one gram [162].

This section discusses and demonstrates alternative process chains for obtaining micro fluidic

systems. The traditional MEMS based approach for making micro fluidic systems is additive (Figure

80). With these approaches m and even nm features and geometries can be achieved. The

subtractive technologies are usually limited by the obtainable resolution of the employed

manufacturing processes. For example, the availability of micro milling tools with diameters below

20 m is limited, and even if they were available the practical work with such small tools would

practically be impossible. So from 2005 and onwards a trend has emerged to combine the different

tooling possibilities into so called hybrid tooling technologies [185]. The intention is to take

advantage of the positive merits of different technologies and combine them into a holistic solution.

The combination of for example micro milling and micro EDM is discussed in [186]. A more general

investigation and comparison of different tooling technologies is presented in [187]. On the basis of
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a specific micro fluidic design, various attempts using micro milling, micro EDM, wire EDM, laser

machining and electro chemical finishing are reported. The obtained results are evaluated and

compared in terms of dimension of specific features (i.e. width and height of ridges). Quite some

variation between the five hybrid tooling approaches wisas observed, as could be expected.

The same geometry is used as topic of an investigation reported in [188]. The geometry is

shown in Figure 81.

Figure 81. Illustration of micro fluidic system for blood processing and analysis under investigation. The
design is based on a micro channel bend structure to ensure separation of blood and plasma. Reservoirs of
Ø 3 mm, channel lengths close to 3 mm and channel structures down to 20 m width and 90 m depth
[187,188].

In [186] a direct tooling approach based on subtractive technologies is presented for the same

geometry. However, the relatively large number of protruding structures requires the removal of a

large amount of material. Therefore, it is decided to go for an indirect tooling approach based on
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subtractive technologies. The consequence of this approach is that the same structure as the final

design should be machined into the substrate. Since some of the structures are as narrow as 20 m,

micro milling is not possible. Micro EDM milling is chosen as the main process. The material of the

substrate needs to be suitable for both micro EDM milling (to be conductive or semi conductive)

and for selective etching after the electroforming is completed. Moreover, due to the micro uidic

application, it is preferable to have a at and smooth substrate surface to ease the sealing during

the packaging of the nal product (i.e. bonding of a lid on top of the micro uidic system). For these

reasons, an 8’’ silicon wafer (1mm thick) is used as a substrate to bemachined bymicro EDMmilling.

The process chain consists of the following steps (also see Figure 82):

I. Micro EDM of micro structures on the silicon substrate (master).

II. Laser cutting of the Si wafer to the speci ed size and shape to t into the holder for the

electroforming bath.

III. Pre treatments including cleaning and deposition of a thin layer of Ti/Cu by PVD coating.

IV. Electroforming of nickel and copper for the insert fabrication.

V. Selective etching of silicon in a warm alkaline solution.

VI. Mechanical machining of the back of the insert and of the external shape.

VII. Final cleaning and selective etching of the Ti/Cu layer.

VIII. Fitting of insert into injection molding tool.

IX. Injection molding of micro fluidic system.

The optimization of the single process steps in the process chain must not be underestimated.

[188] describes the optimization of the single steps related to micro EDMmilling of silicon, material

compatibility in the electroforming and deposition steps and finally the injection molding process.

The quality assurance of the process chain is established using metrological methods. The

channels (on themaster and on the polymer part) and the corresponding ridges (on the nickel insert)

are measured and compared. The mirroring effect during the replication complicates the

comparisons as indicated in Figure 83. The bottom of the channels correspond to the top of the

ridges on the insert. It is much easier to estimate the dimensions of a protruding element than that

of a channel. It is also visible from Figure 83 that the channels and the ridges exhibit a certain

tapering angle. This of course facilitates the de molding process during injection molding, but also

influences the active cross area of the channel. As can be seen from Figure 84 the wider the channel,
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the easier it is to optimize the processes with respect to the desired tolerances. It also illustrates

that if the master geometry is wrong, then this error will propagate throughout the entire process

chain. The measuring instruments and metrological approaches employed in the investigation are

indicated in Figure 84. It can be noted that for each situation an uncertainty estimation is performed

resulting in the values indicated.

Figure 82. Hybrid process chain for manufacturing of micro fluidic device [188].
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Figure 83. Illustration of complications in comparing channels and ridges from a metrological point of view
[18].

Figure 84. Examples of results of dimensions (width and depth) of micro channels and ridges for microfluidic
device. Top: comparison of channels of different width on silicon substrate. Bottom: Comparison of
measurands of 20 m wide channel throughout the process chain. Indicated uncertainties correspond to a
confidence level of 95%. Further elaborated in [188].
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This case study is also used to estimate the influence of process variation on the channel

width, depth and surface roughness [189]. Here only the injection molding process is varied. The

following sources of variation are considered:

 Instrument repeatability (repeatedmeasurements on the same position of the same specimen).

 Process window span (measurements related to eight different combinations of process

parameters in a statistical design of experiments).

 Injection molding process variation (measurements on five different samples produced under

the same processing conditions).

 Sample variation (measurements on three different location on the same sample).

This results in uncertainties at 95% confidence of 3.4 m for the width and 6.6 m for the

depth [189]. If these uncertainties are applied to the results from the process investigation an

interesting observation can be made Figure 85: the variations induced by change in the injection

molding process parameters are insignificant compared to the measurement uncertainty with

which it is possible to analyze the parts. Also, if the tool exhibits the right dimensions from the

beginning, then a good replication can be achieved with a relatively wide process window.

Figure 85. Process window validation of injection molded micro fluidic systems. Variations induced by
different process parameters are not significant compared to measurement uncertainty obtained in analysis
[189]. Left: width. Right: height.
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The replication of the different surfaces obtained in a hybrid tooling process chain is also of

interest. As can clearly be seen from Figure 82 the surfaces obtained during micro EDMmilling differ

(Ra<500 m) substantially from the original polished surface of the silicon wafer (Ra<100 m). This

is also illustrated in Figure 86. Analysis is performed using a white light interferometer. The

instrument is calibrated using standard procedures, and a combined uncertainty of the observations

as described above is implemented.

The average roughness on the substrate surface is measured to be (28 48)±2 nm over the

entire range of the process window. The tool surface is seen to have Ra=71±5 nm, so the process is

not able to replicate the original roughness. When the mold temperature is increased, a slightly

higher degree of replication is seen. However, the injection speed has a negative effect on the

obtained degree of replication.

