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Preface 

This thesis describes the work I have clone from March 2005 to June 2006 in order to graduate 
as Master of Science (MSc.) in Mechanica! Engineering at the Eindhoven University of Tech
nology (TU/e) in the section Micro- and Nanoscale engineering. The assignment I worked on 
was provided by PhD-student ir. E.J.C. Bos and TNO Science and Industry in Eindhoven. 

The work I have done is part of the research project: "The automatic assembly of hybrid 
microsystems" enabled by SenterNovem by means of the innovative research program (IOP). 
The overall IOP project is lead under the supervision of drs.ing. J.E. Bullerna (TNO). The 
goal of the project is to make a major step in micro assembly. My work involved the devel
opment of a Large area Automated Micro Assembler (LAMA). 

Initially, it was proposed to create a prototype of the LAMA during my graduation. During 
my investigations, it turned out that this was to ambitious. Given the time and complexity 
of the requirements, this project has lead to a final design, which has not been completely 
built yet. 

During my work I was supervised by ir. E.J.C. Bos and prof.dr. A.H. Dietzel, bothof the 
TUje. The daily supervision at TNO was performed by ing. R. Turk and dr.ir. R.J.A. 
Gorter. 
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Abstract 

Current trends in high technology equipment is influencing our lives constantly. Currently, 
many of these products are surface mount technology (SMT) devices. In the future other 
equipment will become more dominant when new types of products will emerge in e.g. the 
dornestic field. These products can be characterized as micro system technology (MST) 
products. To reduce the cost of these products and thereby making them viabie in tomarrow's 
market, three types of cost can be reduced: material cost, fabrication cost and assembly cost. 
One of the major limiting factors during the production of these types of products, is the 
assembly process. 

The assembly requirements for MST products are derived from demonstrator products which 
resembie the typical challenges during MST product assembly. Typically for MST devices 
it is necessary to achieve a position accuracy of 1 p.m in x and y to obtain a good working 
product. Furthermore, to remain competitive in the future a 'piek and place' (PnP) speed 
of 1 second is proposed. Moreover, utilizing the back-end of industry would also result in 
extra throughput. Therefore on-wafer assembly should be possible for the assembly of MST 
products. 

Looking at current SMT assembly equipment, it is shown that they lack the precision that is 
typically needed for the assembly of MST devices. However, current MST assembly equipment 
does not achieve the proposed piek and place speed. Based on configurations found in today's 
SMT and MST market of assembly equipment, ten preliminary concepts are made. These 
concepts are made such that the amount of actuators is equal to the amount of degrees of 
freedom that have to be manipulated: x, y, z and (). 

After an evaluation of these preliminary concepts, two promising concepts are combined 
to increase flexibility and speed: the Singlehead concept. The desire to obtain a higher 
throughput lead to two further evolved concepts: the Dual- and Turrethead concept. These 
concepts are evaluated for placement accuracy, cost and flexibility. 

Evaluation of the piek and place sequence showed that the Dualhead and Turrethead perform 
their actions parallel in contrast to the Singlehead, which perfarms its actions sequentia!. 
The main advantage of the Turrethead over the Dualhead is that by decreasing the distance 
to the assembly position i.e. adding more tooling, the piek and place time is also decreased 
thereby increasing the throughput. The needed power for movements and thereby the thermal 
influence is equal for the Dualhead with n=2 actuators and Turrethead with n=5 actuators. 
An optimum however is found for the Turrethead at n=25 actuators. By increasing the 
amount of actuators, the cost are raised significantly. To make a machine that is cost-effective, 
a design is made where only two actuators are used with multiple detachable nozzles. This 
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design is chosen for further analysis. This design can be described as follows: 

A standard testbench of MA3-solutions is used as work sphere where the LAMA should be 
mounted on. On the bench, an xy-stage provides movement of the substrate. Above, attached 
to a gantry, a turret-disc is mounted. Also fixated to the gantry are two zO-actuators: one at 
the piek position and another at the place position. At this turret-disc, nozzles are attached 
that can be detached by the zO-actuators. At the back, feeders are used to provide the com
ponents at the piek position. A vision system aligns the component and the substrate. The 
design is made such that all the drives are directed to the assembly point. Furthermore, mea
surements are performed according to Abbe, whieh should reduce the amount of calibrations 
during operation. 

For this design an assembly sequence is proposed to reduce high accelerations of the xy
stage, turret-disc and zO-actuators. Moreover, the position measurement by a vision system 
is proposed so that the placement path is not blocked. Furthermore, to achieve an accurate 
measurement, the alignment of the component to the substrate will be performed in at least 
three steps. Given the assembly sequence and measurement strategy, an estimation of the 
process time is established at 1.3 s. 

The accuracy of the final design is determined by the vision system, xy-stage, zO-actuator and 
the gantry. The accuracy is further influenced by the drift during the open-loop stroke. The 
vision system serves as measurement system and therefore determines the accuracy directly. 
The components that build up the vision system were not yet bought or chosen, thereby 
making it impossible to estimate the influence on the accuracy budget. For the remairring 
subsystems the influence on the positioning accuracy is determined to be 0.59 ]J.m ± 0.47 ]J.m. 
The design of the vision system needs to be investigated further. 

Evaluating the expected speed and accuracy for the LAMA even when the vision system is 
taken into account, shows that a considerable step is made towards the assembly of MST 
devices regarding speed, thereby making future MST device cost-effective. 

For a final design, future work is necessary. A challenge is found at the vision system, whieh 
determines the placement accuracy of the LAMA directly. Furthermore, the feasibility of the 
subsystems, like the coupling of nozzle with adapter and zO-actuator should be investigated. 
For this investigation a proof-of-principle setup should be made. 



Samenvatting 

Huidige technologische apparaten beïnvloeden onze levens dagelijks. Toekomstige 'micro sys
teem technology' (MST) producten zullen een ander karakter hebben dan tegenwoordig met 
'surface mount technology' (SMT) producten het geval is. De nadruk zalliggen op producten 
voor huishoudelijk gebruik, zoals bijvoorbeeld bloed analyze apparatuur. Om deze producten 
rendabel te maken moeten kosten echter worden gereduceerd. Dit kan door drie soorten 
kosten te reduceren: materiaal kosten, fabricage kosten en assemblage kosten. Één van de 
huidige beperkingen is het assemblage proces van MST producten. 

De eisen waaraan assemblage apparatuur moet voldoen tijdens het assembleren van MST 
producten zijn afgeleid van zogenaamde 'demonstrator' producten. Deze producten geven de 
typische uitdagingen die tijdens de assemblage van MST producten voorkomen weer. Voor 
de assemblage van MST producten is typisch een nauwkeurigheid van 1 pm in het horizontale 
vlak nodig. Bovendien, om ook in de toekomst concurrerend te zijn wordt een 'piek and place' 
snelheid van 1 seconde voorgesteld. Daarnaast kan extra doorzet worden behaald door het 
waferafhandeling proces verder te optimaliseren. Om deze reden moet 'on-wafer' assemblage 
ook mogelijk moeten zijn met de LAMA. 

Als er gekeken wordt naar de huidige SMT assemblage machines, blijkt dat deze de typisch 
vereiste nauwkeurigheid voor de assemblage van MST producten niet kan halen. Daarente
gen kunnen MST assemblage machines deze nauwkeurigheid wel halen, maar niet bij de 
voorgestelde snelheid. Gebaseerd op de huidige configuraties van SMT en MST assemblage 
apparatuur zijn tien voorlopige concepten opgesteld. Deze concepten zijn dusdanig opge
bouwd, dat het aantal actuatoren gelijk is aan het aantal vrijheidsgraden dat gemanipuleerd 
dient te worden: x, y, z and e 0 

Na een evaluatie van deze concepten, zijn twee veelbelovende concepten gebruikt en nadien 
gecombineerd om de snelheid en flexibiliteit te vergroten: het 'Singlehead' concept. De wens 
om een nog hogere assemblage snelheid te krijgen heeft geleid tot twee nieuwe concepten die 
van de 'Singlehead' zijn afgeleid: het 'Dualhead' en 'Turrethead' concept. Deze concepten 
zijn verder onderzocht op plaatsingsnauwkeurigheid, kosten en flexibiliteit. 

Het evalueren van de piek and place volgorde, heeft aangetoond dat de 'Dualhead' en 'Turret
head' hun acties parallel uitvoeren in tegenstelling tot de 'Singlehead' die haar acties sequen
tieel uitvoert. Het belangrijkste voordeel van de 'Turrethead' vergeleken met de 'Dualhead' 
is dat door het verkorten van de afstand van de piek positie tot de plaatsingspositie, door 
het toevoegen van extra actuatoren, de piek en place tijd aanzienlijk wordt verkort. Het 
benodigde vermogen voor de verplaatsingen en daarmee de geïntroduceerde warmte is voor 
een 'Dualhead' met twee actuatoren gelijk aan een 'Turrethead' met vijf actuatoren. Voor de 
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'Thrrethead' geld een optimum van 25 actuatoren. Echter, door het toevoegen van actuatoren 
worden de kosten voor dit concept aanzienlijk vergroot. Om tot een machine te komen welke 
rendabel is, een ontwerp met twee actuatoren is gemaakt waarbij deze actuatoren worden 
gebruikt om nozzles te ontkoppelen van een 'turret-disc'. Dit ontwerp is gekozen voor verder 
onderzoek. Dit ontwerp kan worden beschreven als: 

Een standaard zogenaamde 'testbench' van MA3-solutions wordt gebruikt als werktafel waar 
de LAMA op geplaatst wordt. Op deze tafel wordt ook een xy-stage geplaatst die voor de 
manipulatie van het substraat zorgt. Daarboven, vastgemaakt aan een gantry bevindt zich 
de turret-disc. Ook vastgemaakt aan deze gantry zijn twee zO-actuatoren: één aan de piek 
zijde en de andere aan de place zijde. Achter op de werktafel kunnen de componenten worden 
aangevoerd. Een vision systeem wordt gebruikt om de component op het substraat uit te 
lijnen. Het ontwerp is zo gemaakt dat alle aandrijvingen benodigd voor de assemblage gericht 
zijn naar het assemblagepunt. Daarnaast wordt gemeten volgens Abbe, waardoor het aantal 
benodigde calibraties wordt beperkt. 

Voor dit ontwerp is een assemblage volgorde voorgesteld, zodat hoge acceleraties van de xy
stage, turret-disc en de zO-actuatoren gereduceerd worden. Daarnaast is het vision systeem 
zodanig ontworpen dat de plaatsingsbeweging niet geblokkeerd wordt. Bovendien zijn voor een 
nauwkeurige plaatsing minimaal drie uitlijnstappen nodig. Gegeven de assemblage volgorde 
en benodigde uitlijnstappen, wordt de piek en place tijd geschat op 1,3 s. 

De nauwkeurigheid van dit ontwerp wordt bepaald door het vision systeem, xy-stage, zO
actuator en de gantry. De nauwkeurigheid wordt verder beïnvloed door drift effecten tij
dens de open-loop slag. Het vision systeem wordt als meetsysteem gebruikt en beïnvloedt 
de nauwkeurigheid direct. De componenten waaruit het vision systeem is opgebouwd zijn 
echter nog niet gekozen of gekocht, waardoor het onmogelijk wordt om de invloed op de 
nauwkeurigheid te bepalen. Voor de overige subsystemen is de invloed op de plaatsings 
nauwkeurigheid bepaald op 0,59 pm ± 0,4 7 pm. 

Als er gekeken wordt naar de te verwachten snelheid en plaatsingsnauwkeurigheid voor de 
LAMA, zelfs wanneer het vision systeem niet wordt meegenomen, kan worden geconcludeerd 
dat met het voorgestelde ontwerp een aanzienlijke stap voorwaarts is gemaakt in de assem
blage van MST producten. Daarmee wordt het mogelijk om op een rendabele manier MST 
producten te assembleren. 

Voor een werkende machine is verdere ontwikkeling nodig. In het bijzonder het vision sys
teem, dat in de eerste plaats de nauwkeurigheid bepaalt van de LAMA. Daarnaast moet de 
haalbaarheid van sub-systemen voor wat betreft het koppelen van de adapter met de nozzle 
en de plaatsingsslag van de zO-actuator worden onderzocht. Hiertoe wordt voorgesteld om 
een proof-of-principle setup te maken. 
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Chapter 1 

Introduetion 

In today's society our lives are constant infiuenced by technology. The performance require
ments for several types of small, high-value products are becoming increasingly important. 
Technology always tends towards the development of smaller products. The cost however, 
must be limited to remain viabie in the global mar ket. Examples of these products include cell 
phones, mp3-players, laptop and palmtop computers and many other high-density 'mecha
tronic' equipment. A few familiar examples are shown below. 

Fig. 1.1 : Mobile phone. 

,~ -----..... , . 
........ -........ -

Fig. 1. 2: Apple's i-pod. Fig. 1.3: PDA. 

Gradually, alsoother device are appearing. These device are characterized as microsystems. 
These devices can no longer be assembied by the common techniques that are used for the 
examples mentioned above. The cost of these microsystems are presently high and need to 
be reduced to make the devices available for e.g. household applications. 

1.1 SMT and MST/MEMS 

The examples shown in fig. 1.1 to 1.3, are assembied using Surface Mount Technology (SMT). 
In this technology, Integrated Circuits (IC 's) are mounted on Printed Circuit Boards (PCB's). 
These SMT devices are already suitable for cost-effective volume production. Gradually, other 
devices built up of small microsystems are appearing. Examples are shown in fig. 1.4 to 1.6. 

1 
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Fig. 1.4: Inkjet cartridge (head 
is encircled). 

CHAPTER 1. INTRODUCTION 

Fig. 1. 5: Accelerometer (used 
for airbags). 

Fig. 1. 6: Blood tester. 

The products mentioned above can, in contradiction to SMT products, be described as Mi
cro System Technology (MST) 1 . Practically speaking, the main difference between SMT and 
MEMS /MST (hereafter further referred to as MST) can be described as: SMT parts are 
packaged components and therefore robust. MST parts can be characterized as fragile mi

crosystems that are vulnerable to contamination. 

A significant growth of the MST market is expected [3], where the MST products that are 
mentioned above are big drivers. The growth is also enabled by new technologies and method
ology. Technology like control systems where massive amount of data can easily be parallel 
processed and environmental parameters can be better controlled. Furthermore, visual ser
voing is becoming a key-technology for the alignment of components. Design methodology is 
also becoming more important because several disciplines have to cooperate during the design 
stage. 

The growth of the MST market for the first level packaged MEMS/MST productsis shown in 
fig. 1.7. The first level packaged MEMS/ MST refers to the first packaging step. Sometimes, 
second level packaging is also needed to provide more protection. In the MEMS /MST business 
their are three distinguishable markets. The established market where the largest turnovers 
are achieved, the niche market that is denoted by 'other '2 and in between, the emerging 
market can be found . 

1Microsystems are micro structured products that have structures in the micron (pm) range and have 
their technica] function provided by the shape of the microstructure. Microsystems combine several micro 
components, optimized as an entire system, to provide one or several specific functions , in many cases including 
micro electro mechanica] systems [1] (MEMS). MEMSis a process technology and is therefore a subset of MST 
(Microsystems are micro miniaturized and integrated systems basedon MEMS and packaging technology. [2]). 

2Twelve other products with sales s 100 M US$ in 2009 are: microreaction, chipcoolers, inclinometers, 
MEMS memoires, MEMS fingerprints, liqued lenses, microspectrometer, wafer pro bes, micro mirrors outside 
telecom and displays, micro pumps, micro motors and chemical analysis systems. 
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•olher2 

• Mem enegy so~~ 
•IR sensors 

Drug delivery Jsterr 
D MJEMS fOf Telemm 

• Aowsensors 
•Mcmphones 
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• Gyroscopes 
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DInkjet heads 
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Fig. 1. 7: Market breakout for lst level packaged MEMS/MST {3). 
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The established market is by far one of the biggest MST markets currently. The read-write 
heads of harddisk's, and inkjet heads of inkt cartridges (see circled head in fig. 1.4) , are 
obviously already dominating the MST world because e.g one printer can require up to four 
cartridges per year. Furthermore there are accelerometer sensors, as shown in fig. 1.5. Ac
celerometers are used in sensors for detecting collisions. When accelerations become to high 
an airbagcanthen be deployed for safety purposes. Accelerometers are becoming more com
mon as safety becomes more important in the automotive industry. This market can be 
distinguished as the largest driver in the field of MST. 

The second market is the emerging market and is characterized by products like e.g.: RF 
MEMS, micro fluidic analyzers, Micro Opto Electronic Mechanica! Systems (MOEMS), flow 
sensors and lab on chips. 

The third segment is the niche mar ket. Some of the applications are appearing in the dornestic 
field , e.g. bloodtesting equipment at home, see fig. 1.6, but is still part ofresearch area. Other 
sample products are: chemical analysis, flow sensors, micro motors and magneto optical heads. 

For the devices mentioned in the established market already customized cost-effective produc
tion exist . For the devicesof theemerging and niche market there is still no cost-effective high 
volume production is available. To reduce the costs of these devices, cost-effective production 
is necessary. 

1.2 Product casts 

The costs for a product, is build up of three factors. Material costs, fabrication costs and 
assembly costs [4] [5] . Obviously, the material costs are related to to the size of the compo
nents. Fabrication costs are related to accuracy requirements of the individual components. 
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Typically, smaller components require more accurate production technologies. Finally the 
assembly costs are related to the assembly accuracy. As goes for fabrication costs, smaller 
components typically require more accurate assembly. In fig. 1.8 the total cost for an assern
bled product is shown, where an optimum is found at the verticalline. To reduce the total 
cost, different strategies can be foliowed depending the component size. If large components 
are assembled, material costs must be reduced. For small components however, the costs for 
fabrication and assembly must be reduced. 

In SMT products, assembly costs take up only five percent of the total cost [5] [6] [7]. This is 
because components and processes are globally defined in standards (e.g. standard machine 
interfacing, standard design rules for PCB-design and board handeling and standard compo
nent handling [8] , [9]) , products are robust and lower placement accuracies are required. The 
costof MST products are, contrary to SMT, dominated by the assembly costs that can take 
up 50% [4] to 70% [10] of the total cost. 

~ ..., 
VI 
0 
u 

Smal/ 
Component size 

Total cost 

Matertal cost 

Assem bi y cost 

Fabrtcatlon cost 

Fig. 1. 8: Product casts. 
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Fig. 1. 9: Reduction product casts. 

As the demand for MST is expected to increase and the levels of complexity are still increas
ing while performance requirements for several of these types are becoming more and more 
important, the costs of these products must decrease substantially to remain viabie in the 
global market. 

By reducing the assembly costs, the total costs are also decreased. This is shown in fig. 1.9. 
Moreover, the optimum is shifted also resulting in a better optimumforsmaller components. 
A reduction of the assembly costs is achieved by making fast and at the same time accurate 
assembly possible. Figure 1.9 shows the result when the assembly costs are reduced . To 
reduce the assembly costs even further, the back-endprocessof the MST industry can also be 
further utilized by reducing the handling and so reducing the assembly time. This can be done 
by using on-wafer assembly. This means the processing of a complete wafer before separating 
the substrates for the first level packaging. This on-wafer assembly is further discussed in 
chapter 2. 

The cost reduction in MST assembly is considered achallenging task, since no current solu
tions for decreasing the assembly cost exist. 
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1.3 Problem description 

One of the major limiting factors for MST devices, is the assembly process. One typical 
issue during the assembly of MST devices is the need for high assembly accuracies. When 
the size of components and substrate structures enter the micron range, assemblies also have 
to be done with micron or submicron accuracy. Although the substrate structures have to 
be handled with care because these often silicon structures are very fragile , they have to be 
assembied fast to reduce the costs. 

Manual assembly by humans is prohibitively expensive and slow, besides the required preci
sion, operator stress and eye strain make it also impractical if not impossible 3 [11]. Sametimes 
manual assembly is preferred over automatic assembly, since manual assembly is more flexible 
and can be done cost-effective in low-wages countries for small volumes. Current state-af-the
art assembly systems also have a number of short comings like: slow, not being automatic or 
inadequate inherent precision. This is clarified below in fig. 1.10, where an overview is pre
sented of current assembly machines found in SMT an MST. In app. A, a complete overview 
of these machines with a short description is given. In this figure can be seen that SMT 
assembly equipment is typically fast with limiting accuracy, while MST assembly equipment 
is more accurate (submicron) but inherent slow. 
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Fig. 1.10: Placement speed (cph) vs. accuracy (J..Lm) in x and y. 

To campare the SMT and MST assembly equipment mutually, the piek and place heads per 
manufacturer are considered. Normally however, manufacturers of SMT placement systems 
specify the piek and place speeds of equipment as a complete configuration. 

3 For simple assemblies carried out by skilled workers the limit for partiele sizes that effectively can be 
handled is reached when parts become smaller than 0.3 mm3 
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From fig. 1.10 is concluded that MST assembly manufacturers do not provide high speeds 
while manufacturers of SMT placement systems do not provide for the high assembly accu
rades that are required for the assembly of MST-devices. For the assembly of MST devices 
no cost-effective volume assembly machine exist yet. An approach of the SMT assembly to 
MST assembly and visa versa is desired to make advances in speed while retaining the accu
racy. This approach would span a bridge that is needed to reduce the assembly costs of MST 
devices. 

1.4 Assignment 

In the previous section it is shown that a need for fiexible, fast and (even more) accurate 
assembly machines then currently available is necessary in order to reduce the assembly cost 
of MST-devices. In order to meet these requirements, a new generation of fiexible MST 
assembly machines needs to be developed. The assignment of this works is summarized as: 

Develop a large area automated micro assembler (LAMA) , which can assembie 
micro products. This should be done automatically, Jast and on a large scale with 
(sub )micron placement accuracy. 

1.5 Outline 

This thesis is outlined as followed. In chapter 1, an introduetion of the research project is 
given. This includes the motivations and objectives for the project. The requirements for the 
LAMA, derived from the demonstrator products, are presented in chapter 2. An overview of 
the preliminary concepts that leadstoa final design is discussed in chapter 3. The individual 
components of this design will be discussed in chapter 4. Chapter 5 gives an estimation of 
the final placement accuracy of the LAMA. Finally, conclusions and recommendations will 
be discussed in chapter 6. For some parts a more detailed description can be found in the 
appendix, which is found at the end of the report. 



Chapter 2 

Requirements for the LAMA 

In the field of MST assembly no current solutions for cost-effective assembly exist. Therefore, 
a new dedicated machine is necessary. As is clear from chapter 1, MST products should be 
able to be assembied with a Large area Automated Micro Assembler (LAMA). To this extent 
two MST products are chosen to serve as demonstrator. From these demonstrator products 
and problems that are defined in section 1.3, the requirements towards accuracy and speed 
for the LAMA are derived. These requirements are used for the development of the LAMA. 
During the concept phase, these requirements are used to check the feasibility of each concept. 

2.1 A ccuracy 

Two demonstrator products are chosen that have typical MST assembly characteristics: the 
nanoprobe and the valve component of a Fluidic MultiChip Module (FMCM). These products 
are shown and discussed below. These products show typical assembly problems as: difficult 
to handle and vulnerable for contamination, while high assembly accuracies are needed. 

2.1.1 D emonstrator Products 

Figure 2.1 shows a measurement probe, developed for measuring objects with a nanometer 
precision [12]. This product has been developed by the section Precision Engineering on 
the faculty of Mechanica! Engineering at Eindhoven University of Technology. This probeis 
found in Coordinate Measuring Machines ( CMM), also with nanometer precision. The probe 
is used to measure 3D translation of the probe tip, where an uncertainty of 20 nm can be 
reached. 

7 
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Fig. 2. 1: Nanoprobe. Fig. 2.2: Micro gas chromatograph. 

Figure 2.2 shows a micro gaschromatograph. Gaschromatography is a chemical analysis 
method that is used to analyse composition of compounds. The principle of gaschromatogra
phy is based upon a difference of passing time of gaseaus materials in a separation column. 
The difference in passing time is measured for example, by measuring the thermal conduc
tivity of gaseaus materials that pass a thermal conductivity sensor. By downsealing such a 
gaschromatograph, three clear advantages are achieved compared to normal gas chromatog
raphy. First it is possible to perform an analysis with a smaller amount of materiaL Secondly 
the energy consumption of the gas chromatograph is reduced, which enables the development 
of stand-alone or wireless gas chromatographs. Finally the small internal volume and small 
column diameter leadstoa shorter analytica! time: tensof seconds insteadof hours [13]. The 
charaderistics of MST products that are discussed in chapter 1, are found in these products. 
In the nanoprobe a brittie membrane is part of the product and in the gaschromatography 
the valve component of a FMCM needs to be assembled. These parts are shown below in fig. 
2.3 and fig. 2.4. 

Fig. 2.3: Silicon membrane. Fig. 2.4: Valve component of the FMCM. 

In fig. 2.3 the silicon membrane of the nanoprobe is shown. This membrane has a thickness of 
300 pm ± 20 pm. This chip has three rods, where on each rod there are four piezo resistance 
strain gauges etched (see detail view) in a bridge of Wheatstone configuration. These rods 
have a thickness of approximately 30 pm. As a result , the membrane is very fragile. 

The FMCM makes use of a valve component that is shown in fig. 2.4. This module consists 
of three components. The substrate i.e. channel plate, with a thickness of 0. 76 mm, provides 
the base. The chip, with a thickness of approximately 0.50 mm is the actual 'lab' and the 
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gasket, with a thickness of 100 pm, provides the sealing of the channel plate and the chip. 
The components are currently bonded together using a flip-chip process. 