On the reservoir surfaces an average roughness of Ra=337±11 nm is observed over the entire

range of the process window. The corresponding tool surface has a roughness of Ra=448±27 nm.

An increase of both mold and melt temperature leads to an increased roughness of the polymer

surface (i.e. slight better replication of the tool’s surface topography). No effect of injection speed

is observed.

It can be concluded that a conventional injection molding process has difficulties in achieving

a 100% replication of surface topography in the range of Ra=100 nm to Ra=500 nm. Therefore,

consideration must be made with respect to adapting the replication process to obtain a better

degree of replication.
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Figure 86. Illustration of the different surface topographies obtained during the hybrid tooling process
chain. Polymer chip surface (left), channel and reservoir surface (right) [189].

4.7 Process chains for nano fluidics

Nano fluidics is the study of the behavior, manipulation, and control of fluids that are confined

to structures of typically 1–100 nm characteristic dimensions. Fluids in such structures exhibit

physical behaviors that are not observed in larger structures, because the characteristic physical

scaling lengths of the fluid coincide with the characteristic dimensions of the nanostructure. LOC

systems based on nano fluidics are characterized by features with critical length scales in the sub

m area. The fabrication of such LOC systems in polymers has been the study of research over the

last decade.

The tooling process chains capable of achieving sub m structures are all based on the MEMS

technology family and therefore by nature additive (ref. Figure 80). Typically the nano scale LOC

structures have aspect ratios around or below 1. The available polymer replication technologies are

injection compression molding, hot embossing and soft lithography (cf. Figure 68).
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In [190,191] a process chain for the fabrication sub m structured lotus surfaces is proposed.

The surface topology consists of honeycomb structures with constant pitch (4 m) and height (4

m) and varying wall thickness (400 nm, 1000 nm). The theoretical design will yield two different

contact angles and consequently a different wetting behavior of the two types of structures. The

process chain is based on the following steps:

I. Generation of primary pattern in PMMA photoresist by means of E beam lithograhy (master).

II. Filling of grooves in mask with gold using electroplating.

III. Using the gold mask for X ray lithography in PMMA resist.

IV. Nickel electroplating using PMMA pattern obtained in step III.

V. Replication by hot embossing using nickel shim.

Figure 87. Illustration of process chain for manufacturing of sub m structured lotus surfaces (after [191]).

The process chains related to LOC devices based on nano fluidics are investigated in [75]. The

main focus of the work is to identify and optimize methods for an efficient quality assurance of

process chains related to replication of nano scale structures. An approach is proposed based on
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test structures or so called fingerprints [192–194]. The concept consists of identifying critical

functional features on the LOC system (e.g. channels, reservoirs etc.) and then designing test

structures with similar characteristics (dimensions and geometry). A work needs to be undertaken

in order to correlate influence on manufacturing processes on functional structures and

fingerprints. Once this relationship is established, fingerprints can act as the main target for process

optimization and quality assurance. The test structures are placed on the LOC system in a position

not disturbing the function of LOC. In [192] crosses of lines are proposed as possible fingerprint

structure for nano fluidic devices. The crosses consist of two perpendicular grooves. A set of test

structures contains a number of crosses characterized by grooves of varying width and depth. Figure

88 illustrates the principle developed in [75]. The fingerprints can be used in multiple ways:

 Single process analysis and optimization: Relationship between process parameters and

characteristic features of fingerprint geometry. Process stability and capability studies.

 Process chain analysis and optimization: Comparison of similar process capabilities or

relationship between single process steps and geometry evolution during the process chain.

Process chain stability and capability studies.

 Total quality control of process and product.
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Figure 88. Process chain used to manufacture nano scale LOCs. Top: Illustration of process fingerprints in
terms of crosses with widths of 0.5 um, 2 um and 10 um respectively. Depth 60 nm. Bottom: Progression of
geometries of fingerprints throughout the process chain including the mirroring of the geometry due to the
use of two replication technologies. Details in [75,192].

Single process analysis and optimization: The fingerprints are used as a reference artefact to

optimize the injection molding process of the functional structures. From Figure 88 it is clear that

the edges of the molded polymer part are somewhat more rounded than the edges of the silicon

structures. This is due to the flow front of the polymer, and the effect is influenced by the molding

process parameters. In particular, the effect is quantified by identifying flow front position on high

resolution SEM pictures (cf. Figure 89). Increasing melt temperature will positively affect the mold

filling and thus the degree of replication in the molding process. It is also observed that the absolute
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dimension affects the filling behavior in such a way that smaller channels (in width) are more

challenging to be replicated. The mold temperature and to some extent the packing pressure are

found to be the most dominant process parameters [195].

Figure 89. Illustration of flow front identification using fingerprint structures [75,195]. Geometrical
characteristics of the fingerprint are used to quantitatively describe flow front progression as a function of
molding parameters. Different colours correspond to different measurement locations indicated.

Process chain analysis and optimization: An analysis of the dimensional characteristics of the

fingerprints is performed in [75,192]. The analysis is based on a geometrical measurement of the

height of the features by use of AFM. The height of the structure was evaluated based on ISO 5436

[154]. With a nominal feature height of 62 nm, the estimation of the related measurement

uncertainty is important.
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Results of this measurement uncertainty estimation are listed in [75,192]. All uncertainties are

evaluated to be in the range 3 nm. This is adequate if compared to the absolute value to be

estimated (62 nm). However, it has not been possible to extract an absolute tolerance of the height

of the feature. It is very clear that for the anticipated function (stretching single DNAmolecules) the

channel depth should be tightly controlled. But it has not been possible to get a specific number.

Therefore, in the following it is assumed that a depth/height variation of +/ 5% is acceptable. This

corresponds to approximately 3 nm, and thus is in the same range as the measurement uncertainty.