For both the nanoprobe and the valve component , it is essential that the sub-components are 
assembied with a precision of approximately 1 pm in x and y. Since the placement accuracies 
at which the components are provided by the feeder are limited, a rotational movement ( (}) 
of component (or substrate) is necessary for an accurate alignment. 

2.2 Placement speed 

To decrease the time of assembly a fast Piek and Place (PnP) action is needed. This PnP time 
consists of the time needed for collecting the component and transporting it to the position 
of placement. To be competitive with current assembly systems an inventory of speed and 
accuracy is made todetermine current assembly speed in termsof componentsper hour (cph). 
A complete inventory is found in app. A. To gain insight in today's capabilities, MST and 
SMT assembly machines have to be compared unambiguously. This is clone by camparing 
the placement heads of different machine types. Figure 2.5 shows a graph where speed and 
accuracy for different manufacturers are shown, that can be seen as leading in the market. 
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Fig. 2.5: Placem ent speed (cph) vs. accuracy (J.Lm) of SMT placem ent systems 

The red line indicates an exponential trendline, used to underline the dependency of speed 
and accuracy. When extrapolating for the accuracy of one pm, the corresponding speed will 
be approximately 1000 cph. 

SMT and MST assembly technologies, both show similarities in the assembly process: an 
accurate and fast assembly is needed. However, the needed placement accuracies for MST 
assemblies are much higher and apparently this reduces the assembly speed. SMT manu-
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facturers are currently developing modular and parallel placement machines that can easily 
be adapted to the customers needs. Modular and parallel placement heads can increase the 
throughput significantly. 

In contradietion to SMT products, for the assembly of MST products higher accuracies are 
necessary typically around 111m. To be competitive with current SMT placement systems the 
assembly must be performed automatic and a speed of at least one Piek and Place action per 
second is necessary. This corresponds to 3600 cph. Note that this is the time for placement 
and not assembly, so that extra handling (e.g. dispensing glue, UV tempering, tooling change) 
is not included in this time. This is significantly more than the time for Piek and Place. In 
fig. 2.5 the LAMA is indieated. 

2.3 On-wafer assembly 

Several wafer assembly types exist: waferscale packaging, waferscale assembly and on-wafer 
assembly. These methods are however not the same. Current technologies tend towards the 
use of waferscale chip size packaging (WSCSP). This is the packaging of chips directly on the 
wafer, like memory modules . Waferscale assembly is the assembly of a complete wafer directly 
on another wafer. This way optimally utilizing the back-end process. On-wafer assembly, is 
the assembly of single components (one-by-one) on a wafer before separating by sawing of the 
wafer. 

To decrease cost of assembied MST products, the back-end process must be further utilized. 
To achieve this, the way of packaging, testing and sawing should be revised. Currently, the 
wafer sawing process is performed at first hereafter the micro systems must be assembied and 
testing is performed last . However, when the wafer is assembied and tested first , less handling 
is needed whieh decreases the assembly times and assembly cost. Other advantageous are also 
found: darnaging of structures and partiele contamination in an early stage is prevented and 
testing can be dorre more efficient. 

Therefore, on-wafer assembly should also be possible with the LAMA. Moreover, this way of 
assembly is seen as the key for high quality low costs mass production by utilizing the back
end process of the industry [14]. In this way, the machine also remain flexible for prototype 
development, i.e. different products can be assembied on one wafer. 



2.4. OVERVIEW REQUIREMENTS 11 

2.4 Overview requirements 

A complete overview of all the requirements is given in app. B. Also an overview of the 
requirements that are not derived from the demonstrator products are discussed there. The 
geometrical requirements that the LAMA must fulfill are summarized in the table below. 

Stroke Placement Placement 
accuracy force 

x 200 [mm] < 1 [pm] [N] 
y 200 [mm] < 1 [pm] [N] 
z 50 [mm] < 1 [pm] 3·10-3 ... 15 [N] 
() 27r [rad] < 0.5 [mrad] [Nm] 

Table 2.1: List of requirements for LAMA 

The time for one PnP-action shall be tpnp ::; 1 pnp·s- 1 . Note that this is not the time for one 
assembly. To achieve this PnP-time, automatic assembly will be necessary. 
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Chapter 3 

Concept design LAMA 

In this chapter the design for the LAMA, a Piek and Place (PnP) robot for the assembly 
of MST products is described. In section 2.1.1, example products are described. First , 
preliminary concepts are generated based on possible configurations derived from SMT and 
MST assembly equipment. Secondly, a choice is made for the most viabie preliminary concepts 
in termsof the imposed requirements presented in app. B. Finally, to enhance performance 
of these preliminary concepts, a concept-design is presented from where two other concepts 
are derived from and are analyzed further. The final which is chosen will be further explored 
in chapter 4. 

3.1 Preliminairy concepts 

For the generation of the preliminary concepts, possible configurations derived from SMT and 
MST assembly equipment are considered. The configurations correspond to the degrees of 
freedom that have to be manipulated, i.e. x , y, z and B. Figure 3.1 shows a cartesian coordi
nate system, where the axes and rotations are indicated. Actuators that provide movements 
necessary for feeding are left out of consideration. 

z 

y 

Fig. 3. 1: Cartesian coordinate system where the degrees of freedom for manipulation are indicated. 

Sirree x and y correspond to movements in the same plane, there are 3!=6 configurations 
possible. The configurations are presented in table 3.1. These configurations describe the 
manipulation possibilities for component or substrate. 

13 
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In the configurations, an actuator for the manipulation of a component is indicated in red. 
Attached to this the actuator, is a tool to hold the components. The actuator can be fix
ated to a gantry that provides the structural frame. The actuator can also be placed on a 
sledge. Under the manipulation actuator, a base stage is indicated for the manipulation of 
the substrate. In the last configuration, all manipulations are combined to one system. For 
all configurations extra actuators are necessary to provide feeding. The pietmes of table 3.1 
are only shown illustrative. The indicated manipulations for the base frame and tool can also 
be performed opposite to the proposed one. 

xy +zO 

' 1 

xyB + z 

xz + yB 

xzB + y 

xyz + e 

xyzB 

I---Actuator 

L--rool 

Table 3. 1: Configurations that serve as departure point for the development of the preliminary concepts. 
The arrows indicate the directions of movement. 

Consiclering the configuration overview presented above and the inventory presented in app. 
A, it is concluded that manufacturers of SMT placing equipment use other configurations than 
manufacturers of MST assembly equipment. SMT placing equipment uses serial configuration 
(stacked axes) , providing excellent speed and fiexibility. Theserial stacking of axes however , 
reduces stiffness of the system and thereby decreasing the accuracy. MST assembly machines 
use configurations to the benefit of accuracy by reducing the number of stacked axes at the 
casts of speed. 
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Figure 3.2 shows an overview of the preliminary concepts, based on the configurations pre
sented in table 3.1. A detailed description of theseconceptsis found in app. D. 

concept 1: xy + z() 

4.:-~~~· 
~ 
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l.. 
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concept 4: xy() + z 

concept 7: xyz() 

concept 10: xyz() 

concept 2: xy + z() concept 3: yz + x() 

concept 5: xz() + y concept 6: xz() +y 

concept 8: xyz() concept 9: xyz() 

Fig. 3.2: Overview of preliminary concepts. 
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The designs are evaluated to the requirements that are discussed in app. B. The concept con
figurations from table 3.1 have lead to preliminary concept designs that should be compared. 
An evaluation matrix is used to mutually compare the designs and thereby determining the 
potency of the concepts for further development. In this matrix a weighing factor is applied 
per requirement to indicate the most important requirements. For each requirement a score 
from 1 to 10 is available that is distributed over the ten preliminary concepts. The total 
weighted score for each concept is then calculated, resulting in an qualitatively potency for 
each concept. This overview is shown in fig. 3.3. Appendix E gives an overview of the used 
requirements with the weighing factors. 
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Fig. 3.3: Weighted score for the preliminary concepts 

The red line indicates the average score of the preliminary concepts. Concepts 1, 3, 5 and 
9 have a score above average. Concepts 1 and 3, and concepts 5 and 9 have an score that 
is equivalent within 2% and 4% respectively. The scores have to be interpreted with caution 
since variations per concept are possible as indicated in app. D. The average difference 
between concept 1-3 and concept 5-9 is 18 %. 

Concept 9 has a resemblance with the Micromounter that was presented in app. A and app. 
C. Sealing up the Micromounter leads to a large needed working area. Also large coils are 
needed to be able to satisfy a travel of 200 mm. The cost for this motor is high and commercial 
not available. Consiclering concept 5, some resemblance with concept 3 exist. Although this is 
not the same configuration, in both concepts the x and y axis are split. In this way, positioning 
in x and y is achieved by moving the component and substrate. Given the arguments above 
and averaged difference between the concept 1-3 and concept 5-9, concepts 1 and 3 remain 
for further analysis. 

In concept 1, shown in fig. 3.4, an xy-stage provides movement under a zB-actuator. The 
zB-actuator is fixated to a gantry. Feeding can be provided for in two ways. The first is to offer 
components under the zB-actuator, by a special feeding system. When the feeding system is 
removed the product can be placed. The second feeding option is to place components on 
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the xy-stage beside the wafer, so that the components are picked directly from the xy-stage. 
Alignment of the component is done by a zO-actuator. The substrate is aligned in x and y 
by the xy-stage. Measurement for the alignment procedure is performed by a vision system, 
which is further discussed in chapter 4.1.2. An open-loop step is needed forthelast placement 
step in z-direction. As an open-loop system does not use feedback to control states or outputs 
of a dynamic system, such a system should be well characterized to predict what inputs are 
necessary to achieve the desired states or output. 

feeder 

gimtry 

ze-actuator 

xy-stage 

test-bench 

Fig. 3.4: Concept 1, corresponding to configuration xy + zfJ. 

Shown in fig. 3.5 is concept 3, where an xO-stage is provided under a yz-sledge. In this way, a 
logical assembly setup is achieved. After picking a component, it is aligned by passing over a 
vision system and hereafterit is placed on the xO-stage. In this concept, the open-loop step is 
much larger than in concept 1: besides the placement in z-direction there is also a movement 
along the gantry after the last measurement. 

__ .. ,;~rui!fr ..-.... 
,... _'l· f11>#1E 

Fig. 3. 5: Concept 3, corresponding to configuration yz +TiJ. 

Both concepts have a similar disadvantage. The number of manipulation actuators is not sufti
eient for flexible and fast positioning. A combination of both concepts leads to a more flexible 
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and logical assembly setup. Furthermore the advantages of both concepts are combined. An 
extra actuator however, brings extra costs to the system and influences the placement accu
racy of the system. A schematic picture of this concept, further referred to as Singlehead, is 
shown in fig. 3.6. 

Fig. 3. 6: Combining concept 1 and concept 3 results in the Singlehead configuration. 

In this concept, xy manipulation of a substrate is performed under the gantry by a xy-stage. 
Attached to the gantry is a sledge that can piek, place and align components. Similar to 
concept 1, the alignment of the component and substrate is performed by a vision system. 
The throughput of this concept is limited by the sledge at the gantry that can only perform 
tasks serial. 

To increase the throughput and flexibility of the Singlehead concept it should be optimized 
leading to two new concepts: the Dualhead and the Thrrethead. Figure 3.7 and 3.8 schemat
ically show both concepts. By adding extra tooling, the throughput is increased. For both 
concepts more zO-actuators are provided. In case of the Dualhead, the zB-actuators are placed 
on a linear stroke, while the zO-actuators are placed on a rotating movement for the Thrret
head. The concept of the Dualhead and the Thrrethead with two actuators are basically 
similar concepts. At the Thrrethead however, more actuators can be provided. The feeding 
and placing possibilities are however the same for both concepts. The main difference between 
the concepts is found in the linear versus the rotational movement of the heads. 

Fig. 3. 7: Dualhead. Fig. 3.8: Turrethead. 

3.2 Dualhead vs. Turrethead 

To come to a conclusive decision an evaluation of these concepts is made in the following 
sections. The Singlehead will be used toserve as reference during this evaluation. According 
to the requirements, an analysis is performed on three aspects. The first is the accuracy, that 
is dependedon speed. Secondly the costs are evaluated and finally the flexibility is discussed. 
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3.2.1 Positioning uncertainty 

The stability of the gantry determines the positioning uncertainty. The stability is influenced 
by statie, dynamic and thermal influences that lead to a positioning uncertainty. To keep the 
stability as high as possible though and thus the influences as low as possible, the overlap 
between the structural and measuring loop must be as small as possible, preferably zero. As 
mentioned above, the placement step is performed open-loop therefore the structural frame 
must be stable. The displacements for one PnP-action and the available time of 1 second, 
determine the accelerations that are induced to the system. In section 4.1.3, the feasibility 
of the PnP time of 1 sec is reviewed. Besides the dynamica! behaviour that is indicated by 
the accelerations, they also are a good indication for the required mechanica! power and thus 
prediction of the thermal heat that is introduced into the system. Since thermal influences are 
difficult to predict, it is therefore recommended to remove, reduce or isolate the heat sourees 
from the system. 

Measuring systems like linear encoders and vision systems contribute to the induced heat. 
However the main heat sourees in both concepts are the drives in particular, e.g. the drive of 
the sledge, zO-actuator and xy-stage. In the case of the Dualhead most of the heat sourees are 
positioned close to the point of assembly. This would be similar at the Turrethead, however 
better cooling can be provided there. The introduetion of heat by the drives are determined 
by the accelerations that are needed. Todetermine these accelerations and thus needed power, 
the time for a PnP actions for the three configurations needs to be determined. 

The needed time for a piek and place action by a Singlehead is given by: 

ipnp- single = ipick + 2 · tdisplacement + iplace , (3.1) 

where tpick is the time for one piek action and tplace the time for one place action. tdisplacement 

is the time needed for the displacement to the next position. For the calculation of tpnp for the 
Dualhead and Turrethead in eq. 3.2 and eq. 3.3, the piek and place time tpnp, is determined 
by the maximum of the piektime and placetime since the actions are performed parallel. 

The time needed for a piek and place action by a Dualhead is given by: 

ma x ( tpick' tplace ) ma x ( tpickl tplace ) 
tpnp-dual = 

2 
+ ·tdisplacem ent + 

2 
· (3.2) 

The piek and place time for a Turrethead is given by: 

_ ma x ( tpicb tplace) ( ) max ( tpick, tplace ) 
tpnp-turret - 2 + ·tdisplacem ent n + 2 . (3.3) 

The actions of the Singlehead are performed sequentia!. Only one action at a time can be 
performed. The Dual- and Turrethead however, perform their actions in parallel. Parallel 
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actions decrease PnP-time because they can perform more than one task at a time. Con
siclering the Dual- and Thrrethead, the parallel actions are the piek and place action. The 
main difference between the Dual- and Thrrethead is found in the displacement strokes. The 
Dualhead has a constant stroke over which the displacement is performed. In the case of the 
Thrrethead this stroke is depended on the number of actuators. By adding more actuators 
to the Thrrethead, the stroke is reduced. The moving mass however is increased and with it 
the needed mechanica! power. 

The needed mechanica! power for one PnP-action is indicated in fig. 3.9. Since the number of 
actuators for the Single- and Dualhead are fixed, a horizontal line is plotted for one and two 
actuators respectively. Por the calculation od rotations it is assumed that the actuators are 
point masses positioned at a distance from the the rotation center. The amount of actuators 
shown below is indicative. 
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Fig. 3.9: Mechanical power needed for one PnP-action for the Single-, Dual- and Turrethead. {15} 

Making displacements smaller, i.e. by adding more tooling in case of the Thrrethead, the 
accelerations ( and thus power) needed to index to the following position become lower. By 
ad ding actuators however, the inertia of the Thrrethead increases the needed power. In fig. 
3.9 an optimum for the Thrrethead is found at 25 actuators. Using more than 25 actuators will 
increase the weight further and thus the needed power. Increasing the number of actuators 
however leads to extra costs. That is discussed nuther insection 3.2.2. 

Evaluating the concepts on the accuracy using fig. 3.9, the Dualhead seems better consiclering 
two actuators. As noted above however, the heat sourees in the Thrrethead can be reduced 
more easily. When adding more than five actuator to the Thrrethead, the advantage for the 
Thrrethead increases over the Dualhead. The Thrrethead with n:25 actuators would be the 
best choice consiclering the the reflections given above. 
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3.2.2 Costs 

For the components a budget for hardware of 65 k€is available. Including engineering costs, 
the tot al budget becomes 200 k€. Below in table 3.2, the estimated costs are presented for 
components and development. Indicated with n, are the amount of actuators. A complete 
overview is given in app. F. 

Single head (n=l) 
Dual head (n=2) 
Turret head (n=2) 

Parts [k€] 
100 
108 
120 

Engineering [k€] 
90 
101 
130 

Table 3. 2: Costs for the concepts. 

Total [k€] 
190 
209 
249 

As became clear from section 3.2.1 , an optimum for the amount of zO-actuators for the 
Thrrethead is found at 25 actuators. To be able to compare the concepts mutually however, 
the Thrrethead is considered with only two zO-actuators. Consiclering the engineering costs, 
a rule of thumb states that the development of a linear movement is generally is more easy 
than for a rotational movement and thereby making it cheaper. 

Reviewing the costs, only the Singlehead concept would suffice. The other concepts cannot 
meet the requirement cost. Besides, for the Thrrethead the costs are evaluated for two actu
ators, while an optimum for the Thrrethead is found at n=25 actuators. This will increase 
the costs significantly. 

3.2.3 Flexibility 

For the LAMA, flexibility is used to indicate the ability to deal with changes during an 
assembly process but also during changes of future developments of MST devices. These 
changes require an easy way for changing tools or provide different components, therefore 
space on the testbench is needed. A linear movement as shown in a top view of the Dualhead 
in fig . 3.10 is 1D, while the rotational movement as shown in a top view of the Thrrethead in 
fig. 3.11 is 2D. Also indicated in these figures is an xy-stage with its corresponding working 
area, i.e. the space that is needed for a 200 mm traveL Comparing these figures, where 
the dotted line indicates an operational path for the actuators, shows the advantage of the 
2D movement over the 1D movement. More area on the testbench is left available in the 
operational path of the actuators. 
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Fig. 3. 10: Flexibility Dualhead. Fig. 3. 11: Flexibility Turrethead. 

Since the area on the testbench is limited, the number of actions that can be performed is 
limited too. More feeders can be provided with different kind of components or additional 
tasks can be implemented in this space, e.g. station to exchange the tools. With a rotational 
movement , multiple actions can be performed and there is more room to provide different 
types of components. Therefore, the Thrrethead of fig. 3.11 is more fiexible than the Dual
head. 

3.3 Turret-disc 

The Thrrethead concept cannot meet the costs requirement. When looking at the positioning 
uncertainty, the Thrrethead is the most proruising with five actuators and its considered the 
most fiexible concept. An extra investment compared to the other concepts will lead to 
an increase in speed and fiexibility. The potential for the Thrrethead concept is the most 
proruising and is further developed. However, cost have to to be decreased. A manipulation 
of the components in z and () is only necessary at the piek and place positions. Only at these 
positions an actuator is required . To decrease the cost of the Thrrethead, two actuators are 
attached to a gantry and are fixated above the piek and place position. Below the actuators 
a disc is necessary: the turret-disc. At this disc, nozzles are attached. In this way, the same 
functionality is provided as with the ze-actuator attached to a rotary drive. These nozzles 
must remain attached during rotations of the turret-disc. At the piek and place position, the 
nozzles are moved in z. During this operation, the picked components must remain fixated 
to the nozzle. 

For the attachment of the nozzles to the turret-disc two designs are proposed. The first design 
is one with detachable nozzles, which is shown in fig. 3.12. In the second design, guides with 
springs are used for the fixation to the turret-disc, this is shown in fig. 3.13 
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Fig. 3.12: Turrethead with detachable nozzles. Fig. 3.13: Turrethead with guided nozzles. 

The turret-disc is illustrated by the grey disc. The nozzles are indicated in green and are 
connected with the turret-disc. At two positions the zO-actuator with an adapter attached, is 
shown schematically. Shown as a red ring, is the bearing of the actuator where the rod leaves 
the housing. 

In both solutions the cost are reduced significantly, by using two actuators without reducing 
the functionality of multiple actuators. However, each concept deals with specific problems. 

The concept of the detachable nozzle of fig. 3.12, needs a retainment of the vacuum. During 
detachment, the vacuum will be released from the turret-disc and should be taken over by 
the adapter. In the concept of the guided nozzles of fig. 3.13, the nozzles remain connected 
to the turret-disc so a vacuum could remain applied by guiding it through the turret-disc. No 
pressure drops are introduced during placement of the component. This concept has two main 
disadvantages. The first is the coupling of two guides needed to guide in z-direction: the rod 
of the zO-actuator guide and the guide needed for the nozzle. By fixating the same degrees of 
freedom twice, an over constraint situation is created. This results in reduced accuracy and 
possible wear during movements. This can however be prevented by creating a design that is 
not over constrained, i.e. release four degrees of freedom (x, y, 'Ij; and <P) to make the design 
exactly constrained. Another disadvantage is that vibrations of the turret-disc are directed 
to the guides and thereby influence the position accuracy. During decoupling, vibrations of 
the turret-disc cannot affect the placment accuracy of the nozzle. 

The concept of the detachable nozzle shown in fig. 3.12, has a main advantage over the 
turret-disc with guides regarding disturbances introduced by the turret-disc. Therefore the 
turret-disc detachable nozzles is chosen for further analysis. The main disadvantage of this 
concept is that the vacuum that must be retained during the detaching from the turret-disc, 
has te be investigated further 
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Chapter 4 

Development Turrethead concept 

In this chapter an overview is given of the machine layout of the final concept , presented 
in chapter 3. First an overview of the machine with the subsystems is given. Commercial 
off the shelf (COST) vendor components for these subsystems should be chosen and these 
are discussed in app. H. The remaining parts are discussed in this chapter. Secondly the 
assembly sequence and a measurement strategy is given, which has an impact on the speed 
budget per subsystem. From here the requirements are derived for the subsystems. 

4.1 Turrethead with nozzles -concept 

In fig. 4.1 a schematic picture is shown presenting a concept machine layout. In this picture 
several parts are indicated. A standard testbench of MA3-solutions is used as work sphere. 
More details of this testbench are given in app. B. This provides the base on which the LAMA 
is mounted. On the bench, an xy-stage provides movement of the substrate, e.g. the wafer. 
Above, attached to a gantry, a turret-disc is mounted. Also fixated to the gantry are two 
zO-actuators of SMAC: one at the piek position and another at the place position. Appendix 
H.l gives an overview of zO-actuators that are considered for the LAMA. At the turret-disc, 
nozzles are attached which can be detached by the actuators. At the back, feeders are used 
that provide the components at the piek position. The feeders can translate over the width 
of the testbench and be positioned so that different products can be provided to the piek 
actuator. In app. H.3, an overview of standard available feeders is given. A vision system 
that is proposed is shown illustratively in this figure also. The design is proposed such that 
all the manipulation axes are directed to the point of assembly. Furthermore, measurement 
can be performed such that t he Abbe error discussed in app. B is as small as possible. 

25 
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For the design of the subsystems, the initial requirements discussed in app. B are further 
derived and attributed to each subsystems. The requirements for the subsystems are given 
in app. G and app. H. 

-----------+za-actuator (piek) 
,...-------+ gantry 

-----+za-actuator (place) 

-----+camera 
----+turret-disc I nozzle 

:----+xy-stage 

testben eh 

Fig. 4.1: Machine overview Turrethead. 

4.1.1 Assembly sequence 

A component is offered by the feeder under the tool center point (TCP) of the piek actuator. 
The actuator pushes a nozzle out of the turret-disc and moves down with the nozzle attached 
to the actuator. A vacuum is applied to the nozzle when the component is picked up. The 
actuator moves up and the nozzle is coupled to the turret-disc again. Simultaneously, the 
placement actuator on the other side of the gantry pushes the nozzle out for placement. 
After aligning the component it is placed open loop. At placement the vacuum is released, a 
force can be applied and the actuator is moved up. In a similar way as at the piek position, 
the nozzle is coupled to the turret-disc again. After picking a component on one side and 
simultaneously placing the component on the other side, the turret-disc is indexed to the next 
position (assuming an utilized turret-disc). 

The assembly sequence on the wafer is used to minimize large movements and thus high 
accelerations of the xy-stage, making high assembly speeds possible. Figure 4.2 shows the 
assembly path for the LAMA. 
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Fig. 4.2: Assembly path for the LAMA. 

4.1. 2 Measurement strategy 

After the nozzle is attached to the actuator and released from the turret-disc at the place 
position, the component must be aligned with the substrate. In order to align the component 
and substrate automatically, a vision system is necessary. Common processors in vision sys
tems are Charged Coupled Devices (CCD) and Complementary Metal Oxide Semiconductor 
(CMOS). In app. I.l an explanation of both principlesis found. Although the use of CMOS 
is becoming more common nowadays, a CCD is chosen for this applieation since it is widely 
available for industrial purposes. According to the specifications that are derived from the 
list of requirements discussed in app. B, the vision system to be used must be accurate, fast 
and built from COTS components. Several vision concepts are shown in app. 1.2. Figure 4.3 
shows a schematic picture of the chosen vision concept. 

After the nozzle is released from the turret-disc, the actuator is stopped. At this point 
the vision system is used for the alignment of the component with the substrate. First an 
alignment of() is performed, after which the xy-alignment can be performed. Given the needed 
accuracy of ::; 1 pm, the alignment needs to be performed in more than one alignment step. 
Appendix 1.3 proposes an alignment sequence, resulting in three alignment steps. 

By superimposing the images, the offset (in x and y) between the component and substrate 
is determined. Opties have to be used to be able to superimpose the images. The optie that 
is chosenis a semi-refiecting mirror i.e. a beam splitter. This beam splitter is 50 mm square, 
with an clear aperture of 45 mm. Using two camera systems, the vision system is insensible 
for height variations that may occur, whieh is discussed in app. 1.2. This vision system also 
results in a free placement path i.e. the placement path is not blocked by opties. The opening 
between the opties is 30 mm, so that a nozzle can be moved between the opties, where a stroke 
of 50 mm should be achieved, see app. B. With a maximum height of the assembied product 
of 8 mm, the dimensions of the optieal system are shown in fig. 4.4. 

Beside the geometrie constraints, the design of the vision system is also limited by the camera 
angle ac with the normal plane of the semirefiecting mirror because internal reileetion can 
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Fig. 4.3: Alignment using semi-refiecting mirror. 

monitor wlth super· 
lrnposed Image 

occur. When internal refiection occurs, the light is not being passes through but only refiected 
by the mirror. The angle at which this occurs depends on the passing medium and is given 
by: 

,~.. . -1 (n2) 
'f/C = Sln nl , ( 4.1) 

where <Pc is the angle at which internal refiection occurs, ni is the refractive index of the 
material used with i=1 for glass of the semi-refiecting mirror and i=2 for air. This formula 
holds when n1 :S n2. When using glass type BK7, a common glass type for opties with 
refractive index 1.51, this yields a maximum angle of incidence of 41.47·. To prevent internal 
refiection, a ~ <Pc is necessary. 

-.--- - w-----zs-actuator 

0 
Ln 

u! 
(\j 

30 

I 
~~-L--~--------~· sem l·reflectlng mlrror 

45 

50 

Fig. 4.4: Camera angle a with the semi-refiecting mirror. 

The angle a is dependedon the vertical position of the mirror, the width of the opening and 
the thickness and clear aperture of the mirror. The angle is calculated using the equation 

• 
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given below: 

(

h -h _!:m_) 
a = arctan m k P 2 , 

2 + lca 
(4.2) 

where hm is the mounting height of the mirror measured from the substrate, the height of 
the assembled product is given by hp and tm is the thickness of the mirror. The opening 
between the mirrors, is given by 10 • The part of the mirror that cannot be used due to the 
limited clear aperture is given by 100 . The angle a shown in fig. 4.4 is 51°. Since a ::::: <Pc, 
this concept should geometrically be possible. lts feasibility is further determined by the 
achievable accuracy. 

The resolution of the vision system is determined by the number of pixels of the image 
processor, the CCD. The resolution achieved by a CCD, Reed can be calculated by: 

A 
Reed= N' (4.3) 

where A is the field of view that should be projected on the CCD and N the amount of 
pixels on the CCD. The current trend on the number of pixels is still increasing due to the 
ongoing trend of sealing. Yet available are twenty megapixel camera's, however for industrial 
applications one or two megapixel are more common. 

The resolution of the image can also be increased by interpolating techniques. These tech
niques can interpolate to ~pixel (N ais) or 1 - ~ (Epson). Typically, interpolating to ~ th of a 
pixel is common. Subpixel interpolation uses a graylevel transition (e.g. from dark to bright) 
over an object 's edge. Since it is not known where the transition over a pixel is, a graylevel 
step is used to interpolate. In this way subpixel position is able to be measured as a function 
of the grayleveL The subpixel algorithm can only be accurate if the contents of the CCD chip 
are mapped into the memory of the image processing computer as precisely and exactly as 
possible. 

Assuming an area of 10 x 10 mm, with a CCD of 1000 x 1000 pixels the resolution is 10 pm 
per pixel. With subpixel interpolation that goes up to three times the available resolution it 
is not possible to achieve the intended submicron resolution over this field of view, let alone 
the intended accuracy. A smaller field of e.g. ::;; 1,5 mm2 with a similar CCD will result in the 
desired resolution. Using interpolating techniques, submicron resolution can then achieved. 
The required magnification when choosing a small CCD, which is proposed in app. !.1 , would 
require a magnification of ::::: 5x. 

During super impasement of an image of the substrate and camponent's fiducial is that the 
optical resolution, i.e. the distance at which two objects can be clearly distinguished is limited 
by the Rayleigh criteria x, which is given by: 

1.22À 
x=----

2nsin(a)' 
( 4.4) 
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where >. is the used wavelength, n the refractive index of the transmitting medium and a 
is the collecting angle of the lens. When projecting an ideal point on a CCD, the resulting 
image can be distinghuised as a clear airy pattem, which is shown in fig. 4.5. In this picture, 
the intensity as function of the position on the CCD is plotted. By magnifying such that the 
pattem completely fills the CCD then the position of the point can be calculated. By making 
another point visible on the CCD, the point of this airy pattem can also be calculated, this 
shown in figure 4.6 . By calculating the difference between both pattems, the offset in the 
position of both pointscan be calculated. 

Postion on the Image plone Postion on the Image plone 

Fig. 4. 5: Airy disc when projecting a single point Fig. 4. 6: Airy disc when projecting two points on 
on the CCD. the CCD. 

The maximum achievable optical resolution would then become 0.8 pm. For the LAMA this 
optical resolution would correspond to the distance that can be measured between two objects 
when they are superimposed. This is not sufReient for in case of the LAMA. Images should 
therefore not be superimposed but measured one by one. The achievable resolution is then 
determined by the CCD mentioned above. 
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4.1.3 Speed budget 

From the assembly sequence and the measuring strategy, a speed budget is derived for each 
subsystem. To increase throughput some actions are performed in parallel. The time for one 
piek and place action is limited by the step with the largest process time. Figure 4. 7 shows an 
overview of the time needed per process step in a diagram. A clarification for the assignment 
of the budget is found in app. J. 

Step 1 I 2 I 3 I 4 I 5 I s I 7 I s I 9 110 111 1121131141151 16I17I1BI19l20 21 122 
z8.Pick positie i 1 ' ' ' ' ; 

push out of nozzle (1 0 mm) 30 i I i i l 
alianment theta i 40 ! i l ! 
z-stroke down fast (50 mm) ; 60 ! 
piek stroke (1 mm) i 100: I 
applv vacuum I 30 ! ! 
control if product is attached ! ! 10 i I 
z-stroke up fast (50 mm) j 60 ! j 
z-stroke up slow (1 mm) J I ! 60 1 

z8-Piace positie 
push out of nozzle (1 0 mm) 30 ! 
alignment theta : 40 ! 
z-stroke down fast (50 mml J 
placement stroke (1 mm) ! ! !100! 
applv force i I !100 
release vacuum i 30 ! 
control if product is released l ! : 10 ! 
z-stroke up fast (50 mm) I ! i 60 l I 

z-stroke up slow (1 mm) I ! 

11 10 

Vision 
locale fiducial j 25 1 ! ! 25 j I I 125 i i I ! ! i i l j ! I 

liqhtinq 25 ! ! i 25 i ! I i 25 i i I I i i i ! ! 

signal to controller ! j 10 l i 10 i i ! j 10 i i I ! ! ! i ; 

' I 

processing ! 75 i ! 75 I j I 75 i ! l i ! J ! i i I 

Feeder 
position to next product 915 

Total process time (msJ 130 ! 25 i 75 : 40 : 50 : 25 175 ! 30 ! 50 i 25 i 75 ! 30 i 100! 60 ! 100! 100! 30 ! 10 ! 60 ! 150I10olso 11290 I 

Fig. 4-7: Process diagram for the assembly of one component. 

From fig. 4. 7 is seen that the time needed for one piek and place action is 1290 ms. The 
open-loop stroke takes approximately 300 ms. The turret-disc should remain positioned for 
1,1 s. The feeders have approximately 1 s to position the next product. 
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4.2 Nozzle 

In the final concept a turret-disc is used to transport the nozzle from the piek to the place 
position, which is discussed in section 3.3. As mentioned, to reduce costs only two actuators 
are used leading to an innovative design. This lead to two other advantages like a lower 
moving and enhanced fiexibility. The nozzles are fixated to the disc during rotation and must 
be released at the PnP positions. To achieve high throughput, detaching from the disc as 
well as the coupling have to be performed as fast as possible. Easy coupling and fixation is 
therefore desired. For the detaching of the nozzle from the turret-disc an interface between 
the actuator and nozzle is necessary, further referred to as adapter. The requirements for the 
design of the nozzle are presented in app. G.2. 

4.2.1 Coupling 

For the coupling of the nozzle with the turret-disc and the adapter several coupling types 
are considered. A kinematic design, in which all DOF's are constrained once, is chosen from 
the possible solutions presented in app. K.l. The kinematic design is achieved using three 
balls and v-grooves as shown in fig. 4.8. This type of coupling is chosen because it is highly 
repeatable [16]. A disadvantage for this type is the relative low stiffness compared toother 
coupling types, therefore the stiffness of this type is evaluated for this application. For the 
coupling of the actuator a repeatability of :S: 10 pm is necessary. 

Fig. 4.8: 3D visualization of a v-groove with ball design. 

One ball and v-groove construction fixates two degrees of freedom ( one DOF for each contact 
point). A design with three balls and three radial v-grooves with an angle of 120•, fixates six 
degrees of freedom. Since the design is symmetrical, the thermal center can be placed on the 
center axis of the nozzle. The v-groove angle is go·. 
The geometrie design of the nozzle is limited by the vision system. Figure 4.4 shows the 
dimensions for the vision system that are necessary. The design of the nozzle should be 
compliant with these dimensions. The diameter of the nozzle is limited to 30 mm measured 
25 mm from the tip. The diameter of the adapter is limited to the hole in the turret-disc. In 
this way, the contact area of the adapter to the nozzle is also limited. The diameter of the 
rod is 8 mm. Shown below in fig. 4.9, is a picture of a possible nozzle design. 

In this design the nozzle is provided with two sets of three v-grooves. One set is used to couple 
the nozzle to the turret-disc, the other set is used to couple the nozzle to the adapter. The 
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Fig. 4.g: Top view of nozzle design. The red dots indicate the contact area's of the magnets that are 
attached to the turret-disc. 

red cross indicates the thermal center. Given the dimensions above, the maximum diameter 
of the balls of the adapter that is possible is 7 mm. 

4.2.2 Fixation of the nozzle 

When the adapter detaches the nozzle from the turret-disc, the nozzle must be fixated to the 
adapter. During coupling to the turret-disc a fixation is needed also. To achieve this , several 
fixations are possible. A complete overview of the fixation possibilities that are considered 
are discussed in app. K.2. Permanent magnets are chosen for this application for their easy 
and passive fixation. Furthermore, the magnet force can also be used to prestress the balls to 
increase stiffness, which will be further discussed in app. 4.2.3. A disadvantage of permanent 
magnets is its dependency of the airgap on the attraction force, which is discussed in app. 
K.2.1. The magnet force strongly depends on the airgap 19 . When assuming that surface, 
permeability and field strength are constant this yields: 

1 
Fmag ex L2. 

g 

(4.5) 

During accelerations of the turret-disc, the nozzle must remain attached to the turret-disc. 
Consiclering the rotation of the turret-disc, three main forces can be distinguished. The 
gravitational force, a centripetal force and an acceleration force. These forces are calculated 
in app. K.3 and is approximately 5 N. To remain attached to the turret-disc, the force of the 
magnets must be higher than 5 N. 

Depending on the choice of the magnet ( material and shape) the maximum magnet force is 
determined. Manufacturers of magnets provide a wide range of magnets that would suffice. 
The moving mass of actuator, adapter and nozzle however, must be as low as possible. To 
achieve this, a light and powerful magnet is desired. Table 4.1 shows the pull force for different 
types of materials. 

Neodymium magnets (NdFeB) clearly show a better force-weight-ratio (F /m) . For a high 
coupling stiffness a low mass is desired and therefore neodymium magnets are chosen to be 
used as fixation of the nozzle. 
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Diameter [mm] Pull force [N] Weight[g] F/m-ratio 
AlNiCo 10 4 3 1,3 
SmCo5 10 12 3 4 
NdFeB 10 25 3 8,3 

Table 4.1: Pull farces for different magnet materials. 

4 .2.3 Analysis 

To obtain a place action needed for assembly, the adapter attached at the end of the zB
actuator is used to detach the nozzle from the turret-disc. As discussed in section 4.2.2, a 
v-groove coupling is chosen. After detaching the nozzle from the turret-disc a high stiffness 
should be obtained between the balls and the v-groove to ensure accurate and predictabie 
placement. The relation for the stiffness for a spherical contact to a surface C(r,F), is given 
by [17]: 

1 l 
C = 4300 · r 3 · F i , (4.6) 

where F P is the prestress force given in N and r is the ball radius given in m. To achieve a 
high coupling stiffness as discussed above, a high prestress and large diameter of the balls is 
needed. In an idealized case the force F P is perpendicular to the v-groove plane. In fig. 4.10 
this is shown where the prestress force is represented by a black arrow. The stiffness of the 
balls as result of the prestress is indicated in fig. 4.11. 

Fig. 4.10: Schematic representation of prestress Fig. 4.11: Schematic representation of stiffness in 
force. the ball. 

With a the groove angle and F P the prestress force, the force F n on one si de of the v-groove 
can then be de determined to be: 

F: - Fp 
n - 2 . (a) ·sm 2 

(4.7) 
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The stiffness C shown in fig. 4.11, is split up in orthogonal components. The local stiffness is 
determined by substituting eq. ( 4.6) and ( 4. 7) . With a = 90 •, the orthogonal components are 
the same so the equation for the stiffness is obtained by substituting (4.6) in (4.7), resulting 
m: 

1 ( Fp ) i (a) C = 8600 · r 3 · . a · sin - . 
2 · sm( 2 ) 2 

(4.8) 

To obtain a high stiffness, high prestress and large ball radius is desirable. The achievable 
stiffness for a ball v-groove coulpling is shown in fig. 4.12. 

10 

Pre-stress force (N) 0 0 
Bal,.dius (mm) 

Fig. 4.1 2: Achieved stiffness as function of ball radius and prestress with a v-groove angle of 90'. 

As discussed insection 4.2.1, the largest ball radius possible consiclering the overall dimensions 
of the adapter and nozzle is 3.5 mm. The prestress force F P is limited by the peak force of 
the zO-actuator. The peak force is 39 N, as described in app. H .l. The prestress force should 
be lower then this peak force, therefore a prestress force of 30 N is chosen. The stiffness of 
t he coupling is then calculated at 2.5 -104 N·mm- 1 . 

When consiclering only the rod of the zO-actuator with adapter the first eigen frequencies are 
560Hz, with the corresponding mode shown in fig. 4.13. Todetermine the natural frequency 
of the coupled system the coupling is modeled fixated to the adapter. The corresponding 
mode remains the same which is shown in fig. 4.14, however the frequency of t he first eigen 
modes is lowered to 280 Hz. 
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Fig. 4.1 3: First eigen modes of the rod of the 
zB-actuator with the adapter attached are found 
at 560Hz. 

Fig. 4.14: The first eigen modes when the rod, 
adapter and nozzle are connected are found at 
280Hz. 

During the detaching the nozzle from the turret-disc, a callision force between the ball and v
groove occurs. When the callision force becomes too high, the balls and v-groove may deform 
plastically. The design then becomes quasi kinematic, reducing the repeatability. Therefore 
the proposed speed budget should be investigated to see if this speed is applicable. 

The callision force Fe that arises during coupling is given by: 

Fe = Ve · Jm · C(r, F) , (4.9) 

where v e is the callision velocity at impact in, m is the mass and C is the stiffness of the 
colliding bodies. The stiffness again, is a function of the radius and the colliding force [18]. 
Substituting ( 4.8) in ( 4.9) and rewriting it for the callision of three balls hitting the v-grooves, 
this is when the highest callision force occurs leads to: 

Fe= Ve · 1 ( Fe ) i (Q) m · 3 · 8600 · r 3 · . a · sin - . 
2 · sm( 2 ) 2 

(4.10) 

The callision speed is determined by the Hertz-contact stress that can be approximated by: 

(4.11) 
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where 

(4.12) 

with Er the reduced Young's modulus and Ei and 1/i the moduli and Poisson ratio of the 
colliding surfaces respectively. In the case that the colliding surfaces are the same, Er = E. 
And where Rr is the reduced ball radius for two contact area's: 

(4.13) 

with ~ the radius of the contact area's. With v-grooves R2 = oo, resulting in Rr = R1. 

Assuming steel contact area's, eq. ( 4.11) can be further simplified to: 

(4.14) 

The allowed Hertz-contact stress between the ball and v-groove must not exceed the allowed 
Hertz stress of the materiaL So: 

(4.15) 

Sirree <7max = 1.5 · <70.2 [19], <7Hz for harderred steel balls becomes 3000 N·mm-2 [17]. 

Hence, the relation for the permissible force on the ball support can be approximated by: 

Fe< 2 rv 10. 
r 

(4.16) 

From the equations above it is easy to see that for an optimum collision speed, the radius of 
the balls should be large with a low moving mass. The designed parts should therefore have a 
mass as low as possible, with large contact radius. Possible materials to apply for the nozzle 
are discussed in app. K.4. A rapid prototyping material is proposed due to its low density of 
p~lOOO kg·m-3 . 

The collision of the adapter with the nozzle is modeled [20]. The adapter is imposed with an 
oblique sine profile with a travel of 10 mm corresponding with the thickness of the turret-disc. 
Furthermore, this is done in t=30 ms according to the proposed speed budget of section 4.1.3. 
Figure 4.15, shows the position, velocity and acceleration profile of the nozzle as function of 
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Fig. 4.15: Position, velocity and acceleration profile of the nozzle during coupZing to the turret-disc. 

time. At t=22ms, the adapter halls hit the v-groove of the nozzle. At t=30 ms, the nozzle is 
in a stabie position. 

This analysis shows that during detaching from the turret-disc, the nozzle is slightly released 
from the adapter resulting in multiple collisions. The nozzle is however settled within the 
proposed time of 30 ms. Since the nozzle is slightly released from the adapter, the exerted 
force of the magnets on the nozzle is reduced significantly. This is shown in app. K.3 where 
the exerted force as function of time during detaching is plotted. 

Given the profiles shown in fig. 4.15, the allowed collision speed and accelerations are ex
ceeded. Therefore a hall v-groove coupling would not suffice for a fast coupling, plastic 
deformation will occur. The hall-radius could be increased by applying aso called 'beech-nut'
principle or as already noticed in app. K.l, apply other coupling types like quasi kinematic 
of elastic averaging techniques at the cost of repeatability. 

Furthermore, the collision speed of the nozzle with the adapter could be lowered by applying 
more displacement steps lowering the impact velocity, e.g. one step to approach the nozzle 
and one step to couple to the nozzle. Moreover, adapting the design of the nozzle such that 
the top of the nozzle is in plane with the top of the turret-disc would reduce the needed time 
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for displacement. The use of applying damping during callision is not investigted, but should 
be considered to reduce the settling time further. 

4.2.4 Vacuum interface 

During the coupling of the adapter to the nozzle and detaching from the turret-disc the com
ponent must remain attached to the nozzle, therefore a vacuum interface is needed. This 
vacuum interface must provide two functions. First, it must be able to piek and release 
components. Secondly, the components must be held during rotations of the turret-disc. 
Therefore a continues force must be retained and guaranteed. Moreover, after placing a com
ponent a vacuum is no longer necessary for the empty nozzles. To achieve these requirements, 
two principles are proposed: a detachable vacuum interface and a fixated vacuum interface. 
These principles are shown in fig. 4.16 and fig. 4.17. Appendix K.5 gives for both principles 
a practical solution. 

turret-dlsc adapter 
vacuum vacuum 

t t 

component 
attachement 

Fig. 4.16: Detachable vacuum interface. 

turret di se 

Fig. 4.17: Continuous vacuum apply. 

Figure 4.16 shows double vacuum that is connected using a OR-configuration. At the bottorn 
a component is attached. At the top, vacuum can be applied through two holes. One is used 
by the turret-disc and the other can be used by the adapter after coupling. Using the springs, 
the opening is controlled passively. Applying a vacuum, results in an opening of the hole and 
thereby an vacuum on the component. In this way it is possible to completely release the 
nozzle from the turret-disc. Consiclering the production technology of the proposed material 
discussed in app. K.4, the allowed freedom of design should make the proposed design possible. 

In figure 4.17 a controlable vacuum is provided by a vacuum hose. In this way, a contirrous 
vacuum is possible. From section 3.3 it already became clear however, that it is not desired 
to make a coupling between the nozzle and the turret-disc like the Turrethead with guides 
that was presented in fig. 3.13, since the positioning uncertainty of the nozzle is influenced 
by the actuator of the turret-disc. Assuring that disturbances induced by the conneetion are 
either isolated or sufficiently small, should make this principle possible. 
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4.3 xy-stage 

One of the components presented in fig. 4.1 is the xy-stage [21]. In this section its design 
will be discussed. The xy-stage provides the fine alignment of the substrate e.g. the waferin 
three steps, as described in app. 1.3. To provide accurate alignment of the wafer, sub-micron 
positioning in the last step of the xy-stage is necessary. To achieve high accurate positioning 
and stability of the xy-stage several design configurations were reviewed. Figure 4.18, shows 
the final schematic design of the xy-stage. 

Fig. 4.18: xy-stage. 

In the figure presented above, the hearings are indicated in yellow. In green, an elastic hinge 
is shown. This hinge is used to release the over constrained situation between the linear drive 
guides and the guides of the xy-table. The xy-stage is driven with two linear motors where 
in orange/brown the magnetic way is indicated and in red the coils are shown. In green, an 
intermediate body is shown that provides the conneetion between the linear drive and the 
top of the xy-stage where the substrate is placed. Attached at this intermediate body is a 2D 
measuring grid. 

Design criteria that are evaluated during the design of the xy-stage regarding the placement 
accuracy are mentioned below: 

• Drives pointed towards the center of mass vs. drives pointed to the assembly point. 

• 2D measuring grid vs. two 1D linear encoders. 

• Iron co re motor vs. ironless motor. 

• Linear hearing vs. air hearings. 

• Thermal influence. 
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The xy-stage of the LAMA is considered a low-dynamic system since alignment is done in 
three steps. For high dynamic systems driving in the center of mass is preferred. This is 
however only partial possible in the analyzed concepts. Furthermore, assuming a friction 
force of the guides that is equal for all considered concepts, driving to the point of assembly 
results in a smaller lever and thereby a reduced moment. This is illustrated in fig. 4.19. So 
since the xy-stage is relative low dynamic, drives pointed toward the assembly point would 
suffice. 

250 mm 

I 

-·-·-·-·r· -·-·- ·- -·· 
I 

·-·t·-·-·-·-·-·-· ·-

Fig. 4.19: Distance of the bearing to the point of assembly {21}. 

For a stiff xy-stage, a design with a transmission is not desired. Therefore a design with a 
direct drive motor is chosen. Linear drives are chosen to serve as actuator. A direct drive 
mainly consist of two parts: the magnets and the coils. The permanent magnets provide a 
magnetic field B. The coils are placed perpendicular to the magnets and a current I is passed 
through the coils, resulting in a force in a direction according to the right-hand-rule. This 
force is used to create a movement of the sledge. This principle is used in two common linear 
drive configurations: the ironcare and ironless motor. In fig. 4.20 and fig. 4.21 these two 
types of linear drives are shown. 

Fig. 4.20: Ironcare motor. Fig. 4.21: Ironless motor. 

These construction differences between the ironcare and ironless motors result in different 
charaderistics and thus different fields of applications. Some charaderistics are shown in 
table 4.2. 
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Ironless Iron co re 
Peak force I moving mass higher lower 
Continues force I moving mass higher lower 
Efficiency worse better 
Moving mass lower higher 
Total mass I stroke better for small strokes better for large strokes 
Accuracy better worse 
Cogging no yes 
Force ripple yes yes 
Attraction force no yes 
Noise no yes 

Table 4.2: Some charaderistic differences between ironcare and ironless motors indicated qualitative 
{22}. 

The moving mass of the linear motors for the xy-stage must be as low as possible. Typically 
a ironcare motor moves the coil, resulting in a higher moving mass compared to a ironless 
motor. However at ironcare motors it would advantageous for small strokes to move the 
magnets reducing the moving mass. 

The efficiency of ironcare motors is typically higher than ironless motors, since these motors 
are directly linked to the payload. Thus generated heat can be removed better e.g. by using 
water or air cooling, resulting in a better efficiency. 

In the final design however, two different types of linear motors are used. Although the 
analysis showed that an ironcare motor would suffice, for the movement of the lower sledge 
an ironless motor is chosen. Ironcare motors exert an extraction force that is depended 
on the current I , resulting in an extra prestress of the guides. This can be prevented by 
using an ironless motor since these motors do not exert an attraction force on the magnets. 
Furthermore, the moving mass of the ironless motor is less than the ironcore, resulting in a 
lower moving mass. The building volume is also reduced since a part of the drive is placed 
under the xy-stage. Furthermore, this salution leads to the least expensive configuration, 
since ironless motors are more expensive but need less linear guides. 

Currently, TNO is further developing this stage to a working principle. Figure 4.22 shows 
the final redesigned drawing that is used for assembly. In this drawing some simplifications 
should be noted with respect to the original design. 

In the original design, the ironless motor was placed under the xy-stage. To achieve this, the 
other components should be leveled bringing extra costs to the design. To prevent the level 
of the components a bracket is designed between the ironless coil and the xy-stage. Given 
the relatively high mass of the coil, positioned at a fairly long distance from the xy-stage this 
will result in worse dynamic behaviour. Furthermore, the elastic hinges that were supposed 
to release two DOF's are reduced to one elastic hinge thus leaving an over constrained design. 
The infiuence of these simplifications on the dynamic behaviour has to be investigated further. 
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Fig. 4.22: Final draft of the xy-stage as it will be assembled. 

nless motor 

Fig. 4.23: Assembied xy-stage that is currently under development. 