Figure 90 shows how the vertical dimension is progressing throughout the process chain. The Silicon

master geometry has a slightly higher depth than the nominal value. This geometry is replicated by

the electroforming process into a height quite close to the nominal value. For both the Silicon

master and the nickel insert, only one value exists, since only one substrate is produced. And finally,

the injection molding process will yield a variation among parts with a channel depth alternating

around the nickel insert value. For the 10 m wide channel the molded parts are within the

tolerances except one outlier (sample 5). For the much smaller channel of 500 nm width the

variation is larger and there is a tendency that the depth is smaller than the nominal value. So there

seems to be a reduction of feature height when progressing through the process chain: Si to Ni

(98%), Ni to Polymer (94%). This has to be taken into consideration in the design of the features.
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Figure 90. Comparison of channel depth of fingerprint geometry through the process chain. Nominal
dimension 62 nm indicated by green line, tolerance +/ 5% indicated by red lines. Blue bars represent Silicon
wafer channel depth for the specific geometry. Grey bars represent nickel insert height. Green bars
represent 9 randomly selected polymer samples produced by injection molding. Wings indicate
measurement uncertainty according to [75].

In particular, if a variety of functional features are present on the LOC, fingerprints may be

designed with other geometries such as gratings or arrays of holes. Since it will be practically

impossible to represent all functional features by one fingerprint geometry, a prioritization and

selection of the most representative geometries must be made. In this procedure it is advisable to

consider the principle of similarity requirements (as discussed in chapter 3 regarding measurement

by comparison). This will ensure a closer link between functional features and fingerprint

geometries in the subsequent measurement and analysis phase. In [75] an intensive work is

performed on establishing the relationship between nano scale functional features and fingerprints

during process variations. The work is published in [194]. Gratings with nano scale dimensions

(height approximately 110 nm, pitch approximately 1 m) are designed and placed on the Silicon

wafer in addition to the functional features (channels). Subsequent electroforming and injection

molding allows for the features to be replicated into polymer. Gratings are placed both parallel and

perpendicular to injection flow direction to investigate the influence of feature orientation with

respect to polymer flow direction. Molding is performed both using a conventional injection

molding process and a so called injection compression molding process. During the latter the mold

parts are not closed entirely prior to injection of the polymer, but a closing is enforced towards the
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end of the process cycle. In this way the polymer is subjected to an additional force and plastic

deformation. This is a well known process for the production of optical discs (cf. chapter 3).

Total quality control of process and product: For the analysis of the replication fidelity the

height deviation of the functional feature between the nickel insert and the polymer part is

determined as hdev = (hpol hnickel). A metrological approach is developed calculating uncertainty

values of measurements. Two identical features are compared, i.e. a protrusion on the nickel insert

with a channel on the polymer sample. Care is taken to identify the same spots for the

measurements. The uncertainty is determined to be of the order of 1.5 2.0 nm [194].

It has been determined that the behavior of the channel depth for test structures and

functional structures were identical during processing (Figure 91). This is done by varying process

conditions in a systematic way and analyzing the resulting channel depths [75]. This is also illustrated

in Figure 92 where a comparison of hdev is illustrated for a functional feature and a test structure

located close to each other. The range of the hdev over all experiments is of the order of 11 nm.

However, deviation between hdev for test structure and functional structure for single process

combinations is below 10 nm.
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Figure 91. Illustration of variation of test structures and functional structures during systematic variations of
process conditions [75].
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Figure 92. Illustration of variations in hdev as a function of injection molding parameters for a test structure
and a functional structure in position 1 of the LOC device [75].

If hdev is compared between all test structures and all functional structures (independent of

position of the structures), a representative correlation of dimensional variation with process

settings can be identified. For the specific case, each hdev for each structure may be plotted as

illustrated in Figure 93. If all points are plotted, there will be a symmetric distribution of points

around the 45 degree line through quadrants 1 and 3. The closeness of the point cloud to the origin

is a measure of the accuracy of the parts, the variation of the point cloud is a measure of the

precision (cf. chapter 3). The outlined methodology allows for tolerance allocation with respect to

product functionality. Assuming that you don’t want to keep track of the position of the structures

on the device, then a larger variation can be expected. Indeed this is the case for the current design

where 2 varies from 10 nm to above 20 nm.
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Figure 93. Identification of overall process variation within one part by comparing all functional structures
and test structures [75].

4.8 Process chains for molded interconnect devices (MIDs)

Molded interconnect devices (MIDs) are plastic substrates with some kind of electrical

infrastructure. This allows for combination of mechanical and electrical functionalities in one single

component. Figure 94 illustrates examples of such MIDs obtained in various ways. This integration

of functionalities is very attractive in the case of limited space or in the case of small absolute

dimensions. Besides the obvious material challenges of combining polymer and metal materials,

also processing challenges occur since precision manufacturing technologies are combined with

chemical processes.
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Figure 94. Example of MIDs [196,197]. A and B: Integrated antenna for hearing aid applications. C: Cover for
connect clip device to be used for wireless connection of hearing aid.

MIDs take advantage of injection molding as a highly productive and versatile product. The

overall geometric shape of the components is created using injection molding. If the starting point

is one type of polymer (as in ordinary injection mouding), typically this is referred to as one

component molding [65]. In two component molding, two different types of polymers (or two

different colours of the same polymer) are combined into the same component. Typically, two

component injection molding involves two cavities and two injection systems, and the part molded

first is transferred to the second cavity and overmolded with the second polymer (Figure 95). For

the creation of MIDs by two component injection molding it is necessary to use two polymers of

which one is plateable [65]. The last shaping technology is insert molding whereby a metal insert is

over molded by injection molding.
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Figure 95. Principal illustration of two component injection molding.

Process chains for MIDs all take their starting point in one of the above mentioned injection

molding methods. The next step is a structuring of the surface of the molded part. The structuring

enables the subsequent selective metallization of the electrical tracks. Figure 96 summarizes the

most common process chains for MIDs and is based on [65,198,199].
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Figure 96. Process chains for MIDs. Further elaborated in [156,199,200].

The process chains based on one component molding can be divided into two categories. The

first one is based on a laser structuring of the component, in this way marking the electrical tracks

for the subsequent metallization The most industrially used process is the so called LDS process

(from laser direct structuring) [201,202]. It is based on the utilization of a polymer filled with metal

particles. These particles are exposed using a laser process, and the exposed metal particles enable

an electro less deposition of copper. Only propriety materials can be used for the LDS process. A

process developed at the author’s research group is called LISA (laser induced selective activation)

[201,203]. This process can be used with almost all polymers and laser types, and here the laser

creates a porous structure that is chemically treated before metallization. The LISA process will be

discussed in detail below. Finally the molded part can be covered entirely with a metal layer.

Electrical tracks are then created by removing metal from the surface using a laser. These processes

can be implemented to create true three dimensional geometries. However, the use of advanced

handling methods in combination with laser technologies is required to obtain such geometries.

The MIDs based on two component molded parts uses two types of polymers. In the most

straightforward application, one polymer is plateable and one is not. By combining them into one

functional part, selectivity is obtained in the metallization step [65,67,198,199,204]. The second

polymer can also be used as a mask in connection with a PVD based process as described in [65].

True three dimensional geometries can be obtained, although tool complexity increases

dramatically. One specific challenge is the adhesion between polymers as for example reported in

[198]. The combination of polymers is far from trivial, and the processing conditions in the various
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injection molding steps affect the final adhesion of the materials. Therefore mechanical interlocking

of the polymers is used to make sure they stick together. This further complicates the tool design.

For both one component and two component molded MIDs, the final step is the chemical

metallization. The first step is typically a so called electroless plating process that follows the

equations below. This process is relatively slow and will stop once the areas, where plating can

occur, are covered with Cupper. Then the part is moved into an electroplating process following a

different set of chemical reactions. Here the energy is provided through electrical current. These

processes are described in detail in [201].

In insert molding a metal part is over molded, e.g. [18,200]. This process is well known from

electrical connectors. The molding process needs to be amended with handling of the inserts, but

after the molding no further processing is required. A variant of the insert molding process is based

on the transfer of the electrical metal circuit onto a flat plastic foil. This plastic foil is then formed

into or pressed onto a polymer object. This technology favors two dimensional or two and a half

dimensional geometries, but depending on curvatures and rounding radii also three dimensional

parts can be equipped with electrical infrastructure.

The development of (3D) printing technologies also has affected theMID process chain. Direct

writing of electrical track onto polymer parts by use of sputtering or other processes has gained

increased importance [205]. Still these technologies are mostly applicable for two dimensional

objects.

As introduced in chapter 2, MID technologies can form the basis of new designs of micro

electro mechanical components (Figure 25 and Figure 26). Some of the challenges are related to

the specific design of the parts and corresponding tools (Figure 97). In the specific case, the material

combination is based on a NORYL GTX material (blend of polyamide (PA) and polyphenylene ether

polymer (PPE)) and a polyeetherimide (PEI). These materials are chosen due to the application in

hearing aid systems [65]. Of these two polymers, the NORYL GTX is plateable, and the PEI material

is not. The shot sequence is investigated (first shot PEI, second shot NORYL GTX), and the most

favorable processing conditions chosen. Figure 97 shows details of the parts before and after

metallization. In particular, it can be noted that the borders between the metallized part and the
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pure polymer part are nicely defined. It can be observed that the design includes a mechanical

interlocking of the two polymers to ensure adequate stability.
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Figure 97. Push button based on MID technology. Top: part and mold design. Middle: Molded part. Bottom:
Metallization results. From [65].
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In [206] an investigation on the quality of LDS based MIDs is presented. The component is a

connector for a hearing aid component (Figure 98), and the process chain is based on one

component molding followed by laser structuring and metallization (Figure 99). Metallization of all

three layers was performed using an electroless plating process in this case.

Figure 98. Illustration of electro acoustic connector for hearing aid applications [206].

Figure 99. MID process chain based on the LDS approach [206].
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The quality assurance of the parts and processes involves two approaches:

 Dimensional metrology to ensure the correct positioning and dimensions of the produced

tracks. The positioning accuracy is important for the subsequent soldering processes and the

mating capability of the finalized parts. The track width is relevant for ensuring proper and equal

conductivity of the current throughout all cross sections of the track.

 Surface texture and related corrosion phenomena.

Positioning accuracy of the metallized tracks are mainly influenced by the alignment in the

fixture prior to laser structuring. The relative positioning of the laser towards the fixture is also

affecting this parameter. It is found that the tracks are translated slightly compared to the CAD

model (of the order of ±200 m) [206]. The width of the metal tracks is investigated by means of a

focus variation instrument. Figure 100 illustrates the results. The nominal line width is 300 m ± 40

m, and it can be seen that the vertical lines are bigger. This can be explained by the different

incident angles of the laser with respect to the surface during laser structuring.

Figure 100. Width of tracks on MID produced by LDS process. Error bars indicate standard deviation of 5
repeated measurements [206].
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The surface of the metallized track is subjected to a series of investigations to evaluate the

corrosion behavior. It is observed that the average surface roughness along the track is of the order

of 0.6 1.0 m (Sa). An important finding however is, that the metallized surface contains a number

of pinholes that will lead to corrosion eventually (Figure 101). The parts are subjected to artificial

sweat and high humidity [206] and the reaction observed. The final part of the investigation shows

that a surface treatment with a specific liquid solution to create a barrier layer on the surface

dramatically improves corrosion resistance of the tracks.

Figure 101. Illustration of pinholes on metallized track and corresponding corrosion behavior [206].

Finally, the so called LISA process is introduced. Laser induced selective activation (LISA) is a

process developed by the author and his research group and documented in a number of

publications [201,207–209] and a patent [203]. The basic principle is the structuring of a polymer

surface under water using a laser. This creates – under favorable processing conditions – a porous

surface track on the polymer. The precise modelling and understanding of this laser material

interaction is documented in e.g. [210–213]. In a chemical process, this porous track can be
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infiltrated with Palladium particles, and they will enable an electro less plating process of Cupper.

Figure 102 illustrates the process principle.

Figure 102. Principle of Laser Induced Selective Metallization (LISA). From [201]
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The characterization and understanding of the process chain has been of high priority

throughout the last years. A number of different laser types (with different process settings) and

different polymer types are subjected to investigations. Experimental evidence documents that

sometimes it works well, in other case not at all [201,208]. The porous surface created by the laser

processing is characterized by means of the bearing area curve. This curve describes the height

distribution of material as obtained with a surface topography measurement instrument [214]. Of

course these types of instruments can not look into the porosity – only the features visible in the

line of sight of the lens are measureable. Figure 103 illustrates various bearing area curves obtained

with different laser types. They look quite diverse, and it can be seen that the different lasers seem

to be creating porosities of varying height. When normalized with the maximum height of the

surface, good surfaces seem to cluster. The good porosities seem to be characterized by small peaks

(first part of the curve), a stable so called core roughness (covering 30 40% of the height) and finally

a relatively deep valley part of the surface. This tendency is further confirmed in a later study

involving a larger number of laser types and process parameters [209].