4.4 Turret-disc 

The turret-disc indexes the nozzles to a following position after picking and placing respec
tively. The size of the turret-disc should be as small as possible to reduce the inertia and 
thus needed power for rotations. An increasing diameter would also increase the centripetal 
force to the nozzles which should be limited, because the force of the permanent magnets is 
limited also as discussed in app. K.3. The optimum diameter of the turret-disc is determined 
at 377 mm, which is discussed in app. L. Using a diameter for the nozzle size of 50 mm and 
an intermediate distance of 10 mm, the ideal amount of 25 nozzles (discussed insection 3.2.1) 
cannot be achieved. The amount of nozzles that can be used is limited by the perimeter to 
16 nozzles. In fig. 4.24 the dimensions of the turret-disc are shown. 
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____.-- ------ xy-stage 

Turret-disc actuator 

Feeders 

Fig. 4. 24: Corresponding dimensions for turret-disc size. 

A finite element analysis is performed on the turret-disc to determine the natural frequencies 
of the disc for different types of materials. Figure 4.25 and 4.26 show the first eigen modes 
of the turret-disc with the movements indicated in the figure. 

Fig. 4. 25: The jirst and second eigen mode of Fig. 4.26: The third eigen mode of the turret-disc 
the turret-disc with an natural frequency of 366 with an natural frequency of 383 Hz. This mode 
Hz. The first eigen mode correspond to a rotation corresponds to translations along the z-axis 
around the center point. The second eigen mode 
also shows this movement, however this movement 
is perpendicular to the first mode. 

The turret-disc presented above is modeled without nozzles attached. For the model with 
nozzles, a solid disc is created and the holes where the nozzles can be attached are filled , 
corresponding with the weight of the nozzles. The nozzles increase the weight of the system, 
lowering the natural frequency of the system. In fig. 4.27 and fig. 4.28 the first three eigen 
modes are shown. 
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Fig. 4.27: The first and second eigen mode 
of the turret-disc modeled with nozzles at an 
natural frequency of 346 Hz. The first eigen 
mode correspond to a rotation around the cen
ter point. The second eigen mode als shows this 
movement, however this movement is perpen
dicular to the first mode. 
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Fig. 4.28: The third eigen mode of the turret
disc modeled with nozzles at an natural fre
quency of 367 Hz. This mode corresponds with 
translations along the z-axis. 

Increasing the weight of the turret-disc at the positions of the nozzles, thus rnadeling the 
nozzles, does not affect the eigen modes of the turret-disc. As expected, the natural frequency 
is decreased because the weight is increased while the stiffness remains equal. This decrease 
is limited to a few Hz, which would be sufReient for for the LAMA. 

Table 4.3 presents an overview of the eigen frequenties for steel and aluminium. Like the 
xy-stage, the turret-disc is also used in a low dynamic environment. The calculated natural 
frequency for aluminium would be sufficient. 

natural frequency 
First Second Third 

Disc Steel 364 364 381 
Aluminium 197 197 207 

Disc with nozzles Steel 343 343 365 
Aluminium 187 187 198 

Table 4. 3: Natural frequencies of a turret-disc with and without nozzles attached. 

The inertia by the turret-disc including the nozzles which is discussed in app. L.2, then 
becomes 0.17 kg·m2 . 
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During the detaching from and coupling to the turret-disc, a force is exerted to this disc. 
This force is the highest during the coupling to the turret-disc because it is determined by 
the strength of the magnets of the adapter, corresponding to 39 N. 
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Fig. 4.29: Displacement of the turret-disc in mm during the coupZing of the nozzle to the turret-disc 
with 39 N. The maximum displacement is 0, 18mm. 
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Fig. 4.30: Stresses in the turret-disc in Nmm- 1 during coupZing of the nozzle to the turret-disc with 
39 N. The maximum stress is 10 Nmm- 1 . 

A maximum stress of approximately 10 N·mm- 1 is found at the direct drive motor. The 
proposed materials would suffice for the design of the turret-disc. 
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4.5 Gantry 

The design of the gantry is limited by the area available on the MA 3 testbench. The length 
of the bench is 1080 mm and the width is 850 mm. Furthermore, the height of the gantry 
must be limited too, to obtain a stiff construction. The stroke of 50 mm that is necessary, 
is equal to the distance between the bottorn of the nozzle and the top of the xy-stage. The 
height of the gantry is thus determined by the height of the xy-stage, turret-disc rotation 
actuator, thickness of the turret-disc and height of the nozzles. To reduce the height of the 
gantry the xy-stage should be sunk in the testbench. Figure M.3 shows the gantry design for 
the LAMA. In app. M, the final drawing with dimensions is shown. 

Fig. 4. 31: Final gantry design. 

The size of the gantry is mainly determined by the size of the direct drive with he size of the 
turret-disc and the working area of the xy-stage. 

For the gantry different construction materials can be considered. Table M.1 presents an 
overview of specific material properties that can be used for the construction of a gantry. A 
complete overview of all properties is given in app. M. 

Specific stiffness Ef p af .À-ratio 
[N·m-1·kg-1] [pm·W- 1] 

Impala 0.29·10 1.7 
African black 0.24·108 1.7 
Steel 0.27·108 0.24 
Aluminium 0.26·108 0.11 
In var 0.18-108 0.11 
Composite 0.16·108 8.2 

Table 4.4: Properties of several construction materials for a gantry. 

For the design of the gantry, a high specific stiffness is desired to gain an optimal dynamic 
behaviour, i.e. create a high natural frequency. To remain insensitive to inhomogeneous 
temperature changes, alowaf .À-ratio is desired too. 
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Impala has some slightly better properties for the specific stiffness, however the difference is 
low. The aj À-ratio is better for metals, like the ones mentioned in table 4.4. Composite is 
for both criteria the worst materiaL Consiclering cost for material and the machining costs, 
which are much higher for metals, Impala is chosen for the material of the gantry.As can be 
noticed in the final drawing of app. M, the gantry is constructed of three parts: the top plate 
and two side panels that are symmetrie. In the pictures below the first three eigen modes of 
the gantry are shown to determine if the design is suitable to apply. 

Fig. 4. 32: First eigen mode 
gantry at 569 Hz. 

Fig. 4.33: Second eigen mode 
gantry at 728 Hz. 

Fig. 4.34: Third eigen mode 
gantry at 833 Hz. 

In this model it is assumed that the side panels are fixated in six degrees of freedom to the fixed 
world and the top plate is fixated to the side plates also in six degrees of freedom. Fixation 
can be dorre in three ways that are shown in fig. M.2. Furthermore, isotropie material is 
assumed. However granite is a nature product and its properties can therefore deviate from 
the specified material properties. For rnadeling purposes, average values are used. The first 
natural frequency of the gantry is established at 569 Hz. Even for high dynamic systems 
this natural frequency is considered to be high, so the calculated natural frequency would be 
sufficient for the LAMA sirree it is considered low dynamic. 



Chapter 5 

Placement accuracy 

The LAMA aims at a placement accuracy of 1 pm in x and y, therefore a repeatability of::; 
0.5 pm is necessary. Figure 5.1 shows the difference between the accuracy and repeatability 
illustratively. This chapter gives an estimation of the placement accuracy of the LAMA. 
For the placement accuracy and repeatability of the LAMA, the influence of the production 
accuracy of the component and substrate are neglected. 

Fig. 5.1: From left to right: Low repeatability and low accumcy - high repeatability and low accumcy 
- high repeatability and high accumcy. 

The placement accuracy of the LAMA is in the first place determined by the measurement 
system, i.e. the vision system that is proposed in chapter 4.1.2. The vision system provides 
the alignment of the component and substrate. To reduce the influence of the subsystems 
to the vision system, the vision system can be placed on a separate frame in front of the 
main gantry. In this way the force and metrology loop are separated, which is shown in 
fig. 5.2. The force loop is the loop that can be created from the souree through the force 
guiding elements to the point where the force is needed. The metrology loop is a conceptual 
path through all the physical parts, sensors and controls in the machine that determine the 
location of the tool or probe with respect to the workpiece. 

49 
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Fig. 5. 2: The structural loop is indicated with the green line. The red line indicates the measurement 
loop. 

The metrology loop is indicated with the red line and contains the path from the eed to the 
component or substrate. As a result , abberations introduced by the CCD, lenses and opties 
have a negative impact on the accuracy. 

Secondly, the force loop that is indicated in green also contains two measurement loops during 
the open-loop placement, a measurement loop in the xy-stage and one in the zO-actuator. An 
overlap of the structuralloop with the metrology loop influences the measurements. An inven
tory should be made of the all the errors that contribute to the total positioning uncertainty, 
according to Donaldson [23]: 

It is useful to separate machine tool errors into two categories, repeatable and non 
repeatable errors. A machine tool is repeatable, but not necessarily accurate, if 
it brings the tool into the same position relative to the workpiece each time it is 
commanded to do so. . . . A machine tool that is repeatable is far easier to deal 
with in terms of errors than a non repeatable machine. This is true whether one 
is following a policy of finding and eliminating error sourees or of compensating 
for them. It is also frequently true that if the non repeatability can be eliminated 
from a machine, then the remairring repeatable errors are surprisingly small. 

An apparently nonrepeatable error can be made repeatable by determining the systematic 
relationship to the error source, or it may be reduced to a satisfactory level by bringing the 
error souree under control and/ or by isolating it from the system. Once the significant errors 
are systematic, then physically correcting them or compensating for their effects are effective 
ways to improve accuracy [24]. 

The final placement accuracy after calibration is not only determined by the positioning 
accuracy of the components but also by the drift of the subsystems during the open-loop 
placement. The open loop step takes approximately 300 ms as can beseen insection 4.1.3. 
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Furthermore, for an estimation of the feasibility of the LAMA, a calculation of the error 
contributions in the complete system is needed. The approach that is used to estimate the 
accuacy is the vector norm, given in eq. (5.1). 

(5.1) 

where the exponent p can vary between 1 and 2 ( for conservative and optimistic val u es 
respectively). In the case that the knowledge of all error components is complete, summing 
with p=1 would result in a total error. It is unlikely however that all errors will occur at the 
sametime or place and with the same sign along the direction, i.e. that they are not correlated. 
This makes summing with p=l a bit conservative. Using p=2 gives the expected value of errors 
acting independently from one another, i.e. the errors are correlated. Experience has shown 
that this is optimistic [24]. A common tactic is to average the conservative and optimistic 
estimates resulting in p=l.22 or p=l.33 depending on the amount of error components. A 
common approach when error components are not known results in p=J2 [24]. This will be 
used for the LAMA. 

5.1 Vision 

The main error sourees of a vision system are contributed by the opties. An optical system 
always has abberations. Even carefully designed, produced and assembied lenses have certain 
inherent abberations. Errors that are introduced during fabrication are discussed in app. N.l. 
The use of extra opties like the semi-refiecting mirror, also introduce errors. Production errors 
( discussed in app. N.l.2) and environmental changes, further affect the accuracy negatively. 
Other infiuence that further reduce the accuracy are the lighting (discussed in app. N.1.3), 
the CCD (discussed in app. N.l.4), software and mounting errors. 

Many errors will occur systematically and should be compensated by calibration. However , 
environmental changes like temperature, humidity and air pressure are not systematic, the 
infiuence on the accuracy should therefore be investigated. Although these parameters should 
be controlled in a cleanroom, close to the vision system heat will be introduced by the camera, 
lighting and xy-stage. This will increase the temperature, further affecting the accuracy. 

To give an estimation of the contribution of all the error sourees to the accuracy of vision 
system, the components of the vision system should be accurately known so their infiuence can 
be determined. Even then it is difficult to predict the behaviour the complete vision system. 
At the time of writing the components that make up the vision system are not chosen yet. 
In section 5.5 a budget will be proposed that can be used for further developments of the 
LAMA. 
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5.2 xy-stage 

For the xy-stage an estimation regarding the accuracy was performed [21]. The parts that are 
analyzed are shown in table 5.1. The developed xy-stage has an overlap of the structural and 
measurement loop. By using a 2D encoder the overlap of the loops is reduced to a minimum. 
Figure 5.3 shows the structuralloop of the xy-stage and the part of the measurement loop of 
the LAMA through the xy-stage when using a 2D encoder. 

I I 
JL-- Measurement loop 

______ .."~ Force loop 

Fig. 5.3: Force and measurement loopfora 2D eneader {21}. 

The choice of the linear motor in section 4.3 should lead to the lowest thermomechanical 
error. Analysis of the heat transfer through the xy-stage showed that drift occurs. This drift 
is calculated to be ~ 0.01 pm over a 34 s interval. Given the time of the open-loop stroke, the 
infiuence of the thermal drift of the xy-stage on the placement accuracy can be neglected. 

Systematic X Random U 
x and y [pm] x and y [pm] 

2D-encoder 0.4 0.04 
Abbe-error 0.003 0.16 
Thermomechanical error 0.25 0.16 

xy-stage 0.54 0 .27 

Table 5.1: Predicted position accuracy of the xy-stage after compensation {21 }, with p=/2. 

The estimated infiuence on placement accuracy becomes 0.54 ± 0.27 pm. 
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5.3 zB-actuator 

The accuracy of the zB-actuator is determined by deflections of the rod after mounting the 
adapter to the nozzle. Furthermore, the mounting of the zB-actuator to the gantry and the 
radial runout specified by the manufacturer reduce the accuracy further. 

Mounting error adapter-nozzle (see app. N.2.1) 
Mounting error to gantry (see app. N.2.2) 
Radial runout (see app. N.2.3) 

zB-actuator 

Systematic X 
x and y [p.m] 
::::; 0.05 
::::; 0.05 
::::; 0.05 

::::; 0.11 

Random U 
x and y [p.m] 
::::; 0.03 
::::; 0.01 
::::; 0.29 

::::; 0.30 

Table 5.2: Uncertainty contribution by the zf}-actuator, with p=V'i. 

The estimated influence on placement accuracy becomes 0.11 p.m ± 0.51 p.m. 

5.3.1 Calibration 

The zB-actuator, needs an accurate mapping of the open-loop placement stroke since this 
determine the offset in x, y and B. The systematic error can be reduced to the calibration 
accuracy. During the open-loop stroke, changes in the environment lead to random errors. 
These drift effects that occur cannot be mapped be calibrated. Image information after 
placement should be used to gain knowledge of the random errors for each step and be used 
for the next placement. The expected error after calibrating with laser interferometry in x 
and y, would become :S 0.05 p.m. 

5.4 Gantry 

The gantry is the frame that provides the structure of the LAMA. When the gantry is sub
jected to heat , deformations will occur. This is especially important after calibration and 
drift effects during the open-loop stroke. The main heat souree is the direct drive of the 
turret-disc. Gradients perpendicular to the z-direction in the gantry lead to deflections of the 
beam resulting in an angle (3 and could thereby introduce abberations of the actuator tip. 
The angle (3 can be calculated by: 

(3(xo) = foxo (T2(x) ~ Tl(x)) adx 

= foxo gradTzadx, (5.2) 

where Ti is the temperature over the beam with thickness h and a is the thermal coefficient 
of linear expansion. An overview of the derivation is shown in app. N.3.1. However, since 
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the turret-disc is mounted in the middle of the symmetrie beam and assuming that the heat 
distribution through the gantry is symmetrical, which can freely rotate at the end points, 
only a displacement in z will occur that is shown in tigure N .8. 

z 
----------~--gantry 

- tC7 I -+--1 ___________ -.;:::.-=)--dlrect drive 
c:::==~=====-1 ~==r------------turret-dlsc 

Fig. 5.4: Deftection of the gantry will result in a displacement in z. 

Assuming a temper at ure gradient of D. T = 5 K this will result in a z-displacement of 20 pm 
in z direction. In x and y direction, the defiections will be small given the arguments above. 
Also the drift during an assembly action will therefore be small given the short assembly time. 

Deformation by temperature gradients (see app. N.3.1) 
Defiections due to finite stiffness (see app. N.3.2) 
Abberations due to finite straightness (see app. N.3.3) 
Defiection due to accelerations (see app. N.3.4) 

Gantry 

Systematic X 
x and y [pm] 
::; 0.01 
::; 0.05 
::; 0.001 
::; 0.001 

::; 0.05 

Table 5. 3: Uncertainty contribution by the gantry. 

Random U 
x and y [pm] 
::; 0.001 
::; 0.01 
::; 0.001 
::; 0.001 

::; 0.01 

The estimated contribution to the position accuracy becomes 0.05 pm ± 0.01 pm. 

5.4.1 Calibration 

When the gantry is being deformed considerably and this should lead to defiections of the 
zO-actuators, a temperature model should be implemented to providefora correction model. 
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5.5 System overview 

In the previous sections the accuracy of the subsystems was discussed. This section gives an 
overview of the position accuracy of the LAMA concept. Table 5.4, presents an overview of 
the final system accuracy without the vision system. 

Systematic X Random U 
x and y [pm] x and y [pm] 

Gantry :::; 0.05 :::; 0.01 
xy-stage :::; 0.53 :::; 0.27 
zO-actuator :::; 0.11 :::; 0.30 

Total error :::; 0.59 :::; 0.47 

Table 5.4: Estimated placement accuracy of the LAMA with p=J2. 

The placement accuracy of the LAMA, without the vision system is estimated at 0.59 ± 0.47 
pm. 

For the vision system a budget is proposed that should be used in further developments. This 
budget is shown in fig. 5.5. With this budget, the final placement accuracy of the LAMA 
would then become 1 ± 1 pm. 

Systematic X 
x and y [pm] 

Vision :::; 0.64 

Random U 
x and y [pm] 
:::; 0.75 

Table 5.5: Proposed accuracy budget for the vision system. 

As indicated insection 5.1, the abberations by the vision system are discussed in app. N.l. 
In these appendices, the impact on the accuracy is discussed. To achieve this accuracy, the 
componentsof the vision system need to be accurately chosen. Production errors that occur, 
infiuence the lens abberation significant and even more during environmental changes. Also 
the chosen lighting infiuences the measurement accuracy significant. Furthermore, the vision 
system needs to be calibrated accurately. This should be done for both camera's. Using a 
single reference frame for both camera's, would calibrate for the same error. 
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Chapter 6 

Conclusions and Recommendations 

6.1 Conclusions 

To make future MST deviees commercially available, the costof the products must be reduced. 
This can be dorre by reducing material cost, fabrieation cost and assembly cost. Currently, 
limitations in accuracy and speed exist, whieh limits the further reduction of the assembly 
costs of MST deviees. 

A study of currently available SMT and MST assembly equipment shows that SMT assembly 
equipment is fast but lacks the required accuracy for the assembly of MST deviees, while 
MST assembly equipment is accurate but lacks the required speed that is needed to make 
future MST deviees viable. Therefore, to reduce this assembly cost, a Large area Automated 
Micro Assembler (LAMA) is needed. 

From a concept phase with preliminary designs and combined concepts, the most promising 
concept is chosen. To reduce the expected cost of this concept, a final innovative design is 
obtained, thereby meeting the innovative requirement. 

This final design is made such that al the actuators are directed toward the assembly point 
and measuring is performed according to Abbe's principle, thereby reducing the need for 
calibrations during operation. Fast piek and place actions are achieved by parallel actions 
and further increased by reducing the indexing step of the turret-disc. Furthermore, an 
accurate design is obtained by detaching the nozzles from the turret-disc, thereby reducing 
its infiuence on the position accuracy. 

Analysis of the final design shows that the design of the LAMA looks promising regarding 
speed, accuracy and fiexibility due to its design. lt is expected that that the time for one piek 
and place action will become 1,3 s. The placement accuracy of the LAMA, without taking 
the vision system into account would become 0.59 ]J.m ± 0.47 ]J.m. 

Evaluating the expected speed and accuracy for the LAMA even when the vision system is 
taken into account, shows that a considerable step is made towards the assembly of MST 
devices regarding speed, thereby making future MST deviees cost-effective. 
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6.2 Recommendations 

For a complete and final design of the LAMA, future work is necessary. 

One of the most challenging tasks during the further development of the LAMA will be 
the vision system. The first estimations foresee challenges for accuracy due to the influence 
of the opties but also for the design of the optical system. Furthermore, to obtain good 
results with post-acquisition image processing, high quality lighting components are needed. 
Therefore, appropriate lighting should be chosen, preferably with a short wavelength ~ 500 
nm. Practically, the type of lighting is determined with experiments and will have to be 
chosen differently for each product that needs to be assembled. 

One of the subsystems that is currently built is the xy-stage. Some simplifications to the 
original design are made, which are expected to influence the dynamica! behaviour negatively. 
The influence on the dynamics should therefore be further investigated. 

The coupling velocity and therefore the coupling force F c of the adapter with the nozzle, should 
be reduced to prevent plastic deformation. This can be done by choosing the radius of the 
contacting halls larger, choosing another coupling type or reducing the needed displacement. 
The applicability of the detachement of nozzles in the LAMA should be further explored in 
a test setup. 

The design of the nozzle with a vacuum transit, should be further investigated and tested. 

The accuracy of the zO-actuator that is given by the manufacturer, should be reached by 
calibration and compensated for during placement. 

A test setup should be build to investigate the reflections given above. In this setup, the 
coupling, vacuum retainment and the calibration of the zO-actuator should be combined. It 
should be possible in this setup to extend it with a vision system. 

The use of detachable nozzles on a turret-disc in an assembly machine must be investigated 
for patentability, since this is considered innovative for the LAMA. 



Bibliography 

[1] H. Lwe and S. Kiesewalter. Commercialisation of Microtechnology: A Challenge for 
Small and Medium Sized Companies. Presentation, november 2002. 

[2] R. Thmmala. Fundamentals of Micro System Packaging. Uitgeverij Lemma BV, Utrecht, 
2001. ISBN: 0-07-137169-9. 

[3] Nexus. Nexus MST/MEMS Market Analysis JIJ 2005- 2009. Presentation, 2005. 

[4] J. Sun. Design rules for micro-assembly. Bachelor's project, Technische Hogeschool, 
Utrecht, jan 2005. 

[5] J-E. Bullema. Personal communication, March 2006. 

[6] E. Venninga. Personal communication, March 2006. 

[7] D. Baldwin, J. Belmonte, R. Lasky, and K. Murray. Real-time Cast Estimate Measures 
ROl. SMT Magazine, 1999. 

[8] IPC. 2006. http: I lwww. i pc. org. 

[9] Jedec. 2006. ht tp: I lwww. j edec. org. 

[10] C.S. Koelemeijer and J. Jacot. Cast efficient assembly of Microsystems. MST-News nr.1, 
1990. 

[11] H. Ogawa. Micro-assembly systems. Technical report, Corporate R.D. Centre, Olympus 
Optical CO., LTD. 

[12] T. Paardenkooper. Mechanisch ontwerp van een 3D sensor voor universele meetma
chines. Master's project, Technical University, Eindhoven, Department of Mechanical 
Engineering, Precision Engineering, dec 2001. 

[13] J-E., N. Bruinsma, R. Görtzen, G-J. Burger, J. Vis, and H. van Weerden. Fluidic Multi 
Chip Module: Modular Micro Assembly. International Conference and Exhibition on 
Micro,- Electro-Mechanical, Opto and Nano Systems, 2005. 

[14] Fraunhofer. 2006. http: I lwww. fraunhofer. de. 

[15] J.C. IJzerman. Large area Automated Micro Assembler: Ontwerp transportsysteem. Mas
ter's project, Hogeschool van Utrecht, Werktuigbouwkunde, Fijnmechanische techniek, 
jan 2006. 

59 



60 BIBLIOGRAPHY 

[16] MIT University. 2005. http: I lpergatory. mit. edulkinematiccouplingsl. 

[17] Faculty of mechanica! engineering. Constructieprincipes 1: bedoeld voor het nauwkeurig 
bewegen en positioneren, volume 1. Technica! University, Eindhoven, march 2002. Notes 
from college 4C620, Constructieprincipes 1. 

[18] L. van Rijsewijk. Basic Lay-out design of an opties-carrier and support on to a spindle. 
Technica! report, Technica! University Eindhoven. 

[19] K.L. Johnson. Contact mechanics. Cambridge University Press, 1985. 

[20] Knowledge revolution. Working model 2D. Knowledge revolutions, 1996. 

[21] J.P.R. Jongeneel. Large area Automated Micro Assembler: Ontwerp xy-tafel. Master's 
project, Hogeschool van Utrecht, Werktuigbouwkunde, Fijnmechanische techniek, jan 
2006. 

[22] Etel. 2006. http: I lwww. etel. eh. 

[23] R.R. Donaldson. The deterministic approach to machining accuracy. Fabrication Tech
nology Symposium, 1972. 

[24] Layton Carter Hale. Principles and Techniques for Designing Precision Machines. Ph.d. 
thesis, University of California, feb 1999. 

[25] Frost and Sullivan. 2006. ht tp: I lwww. frost. com. 

[26] Siemens. 2006. ht tp: I lwww. siplace. com. 

[27] Autron Corporation Limited. 2006. http: I lwww. autroncorp. com. 

[28] Assembléon. 2006. ht tp: I lwww. assembleon. com. 

[29] M. de Vaan, J. Krebbekx, and J. Collete. Raadmap precisietechnologie: De uitdaging 
van precisie op micrometers en nanometers. presentation, 2003. 

[30] Fuji. 2006. http: I lwww. fuj iamerica. coml. 

[31] Süss MicroTec. 2006. http: I lwww. suss. com. 

[32] MA3-solutions. Website, 2006. http:llwww.ma3solutions.com. 