Figure 103. Bearing area curves for different LISA surfaces. Left: absolute bearing area curves. Right:
normalized bearing area curves (height/maximum height). Further elaborated in [201,207].

Effort was also given to explaining how the activation step actually works. Investigations on

surface tension gives reason to believe that this could be a part of the explanation why Palladium

particles are retained in the porous area during rinsing [207]. Also a hypothesis on diffusion of
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Palladium particles into the porous structure is tested [201]. In extensive SEM investigations

Palladium particles were found relatively deep inside the porosity supporting this hypothesis.

4.9 Process chains for metal displays

The integration of displays into products is a problem usually solved by placing such displays

behind a glass or polymer panel. In smart phones the screen is the user interface of the product.

Bang & Olufsen, a Danish company producing high end audio and display solutions, back in 2003

had the wish to establish displays directly in bulk metal panels in collaboration with the author’s

research group [215]. The panels are made in aluminium and surface treated using an anodization

process. This process establishes a transparent Al2O3 oxide layer on the surface of the aluminium

characterized by a high hardness. The basic idea of the process chain is to establish a number of

pixels in the panel by removing material from the back side (Figure 104). Theory predicts that if a

uniform metal layer is to be left at the bottom part of the hole, it needs to be less than 50 nm in

thickness for allowing light to pass through [216]. However, initial investigations on functioning

prototypes revealed that the function of light transparency most likely is obtained by having the

metal layer penetrated in small areas (Figure 104).
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Figure 104. Principle of invisible metal display. Left: hypothesis of uniform layer thickness. Middle: Observed
geometry of cross section of two pixels. Right: Modified model of light propagation. Further elaborated in
[216].

The cavities should have a diameter of the order of 20 100 m (less than 20 m on the visible

side) and be placed in a regular pattern with high precision. The requirements to the processes

involved include low process forces and low thermal effect as well as high repeatability and a high

degree of reliability. The last point is particularly interesting in terms of laser setups. Various process

chains are considered involving subtractive as well as additive process technologies [217,218]:

 Micro milling – well known, high process forces.

 Laser machining – high precision, heating issues, high cost, low productivity.

 Electrical discharge machining – high precision, heating issues, parallelization possible,

conductive materials required.

 Electro chemical machining – no process forces, parallelization possible, conductive materials

required.

 Sputtering – all materials, batch processing possible.

 Anodizing – material transformation, batch processing possible, increase in volume due to

material conversion.

Pilot investigations showed that a process chain involving only laser machining is not feasible.

Making the logo of the company (840 pixels) takes more than 8 hours. Figure 105 illustrates 20x20
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pixels without and with backside illumination. These pixels are manufactured using a femtosecond

laser in a mode, whereby overlapping of ablated areas ensures no penetration to the front side.

Figure 106 shows a confocal microscope measurement of one single pixel from the back side.

Figure 105. 20x20 pixels in a square configuration (left: no backlight, right: backlight illumination). Spacing
150 m. Pixels obtained using a femtosecond laser in a so called cross hatch scanning pattern [216,218].
Left picture indicates error pixels on top area.

Figure 106. Confocal scanning microscopy image of one pixel as obtained from the backside. Cavity
processed using a picosecond laser [216,218].
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Due to the low productivity of the laser machining, it is clear that a process chain combining

fast (and less precise) technologies with slow (and more precise) laser machining is more attractive.

Therefore a number of alternatives are investigated. All process chains involve milling as the first

step leaving a metal layer of approximately 300 m. This is assumed to be a sufficiently thick layer

to maintain mechanical stability and also to absorb variations in the milling process in Z direction.

The following three process chains are investigated:

A. Milling + Laser machining. The laser setup is equipped also with a sensor on the front side of

the panel to detect laser light transmitted to the front surface. Once laser light is detected, the

machining is stopped. The laser machining is tried with different lasers (high/low speed,

Gaussian/top hat laser beam profile, wavelengths etc.) [218].

B. Milling + electro chemical machining + laser machining. Electro chemical machining is used to

remove material leaving approximately 10 m of metal layer for the final laser machining. This

combination takes advantage of the relatively quick and gentle material removal of the ECM

process, and the high accuracy of the laser machining in the finishing step. There are issues

related to alignment of the part between the different process steps [218,219].

C. Milling + selective anodization. The final process chain is based on material conversion. When

Aluminium is subjected to a specific electro chemical process, it is transformed into transparent

Aluminium oxide. The process chain developed in [216,220,221] is based on a masking process

followed by anodization. Figure 107 illustrates the principle and the possible output of the

process chain. One major issue observed is based on the fact that the volume of the oxide is

larger than the aluminium, and this leads to internal compressive stresses and eventually to

macroscopic bulging of the parts (depending on the amount of pixels).
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Figure 107. Illustration of selective anodization to obtain integrated metal displays [220].
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The evaluation of the different process chains is based on minimum obtainable pixel size
and machining time. Table 24 illustrates these findings. The development is carried on based on
process chain B.

Table 24. Comparison of process chains [216].

Figure 108. Illustration of metal display based on process chain A [218]. Left: off. Right: on.

4.10 Process chains for micro metal forming

Metal forming atmicro scale refers to a family of process technologies wheremetallic material

is plastically deformed under high pressures. The material can be in bulk or sheet form, and the

processes are referred to as bulk forming or sheet forming. Metal forming is characterized by a high

productivity but also relatively high tooling costs. The basic challenges in the miniaturization of

metal forming processes have been extensively covered in [19,21–23]. Also, in metal forming size
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effects occur. Figure 17 illustrates the size effects in micro metal forming: grain size, surface

roughness, tolerances to absolute dimensions and surface to volume ratio. The specific

consequences of size effects in micro forming have been reviewed in [22].

The activities related to micro metal forming at the author’s research group have been

concentrated around two ph.d. projects [45,222]. The approach has been to build a system to realize

industrial micro metal forming. The system perspective includes the following elements:

 Machine design and control.

 Tool design and implementation.

 Process optimization including friction.

 Material characteristics.

Figure 109 illustrates the system perspective. In the following, selected topics regarding tool

design, handling systems and quality assurance are presented.
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Figure 109. Systems perspective on micro metal forming.

Tool design is a key point in metal forming. As presented earlier both direct and indirect

methods can be applied also for metal forming. The tools for micro bulk forming typically consist of

extrusion dies or closed containers, and the forming process is controlled by means of a punch. The

punch is pressing the material into the die and as pressure is increased, the material will plastically

deform and flow, in this way shaping the final component. The tool design therefore must

accommodate a very precise alignment between punch and die, and typically the required

tolerances are of the order of 5 10 m to ensure a smooth process. In [45,182] considerations on

the basic tool design are presented. The backbone is a modular tool design, where the punch and

die can be exchanged according to the needs from the required process. Figure 110 illustrates the

principle. The elements are assembled and the alignment secured by forming a soft Aluminium
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workpiece with die and punch in a semi floating condition. If the forming process has to be realized

at elevated temperatures (for example if forming Titanium), then the tooling system must be able

to accommodate heating solutions as well [223].

Figure 110. Principle of modular tooling system for micro bulk metal forming [45,224].

Various process chains for establishing the die inserts are investigated in [45,182]. The

traditional direct tooling approaches involving micro EDM are complicated by the fact that inner

geometries are created and only limited measurement methods can be applied. In [45,182] the use

of replica techniques for the quality assurance is presented. A replica of the inner die geometry is

made in a soft silicone rubber material. Upon separation of the replica from the die, the replica can

be evaluated (Figure 111). The indirect tooling approach consists of turning the inverse geometry in

Aluminium, electroforming of Nickel and subsequent dissolution of the Aluminium. In this way, the

correct geometry is ensured (Figure 111). However, it is not possible to apply a Nickel die due to the
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high pressures in a micro bulk forming process. As indicated, the surface quality and definition of

the details vary quite a lot between the different process chains. It is clear that the applied surface

treatment using diamond like carbon (DLC) is not favorable in terms of surface quality.

Figure 111. Tooling process chains for micro bulk forming [45,182]. Top: three dies made using different
process chains and corresponding Silicone replicas. Bottom: turned geometry in Aluminium (left) for indirect
tooling process chain. Electroformed die geometry in Nickel cross section (right).

As described in [45,222] metal forming often is based on a multi step forming process. The

consequence is that the parts need to be transferred in between process steps. This can bemanaged

by having separate presses, but typically a multi stage forming process is realized in a transfer press.

Here the tool consists of several dies (one after the other), and the parts are handled and transferred

from one step to the next. This handling process is complicated by the size effects and the required

speed [20,44,222]. The system is composed of a high precision linear actuator and a handling device.

The analysis consists of actuator positioning error (measured by laser interferometer in a static and
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dynamic mode) and gripper error. The actuator static positioning error as described in ISO 230 2

[225] is found to be less than 3 m [226]. However, when the actuator is operated in a dynamic

mode (as is the case in the real situation), the time for reaching the final (and expected) position

varies. Under the assumption that the press must transfer 250 parts per minute, the part must be

in place and standing still after 70 ms. As illustrated in an exemplary way in Figure 112, this is not

always the case. Therefore the dynamic positioning error must be considered in this case.

Figure 112. Dynamic positioning error as observed with linear actuator and laser interferometer. Top:
Parameter set 1 – not within required specification. Bottom: Parameter set 2 – within required specification.
Error bars indicating ± 1 standard deviation. Further elaborated in [226].

The errors induced by the gripper geometry when gripping the corresponding part are also

investigated. A grippingmechanism consisting of 3 grippers in a row is designed. The rounding radius

of the gripper towards the part is chosen to accommodate diameters in a range from 2 3mm. Figure
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113 shows the gripper placed in the optical CMM used to determine positioning accuracy. Figure

113 also shows the schematic of the test. Center coordinates of the circular workpieces are

measured. It is found that for workpiece diameters 2, 2,5 and 3 mm, the positioning accuracy is

below 5 m. When gripping workpieces of 1,5 mm, the positioning accuracy is of the order of 10 15

m [226]. An estimation of positioning uncertainty resulted in an uncertainty of ± 9 m (k=2) [226].

Under the assumption that the positioning between two subsequent steps should be within ± 30

m, the conformance zone is 42 m. Figure 114 shows the specific results for the transfer

mechanism including gripper.

Figure 113. Gripper for multi step micro metal bulk forming [222]. Left: photograph of gripper placed in
optical CMM. Right: Measurement principle for positioning accuracy.

Figure 114. Analysis result for the specific transfer device (actuator + gripper) [222,226].

The preparation of the billets to be used for forming is the first step in a micro metal forming

process [227]. The requirements include well defined diameter and length, and consequently

uniformity in the volume (and mass) of the billets. The process used to produce such billets is a

cropping process, where the material is sheared. An Aluminium wire of nominal diameter 2 mm
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(IT12 precision grade, tolerance 0,1 mm) is used. The nominal length is 5,0 mm. It is expected that

a tolerance of ± 0,5% of the weight is required for the billets resulting in adequate parts after the

forming steps. The consequence of this assumption is also a tolerance on length and diameter

respectively, the characteristics directly influenced by the manufacturing process.

In [227] the process capability analysis (based on Cp) is combined with the measurement

uncertainty. This is done in order to include all possible sources of variations into the analysis. When

knowing the target Cp value of the process, the acceptable process tolerance interval in terms of ±

X is known (X is an integer typically between 1 and 6). So assuming a process capability Cp of for

example 1,33, then the tolerance T=UTL LTL=8 (= ±4 ). The paper relates the measurement

uncertainty to this tolerance by calculating U/T. No need to say that the larger the tolerance, the

more favorable the U/T ratio becomes. However, in order to achieve an acceptable U/T ratio, either

U needs to be decreased or T needs to be increased. And there is a limit as to how large T can be

(based on process variations) due to the functional requirements of the parts. So the introduction

of the measurement uncertainty is extending the simple Cp analysis and allows for a more qualified

estimation of the conformance zone also with respect to part accuracy.

4.11 Summary

This chapter deals with the research questions “Process stability” and “Process validation”. It

presents the development, analysis and optimization of single processes and process chains for

micro manufacturing. Dimensional metrology is introduced as the main tool for process analysis

and optimization. The introduction of a metrological approach whereby the measurement

uncertainty is considered is an essential part of the methodology.