[33] KlockeNanotechnik. 2006. http:l lwww.nanomotor.delaa_production_system. 
htm. 

[34] Kloeke Nanotechnik. Personal communication, Februari 2006. 

[35] E.J .C. Bos. Personal communication, March 2005. 

[36] N. Bruinsma. Personal communication, March 2005. 

[37] E. Abbe. Measuring machines for physics. Joumal for Instromental Information, 10. 



BIBLIOGRAPHY 61 

[38] G. van Eijk. Positioneeronnauwkeurigheid van een Piek & Place Robot: onderzoek & 
verbetering. Master's project, Technica! University, Eindhoven, Department of Mechan
ica! Engineering, Dynamic System Design, oct 2004. An assignment commissioned by 
TN 0 Science and Ind ustry. 

[39] R.W.J.M. van Diessen. Nauwkeurigheidsanalyse van een Vision systeem toegepast op een 
MA 3 Micromounter. Afstudeerverslag, Fontys Hogeschool, Eindhoven, Department of 
Mechanica! Engineering, jan 2003. An assignment commissioned bij TNO Science and 
Industry. 

[40] R. Turk. Personal communication, March 2006. 

[41] D-J van Lubek. Demonstrator of a <Pz motor. Master's project, Technica! University, 
Twente, CFT Mechatronics, Drive systems, july 2000. 

[42] Hover Davis. 2006. http: I lwww. hoverdavis. com. 

[43] Laurierinc. 2006. http: I lwww .laurierinc. com. 

[44] MIT University. 2005. http: I lwww. microscopyu. com. 

[45] P.J. de Grood and PhD. MSc. R.J.A. Gorter, MSc. Accurate Piek and Place control of 
Micro Systems manipulators based on 2D Vision measurements. Intelligent manipulation 
and grasping, 2004. 

[46] MVTec. 2006. http: I lwww. mvtec. com. 

[47] Bakker magnetics product folder, 1999. 

[48] L.R. Moskowitz. Permanent magnet design and application handbook. Cahners Books 
International, Inc., 1976. 

[49] R.J. Parker. Advances in permanent magnetism. Wiley-Interscience publications, 1989. 

[50] Hendrik John. Personal communication, March 2006. 

[51] H. Maalderink Personal communication, March 2005. 

[52] Zemax. Zemax learning guide. Wiley-Interscience publications, 1997. 

[53] J. Mooren. Personal communication, Februari 2006. 



62 BIBLIOGRAPHY 



Appendix A 

Market outlook 

This market outlook provides an overview of the currently available assembly machines in 
SMT and MST. This will be used during the concept generation for the development of the 
LAMA. An inventory of automated machines of both SMT and MST markets is made. In 
this inventory only the leading manufacturers are reviewed. In both cases, the placement 
accuracy and speed is examined. In this appendix an overview is presented, in app. C an 
analysis of the machines is discussed. 

A.l SMT assembly machines 

Machines that assembie SMT devices are ubiquitous systems. They camprise the assembly 
of various products. A few examples are found in fig. 1.1, 1.2 and 1.3 of chapter 1. Leading 
manufacturers in the world of SMT placement systems are: Assembléon, Siemens and Fuji. 
Their market share is visualized in fig. A.l and are derived from several market investigations 
from 2002 to 2004. Among others, manufacturer like: MyData, Palomar, Tyco Electronics, 
APS and Panasonic belong. 

Assembleon 
(24%) 

Siemens ( 33%) 

Fig. A.l: Market share of manufacturers in SMT placement equipment {25], {26}, {27]. 
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A.l.l Siemens SIPLACE 

Siemens SIPLACE is a high-tech equipment manufacturer. The placement systems are built 
on a platform that can be expanded and reconfigured individually [26]. In the span of a few 
years, the company has grown considerably to a market share of 33 % [26]. 

Currently Siemens has several SMT placement systems: the SIPLACE series. Table A.l gives 
an overview of these machines with its corresponding configuration, speed and accuracy. 

Model Configuration Speed [cph] Accuracy [pm] 
Placement Area 1 Placement Area 2 PAl PA2 

Siplace S 12 C&P-head 26500 90 
12 C&P-head (6112) 19500 90 
6 C&P-head 17000 70 

Siplace F 12 C&P-head 11000 90 
6 C&P-head 8500 60 
TH 1800 40 

Siplace HF 12 C&P-head 12 C&P-head 28000 60 60 
12 C&P-head 6 C&P-head 23300 60 60 
12 C&P-head TH 17700 60 35 
6 C&P-head 6 C&P-head 18600 60 60 
6 C&P-head TH 13000 60 35 
TH TH 7400 35 35 

Siplace HF3 12 C&P-head I 12 C&P-head 12 C&P-head 40400 60 60 
12 C&P-head I 12 C&P-head 6 C&P-head 35700 60 60 
12 C&P-head I 12 C&P-head TH 30100 60 35 
12 C&P-head I 6 C&P-head 6 C&P-head 29600 60 60 
12 C&P-head I 6 C&P-head TH 24000 60 35 
6 C&P-head I 6 C&P-head 6 C&P-head 27600 60 60 
6 C&P-head I 6 C&P-head TH 22000 60 35 

Siplace HS 12 C&P-head 60000 80 
Siplace X2 20 C&P 40000 30 
Siplace X3 20 C&P 60000 30 
Siplace X4 20 C&P 80000 30 

Table A.1: Overview Siemens SIPLAGE SMT placement systems. 

The presented accuracies are defined in the "Scope of Service and Delivery SIPLACE" and 
specified as four sigma values. Values given above are standard values, better accuracies 
(approximately five pm better) are achieved with Direct Chip Attach (DCA) and Flip-Chip 
(FC). 
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A .1.2 Assembléon 

Assembléon develops a diverse range of Surface Mount Technology (SMT) placement equip
ment . With a marketshare of 24 % [25] they are one of the market leaders in the design and 
manufacturing of Surface Mount Piek and Place equipment [28]. 

Figure A.2 shows the trends in both accuracy and ouptut of machines from Assembléon. The 
left (red) ax:is shows the output per head per hour. The right ax:is shows the accuracy in 
pm. The squared lines indicate when machines are used for high volume processing ('chip 
shooting'), with its corresponding accuracy. Note that this is only the output per head. In 
practice, often multiple heads are used which can increase the output per hour significantly. 
The triaugled lines indicate when the machines are used for high accurate placement. 
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Fig. A. 2: Trends placement uncertainty Assembléon {29}. 

300 

200 

100 

05J.I 

2005 

> n 
8 .., 
Ql 

.Q 
~ 
2. 

In this graph, the performance of several generation of machines from Assembléon are de
picted. E.g. in 1985 another generation assembly machines was used and although the output 
decreased, an impravement in accuracy was achieved with this new generation machine. 

The trend that is seen over the last decades is that outputs increase while the accuracy also 
improves. Using double ax:es, this picture indicates the dependency of accuracy and speed. 
This can be noticed by camparing the red and blue line for each type (squared and triaugled 
lines). Keeping output constant although, a slow increase of placement accuracy is achieved. 
This decrease is enabled by new technology development like vision. 

Two machines that are shown in the graph, the Fast Component Mounter (FCM) and the 
Advanced Component Mounter (ACM) , are currently still used and well-known. Picture A.4 
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and A.3 show the FCM and ACM. 

Fig. A.3: Fast Component Mounter. Fig. A.4: Advanced Component Mounter. 

Currently, the ACM can achieve an accuracy of 9 p.m at three sigma. The maximum output, 
according to IPC-9850 standard, is 4.500 components per hour. The accuracy of the FCM 
is 50 p.m at four sigma. This is much lower than the accuracy of the ACM. This accuracy 
however, is achieved at an output (depending on the configuration) that can take up to 50.000 
to 94.300 components per hour according to the IPC-9850 standard. 

A.1.3 Fuji 

Fuji America has a market share of 20% and is thereby one of the three leading manufacturers 
of SMT assembly equipment. Fuji machines are typically found in North America but also 
Asiatic countries [30]. Fuji has several Piek and Place machines. Currently the two most 
familiar machines are the AlM and NXT series. In fig. A.5, a picture of the NXT-series is 
shown 

Different configurations can be combined depending on the components that must be assem
bied. From their brochure the placement speed and accuracy for the PnP heads is summarized. 
This overview is presented in table A.2. 

Head model Speed [cph] Accuracy [p.m] 
H12S 15000 50 
H08 10000 50 
H04 6000 50 
F04 5400 30 
HOl 3500 30 
OF 2300 50 

Table A.2: Overview Fuji placement heads. 
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Fig. A.5: Fuji NXT scalable placement platform. 

Placing accuracy values are 3() with Cpk ~ 1.00. Where Cpk is given by: 

C 
_ . [USL- Mean LSL- Mean] 

pk- mzn. , 
3 

. 
3() () 

(A.1) 

Cpk indicates how many times three standard deviation can be fitted between the mean of a 
process and the Upper Specification Limit (USL) or Lower Specification Limit (LSL). When 
Cpk :S 1, the processcan be improved. Cpk ~ 1.5 or 2 indicated a good and excellent process 
respectively. 

A.2 MST assembly systems 

Two manufacturers are considered in the market overview of device bonding of MST products. 
The first is Süss Microtec. Süss has a leading market share in advanced packaging. The second 
is MA3-solutions, a TNO spin-off. Furthermore, two research projects are reviewed. The 
Micro Productions System (MPS) of Kloeke Nanotechnik and the 11-Delta. The machinescan 
automatically assemble MST products. Manufacturers of manual or semi-automatic machines 
like: Finetech, Tresky, Essemtec and Zyvex are not considered. Manufacturer like: ESEC, 
with their Micron 5003 and Amicra, with its ADB2000 are not considered because their 
placing uncertainty is above the intended 1 11m and the cycle times are above 1 PnP-action 
per second. Other technology institutes, like IMM and FZK (Germany) and Sandia Labs 
(US) were considered however micro assembly is not their core business anymore [5]. 



68 APPENDIX A. MARKET OUTLOOK 

A.2.1 Süss Microtee 

Süss MicroTee is a supplier of precision technology solutions for markets including Ad vaneed 
Packaging, MEMS, nanotechnology, compound semiconductor and 3D interconnect. Süss 
productscan be extended, meeting the needs in both high-volume production and low-volume 
research and developments environments [31]. Süss has several device bonders that are able 
to assemble MST-products: the PC150, PC250 and the Triad 05 AP. More specific, these 
machines should be able to assemble the demonstrator products mentioned in chapter 2. The 
mentioned PC-series are nearly the same, they only differ in their working range which is 150 
mm and 250 mm respectively. 

FC150 and FC250 

The PC-series can be used to assemble MST-products. In both machines wafer to wafer 
bonding capacity (to 100 mm) is possible, where the PC250 accommodates up to 8" wafers. 
Furthermore, common processes like: flip chip capability, die attach, optoelectronic and pho
tonic devices assembly are possible. The PC-series can be used for the assembly of fragile , 
brittle and tiny components like optoelectronics modules. Pigure A.6 shows a picture of the 
PC150 and fig. A.7 shows a picture of the PC250. 

Fig. A.6: Süss Microtee FC150. Fig. A. 7: Süss Microtee FC250. 

When the PC150 is used as research tool , the assembly time for one component is 60 to 90 
seconds depending the assembly steps. In some cases a throughput of 250 honds per hour can 
be achieved. Products and componentscan be manipulated in six degrees of freedom. Both 
machines have a 1 11m, three sigma post-bonding accuracy (process repeatability). 

The PC-series can handle high bonding loads up to 490 N, with sensitivities up to 30 gram. 
Also, high temperatures (up to 450 OC) are available. Por both configurations cleanroom 
compatibility class 100 is retained. 
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TRIAD 05 AP 

Like the FC-series, the Triad can bond and assembie fragile and tiny parts also. The compo
nents are affered automatically using trays or tape. Multiple techniques can be performed on 
the same line. Figure A.8 shows a picture of the Triad. 

Fig. A.B: Süss Microtee Triad 05 AP. 

The Triad has an postbonding accuracy of ::; 1 pm (up to 0.2 pm) and a speed up to 200 
units per hour (depending on the process). This corresponds to 18 seconds for one assembly. 

A.2.2 MA 3solutions 

MA 3solutions, a TNO spin-off, has developed an automated assembly line to assembie MST 
products. The MA 3 platform brings tagether a variety of module-based process and assembly 
applications implemented within one process station, matched to the specific micro systems 
production process [32]. Individual process stations can be chained to create a custom micro 
system production line. Figure A.9 shows the MA 3 assembly line. 

Within a MA3-project , a Micromounter is developed at TNO in cooperation with MA3-

solutions. The Micromounter is developed for picking, visually align and placing micro objects 
within the MA3-line. Figure A.10 shows a picture of the Micromounter. 
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Fig. A.9: MA 3 assembly line. Fig. A. JO: Micromounter developed at TNO. 

During the development of the Micromounter the purposed accuracy was 5 pm in x and y. 
Duringa follow-up research project after the development this accuracy appeared lower than 
intended. The cause was found in the geometrie design and the vision system. Further
more, the design also limits the flexibility of the machine. This was however not a design 
requirement. In app. C.2.2 a more detailed overview of the Micromounter is given. From the 
follow-up research an accuracy (in x and y) of 10 pm. The speed at which the Micromounter 
operates is not defined during the design stage, but is estimated at 800 cph. 

A.2.3 Micro Production System 

The Micro Production System (MPS) developed by Kloeke Nanotechnik is intended to bridge 
a gap between nano technology and classica! mechanica! engineering. It combines the advan
tages of both technologies: the backlash free movement with nanometer resolution and the 
capability of processing loads up to kilograms, even at large strokes [33]. Typical examples 
of what can be assembled are: glass fibers, laser diodes, RF-mixer, micro systems. Also 
the handling of thin wires and micro sensors is possible with the MPS. Figure A.ll shows a 
picture of the MPS. 

Their are several operation modes possible, including a complete automatic process with 
absolute positioning. Operating with a resolution of 160 nm, a positioning accuracy of 0.2 
to 0.5 pm is possible. The assembly time is depended of the process. This assembly time is 
for a large part attributed to the movements. The base stage can operate with accelerations 
of 10 G. However, this is not possible during assembly while the allowed acceleration of 
assembled productsis much lower. The vertical stroke (one second for up or down) and the 
time for micro gripping determines the total time. The time for micro gripping depends on 
the gripping algorithm this is dependedon the process and product. In the best case a piek 
and place time of approximately 6 seconds can be achieved [34]. 
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Fig. A.11: Kloeke nanotechnik 

A.2.4 p-Delta 

The p.-Delta is developed by the Centre Suisse d 'Electronique et de Microtechnique SA 
(CSEM). CSEM is a institute for micro system technology. A compact p.-Delta robot based 
on parallel kinematics is developed to solve problems in the field of microassembly, such as 
high speed and high precision positioning or flexible path planning. The robot can be used 
for assembly of micro-mechanical systems, MEMS or MOEMS. Figure A.12 shows a picture 
of the p.-Delta. 

Fig. A.12: f.l-Delta. 

The p.-Delta can be considered a tripod since it is standing in three legs. Several p.-Delta 
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robots can be combined in a working cell, to increase flexibility. The functionality of the 
robot can be extended by using dedicated tools, such as micro grippers or micro dispensing 
systems. A vision systems for implementation of visually guided tasks can easily be integrated. 
The p-Delta is able to achieve positioning accuracies of 1 pm. This is however only possible 
in a very limited range. The speed of the p-Delta is defined at 1000 cph. This is however 
without the feeding of components. The actual throughput is therefore estimated at 500 cph. 

A.3 Conclusion SMT and MST 

Typical accuracy available in the SMT industry vary from 10 to 100 pm. SMT machines 
are designed to optimize the throughput. However, the the market trends push the machine 
to higher accuracy levels. To gain insight in today's capabilities, MST machine have to 
be compared unambiguously. This is clone by comparing the placement heads of different 
machine types. Figure A.13 shows the achievable accuracy as function of piek and place 
speed. 

i .::. 

l ., 

100000 

10000 

1000 

100~------------~------------~----------~ 

0.1 10 100 

Accuracy [~m) 

1. Siemens SUlLACE 12 CII.P 

2. Siemens SIPL.ACE 6 C69 
3. Siemens SIPLACE Twinhud 
4. A.ssembléon FCM 
S. Assemblêon ACM 
6. Fuj i H12S 
7 . Fuji FM 

Fig. A.13: Speed vs. accuracy SMT placement systems 

The red line indicates a exponential trendline, used to underline the limitations between speed 
and accuracy. SMT manufacturers currently, are developing modular and parallel placement 
machines that can easily be adapted to the customers needs. Modular and parallel placement 
heads can increase the throughput significantly. 

MST assembly machines generally can achieve higher accuracies, up to submicron. However, 
this is achieved at the cost of speed. Figure A.14, shows the achieved accuracy of MST 
assembly equipment as functions of piek and place speed. 

There are only a few machine configurations available that can achieve processes accuracies of 
1 pm or below while being automated. However, these machines arenotcommercial available 
(Kloeke Nanotechnik) or are very expensive for this application (Süss Micro Systems). 
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Fig. A.14: Speed speed vs. accuracy MST placement systems 

Figure A.l5 makes the difference of the SMT and MST assembly machines clear. SMT 
assembly equipment generally achieves higher speeds while for MST assembly equipment 
higher accuracies are achieved. The reason that SMT assembly systems are faster than MST 
assembly systems can for a large part be attributed to the the standardization in the SMT 
environment, i.e. the rigidity of PCB's differs considerably from that of e.g. wafers. PCB's 
are more stiff, less influenced by environmental changes and can be more effectively handled 
because of the shape. 
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Fig. A.15: Speed vs. accuracy SMT placement systems 

This also indicates the impasse for the LAMA: achieve a high accuracy and high speed with 
limited budget. 
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Appendix B 

Overall requirements 

In this appendix a complete overview of the requirements for the LAMA are given. Most of 
the requirements are derived from the demonstrator processes. The remairring requirements 
followed from personal communications. 

B.l Process requirements 

This section describes the requirements that are derived from the demonstrator processes. 

• For positioning, 4 degrees of freedom (DOF) are necessary: x, y, z, e, as given in the 
list of definitions. 

• Geometrie requirements are summarized in table B.l. 

Stroke Alignment Placement 
uncertainty force 

x 200 [mm] < 1 [Jlm] [NJ 
y 200 [mm] < 1 [Jlm] [NJ 
z 50 [mm] < 1 [Jlm] 3·10-3 ... 15 [NJ 
e 27r [rad] < 0.5 [mrad] [Nm] 

Table B .l : List of geometrie requirements for the LAMA. 

B.l.l Requirements for the assembly of the nanoprobe 

For the narroprobe it is essential that alignment of the components in x, y and z is accurate. 
Furthermore, the very fragile membrane and the stylus have to be placed by means of a force 
controlled loop to avoid damaging. The requirements needed for a good assembly of the 
narroprobe are given in table B.2 [35]. 
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Stroke Alignment Placement 
uncertainty force 

x 20 [mm] < 1 [pm] [N] 
y 20 [mm] < 1 [pm] [N] 
z 16 [mm] < 1 [pm] 3·10-3 [N] 
(} 7r [rad] < 0.5 [mrad] [Nm] 

Table B.2: List of requirements for the assembly of the nanoprobe. 

B .1.2 Requirements for the assembly of the valve component 

See table B.3 for an overview of the requirements of the assembly of the valve component of 
the Fluidic Mmulti Chip Module (FMCM) [36]. 

Stroke Alignment Placement 
uncertainty force 

x 20 [mm] 10 [pm] [N] 
y 20 [mm] 10 [pm] [N] 
z 16 [mm] [pm] 15 [N] 
(} 7r [rad] 10 [mrad] [Nm] 

Table B.3: List of requirements for the assembly of the valve components. 

B.1.3 Requirements for on-wafer assembly 

On-wafer assembly must be performed on wafers of at least 8" (200+ mm), with placing 
uncertainties of :S: 1 pm. Table B.4, gives an overview of requirements towards on-wafer 
assembly. 

Stroke Alignment Placement 
uncertainty force 

x 200 [mm] < 1 [pm] [N] 
y 200 [mm] < 1 [pm] [N] 
z 50 [mm] < 1 [pm] 3·10-3 [N] 
(} 7r [rad] < 1 [mrad] [Nm] 

Table B.4: List of requirements towards on-wafer assembly. 

B.2 System requirements 

• The product must be assembied automatically when components and substrate are 
provided. 
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• Accessibility is necessary to supply feeding and logistics. 

• Feeding for a maximum of five components should be possible. 

• The machine should be fiexible so it can handle a variety of products and remains 
applicable during developments of future devices. 

• To align the feeded components, manipulation of 21r is necessary. 

B.2.1 Interfaces 

• A standard test bench must be used to be compatible with the assembly line of TNO's 
spinoff, MA3-solutions. By using this module it remains possible that the LAMA can 
be part of the assembly cell structure that is already available. Figure B.1 shows the 
test bench. The length of the bench is 1080 mm and the width is 850 mm. The holes 
are used for fixation purposes. The use of this cell limits the area of the design of the 
LAMA. 

Fig. B.l: MA3 assembly cell base plate. 

[? l 

• Standard feeding possibilities used by SMT assembly equipment should be used. 

• Standard European power supply, 230V AC 

B.3 Environmental requirements 

• Cleanroom compatibility of class 1000 is needed for the assembly of the nanoprobe and 
the valve component of the FMCM. Figure B.2 shows the amount and partiele size for 
several cleanroom classes. 

• The temperature of the environment must be stable within 20°C ± 0.1 °C. 

• The humidity of the environment in the cleanroom must be held constant according to 
MA 3 specifications at 45 % ± 2 % RH. 
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' ' ' ' 

Fig. B.2: Arrangement cleanroom classes. 

' ' ' 

B.4 Speed requirements 

The time for one PnP-action shall be tpnp ::; 1 pnp·s- 1 . Note that this is not the time for one 
assembly. To achieve this PnP-time, automatic assembly will be necessary. Excluded is time 
needed for assembly like: dispensing glue, UV-hardening and applying force. 

B.5 Remaining requirements 

B.5.1 Design 

One specific criteria during the development of the xy-stage is to create a design according 
to Abbe's principle. This principle, also known as the first principle of machine tool design 
and dimension metrology, expresses the possibility of a sine error when the measured distance 
and the scale do not move along the same line but are separated. Abbe published this effect 
which is summarized below: 

The measuring instrument is always to be so constructed that the distance being 
measured is a straight line extension of the graduations on the scale that serves 
as the reference. . . . Should the measuring axis and that of the scale belong to 
two different axes, which are separated by a certain distance, then .. . the length 
being read off will beidenticalto the length being measured in general only when 
the moving system . . . undergoes pure parallel motion, with no rotation. If the 
system undergoes a rotation between the initial and final settings, then the scale 
reading and the measured length are different [37]. 
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A graphical representation of this effect is shown in fig. B.3. 

Fig. B.3: The Abbe-principle: the distance from the eneader to the TCP results in an measurement 
error yt::.y. 

During a research project on the Micromounter that is described in app. C, it is shown that 
a measurement not according to Abbe leads to significant errors. These errors however, are 
systematic and could therefore be calibrated and so compensated. However, temperature 
changes require new calibrations to prevent reductions in accuracy. A design according to 
Abbe reduces these effects and thereby the need for calibration. 

Hence, a design according to Abbe generally results in less need for calibrations even during 
temperature changes. 

B.5.2 Innovative 

The machine must be innovative. This is qualified by the following aspects: 

• The developed machine is currently not available in the market. 

• The machine ( or a part) is publishable in an article. 

• The design of the machine (or a part) can be used for follow-up research. 

• The machine ( or a part) is patentable. 

B.6 Costs 

• The budget for the parts of the machine is 65 k€. To achieve this requirement, com
mercial off the shelf (COTS) components must be used. 
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• The budget for the development of the machine (engineering) costs shall not exceed 200 
k€. 

Depending on the final configuration, the requirements of the subsystems are compiled. These 
requirements are further specified in app. G 



Appendix C 

Machine analysis 

In this appendix the machines that are presented in app. A, are further analyzed. This 
analysis is based on the information that is provided by the manufacturers. In some cases 
this information is limited, limiting the analysis as well. 

C.l SMT assembly machines 

In this section SMT assembly equipment that are discussed in app. A, will be explored 
further. 

C.l.l Siemens SIPLACE 

The Siemens SIPLACE assembles PCB's using the Collect and Place principle. The SIPLACE 
serie is equipped with collect and place heads that can operate parallel. The revolver heads are 
each placed on gantry. These heads can be performed differently depending on the assembly 
task. For the SIPLACE three types are available: the 12 nozzle Collect and Place head, the 
6 nozzle Collect and Place head and the Twin Head. In the Collect and Place principle a 
'collection' of componentsis picked (one by one) and transported to the placement position, 
where the components are placed (one by one) . In fig. C.l a schematic picture ofthe machine 
structure is shown. Figure C.2 shows a more detailed picture of a revolver head. 
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Fig. C.2: Schematic picture of a Colteetand Place 
Fig. C.l: Configuration of a Siemens SIPLACE. -placement head. 

Underneath the gantry, PCB'sare feeded. During the assembly task, the PCB'sare fixated. 
Each Collect and Place head can be manipulated in x and y. lncreasing the amount of nozzles 
of a head, increases the weight and thus the needed power for translations. The amount of 
the SIPLACE heads is therefore limited to twelve nozzles. Standard tape-feeders are used 
to enhance compatibility and throughput. The tape feeders are also made vibration free 
for optimal picking. The turret-head rotates over its horizontal axis. During the rotation, 
alignment of the componentsis performed by a vision system. Once the component is rotated 
to the point of placement, the component is aligned and ready for placing. To increase the 
throughput of a factory, SIPLACE machines can be added parallel. In this way maximum 
productivity is achieved by making use of the maximum capacity of the production line. 

C.1.2 Assembléon 

At Assembléon, PCB'sare feeded by a transport system that places boards underneath the 
H-drive. During assembly these boards are fixated to the base frame. The H-drives serves 
as xy-robot for picking and placing components. To increase throughput and fiexibility, four 
placement heads are attached to the x-sledge. The configuration overview of the ACM is 
shown in fig. C.3. 

To the x-sledge also a camera is attached, used todetermine the alignment of the PCB (BA
camera) with respect to the placement head. This is clone by using the printed markers 
on the PCB, the fiducials. Components are offered to the placement heads by tape-feeders. 
This is clone at the side of the frame, by feeder trolleys. Before a component is placed, each 
component is aligned with use of a camera that is positioned to the base-frame (CA-camera). 
From both camera measurements the offset in x, y and e is determined to the placement 
position. 

The amount of placement heads determines the weight of the x-sledge. The weight of the x
sledge causes static defiections of the x-beam. Furthermore, the increased weight also increases 
the amount of power needed for accelerations and thereby increasing the induced heat to the 
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Fig. C.3: Advanced component mounter topview. 
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system causing thermal defiections. Increasing the weight, infiuences the dynamica! behaviour 
of the machine negatively. 

C.1.3 Fuji 

The NTX and AlM-series of Fuji arealso gantry based system. To this gantry, actuators are 
attached to provide the movement of the heads in x and y. Since the machine has a modular 
structure, it can easily be extended to increase throughput. To reduce loading times, the Fuji 
NXT-series are provided with a dual conveyor. 

Fig. C.4: A dual conveyor in the NXT -series of Fuji. 

For fast placements two types for backing up the PCB can be used. Ridged backup pins are 
used automatically, where the pins are at a known offset. Another type of backup can be 
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provided by soft pins. In this case impact is absorbed. Soft pins are aften used on small chips 
that need to be assembied with high density. This type can also used when high precision 
componentsneed to be assembled. Figure C.5 shows a picture of PCB board with soft backup 
pins. 

Fig. C. 5: Board support. 
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C.2 MST assembly machines 

In this section MST assembly equipment that are discussed in app. A, will be explored 
further. 

C.2.1 Süss microtee 

In this section the Süss FC150 and FC250 are discussed. The Triad APis not discussed since 
limited information is available from the manufacturer. As became clear from the inventory 
from app. A, the FC150 have many similarities with the FC250. The FC-series will therefore 
be discussed in generaL Figure C.6 shows an schematic picture of the FC-series. In this figure 
some subsystems are indicated. The FC-series are build on a granite base, to provide a stiff, 
thermal stable and smooth surface so air hearings can be used. 

Universa! Bonding Arm 

xy-stage 1 substrate chuck 

Fig. C. 6: Overview of the FC-series subsystems. 
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The substrate chuck is placed on the granite structure. This part provides the manipulation 
ofthe substrate in x, y, zand e. The travel ofthe xy-stage is 300 x 250 mm. This can be clone 
with a resolution up to 0.1 pm. This xy-stage that is shown in fig. C.7, decouples x, y and () 
by a double parallelogram to ensure linearity. Using leave springs, no wear and accuracy loss 
is achieved due to a hysteresis free design. 

XY stage 

Fig. C. 7: The xy-stage provides the manipulation of the substrate chuck. 

Components are manipulated by a 'Reflow Arm'. This arm has a z-travel of 162 mm with 0.5 
pm resolution and uses pitch and roll adjustments for leveling. Pitch and Roll adjustments 
have a travel of 0.57 owith 0.001 are sec. The reflow arm is made of Zerodur, which has a low 
sensitivity for temperature changes. The reflow arm can be used in a force controlled loop up 
to 400 g. Figure C.8 shows a picture of the reflow arm. 

Fig. C.8: The refiow bonding arm made by Süss. 

In fig. C.9 a schematic overview of the reflow arm is given. In this picture the substrate chuck 
of fig. C. 7 is indicated on the bottorn of the granite base. 
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Fig. C. 9: The re flow bonding arm working principle. 
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For high bonding loads that is required forsome applications, a 'Universa! Bonding Arm' can 
be used. Also high temperatures, up to 450 ac are sametimes needed. The bonding arm can 
apply forces up to 490 N, while retaining the accuracy. Forces are guided through a granite 
gantry, reducing positioning abberations to a minimum. Attached to the bonding arm is a 
substrate heating tool, with heating speeds up to 100 ac;s. 

G) Z axls motcr 

® Z axis guide ral 

...-r,;.,...-lllliii.: ...... ~--, ® f're.loading spring 

0 High toroe sensor 
@ Balll'llt I SIJf1N 

® Chip healing tooi 

® Bonded OCJIT'4Xll1lll1 
@ Substrata healing tooi 

@ Substrata healing chuck 
Theta-Z t.nit 

® Low toroe sensor 

0 Bond head wlth cHp heatlng ® ~ stcwers <7R 

c:tld< Md Bal C4> iEMllill uit 

Fig. C.l 0: The working principle of the universa[ bonding arm. 

To align the component and the substrate, a imaging system is designed that can offer sub
micron alignment. Alignment is performed by automatically inserting a reticle between the 
component and the substrate. The images are superimposed before reaching the CCD. A 
short working distance allows high numerical aperture of 0.3 and magnifications of 400x 
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thereby creating high resolutions. For components with low refiection, a laser leveling system 
is available. A schematic picture of the imaging system is presented in fig. C.11. 

Laser Unit 

Fig. C.ll: The working principle of the imaging system with laser leveZing unit. 

The opties are positioned with a xy-stage with a travel of 143 x 44 mm with a stepsize of 1 
11m. Air hearings are used to guarantee verticality of optie axis during the movements in x 
and y. For the use of air hearings, the granite is polished across the entire surface. 

Condusion 

In the PC-series of Süss, the manipulation of the substrate and the component is split up. A 
xy-stage provides the manipulation of the substrate and the refiow arm provides the manip
ulation of the component. High forces can be applied because they are separated from the 
measurement loop. 

C.2.2 Micromounter 

The Micromounter is an automated PnP robot that can be manipulated in four degrees 
of freedom: x, y, z and (). The movement in x and y is performed by a stage with two 
linear motors. The z and () movement is performed by a ze-actuator with a vacuum gripper 
attached. This actuator has a stroke of 50 mm. Furthermore, the Micromounter has two 
vision systems. One fixated camera that is attached at the bottorn of the machine, looking 
up. Another camera is attached to the actuator, and works 'on the fiy', looking down. The 
alignment sequence, of the component and substrate is discussed in app. 1.2.1. Figure C.12 
shows the Micromounter, where the vision system is pointed out. 
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Fig. C.12: Micromounter that is developed, with the vision system pointed out. 

To explain the working of the Micromeunter a schematic picture is show in fig. C.13. Two 
linear motors are indicated that provide the movements in x and y. The stroke of x and y 
is limited to the width of the reals. The motors are connected to a xy-stage. Beneath the 
xy-stage a 2D-measurement grid is provided to measure the displacements. On the xy-stage 
a bracket is made where the zO-actuator and a camera are fixated. 

visioncamera 
attached to 

bracket 

ze-actuator 

vistoncamera 

Fig. C.13: Schematic view of Micromounter. 

In this section an accuracy analysis is presented [38], [39]. In the first part of this analysis, 
the positioning accuracy of the Micromeunter is discussed [38]. In section C.2.2, the contri
bution by the vision system [39] is discussed. Finally a condusion is presented based on the 
recommendations that are given in the indicated reports. 

The maximal achievable accuracy is limited by the resolution of the measuring system. This is 
determined at 0. 7 pm in x and 0.62 pm in y. The accuracy of the zO-actuator doesn't achieve 
the desired accuracy of 0.5 pm. The force that maximum can be exerted by the zO-actuator 
is 10 N. 
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Positioning limitations 

The accuracy of the positioning of the assembly stage is influenced by several aspects. These 
aspects are discussed below. 

• Aberrance due to dynamica! behaviour. 

Enforced movements show damped vibrations and positioning by leaps and bounds. 
The cause of this behaviour is devoted to power amplifiers (of the linear motors) that 
can only process a limited resolution. The signal of the ruler cannot sufficiently be 
interpolated. 

Vibrations of 10 Hz are dominating the measuring signal, due to the rotations of the 
zO-drive. 

Vibrations of 210 Hz are dominating the measuring signal, due to the eigenfrequency of 
the mechanica! design. 

Overshoot is depended of the displacement-distance. By altering the displacement
distance, the speed and acceleration are also modified, which leads to overshoot. 

• Reproducibility. 

The only influence on the reproducibility comes from the alteration of the displacement
distance. There is no obvious cause that can be attributed to the reproducibility. 

The final step in x and z, which is performed open-loop, reduces the reproducible further. 

• Thermomechanical behaviour 

Due to limited temperature readings it was not possible to make a sufReient accurate 
model that could predict the positioning aberrancies. 

The zO-actuator and vision camera are the heat sourees that show significant contribu
tion to heating of the machine, the influence of other heat sourees are negligible. 

The heat sourees are found close to the point of assembly. The induced heat therefore 
contributes fast to the thermomechanical aberrancies. 

• Geometrie aberrance. 

The measured position, due to geometrie errors (as Abbe) can be reproduced accurately, 
even though the distance between the 2d-measurement grid and the assembly point 
is 200 mm. Yet the positioning aberrance is strongly depended of the direction of 
movement and is mainly determined by the geometrie abberations. 

Vision system 

The vision system of the Micromounter is analyzed by positioning a camera above a predefined 
shape. The aberrance is determined by subtrading the measured values from the (known) 
predefined shape. The aberrancies that occurs in the lenses and CCD are reduced by a higher 
order polynomial map. 
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• Vision aberrancies. 

Translation between different coordinate systems (e.g. metric to pixel and visa versa) , 
numbers are rounded by the operation system with a accuracy of 0.1 p.m. 

The dimensions of the pixels are determined by the given specifications of object area 
and field angle by the manufacturer. 

The pixel size is not equal in x and y. This is not specified by the manufacturer and is 
caused by the production process. The pixel size variations cause measurement errors. 
Calculations that are performed to establish the dimensions of the pixels are difficult , 
because the aberrance reproduce. It is beter to do judgement about the vision system 
with direct measuring the system. A correction algoritme is made up for pixel-size
variation. 

Distortions in the direction of movement, which are attributed to aberrancies of the 
lenses, causes measurement errors. 

Distartion in one axis that is measured, is attributed to the limited perpendicularity of 
the axis. 

Angle distortions between coordinate systems, result in aberrancies is x and y 

Measurements that are (partially) made up basedon calculations ensure the aberrancies 
propagation, because of the hypothesists and round up's that are made. 

The influence of temperature on the vision system is not investigated. 

Condusion 

Based on the analysis that are performed on the vision system and the structural analy
sis mentioned above, the Micromounter does not meet the design specifications, regarding 
assembly accuracy in x and y of 5 :rm. 

To achieve better mechanica! behaviour, the influences of the thermal effects should bemin
imized or reduced. This is achieved by: 

• Placement of the thermal center. 

The thermal center is the only point that doesn't shift , under the influence of different 
thermal expansion coefficients of the used materials. By making sure that this point 
corresponds with the point where assembly takes place, no geometrie aberrancies occur, 
due tothermal behaviour. 

• Thermal loop 

By constructing the thermal loop in such a way, the influence of heat sourees should 
be minimized. To achieve this, the effects due to the length and thermal expansion 
coefficients needs to be further investigated. 

• Isolation of heat sourees 

By adding insulation or heatsinks makes the heat flow to area's with a lower thermal 
resistance. 
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• Model based compensation 

Basedon a model, that can accurate predict the thermic effects, carry out an compen
sation for the positioning. 

• Vision compensation 

By making use of the vision system to align, there can be compensated for thermal 
expansion. Yet the vision system has to have sufficient positioning accuracy. 

The accuracy of the vision system can be enhanced by [39]: 

• Relative positioning: Not the coordinates from the machine zero-point to the object are 
needed for positioning but the coordinates from the center of the camera to the object 
relative to the machine coordinates are important. 

• Make use of a square CCD camera then the infiuence of pixelsize difference is easier to 
adjust . 

• The dimensions of the pixels are determined by the position of the camera, hence they 
are not always the same. 

Apparently the infiuence of temperature on the positioning is significant [39]. Yet this is not 
controlled during measurement , therefore the impact on the repeatability is not known. 

Currently, improvements occurred in the market with regard to technology. Especially vision 
systems and amplifiers have encounter a large step forward. A new component choice is 
necessary with regard to this new information. 
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C.2.3 Micro Production System 

A schematic picture of the Micro Production System (MPS) of app. A is shown in fig. C.14 
[33]. In this picture several components are indicated that are discussed hereafter. 

Fig. C.14: Schematic overview of the Micro production system. 

A gantry provides the basic structure of the MPS. Below this gantry, a high precision xy-stage 
is placed. This is indicated with 1. The stage has a stroke of 350 mm2 with a resolution of:::; 
200 nm. This xy-stage is shown in fig. C.l5. 

Fig. C.15: The frontview of the xy-stage of the lpkf 

This xy-stage is positioned using linear motors and guided with air-bearings. The stage is 
placed on a granite base for high accurate guiding. The high mass is used as stabilization 
during high accelerations of the linear motors. Furthermore, airhearings results in low abber
ations in pitch, rolland yaw. A reproducibility of :::; 1 pm is achieved after error compensation 
by laser calibration. 

Two rotations stages are used, indicated with 3 in fig. C.l4. The rotational stage provide the 
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manipulation of the orientation of the components and substrate. Fixated to the gantry is a 
z-actuator with a resolution of 5 nm over a stroke of 20 mm. 

To determine the orientation, video camera's are used that are indicated with 5 in fig. C.l4. 
The vision cameras determine the orientation with the use of special design vision software 
for pattem recognition. Furthermore, the camera's arealso used for quality controL 

Indicated with 2 in fig. C.14 are the grippers, able to piek up the components. Indicated 
with 4, tooling like micro dispenser or scanning probe microscopescan be attached. 

The micro production system has several operational modes, depending on the volumes that 
must be processed. It can be used manually using joysticks, or a complete automatic closed 
loop process with vision control for the assembly micro parts. 

C.2.4 p-delta 

A general overview of the p-Delta is given in app. A. A graphical representation of the p
Delta is shown in fig. C.16. This p-Delta robot system combines a compact design and a 
large working space. However a part of this working area is needed to piek up parts. This 
leaves a relative small area for assembly. To create a large working space a high robot should 
be necessary. The force loop is then increased howver, reducing the accuracy. 

Fig. C.16: Graphical representation of the JL-Delta. A small (round) assembly area is visible. Compo
nents are feeded at the side of the assembly area. 

The robot is made of a parallel structure and can be considered a tripod since in stands on 
three legs. The moving plate to which an gripper can be attached, is connected by three chains 
consisting of two rods each to the static frame. Each of the chains are connected by a revolute 
joint to an electric motor. Using two parallel rods in each chain, ensures parallel movement of 
the moving plate with respect to the working surface. Stiff and lightweight materials build up 
the moving parallel structure of the robot, whereas the heavy motors and gears are attached 
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to the supporting frame. The stiffness and thus the dynamica! behaviour of this system 
is limited and position depended. Moreover, a parallel design is difficult consiclering wear, 
hysteresis and drift. The controls of the robot is therefore also difficult. 

The p-Delta has three camera's attached for the alignment of the component and substrate. 
One camera is used to determine the orientation of the component at the feeder. Another 
camera is used todetermine how the component is picked by a gripper and the third camera 
is used to determine the orientation of the substrate. The steps are performed one by one. 
The placement stroke is performed open-loop and therefore it is necessary to actuate all the 
actuators. 

The high dynamics of the robot are supported by the control in combination with a high 
resolution encoder. Speeds of three cycles per second need high accelerations. To create an 
even higher throughput , several micro robotscan be placed parallel i.e. like an assembly cell. 
Although a three dimensional movement is possible the repeatability of 2- 4 pm, is basedon 
one (small) stroke. Furthermore the p-Delta is in this configuration not suitable for on-wafer 
assembly. 

C.3 Condusion 

SMT Assembly machines in general make use of gantries for the base frame. A gantry 
provides the structure of the machine. To the base frame actuators are attached, often in 
the configuration of a H-drive. In fig. C.17 a picture of a gantry is shown combined with 
aH-drive. For the drives often linear motors are used, where each motor has its own linear 
guidance and positioning measurement system. In this picture two actuators are used for 
positioning in y. Two actuators are used to increase lateral stiffness of the movements. 

Double y-axls granlte base 

Fig. C.17: Gantry structure that is commonly used in SMT assembly machines. 
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Furthermore, the structure is also provided with an actuator for the x-traveL At this actuator 
placement heads can be attached. 

For the assembly of the PCB's two principles can be distinguished: the Piek and Place 
principle and the Collect and Place principle. At Piek and Place configurations, a single 
component is picked for each assembly. In the Collect and Place principle a 'collection' of 
components is pieked (one by one) and transported to the placement position, where the 
components are placed (one by one). The main advantage of the Collect and Place principle 
over the Piek and Place principle is that the amount of large translations is reduced , i.e. for 
multiple products only one translation is needed to the feeding position. 

MST assembly machines aften have configurations were axes are decoupled. In this way an 
accurate alignment can be performed however also limiting the assembly time since operations 
are processed sequentia!. 



Appendix D 

Preliminary concepts 

This appendix gives an overview of all concepts that are created, based on the design config
urations presented in table 3.1 of chapter 3. The concepts shown in this appendix illustrate 
the basic principles for the configurations. The narnes of the preliminary concepts correspond 
to the narnes shown in tabel 3.2. Furthermore, for each of the concepts some advantages, 
disadvantages and opportunities will be presented. In the description of the concepts, axes 
and rotations correspond to the cartesian coordinate system shown in figure D .1. 

z 

y 

Fig. D.l : Cartesian coordinate system where the degrees of freedom for manipulation are indicated. 

D .l Configurat ion: xy and ze 

When consiclering xy and zO concepts, axes are split up to provide alignment of the component 
and substrate. Splittingup the axes, results in separation of functions. Since the moving mass 
is red u eed , this results in better dynamica! behaviour. 
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D.l.l Concept 1 

Shown in fig. D.2 is concept 1, where an xy-stage provides movement under the zO-actuator. A 
wafer is placed and fixated at the stage, this stage is indicated in as a round area corresponding 
to t he size of the wafer. The tooling can piek and place components by means of a zO-actuator. 

Fig. D. 2: Concept 1. 

Measuring is performed by a 2D-grid under the stage, directed towards the z movement of 
the zO-actuator. This is clarified in fig. D.3. 

~ z6-actuator 

I 
I 
I 
I 
I 

~ 
1- Wafer chuck 

E / / / / / / / / /l--20-measurement grid 

Measurement head 

Fig. D.3: Measurement principle in concept 1. 

Advantages 

• The zO-actuator can be made highly repeatable, since the point of assembly is always 
the same. 
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• Decoupling the axes leads to less mass that has to be moved resulting in a better 
dynamica! behaviour, e.g. heavy zB-actuators are not moved in x and y. 

• Th ere is no need for a ( moving) cable slap attached to the zB-actuator. 

• The gantry can be designed to guide assembly forces with minimale deformation of the 
gantry. 

Disad vantages 

• The zB-actuator is a passive tool. It is not able to transport parts. Hence, the component 
must be offered under this actuator for assembly. A special feeding system is needed, 
which is shown in figure D.2. 

• All products and components have to be gripped or clamped at the disc during move
ments of the xy-stage. This is unfavourable for semi-assembied products, limiting the 
allowed acceleration of the xy-stage. 

• A moving cable slap is necessary for the xy-stage. 

Opportunities 

• The round stage, can be performed as a squared one. At the side of the xy-stage there 
will then be space for providing components. 

• Multiple actuators can be fixated to the gantry to performing different tasks, e.g. dis
pensing glue or UV-harding. 
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D.1.2 Concept 2 

Concept 2 makes use of a planar motors for the xy-stages. This design can be extended to a 
larger scale, resulting in an assembly-line. An example of a planar drive is shown in fig. D.4. 

Fig. D.4: Planar drive. 

The idea has for an assembly line is a study for research on Berkeley University. The stages 
move over a magnetic plate and the position is measured using hall-sensors. The accuracy of 
planar systems goes down to 8 pm. The gantry with the zO-actuator attached, can be one of 
many assembly points. To provide components at the moving stages an extra coarse robot 
needs to be added as shown in fig. D.5. The working range of the xy-stages is limited by the 
cables of the xy-stages. 

Fig. D.S: Concept 2. 

Advantages 

• Large freedom of motion for the xy-stages. 

• Wafer assembly with a 200+ mmstrokeis possible. 
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Disadvantages 

• The costs are determined by the controls, which are expensive for this solution. 

• Intended accuracy is too low. 

• The coils of the xy-stage are directly attached to this stage. Heat is introduced directly 
under the stage, resulting inthermal defiections. 

• This concept is part of a research project. The feasibility shows that this is a complicated 
salution that still needs further investigation. 

Opportunities 

• By applying a fine stage alignment on the xy-stage like a piezo stage the desired accu
racy can be achieved. However, the axes will be stacked resulting in worse dynamica! 
behaviour. 

• Multiple stages with multiple tool positions increase throughput . 

• Extendibility to an assembly factory [? ]. 

D.2 Configuration: yz and x() 

D.2.1 Concept 3 

In this concept components are picked while moving along the x-axis. The components are 
affered within the range of the axis. After picking the component, it can be assembied at the 
substrate. The substrate is positioned on the yB-stage. Moving along, tools can be changed 
in a dedicated toolstation. Measurement of the stage is performed by a laser interferometry 
system. 

Advantages 

• Tooling is positioned under the gantry. Forces are lead through the beam causing no 
moments in a static situation. 

• A logical path for assembly is constructed. Each step for assembly is performed on the 
pathof movement. 

• The rotation () is placed at the the x-stage. The rotation can in this case be borneover 
a larger area enhancing the repeatability. 
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Fig. D. 6: Concept 3. 

Disadvantages 
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• The rnaving cableslap at the yz-slide influences the dynamica! behaviour. 

• After the manipulation of(} on the x-stage large displacementscan be necessary for the 
next alignment . 

• Creating a logical assembly path increases the length of this path and should be less 
than the lengthof the testbench discussed in app. B. 

• For picking, all components have to be affered precisely in x. 

• The logical assembly path is performed serial resulting in low throughput. 

• With large strokes over the gantry, static deflections and bending moments are intro
duced. 

Opportunities 

• This concept can also be made as an xz(J and y-system. 

• Extending the design to a y(J on each side of the gantry enhances the flexibility and 
throughput. 

• Extend the number of heads to increase the throughput, so component can be supplied 
on two sides. 
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D.3 Configuration: xyB and z 

D.3.1 Concept 4 

The concept shown in fig. D.7 shows a coarse positioning system with a fine positioning 
system attached. The relative low stiffness of a SCARA-robot is compensated by a stiff, 
accurate and fast actuator like a piezo stage. A grid between the coarse and fine stroke 
provide accurate position information of the fine-stage. The coupling between the coarse and 
fine stage must be developed further. The manipulation of B is extracted from the SCARA. 

Fig. D. 7: Concept 4. 

Advantages 

• Using a coarse-fine system results in a cheap salution i.e., there is only need for accuracy 
at a small area, which will be positioned by the coarse stroke. 

• The coarse-fine system is used to compensate the dynamica! behaviour. 

• The use of the SC ARA is a known salution in the MA 3 -assembly line and could therefore 
easily implemented to the assembly structure. 

Disadvantages 

• Assembly forcesof 15N influence the uncertainty significantly over large strokes of the 
SC ARA. 

• The throughput is limited, because the assembly process is performed serial. 

• The measurement salution that is drawn up must be developed ft1rther to make a 
practical implementation. 
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D.4 Configuration: xze and y 

These concepts show resemblances with SMT assembly machines. Concluded from app. C is 
that SMT assembly machines often are built on gantry structures to provide manipulation. 

D.4.1 Concept 5 

Like in SMT assembly machines, the substrate is moved under the actuator on a y-stage. 
Attached to a gantry, a xz() stroke provides t he manipulation of the component . The drive 
is pointed towards the point of assembly. The guides for the x movement are separated from 
the actuator and designed symmetrical. 

Fig. D.B: Concept 5. 

Advantages 

• Driven in the center of mass and points to the assembly point. 

• Parts can be provided easy, due to the good accessibility. 

• The heat produced by the x-actuator is separated from the manipulation of the com
ponent. 

• Drive and guide are separated. 

• A low construction is possible, reducing the deflections of the gantry. 
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Disad vantages 

• The length of the stroke, limits the building area. 

• Measuring the x-position at the slides with linear encoders, introduces Abbe-errors to 
the system. However, measurement can also be done at the point of assembly with a 
grid positioned under the y-stage. 

Opportunities 

• The e motion can also be placed on the y-stage increasing the area over which the 
rotation can be borne. 

D.4.2 Concept 6 

Concept 6 shown in fig. D.9 , provides a rotational movement that can piek and at the same 
time place components. This basic idea can easily be extended towards more tooling for 
higher throughput. At one side the components are picked up on the fiy and at the same 
time components are placed on the (moving) assembly position. The rotating behaviour of 
the turret also provide alignment of e. The orientation of the component is measured by a 
vision system on the fiy. 

Fig. D.9: Concept 6. 

Advantages 

• More tooling increases the throughput. 
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• The design is suitable for a continuous process and thereby increasing the througput . 