The categorization of processes according to their origin is a first step towards a successful

process chain analysis. For processes originating in the precision manufacturing domain the so

called size effects dominate the processes as dimensions are scaled down. For processes originating

in the semiconductor domain, the compatibility with the precision manufacturing domain is an

issue. The use of Stedman diagrams to compare product characteristics with process capabilities is

applied as a first screening tool.
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For single process analysis the author shows that dimensional metrology is necessary to

characterize the size effects observed. This is demonstrated for micro milling as well as for micro

injection molding.

The concept of direct and indirect tooling is introduced for tool making for subsequent

replication processes at this scale. Depending on the feature geometries and dimensions the most

appropriate process chain can be chosen. This approach allows for combining precision

manufacturing processes with semiconductor based processes and making an overall optimization

of the process chain. This is demonstrated on case studies for micro fluidics as well as nano fluidics.

The smaller the dimensions, the more important is the use of metrologically correct assessment

methods, because the process variations and measurement uncertainties are of the same order of

magnitude. It is also demonstrated that process capability studies can be carried out at this scale

provided the process is stable. For this purpose the so called process fingerprint concept is

introduced by the author and co workers. Measurement uncertainty must be introduced in order

to be able to differentiate between significant and non significant process variations.

Process chains for the production of molded interconnect devices (MIDs) are described and

categorized. The combination of precision manufacturing technologies and chemical and electro

chemical processes poses severe challenges to product realization. Examples based on two

component injection molding as well as the laser direct structuring method are analyzed and

optimized. In particular, a new method based on laser induced selective metallization (LISA) is

presented, analyzed and optimized by the author and co workers.

Process chains for establishing all metal displays are introduced and discussed. These process

chains are optimized not only with respect to the obtainable precision, but also with respect to

production rate.

Micro metal forming is introduced and particular attention given to tool fabrication and

optimization. Both direct and indirect tooling approaches are investigated. The realization of micro

metal forming process chains consisting of subsequent forming operations linked with high speed

precision handling operations are the focus of the last chapter. Here, equipment design and process

capability is optimized using a metrological approach.
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Chapter 5

Conclusion

5.1 Summary of results

This work presents a systematic framework for design and manufacturing of micro products.

In particular, it is focused on how tolerances and process chains are interconnected. It addresses

three key challenges related to the dimensional scale from 1 m to 1 mm as identified in chapter 1

and illustrated in Figure 8:

 The combination of geometrical product specifications and function oriented tolerancing.

 The combination of precision manufacturing technology and MEMS processing technologies.

 The combination of dimensional metrology and functionality tests for validation purposes.

The framework is introduced to describe the correlation between product specification,

manufacturing and validation. In the context of the above mentioned challenges four research

questions are identified under this framework. These research question are summarized as follows:

1. Setting the tolerance – how can micro products and components be developed and specified?

2. Establishing traceable metrology solutions – how can traceable metrology solutions be

developed to assure micro product verification and validation as well as process validation in

micro manufacturing?

3. Process stability – how can micro manufacturing processes be analyzed, monitored and

optimized based on metrological approaches?
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4. Process validation – how can single processes as well as process chains in micro manufacturing

be verified and validated?

The work establishes methods and tools for operating in the specific dimensional interval

with two different technology traditions and toolsets including product and process development

and quality assurance methods. It couples the product and process side of quality assurance and

control by presenting a systematic methodology based on the use of traceable metrological tools

and techniques. It demonstrates how complex quality assurance and control can be implemented

in this dimensional interval by bringing specific examples.

In chapter 2, a new definition of micro products based not only on dimensions, but also on

weight and geometrical complexity is introduced. Aspect ratio is an important characteristic of a

micro product and can be used to classify it. The Stedman diagram is introduced as a tool to compare

various micro products and put their dimensions in relation to manufacturing capabilities. Size

effects are introduced as one of the limiting factors in micro scale products and micro

manufacturing. Methods for product development are introduced and discussed with special

emphasis on addressing the issues of small absolute dimension: functional analysis, axiomatic

design, design for micro scale manufacturing and assembly as well as biomimetic design. The author

introduces amethodology for micro product design based on extensive experience with the above

mentioned product development methods. The methodology introduces a specific micro oriented

design step that takes into account size effects, material selection, shape and feature design as well

as manufacturability. Finally the issue of tolerancing is addressed. The use of tolerances and the

coupling to ISO standards is analyzed using a framework introduced by the author.

Chapter 3 defines basic concepts related to metrology focusing on the dimensional scale 1 m

– 1 mm. The author introduces a classification method based on a diagram where measuring

instruments are classified according to original intended use, range and geometrical capability.

Finally, available calibration artefacts are classified in a similar way. This approach allows a direct

comparison of component characteristics, available measuring instruments and related calibration

artefacts. Establishment of traceability and uncertainty estimation is a crucial element of

metrology at the micro scale. Two approaches to uncertainty estimation are introduced and

adapted: one based on the traditional GUM approach, and one based on the so called substitution

principle. The methods are applied to measurements on industrial parts. Different measuring
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instruments are used in the analysis of dimensional and geometrical tolerances of the specimens,

and the results in terms of U/T ratio compared. For the substitution method, new calibrated

artefacts are introduced and tested. Finally, a metrology based approach is introduced to validate

product specifications exemplified through optical data storage devices as well as medical devices.

Chapter 4 presents the development, analysis and optimization of single processes and

process chains for micro manufacturing. Dimensional metrology is introduced as the main tool for

process analysis and optimization. The introduction of a metrological approach whereby the

measurement uncertainty is considered an essential part of the methodology. The categorization

of processes according to their origin is a first step towards a successful process chain analysis. For

processes originating in the precision manufacturing domain the so called size effects dominate the

processes as dimensions are scaled down. For processes originating in the semiconductor domain,

the compatibility with the precision manufacturing domain is an issue. The use of diagrams to

compare product characteristics with process capabilities is applied as a first screening tool. For

single process analysis the author shows that dimensional metrology is necessary to characterize

the size effects observed. This is demonstrated for micro milling as well as for micro injection

molding. The concept of direct and indirect tooling is introduced for tool making for subsequent

replication processes at this scale. Depending on the feature geometries and dimensions the most

appropriate process chain can be chosen. This approach allows for combining precision

manufacturing processes with semiconductor based processes and making an overall optimization

of the process chain. It is also demonstrated that process capability studies can be carried out at

this scale provided the process is stable. For this purpose the so called process fingerprint concept

is introduced by the author and co workers. Measurement uncertainty must be introduced in order

to be able to differentiate between significant and non significant process variations. Process chains

for the production of molded interconnect devices (MIDs) are described and categorized. The

combination of precision manufacturing technologies and chemical and electro chemical processes

poses severe challenges to product realization. In particular, a new method based on laser induced

selective metallization (LISA) is presented, analyzed and optimized. Process chains for establishing

all metal displays are introduced and discussed. These process chains are optimized not only with

respect to the obtainable precision, but also with respect to production rate.Micro metal forming

is introduced and particular attention given to tool fabrication and optimization. Both direct and
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indirect tooling approaches are investigated. The realization of micro metal forming process chains

consisting of subsequent forming operations linked with high speed precision handling operations

are the focus of the last chapter. Here, equipment design and process capability is optimized using

a metrological approach.