Disad vantag es 

• For a continuous process a rotational slider is necessary to provide power, signal and 
vacuum. 

• Increasing the amount of toolings, leads to a larger moving mass and will increase the 
cost . Furthermore, higher accelerations of toolings are needed. 

• Only one location for picking and one location for placing is possible. 

• The proposed continues process is difficult for programming. 

• Placement force of 15 N leads to difficulties consiclering placement times and deflections 
of the disc. 

Opport uni ties 

• At the end of the turret, an extra actuator can be provided for separately providing the 
alignment in () , leading to less complex programming. 

• lt is possible to add other types of feeding to the concepts at the sides. 
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D.5 Configuration: xyzB 

In this concepts all manipulation possibilities are combined in to one configuration. 

D.5.1 Concept 7 

In concept 7, two linear drives are positioned perpendicular to the hearings. The stator of 
the drive is attached at the slide and the drives point towards the point of assembly. At the 
end of the drives, a zB-actuator is fixated. 

Fig. D.lO: Concept 7 

Advantages 

• The Abbe-error is reduces by measuring directly towards the point of assembly. 

• Driving in center of mass is partially possible. 

Disad vantages 

• The configuration needs a large area. The position of the zB-actuator, influences the 
area outside the assembly stage. 

• Stiffness of the system in z-direction makes the drives bend due to the weight of the 
tooling. 
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• It is not possible to drive exactly in the center of mass. Closer towards the intersection 
point of the guides this will be better. This is clarified with fig. D.ll, where the center 
of mass is indicated for each drive. 

I 

+--------Center of ma ss 

I-------za-actuator 

'-------------------uouble bearlng 

Fig. D.ll: Center of mass for concept7. 

• Guides are stacked resulting in a worse dynamica! behaviour. 

• The rotation of the center body is constraint twice. To release this extra degree of 
freedom, an elastic hinge must be used, reducing the stiffness of the system and thus 
the natural frequency. 

Opportunities 

• With an introduetion of a third slide the stiffness in the z-direction can be enhanced 
and it can be driven in the center of mass. However, this makes feeding more difficult 
and the rotation of the tooling will be constrained three times. 

• A decoupling of the measuring loop from structural loop. 

• This concept can be performed as an xy-stage, in this way the hearings are loaded 
correctly. 
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D.5.2 Concept 8 

In concept 8, the movement of the tooling is provided by two linear drives that are pointing 
towards the assembly point. The zB-actuator, which is not drawn, is hinged at the end. 
This is done elastically, to avoid hysteresis and friction in this point. The linear drives are 
suspended in two rotation points. These points can rotate and are fixated to the structural 
frame. This concept is in many ways similar to concept 7, however rotational ax:es are used 
instead of translational ax:es. 

Fig. D.1 2: Concept 8. 

The working area of the system is limited by the rotational movementsof actuators. Figure 
D.13, shows the working area illustrative. 

Fig. D.1 3: Working area concept 8. 

Advantages 

• Farces are guided through the drives. 
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• By making the stator rotational, virtually no moments are introduced in the system. 

Disadvantages 

• Working area is limited by elastic hinges and the length of the linear drives. 

• Translation from actuator position to xy-position is difficult. 

• The configuration needs a large area. The position of the zO-actuator, infiuences the 
area outside the assembly stage. 

• Ringes in general introduce friction and thus errors in the system, e.g. hysteresis. This 
infiuence the dynamica! behaviour. 

• A moving cable slab needs to be provided for the tooling. 

• When providing the measuring system for the drives, there is no homogeneaus resolution 
over the working area, i.e. the resolution is position depended. 

• Abbe error is position depended. 

• Structural and measuring loop are the same. In both loops elastic hinges are used, this 
reduces the stiffness and thus accuracy. 

Opportunities 

• By providing a fixation for the z-direction, the stiffness of the system is enhanced. This 
could be done by using an air hearing. 

D.5.3 Concept 9 

This concept is similar to the Micromounter, which is discussed in app. A.2.2. In this concept 
the stroke of the zO-actuator (not drawn) , is attached at the end of the xy-stage. Like the 
Micromounter the movement in x and y is achieved by coils moving between magnets. The 
stroke is determined by the width of the coils. 

Advantages 

• The concept is proven to work as shown in the Micromounter. 

Disad vantag es 

• Sealing the concept up, the Micromounter leads to higher cost due to the price of the 
magnet and coils that are then needed. 

• The area on the testbench is increased. 
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Fig. D.14: Concept 9. 

• The moving mass is increased due to the larger magnets that are needed. 

• The magnets are less rigid and the increase in size can influence each other. 

Opportunities 

• Design in Abbe is possible when the tooling is in line with the measurement , thus under 
the drives. 

• The size of the design can be reduced by clapping all the coils to one side. This is shown 
in fig. D.l 5. 
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Fig. D.15: Micromounter principle with reduces area achieved by clapping coils. 
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D.5.4 Concept 10 

A 180•rotation over 'Ij; is used to place the component on the substrate. An intermediate 
vision system is used to align component and substrate befare placement. This assembly 
sequence and the use of vision in this way is considered challenging and innovative. Coarse 
alignment is performed by a SCARA robot that places the components on an intermediate 
body. Fine alignment is performed by a piezo stage. The accuracy of the coarse alignment 
must be within the positioning stroke of the piezo stage. 

The z-stroke is performed by a hybrid control that is placed under the xy mini stage. In the 
case of fragile products a voice coil actuator provides the z-movement. When higher assembly 
farces are needed, the z-stroke is fixated and the servo drive provides the torque needed for 
the placement force. 

Advantages 

. 
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Fig. D.16: Concept 10. 

• Coarse positioning with a SCARA robot, is combined with fine positioning of the piezo 
stage. The stages are separate and not stacked, resulting in a better dynamica! be
haviour and thus higher accuracy. 

• The design is compatible with the MA 3 modular assembly line. 

Disad vantages 

• This concept can place only one product at the time. Extending the concept is not 
possible. 
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• Consiclering on-wafer assembly, a large flap at the rotational stroke is needed for the 
placement of components. This makes a less stiff system and a larger moving mass. 

• To prevent misalignment of the substrate and component after assembly, the height of 
component and substrate must accurately known before assembly. 

• A special damp for wafer fixation needed increasing the weight . A piezo stage can only 
be limited load while retaining accuracy. 

• Bearings of theservodrive have an influence on the hysteresis and drift of the system. 

Opportunities 

• using air hearings at the servo, the 180orotation can be more repeatable. 

• The placement forces can also be performed by an external drive, insteadof using the 
servo drive for force. 
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Appendix E 

Evaluation concepts 

To be able to choose a single design , the designs are evaluated to the requirement that have to 
be met. These requirements are presented in app. B. A matrix is used to create an overview 
for the evaluation. This matrix is shown in table E .l. 

A weighted score is calculated for each concept. A graphic overview of the scores is given in 
fig. E.l. The red line indicates the average score of all the concepts. 
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Fig. E.1: Weighted score per concept 

Concepts 1, 3, 5 and 9 show a score above the average of 517.5. Concepts 1 and 3, and 
concepts 5 and 9 have an score that is equivalent, within 5%. The difference between the 
average score of concepts 1 and 3, and concepts 5 and 9 is 15 %. In app. D, improvements 
per concept are indicated. The scores that are appointed, must be interpreted with caution 
since improvements per concept are possible. From this point of view, concepts 1 and 3 are 
chosen for further analysis. 
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Criteria I 11 factor I Cl C2 C3 C4 C5 C6 C7 C8 C9 ClO 

1 Pos. Accuracy 10 10 6 9 2 8 1 7 3 5 4 
2 Speed (1 PnP /sec) 10 6 9 5 2 7 8 4 3 10 1 
3 Part Cost 9 10 2 9 1 8 6 5 3 7 4 
4 Flexibility 9 8 9 10 2 6 3 5 4 7 1 
5 Engineering cost 9 10 1 8 4 7 6 5 2 9 3 
6 Force (15 N) 9 10 5 9 1 8 2 4 3 6 7 
7 Innovative 8 2 4 3 7 6 8 5 9 1 10 
8 On-wafer assembly 8 10 6 9 2 4 5 8 3 7 1 
9 Compatibility MA3 7 8 1 10 3 2 4 6 5 9 7 
10 Logistic 6 7 10 9 2 6 8 4 3 5 1 

Not weighted score 86 57 86 31 67 56 57 43 71 44 
Weighted score 746 490 734 267 591 473 491 367 618 378 
Difference with average 230,5 -25,5 219 -248,5 75,5 -42,5 -24,5 -148,5 103 -137,5 

Table E.l: The evaluation matrix presented above, is composed through personal communications [5}, {35}, [40} and the advantages and disadvantages 
of each concept that are mentioned in app. D. For each requirement a weighing factor is attributed to denote the importance of the requirements 
mutually. Furthermore, a set of 10 points is attributed per requirements to be divided over the concepts. The 'not weighted score' is the score for 
each concept. The 'weighted score ' is the score per concepts where all the weighted scores are summed. A n average score is then calculated, and a 
difference for each concept is determined. 
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Appendix F 

Costs 

The cost for the components are indicative and are shown in table F.l. Indicated with n, are 
the amount of actuators. 

Single head (n=l) 
Dual head (n=2) 
Turret head (n=2) 

Parts [k€] 
100 
108 
120 

Engineering [k€] 
90 
101 
130 

Table F.1: Casts for the concepts. 

Total [k€] 
190 
209 
249 

The components that are needed for the concepts are discussed in the following sections. For 
some concepts, dedicated solutions are needed that are not discussed. 

F .1 xy-stage 

In all the presented concepts an xy-stage provides the positioning of the substrate. The 
xy-stage consist of several components that are mentioned below: 

• 2D-measurement grid, 3.5 k€. This 2D-measuring grid with measurement head from 
Heidenhain. Also considered are two linear encoders. This price is equal to the price of 
the 2D-grid [21]. 

• Linear drives, 5.5 k€. Included in this price are the magnetic ways and coils for both 
strokes (x and y) and the controller including cables [22]. 

• Mechanica! parts, 8 k€. The design needs a base, with a damping mechanism for the 
wafer. The stage also needs extra hearings and compensation for tilt, roll and pitch. 
This price is estimated through personal communications [40]. 

The total cost for an xy-stage are estimated at 20 k€. 
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F .2 zO-actuator 

For the zO-actuator several manufacturers are considered that are discussed in app. H. The 
cost for a zO-actuator of SMAC with controller and cables included is 3.5 k€. 

F.3 Vision system 

For all concepts a measurement system is needed to align the component and the substrate. 
Depending on the chosen system their are various costs involved. Below components that are 
needed in the vision system are discussed: 

• Vision camera, 5k€. 

• Lighting, 2 k€. 

• Lenses, 5 k€. 

• Controlsystem, lOk€. 

• Opties, 1 k€. 

• Mechanica! parts, 8 k€. 

The total cost for the componentsof a vision system are estimated at 31 k€. 

F.4 Feeder 

Several feeders can be used for the feeding of the components. These feeders are further 
discussed in app. H. An indication for a tape feeder is provided by Hover Davis of 3 k€. 

F.5 Gantry 

For an indication of the cost of a gantry, a typical gantry shown in fig. F.1 is offered. 

The cost for the gantry shown above is 5.5 k€. 



F.5. GANTRY 119 

,_,..... 

+-

~ 10C _, 

'-i-~------------------------------------~ 

Fig. F.l: Gantry of Botech 
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Appendix G 

Requirements subsystems 

The mentioned requirements are based on the main requirements of app. B. Furthermore, 
added are the requirements that are mentioned in the text. The remairring requirements can 
be seen as guidelines for the design and are derived from other reports. 

G .1 Requirements for the vision system 

In this section the requirements for the vision system are given. 

G .1.1 Process requirements 

• A sharp image must be formed in the field of 13 x 13 x 9 mm. 

G.1.2 Performance requirements 

• Accuracy in x and y ::; 0.5 Jlm. 

• Time for image processing ::; 250 ms. 

G.1.3 Environmental requirements 

The vision system must be cleanroom compatible class 1000, as discussed in app. B. 

G.1.4 Cost 

• The maximum cost ofparts is 31 k€. The needed components should therefor be COST. 
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G.2 Requirements for the design of the nozzle 

• The nozzle must be detached from the turret-disc. 

• The nozzle must hold and release components. 

• The nozzle must remain insensitive to inhomogeneous temperature changes. 

• The dimensions of the nozzle must allow to pass through the semi-refiecting mirrors of 
the vision system. 

• Detachment should be performed in 30 ms. 

• The coupling of the nozzle must be cleanroom compatible class 1000, as discussed in 
app. B. 

G.3 Requirements for the xy-stage 

This section describes the requirements that are derived for the xy-stage. 

G.3.1 Process requirements 

• A stroke of 200 mm in x and y must be achieved. 

• The building area is limited to the area of the testbench, discussed in app. B. The area 
on the testbench is 1080 x 850 mm. 

• Allowed point load in point of assembly 2:: 15 N. 

G.3.2 Performance requirements 

Static requirements: 

• Squareness xy-stage compared to the z-axis ~ 3 pm over 15 mm. 

• Pitch ( cjJ): 20 prad. 

• Roll ('Ij;): 20 prad. 

• Yaw (0): 100 prad. 

Dynamic requirements: 

• Drift: ~ 0.01 pm in 1 second. 

• Step 10 mm (sett. < 10 pm): 250 ms. 

• Step 1 mm (sett. < 10 pm): 80 ms. 

• Step 0.1 mm (sett. < 0.1 pm): 130 ms. 
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G.3.3 Environmental requirements 

The xy-stage must be cleanroom compatible class 1000, as discussed in app. B. 

G.3.4 Cost 

• Maximum cost of parts ~ 25 k€. 
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Appendix H 

Vendor components 

In this appendix an overview of vendor components for subsystems that are commercial off the 
shelf (COTS) are presented. At the beginning of each section, an overview of the requirements 
will be presented. 

H.l zB-actuator 

The actuators that are needed for piek an place operations must be able to translate 50 mm 
in z-direction at the piek and place position and make a rotation e of 21r for alignment of the 
components. An overview of the other requirement are given below 

H.l.l Requirements 

Static requirements: 

• Resolution in z :S 0.1 pm. 

• Radial runout rod :S 0.5 pm. 

• e resolution 2 20K counts / revolution. 

• Minimal continues force 2 30 N 

Dynamic requirements: 

• Stroke 50 mm :S 100 ms. 

Environmental requirements: 

• The zB-actuator must be cleanroom compatible class 1000, as discussed in app. B. 

Co st: 

• Maximum cost of parts :S 5 k€. 
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H.1.2 Anorad 

In the Micromounter that was discussed in app. A.2.2 and app. C.2.2 an Anorad actuator is 
used to provide the ze manipulation. Figure H.l shows a picture of this actuator. 

Fig. H.l: Anorad Cyclone. 

The Anorad Cyclone is guided by porous air hearings and is servo driven. A vacuum is offered 
at the tip, by a through hole connection. An overview of the specifications of the Anorad is 
given in table H.l. 

Type 
Stroke [mm] 
Fcont [N] 
Fpeak [N] 
Accuracy [pm] 
Repeatability [pm] 
Radial runout [pm] 
Moving mass [kg] 

Cyclone 
50 
5.9 
11.8 
10 
2.5 
10 
0.3 

Table H.l: Specifications for the A norad Cyclone. 

The cost fora complete system is 5 k€. 

H.1.3 SMAC 

The LAR-55 from SMAC is considered for the LAMA. Figure H.2 shows a picture of this 
actuator. 

The actuator is borne in two directions. The first is an axial hearing besides the linear drive. 
Attached to this hearing is a radial hearing for the guide of the rotational movement. The 
radial hearing can be prestressed in three categories. The first is class T=O. In this class the 
hearing is notpre stressed, resulting in a lower friction. The stiffness however, is reduced too 
which leadstoa worse dynamic behaviour. Secondly, class T=l can be used. Using this class 
the hearing is maximally prestressed. This increases the stiffness and thus dynamic behaviour, 
but also increases wear that leads to hysteresis. Finally, an optimum for the prestress is found 
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Fig. H. 2: SMAC LAR-55. 

in class T=0.5. This class combines both classes, resulting in an optimum for stiffness and 
wear. The actuator is sealed from the environment with a teflon ring. 

Below, in table H.2 an overview of the specifications is given. 

Type LAR 55 
Stroke [mm] 50 
Fcont [N] 24 
Fpeak [N] 40 
Rod diam [mm] 10 
Radial runout [pm] 50 
Moving mass [kg] 0.500 

Table H.2: Specifications for the SMAC LAR-55. 

The radial runout that is defined at 50 pm is systematic so it can be compensated for. By 
applying a more accurate hearing, t he radial runout is reduced by 40 pm to 10 pm. Random 
errors are introduced by the radial ball hearings. The balls have a limited accuracy that is 
difficult to measure or predict. 

Depending on the process and thus process speed, the temperature in the housing can rise 
up to 45 °C. The relative temperature change over one assembly step is not known. 

The costs of a complete system is 3.5 k€. 
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H.1.4 Philips 

A development for a accurate and fast zO-actuator for the Advanced Component Mounter of 
Assémbleon is made by Philips. The development comprehends the possibility to combine 
both zand 0 action in a single actuator [41]. This demonstrator product is worked out further 
by Philips ABT and is currently commercially available. The characteristics of this actuator 
are presented in table H.3. 

Type zO 
Stroke [mm] 56 
F peak [N] 185 
Reproducibility [pro] 1 
Moving mass [kg] 3 

Table H. 3: Specifications for the Philips ze. 

In the design of the actuator, mass compensation is implemented to reduce energy consump
tion of the actuator during standstilL 

The costs for a complete system is 25 k€. 

H.1.5 Condusion 

The zO-actuators of Anorad, SMAC and Philips are considered to use in the LAMA for picking 
and placing components. The requirements that have to be met cannot be fulfilled by the 
investigated manufacturers, given the limited accuracy that is provided by those actuators 
(~ 0.5 pro). SMAC however, indicated that their actuator is currently under development 
to achieve the desired requirements. The LAR-55 is therefore chosen to be used for further 
development. 

H. 2 Turret-disc 

The accuracy of the turret-disc actuator determines the position at which the zO is coupled 
to the nozzle. Fora smooth coupling of the adapter with the turret-disc, the turret-disc must 
at least be positioned within the x::; 0.5r of the balls. The turret-disc must be able to handle 
at least 16 nozzles. 

H.2.1 Requirements turret-disc 

Performance requirements: 

• Positioning repeatability ::; 0.1 mm. 

Environmental requirements: 
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• The turret-disc must be cleanroom compatible class 1000, as discussed in app. B. 

Co st: 

• Maximum cost of parts :::; 10 k€. 

H.2.2 NSK 

For the rotation of the turret-disc a direct drive is of NSK is chosen. This PS-serie direct 
drive is shown in fig. H.3. 

Fig. H. 3: Rotary direct drive of NSK. 

Some specifications of the PS1006-serie direct drive are given in table H.4. 

Type PS1006 
Motor height [mm] 85 
Motor diameter [mm] 100 
Repeatability [are sec] 2 
Inertia [kg·m-2 0.0024 

Table H.4: Specijications for the PS-series. 

Specified by the manufacturer, the accuracy of this drive is 2 are sec. This results to a posi
tioning accuracy of 0,6 pm when the nozzle is positioned at a radius of 125 mm. Furthermore, 
this direct drive is cleanroom compatible. The cost are 2.1 k€. 

This PS1006 is chosen for the drive of the turret-disc. 
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H.3 Component feeding 

Currently there are four standard feeder types available for SMT assembly machines: Tape
feeders , stickfeeders, bulkfeeders and trays. A choice between these possibilities will be pre
sented given the charaderistic derived from the demonstrator process shown below: 

• The component maximally measures 10 x 10 mm. 

• The component has a height of 3 mm. 

• The component is a fragile. 

Bulkfeeders use containters filled with components up to 50.000 parts. Given the fragility 
of the demonstrator product, the parts would be easily damaged. The same holds for stick
feeders, where components are offered by means of vibrating the feeder. The remaining 
possibilities, tapefeeders and trays are shown in the figure below. Also considered is the not 
standard direct-die feeder. 

Fig. H.4: Three feeding possibilities. From lejt to right: tape-feeder, direct die feeder and waffie pack 
trays. 

Common in SMT placement machines are tapefeeders. Tapefeeders are used to feed com
ponents packed in paper, embossed or surf tape. The components are held in the carrier 
tape pocket by a thin transparent cover. High indexing speeds are achieved and can eas
ily be changed by operators. They can be mechanica! activated, pneumatically activated or 
electrically operated by motors [42]. 

Trays are used tofeed large amount of componentsin trays. Waffie pack trays are used to load 
devices such as flip chips and bare die into die-bonders and SMT assembly equipment . In this 
way the handling of the components is reduced. The components are presented at the piek 
position in an array. The feeder must move at high speeds to provide the next component, 
since the piek-actuator is positioned at a fixed position [43]. 

In a direct die feeder a single wafer, vertically loaded into the feeder , is positioned automat
ically. The direct die feeder can extract bare dies directly form the wafer and place it on a 
conveyor belt. It is after transport available to be picked for assembly. The advantage is that 
separate production lines can be combined resulting in less intermediate handling [42]. 

The feeding accuracy is indicated with four parameters: x, y, () and cp, which are indicated in 
fig. H.5 and fig. H.6. The corresponding accuracies for different types of feeding are presented 
in table H.5. 
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>f 

Fig. H. 5: Top view feeder positioning accuracy. Fig. H. 6: Front view feeder positioning accuracy. 

Direct Die Tape/ reel Waffie pack dirneusion 
x 0.15 ± 0.5 0.127 [mm] 
y 0.025 ± 0.5 0.127 [mm] 
() 1 10 - [deg.] 

<P 0 3 - [deg.] 

Costs 60.000 2.000 - 4.000 18.000 - 20.000 [dollar] 

Table H.S: Feeding accuracy for DDF, Tape feeders and Waffle pack feeder. 

The mentioned cost do not for see in fillingcost, when e.g. tape feeder is chosen. 

H.3 .1 Condusion 

In piek and place assembly or placement systems, used in SMT or MST, components have to 
be offered. Several standard possibilities exist that could be used. The feeding accuracy and 
cleanroom compatibility of a tape-feeder is lower than that of the other solutions. However, 
lower cost, better availability and compatibility with MA 3 solutions assembly line makes a 
tapefeeder suitable for research purposes. The design of the LAMA however should remain 
flexible to future developments so that other feeding possibilities can be used. 
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Appendix I 

Vision 

1.1 CCD vs. CMOS 

Charged Coupled Device (CCD) or Complementary Metal-Oxide Semiconductor (CMOS) 
can both be used for image processing. In today's market CCD's and CMOS imagers are 
approaching toeach other in quality and capability. Unlike CCD sensors, which must be read 
out one full line at a time, the pixels in a CMOS sensor can be individually controlled and 
readout. 

A CCD consists of a large number of light-sensing elements arranged in a two-dimensional 
array on a thin silicon substrate. The semiconductor properties of silicon allow the CCD chip 
totrap and hold photon-induced charge carriers under appropriate electrical bias conditions. 
Image generation with a CCD camera can be divided into four primary stages or functions: 

• Charge generation through photon interaction with the device's photosensitive region. 

• Collection and starage of the liberated charge. 

• Charge transfer. 

• Charge measurement. 

An analogy to visualizing the concept of serial readout of a CCD is the bucket array during 
a rainfall measurement. Visualized in fig. 1.1 (a) is the rain intensity falling on an array of 
buckets, which may vary from place similar to photons hitting the imaging sensor. In fig. 
1.1 (b), an entire row of buckets (pixels) is being shifted parallel into the reservoirs of the 
serial register. The parallel register is represented by an array of buckets (pixels), which 
have collected photons (water) duringa single period. The buckets are then transportedon 
a conveyor belt stepwise toward a row of empty buckets that represent the serial register 
and that move on a second conveyor oriented perpendicular to the first. The serial shift and 
readout is illustrated in fig. 1.1(c). Furthermore, it shows the accumulated rainwater in each 
bucket being transferred sequentially into a calibrated measuring container analogous to the 
CCD output amplifier. These steps are repeated until every bucket (pixel) is measured. Then 
an image can be made. 
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Fig. !.1: Analogy for the working principle of the CCD [44}. 

CCD does typically have a higher signal to noise ratio and sensitivity, CMOS sensors are 
typically less expensive. For industrial applications CCD's are commonly available. Given the 
refiections that are presented in app. C.2.2, currently available CCD's should be reviewed. A 
square, higher resolution than used in the Micromounter should be used. Given the refiections 
above, a CCD type image processor is chosen for the LAMA. A Philips FT18, has square 
pixels a resolution of 1024x1024 with an actual size of 7.68 x 7.68 mm. This one of the 
smallest types currently available, reducing the needed magnification. 

I. 2 Visual servoing concepts 

In this section three vision concepts presented en evaluated. Requirements that are discussed 
in app. G.l are used for the evaluation of the concepts. 

1.2.1 Vision on the fly 

The "vision-on-the-fiy" system is used in the Micromounter that is discussed in app. A and 
app. C. A picture of this vision concept is shown in fig. 1.2. 

In this concept two camera's are used for the alignment of the component to the substrate. 
The used vision system is implemented with a black and white CCD camera. This camera 
can distinguish 256 gray values, varying from 0 to 255. These gray values make up the image. 
One camera is fixated to the world another is positioned at a moving sledge. On this sledge a 
vacuum gripper is also attached for picking and placing components. The alignment principle 
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Fig. 1.2: "Vision on the fiy " 

of this concept is further clarified by the four steps that are shown in the figures below. 