All together, this work establishes a coherent framework for design and manufacturing of

micro products. It allows the designer to undertake a systematic design approach where micro

manufacturing possibilities and capabilities are considered. The process chain perspective

combined with a metrological methodology allows production engineers to analyze and optimize

complex micro manufacturing process chains to meet required specifications of the produced

components. Finally, quality engineers are given tools to enter into dialogue with designers and

production engineers at an early stage of the design process. The work helps move from a pure

experience based setup to a formal method for design and manufacturing of micro products. The

contributions of the author have been documented in 81 papers that are all appearing in the list of

references and specifically listed in Appendix 2 as well.

5.2 Future development

The work on micro manufacturing points to several solutions but equally many new

challenges to be faced. During the course of the work it has become increasingly clear that the

design phase and in particular the detailed design phase are critical. Only very little guidance exists,

and most designs are made on the basis of the knowledge of the designer with respect to specific

production methods. This strongly limits quality of the designs, since many obvious concepts may

never be considered. A further observation is related to the fact that tolerancing of components

and products in this dimensional regime is governed more by experience than by evidence.

Guidelines and standards usually available in the macroscopic regime are not available in this

dimensional regime. It would be extremely helpful for further implementation and industrial

adaptation to modify existing standards such as ISO 2768 [30,31] or ISO 286 [32,33] to include more

diversified dimensions below 1 mm.

Establishment of traceability is a key message of this work. Proper calibration and

uncertainty estimation is key in making it possible to validate product tolerances and process
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stability. For this to happen new three dimensional calibration artefacts are needed in combination

with calibration methods. This is necessary if the proposed metrology based approach should

migrate to industry. Also, the traditional division of instruments into surface metrology and

coordinate metrology will have to be challenged by new instrument designs. For micro

manufacturing there is a need to have instrumentation with measurement resolution equivalent to

surfacemetrology instruments, but measurement range and capability corresponding to coordinate

metrology instruments. Finally, the concept of measurement uncertainty must be known and

applied not only by the quality engineers andmetrologists, but equally important by the productions

engineers and design engineers.

For the manufacturing processes future focus should be given to demonstrating process

stability and process chain compatibility by using process fingerprints. In this work again uncertainty

estimation is critical since process variations typically may be of the same order of magnitude as the

measurement uncertainty. The combination of a statistical design of experiment with ametrological

uncertainty estimation is proposed as the future method for experimental process analysis. If

combined with numerical simulations of single processes and process chains, a digital twin can be

established. This is evolving for single processes, but not yet for process chains. The combination of

processes across technology domains is another important development area. The potential of

combining MEMS processes with precision manufacturing processes is enormous but also

challenged by material compatibility, process cross coupling etc. Focused development efforts are

necessary to further develop this cross disciplinary field.
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Appendix 1

Terms and expressions from VIM

Quantity – “property of a phenomenon, body, or substance, where the property has a magnitude

that can be expressed as a number and a reference”. Examples could be diameter of a circle,

wavelength of a radiation etc.

Quantity value – “value number and reference together expressing magnitude of a quantity”. An

example could be the length of a rod: 1.25 m or 1250 mm.

Measurement – “process of experimentally obtaining one or more quantity values that can

reasonably be attributed to a quantity”.

Measurand – “quantity intended to be measured”.

Measurement result – “set of quantity values being attributed to a measurand together with any

other available relevant information”.

Measurement accuracy – “closeness of agreement between ameasured quantity value and a true

quantity value of ameasurand”.

Measurement precision – “closeness of agreement between indications or measured quantity

values obtained by replicate measurements on the same or similar objects under specified

conditions”.

Measurement error – “measured quantity value minus a reference quantity value”.

Systematic measurement error – “component of measurement error that in replicate

measurements remains constant or varies in a predictable manner”.
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Randommeasurement error – “component of measurement error that in replicate measurements

varies in an unpredictable manner”.

Repeatability condition of measurement – “condition of measurement, out of a set of conditions

that includes the same measurement procedure, same operators, same measuring system, same

operating conditions and same location, and replicate measurements on the same or similar objects

over a short period of time”.

Measurement repeatability – “measurement precision under a set of repeatability conditions of

measurement”.

Reproducibility condition of measurement – “condition of measurement, out of a set of conditions

that includes different locations, operators, measuring systems, and replicate measurements on the

same or similar objects”.

Measurement reproducibility – “measurement precision under reproducibility conditions of

measurement”.

Measurement uncertainty – “non negative parameter characterizing the dispersion of the quantity

values being attributed to a measurand, based on the information used”.

Calibration – “operation that, under specified conditions, in a first step, establishes a relation

between the quantity values with measurement uncertainties provided by measurement standards

and corresponding indications with associated measurement uncertainties and, in a second step,

uses this information to establish a relation for obtaining a measurement result from an indication”.

Metrological traceability – “property of a measurement result whereby the result can be related to

a reference through a documented unbroken chain of calibrations, each contributing to the

measurement uncertainty”. For this definition, a ‘reference’ can be a definition of a measurement

unit through its practical realization, or a measurement procedure including the measurement unit

for a non ordinal quantity, or a measurement standard. Metrological traceability requires an

established calibration hierarchy.

Metrological traceability chain – “sequence ofmeasurement standards and calibrations that is used

to relate a measurement result to a reference”.

Verification – “provision of objective evidence that a given item fulfils specified requirements”.

Validation – “verification, where the specified requirements are adequate for an intended use”.
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