" fN " p 
i ~ I ~ ~ ~ 

j ~ ~ 
Fig. I. 3: Step one. Fig. 1.4: Step two. Fig. I. 5: Step three. Fig. I. 6: Step Jour. 

In the first step, see fig. 1.3, it is assumed that a component is already picked up. When 
moving to the assembly position, flying camera A and fixated camera B pass each other 
and an image is taken by both camera's of the reference frame. Using the reference frame 
enables matching of the coordinate systems of both camera's. In this way both camera's are 
calibrated. In step two, see fig. I.4, the sledge with camera A attached, is moved to the 
point where the gripper (which holds the component) is directly above fixated camera B. 
The orientation of the component can now be determined. At step three, see fig. 1.5, the 
upper sledge is moved further so that flying camera A is moved above the substrate (which 
is fixated to the moving base plate). Again an image is taken to determine the orientation 
of the substrate. Sirree the offset distance between the gripper and camera A is fixed and by 
superimposing the images, the distance to the assembly position is known. At this point, the 
assembly step can take place, which is clarified in fig. 1.6. A calculation is performed and 
subsequently the stage is manipulated so that there is no difference left between the substrate 
and component. 

Several 'checkers' are used to recognize features for assembly. Features are extracted using a 
software algorithm provided by the manufacturer. This algorithm enables the possibility of 
measuring objects to subpixelleveL The readout accuracy of the vision system is 0.1 pixel. 
To achieve this , a clear and sharp picture has to be projected on the CCD. The accuracy is 
influenced by the sharpness and depth relation [39]. A small point of focus (small NA) gives 
a good depth of field. 

The mobile camera's coordinate system dependsof the position where a camera frame is taken. 
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At every camera measurement position, a separate coordinate system must be distinguished 
if the camera measurement has to be transformed to the fixed world Coordinate System (CS). 
An important convention in these transformation calculations is that all coordinates must be 
in the same coordinate system prior to any addition or substraction operations on position 
vectors. 

This concept was used in the Micromounter project. The positioning uncertainty of the total 
machine was analyzed [39], [45]. 

Each measurement of a marker or feature can be described as: 

Pc = [ Xe ± D.c ] , 
Yc ± D.c 

(!.1) 

where P c is the position of the marker expressed in terms of Xe and y c and D.c is the maximum 
measurement error due to the limited camera accuracy in camera x and y direction. Hence, 
absolute position error is: 

(!.2) 

In this analysis it is assumed that the D.c is similar in x and y. During this analysis all errors 
were mapped in one model. By using high-order polynomial fits the systematical error is 
reduced using a compensation model. The D.c of the vision system is minimized from an 
accuracy of 35 pm to 2.5 pm by calibrating and correcting for the measured error. 

To calculate the position error eq. (!.3) is used: 

(!.3) 

Since not all the errors are correlated, statistically summing to achieve the position error is 
actually not allowed. The calculated error in formula !.3 is therefore the worst-case error. 
For each step errors occur. In step one the slant position of the cameras result in a parallax 
error. This will lead to deflections caused by height variation. The dissipated heat can be 
compensated for with the reference frame. During step two, expansion of the sledge leads to 
drift. This drift leads to linear and rotational expansion. The gripper will move after the 
final measurement. The slant position of the low camera leads to abberations of a product 
with varying height. The rotation of the sledge by the linear guide leads to a rotation of 
the product. In step three, the same errors are introduced as holds for step two. In step 
four , errors are introduced during placement by deflections of the guide. Furthermore, an 
uncertainty of the z-stroke and drift of the assembly head and the camera contribute to this 
error. For the Micromounter the total position error after compensation is determined at 18 
pm in x-direction. 
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For systematical errors a model can be made to compensate. For this, the errors must 
be known or be measured fi.rst. Within the accuracy analysis of the vision system of the 
Micromounter a compensation model has been made. This compensation model is drawn 
up from a total measurement error with a higher order polynomial fit. What 's left , is noise 
which represents the random errors. For the Micromounter this is established at 2.5 pm in x 
direction [45]. 

1.2.2 Vision alignment using a cornercube 

In this vision concept, component and substrate are aligned with the use of a cornercube. 
Figure I. 7 shows a schematic picture of this concept. 

vi s ion 
co. Mero 

Fig. I. 7: Alignment using comercube. 

After the component and substrate are positioned at the assembly point, a cornercube is 
inserted between the component and the substrate. By superimposing the two images, the 
offset to the assembly point can be determined. This concept is already used in several 
machines. An example is the PC-series of Süss Microtee that was discussed in app. A and 
app. C. A slant position of the cornercube or CCD results in a shift of the images over the 
CCD. Using, <Yincident = <Yreflection, where a is the angle with the optical axis, the allowed 
shift over the CCD can be calculated to be 9 mm for a common size CCD of~" . With an 
estimated length between the cornercube and the CCD of 250 mm, a rotation of approximately 
one degree is allowed. 

A slant position of the cornercube or CCD also results in a spot size variation, according to 
the eosine-error, this is shown in fig. I.8 and fig . I.8. This error can enforce or reduce the 
total eosine error. Figure I.lO shows the worst case error, i.e. when the errors enforce each 
other. 



138 APPENDIX I. VISION 

O.tll 

\ : . 
• • • I 

\ ~ ~ ~ ~ :r 

0.07 

O.IE 

_··:: .~·- , ' ~ ' I . 
: ' I 

:\ I , ...... 
\ / 

.. , 
0 .0 1 ,, 

/ 
0 
-!i .. 3 2 1 0 I 2 3 A 5 

ROIIIIIOI'I t lll'f'llmAielfld CCO[dtal 

Fig. I. 8: Rotation of the CCD. Fig. I. 9: Rotation of cornercube. Fig. 1.10: Worst-case rotation. 

To prevent hysteresis effects during insertion and retraction of the cornercube, the camera and 
the CCD have to be fixated to the same frame. A constant angle between the cornercube and 
CCD is then achieved. The stability of the camera and cornercube determines the accuracy 
that can be achieved. Furthermore, during insertion and retraction of the cornercube the 
throughput is limited by time to a stabie situation. 

1.2.3 Vision alignment with semi-reflecting mirror 

In this concept the component and substrate are aligned using a beamsplitter e.g. a semi
refiecting mirror. Contrary to the cornercube concept, the placement path is not blocked 
resulting in a higher throughput. Figure I.ll shows a schematic picture of the concept with 
a semi-refiecting mirror. The component is attached to the zB-actuator for placement. 

Fig. 1.11: Alignment using semi-refiecting mirror. 

A semi-refiecting mirror is able to let light pass through as wellas refiect light. The height of 
the mirror is positioned such that the optical length of both the component and substrate are 
equal. In this case a clear image is depicted on the CCD. To make both opticallengths equal, 
the zO-actuator is able to move the component down. However, the position of the substrate 
cannot be determined using only one camera. Figure 1.12, shows this problem schematically. 
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Fig. 1.12: Offset when using one camera system. Fig. !.13: Offset compensation with two camera's. 

This offset can be compensated using an extra camera system, which is shown in figure 1.13 
schematically. A schematic picture is presented in fig. 1.14, that shows the overall concept. 

Fig. !.14: Alignment using two camera's 

1.2.4 Condusion 

Consiclering the open-loop stroke of the vision-on-the-fly concept and the blocked placement 
path, the vision alignment with semi-reflecting mirrors will be chosen for further analysis. 
This concept is expected to perform better on both accuracy and speed with respect to the 
other concepts. 

1.3 Alignment sequence 

Since the alignment of the component and the substrate cannot be performed in a single 
step, a three steps alignment is proposed. These steps are clarified with schematic pictures, 
that are shown below. The blue squares indicated the component and the pattem under the 
square is used to indicate the substrate. The crosses on the component and substrate indicate 
the markers needed for fine positioning. 

The first alignment step is performed after the nozzle is just released. Step one of fig. 1.15 
shows a superimposed image of component and substrate. Using the markers on the product, 
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the rotation angle can be determined. The third picture in fig. 1.15, shows the image after 
co ar se aligning e. 

Fig. 1.15: Alignment of nozzle after releasing from turret-disc using markers. 

An offset in x and y is the result after the alignment of 0. Again using the markers the coarse 
offset is compensated by de calculating this offset and translating the xy-stage. Figure 1.16 
shows this sequence. 

_j L _j L 

Fig. 1.16: Alignment x and y after aligning B using markers. 

Since the accuracy of the CCD of the vision system is not sufReient for accurate alignment 
over this field of view (FOV), fine alignment is needed. To achieve fine alignment, a single 
fiducial should be aligned. 

Fig. 1.17: Fine alignment x and y using one fiducial. 
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Speed Budget 

From the introduetion of chapter 4, the given assembly sequence and the measuring strategy 
for alignment became clear. For each step, a time for displacement is estimated and finally a 
speed budget is appointed to each submodule. An overview of this sequence is presented in 
fig. J.l. 

zf.Pkkpos~ 

push out of nozzle 10 mm I ! I I I 
alignment theta ' ! i I ! 
z-stroke down fast (5( mm ! I 
piek stroke 1 mm 
apply vacuum ' ' control ~product is attached I ' ' 
z-stroke up fast (5( mm ' 
z-stroke up slow I mm I I I I i I I ' 

push out of nozzle 10 mm 
alianmenttheta 
z-stroke down fast (5( mm 
placement stroke 1 mm 
apply force 
release vacuum 
control ~ Product is released 
z-stroke up fast (5{1 mm 
z-stroke up slow 1 mm 

locate fiducial ! i ! 
liahtina ' ' ' 
signalto controller I i 
processina l 
lt)'-slage 

---·1= 
move to cosrtion 10 mm I I I I I I 
setteling 10 mu I 

~ 
i I I I 

moderate oos~ionina 1 mm - ! 
setteling 10 mu - ~ fine posnion (tl .1 mm ' 
settelina <1 mu ! ' 
Feeder 
position to nut product 

Fig. J.l: Progress diagram. 

For the displacements of the turret-disc, zO-actuator and xy-stage an oblique sine profile is 
used. Figure J.2 illustrates the oblique sine profile for position, velocity and acceleration. 
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Fig. J. 2: Oblique sine profile for position, velocity and acceleration. 

The displacement of an oblique sine profile is given by: 

t x* t 
XR(t) = x*·--- · sin(27r-) +Xe, 

tm 27f tm 
(J.l) 

with x* the setpoint, XR the reference point and tm the move time of trajectory. In this 
equation a linear part and a sine part can be distinguished. Differential to time leads to the 
velocity of an oblique sine profile: 

x* x* t 
v(t) = --- · cos(21r-) , 

tm tm tm 

from where the maximum velocity can be calculated: 

2x* 
Vmax = -. 

tm 

(J.2) 

(J.3) 
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budget [ms] 
Coarse alignment 10 mm 150 
Settling within 10 pm 100 
Moderate alignment 1 mm 30 
Settling within 10 p 50 
Fine alignment 0,1 mm 30 
Settling within 1 pm 100 

Table J.l: Time budget for different xy-steps. 

Differenting t he velocity profile to time, leads to the acceleration profile that becomes: 

21rx* t 
aR(t) = -- · sin(21r - ) . 

tm tm 

The maximum acceleration then becomes: 

21r ·x* 
amax = t2 

m 

J .1 zB-actuator 
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(J.4) 

(J.5) 

In the turret-disc concept the actuator that is used for the piek and place side is the same. 
For the LAMA the SMAC LAR-55 is considered that is discussed in app. H.l . 

The maximum acceleration of the zB-actuator is derived from the moving mass and continues 
force possible. Using Newton's second law F=m·a, the acceleration is 34 m/s2 . With a stroke 
of 50 mm the time for displacement can be derived, using eq. (J.5). Over a displacement 
of 50 mm, the minimum time is 96 ms. This is however a worst-case estimation since the 
allowed peak-forces are much higher. According to the specifications of the manufacturer, 
accelerations of lOG are possible. With the maximum acceleration, the maximum speed is 
achieved after 5 ms. The estimated time for a 50 mm stroke becomes tzo ~ 60 ms. To estimate 
the time for the remaining actions of the zB-actuator the 50 mm stroke is used as guideline. 
This proposal is shown in fig. J.3. 

J .2 xy-stage 

Given the alignment sequence and vision step, the xy-stage needs to perform several alignment 
steps. Using the configuration of the xy-stage, a budget is proposed en evaluated for its 
feasibility [21] . The final feasible budget is shown in J.l. 
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J .3 Turret-disc 

For a turret-disc with 16 nozzles attached, total displacement per index will approximately 
be 60 mm. The maximum accelerations of the direct drive should be able to index the next 
nozzle in 100 ms. 

J.4 Vision 

Typical CCD frame rates are 40 frames per second (fps). Resulting in 25 ms per frames. 
After filling the CCD with pixels the image is processed by a computer. The time needed 
for processing depend on the doek- and bus frequency and the used software. The time used 
by software is influenced by the algorithm, the si ze of the image ( amount of pixels) and the 
number of bits (color or black and white). The software makes use of algorithms to recognize 
predefined shapes. These shapes are defined bij using a fast fourier transformation (FFT) 
and using a shape based matching tool ( convolution). This takes around 75 ms. The tot al 
time comes to 100 ms. [46]. 

Defining an overhead of 10%, the total time will become tvision ~ 110 ms. 

J.5 Budget 

Using the assembly sequence and the estimations for each step an overview is gained of the 
total assembly time, which is shown in in fig. J.3. The estimated time for one piek and place 
action is 1290 ms. This leads to 0.78 piek and place actions per second. 
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Step 1 I 2 I 3 I 4 I 5 I 6 I 7 I 8 I 9 110 111 112 113 114 115 116 l17l1BI19l20 121 122 
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liqhting ! 25 ! ! ! !25 i i I i 25 ! i I i I j I i i j i 

sianal to controller i i j 10 ! j ! i 10 i i i i 10 i i i i i i i ! i ; ; 

processing i ! 75 ! ! ; ! 75 ! I ! ! 75 i I ! i I I i i ! i ; 
i i i ; i 

Feeder 
position to next product 995 

Total processtime (msJ 130 25 i 75 ! 40 i 50 i 25 i 75 i 30 i 50 ! 25 i 75 i 30 !100! 60 i100i100i 30 ! 10 ! 60 i150I1ool50 11290 I 

Fig. J. 3: Process diagram. 
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Appendix K 

N ozzle design 

For picking and placing a component, the nozzle must be detached form the turret-disc. An 
adapter provides the interface between the actuator and the nozzle. Three functions have to 
be provided by the adapter: coupling, fixation and vacuum interface. To couple the nozzle 
at the turret-disc again, the same functionality must be provided also. For all functions, the 
mass of the nozzle should be as low as possible as should be clear from chapter 4. On the one 
hand, the mass determines the weight of the turret-disc and thereby the needed power for 
acceleration of the disc. On the other hand, the mass of the nozzle determines the allowed 
velocity for two colliding bodies. Moreover, the design must be insensible for inhomogeneous 
temperature changes and a symmetrie design is therefore desired. 

K.l Coupling of the nozzle 

The coupling between the adapter and the turret-disc can be provided in several ways. In 
table K.1 an overview is given for several coupling types with the characteristics. 

Coupling type I Contact type I Repeatability [mu] I Stiffness 

Kinematic Point Excellent ( "" 0.01) Usually low 
Quasi kinematic Line Good ( "" 0.5) Medium to High 
Planar kinematic Mixed Good High 
Elastic averaging Surface Fair ( "" 1) High 
Pin joint Surface Poor ( "" 5) High 

Table K.l: Coupling types with there corresponding characteristics {16}. 

The simplest contact is the pin joint contact. This contact consist of the contact of two 
surfaces. Because surfaces have multiple contact area's the contact area spreads over the 
surface area. This system therefore has a relative low repeatability and is depended on e.g. 
fiatness and surface finish. 

Kinematic couplings fix one degree of freedom for every contact point. Using three halls with 
three v-grooves, exactly six degrees of freedom are fixated. Under high loads however, the 
grooves and halls deform slightly and thus the design becomes over constrained. In this case 
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a quasi kinematic coupling is obtained. The quasi kinematic coupling can also be obtained 
on purpose by using cilinders in stead of balls in combination with v-grooves. In this case a 
higher load is allowed ( the hertzian contact stress becomes higher) and thus the stiffness is 
increased. The design is not exactly constrained anymore, so the repeatability of the coupling 
will decrease. 

A planar kinematic coupling can be a combination of three contact types: pin joint, kinematic 
and quasi kinematic, i.e. the combination of a surface with a line contact and point contact 
in order to exactly constrain the degrees of freedom. Due to the possible combinations, the 
achieved stiffness and repeatability are depended on the chosen design. 

Contrary to the kinematic and quasi kinematic coupling, with elastic averaging techniques the 
design is intended to be significantly over constrained. Pre loading the design will elastically 
deform over the total of contact points. In this way the material will allow that the position 
error is averaged out over the total sum of contact features. The total achieved repeatability 
therefore is much lower than at a kinematic design, however the system allows a higher 
stiffness and lower local stress. 

For the coupling between the adapter and the nozzle, a repeatable deterministic stiff coupling 
is preferred. Combining the best of both aspects is however not possible. A kinematic 
coupling is suitable for a good repeatability, limiting the stiffness and thereby the allowed 
collision velocity which infiuences the throughput negatively. Designing for a high stiffness 
reduces the repeatability. For the coupling of the nozzle with the turret-disc, the repeatability 
of 0,01 pm may be lower. The positioning of the adapter must be such that the nozzle is 
coupled to the turret-disc in x and y deterministically. 

K.2 Fixation of the nozzle 

The nozzle is attached to the adapter or the turret-disc. A fixation is therefore needed in 
the z-direction. The fixation of the nozzle to the adapter and the turret-disc can be done in 
several ways: magnetic, electric, mechanical or with vacuum. To achieve the requirement of 
30 ms for detaching, easy coupling of the adapter to the nozzle and easy decoupling of the 
nozzle from the turret-disc is necessary. Furthermore, to preserve lateral stiffness of the rod 
of the zO-actuator and thus positioning accuracy, the mass at the end of the actuator must 
be as low as possible. 

K.2.1 Permanent magnetic fixation 

Magnetic fixation is subdivided in two categories: permanent magnets and electric magnets. 
For both types of magnetic fixation, the force that can be exerted is given by: 

(K.1) 

where Fm is the magnetic force, A9 is the area of the airgap, P,o the permeability in H·m-1
. 
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B is the field strength and is given by: 

(K.2) 

With /10 the permeability in H/m, N the number of turns and L9 is the airgap. For electric 
magnets the field strength is dependedon the current . Substituting eq. (K.2) in (K. 1) results 
in: 

F= 
(~)2 ·A 

L9 9 

2. /10 
(K.3) 

Assuming Ni, A9 and /10 are constant over a varying airgap, the relation between force and 
airgap becomes: 

1 
FcxL2 

9 

(K.4) 

Depending on shape and material, different relations are possible for pull forces of magnets 
as function of its airgap. Below some examples are presented, indicating the dependency of 
shape and materiaL 
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Fig. K.l: Force as function of airgap. 
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K.2.2 Electro magnetic fixation 

For the fixation of the nozzle to the adapter, a linear voice coil actuator is also possible. 
The fixation stiffness is determined by the the current that influences the field strength B. A 
disadvantage is however, that the induced current is close to the point of assembly. Further
more, the moving mass of the actuator will be increased significantly compared to fixation 
with permanent magnets. 

K.2.3 Mechanical fixation 

For the conneetion of the adapter to the nozzle, a mechanica! fixation is considered. Figure 
K.3 shows a self aligning mechanism for damping to the nozzle. 

;m , , m // 
--~ + ....,,--------

' . I turret dlsc 

• 
Fig. K. 3: Mechanica[ fixation of the nozzle to the adapter. 

Given the time for detaching, a disadvantage is found in the coupling speed. Furthermore, 
this type results in wear of the coupling. The stability of the coupling and the repeatability 
of this solution is low. 

K.2.4 Vacuum fixation 

The zO-actuator is provided with a vacuum through the rod with a single hole. This vacuum 
can be used for fixation of the nozzle to the adapter. This concept is also used by Fuji. 
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Fig. K.4: Vacuum fixation of the adapter to the Fig. K.5: Vacuum fixation of the adapter to the 
nozzle. nozzle with product (30}. 

The rod is provided with a single hole for vacuum transit. The attachment of the components 
must therefore be provided by an external vacuum. 

K.2.5 Condusion 

To maintain a repeatable solution, the amount of cables must be reduced or isolated from 
the turret-disc. Furthermore, wear should be prevented. The coupling and detaching should 
be fast , thus excluding an external controlled mechanism. A heat souree close to the point of 
assembly is also not desired. For the fixation of the nozzle to the adapter and the turret-disc 
a passive element, i.e. an element that provides the fixation function by it self and needs no 
control, should fulfill the requirements. 

Fixating the nozzle with a permanent magnet would suffice. This force induced by the magnets 
can also be used as prestress force to increase the stiffness of the coupling. 

K.3 Fixation force 

During rotations of the turret-disc the nozzles must remain attached. Three farces three farces 
that workon the nozzle can be distinguished: the gravitational force F 9 , a centripetal force 
Fe and the inertia force Fn, also known as Newton's second law. These farces are indicated 
in fig. K.6. Indicated in blue is the resulting force, Ft. 

The gravitational force is given by: 

F9 = mn · g, (K.5) 

where mn is the mass of the nozzle and g the gravitational acceleration. The centripetal force 
is given by: 

Fe = mn · w!ax · r, (K.6) 
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F, 

Fig. K. 6: Corresponding farces that work on the nozzle during rotations. 

where mn is the mass of the nozzle, Vmax the maximum velocity and r the distance to the 
rotational center. 

The force created due to accelerations of the turret-disc is given by: 

(K.7) 

where amax is the maximum acceleration of the turret-disc. The maximum acceleration and 
angular velocity are calculated using the oblique sine profile discussed in app. J. 

The resulting force is then computed with the equation below: 

(K.8) 

Calculating for 16 nozzles and assuming a mass of 0.1 kg for each nozzle positioned on a 
radius of 153.5 mm. The force that acts on the nozzle during rotations becomes 3.3 N. Using 
a magnet force at the turret-disc F mag-t ~ Ft is necessary to keep to nozzles attached to the 
turret-disc during rotations. Standard available magnets offer F mag=5 N. 

For the coupling of the nozzle to the adapter, permanent magnets of the adapter exert a force 
of 30N. During coupling a collision force is exerted on nozzle. This makes the nozzle slightly 
release the adapter. However, due to the magnet force of the adapter the nozzle is being 
pulled toward the adapter again. Figure K. 7 shows the exerted force of the magnets in the 
turret-disc and adapter during coupling. 
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Fig. K. 7: Attraction farces during decoupling the nozzle from the turret-disc. 
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The green line indicates that the force decreases, when the nozzle is being released from the 
turret-disc. The blue line shows the force increasing by the adaptor that is moving towards 
the nozzle. The red line is the total force induced by the magnets. 

K.4 Material choice 

For the design of the nozzle several materials are possible. The design of the nozzle should 
contain small channels for vacuum purposes. Furthermore, it is desired to create a light and 
stiff design since this determines the natural frequency of the system. A flexible production 
method is desired to comply with the aspects given above. For these purposes , several 
rapid prototyping manufacturing methods are currently available, two will be discussed here: 
Selective Laser Sintering (SLS) and Inverted Stereo Lithography (ISL) also known as Photo 
Cure based Layer Manufacturing (PCLM). 

During the SLS process, a laser writes a contour in a polymer (PA2200). The laser enables 
that the material is being hardened. By lowering the the hardened shape step by step and 
creating another layer, the product is formed. Using this technique a free form can be created 
like internal partitions or cases, since the designer is not limited by conventional production 
techniques. 

In the ISL process a liquid photo polymer (Perfactory R5) is used, which is hardened during 
an UV curing. A thin colored liquid layer of Perfactory R5 is placed in a bath made of glass. 
In this process a product is also build layer by layer, using a beamer to project the shape. 
The light of the beamer that is used is blue near UV light. Using this type of light enables the 
curing processof the Perfactory R5 material, so that it will be hardened. Aftereach lighting 
step, the product is moved so that a new layer can be formed. 

In table K.2 the material properties of the discussed materials are shown. For comparison 
purposes conventional materials arealso shown in this table. 

Important for a material of the nozzle is the specific stiffness and the af À-ratio. The specific 
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Steel 7.85 210 12 50 0.27·108 0.24 
Aluminium 2.7 70 23 237 0.26·108 0.1 
PA 2200 1.0 1.7 100 0.3 0.17·107 333 
Perfactory R5 1.0* 1.3 90 0.3* 0.13·10h 300 

Table K. 2: Possible construction materials for the nozzle. * Estimations based on material properties 
of Acrylic, according to manufacturer (50}. 

stiffness is given by: 

Modulus of Elasticity 

Specific gravity 
E 
p 

N -1 · m 
kg· m-3 (K.9) 

a/ À-ratio is a parameter used to gain insight in the thermal properties of the various materials. 
This parameter is given by: 

Coefficient of linear thermal expansion a 

Thermal Conductivity À 

w-6m · m · K-1 

W · m- 1K- 1 

/-Lffi 

w (K.10) 

The specific stiffness of Perfactory R5 is one order lower than conventional materials. The 
specific stiffness of PA2200 is also one order lower than conventional materials, however coat
ing possibilities exist for this type. An increase in stiffness of 300 % can be achieved with only 
30 % weight increase. Basedon the specific stiffness, a coated PA2200 material is comparable 
with conventional materials. However some comments should be made: 

• Although the specific stiffness of a coated PA2200 is comparable with conventional 
materials, the material is no longer limited by conventional production methods and 
can therefore be designed more rigid increasing the overall stiffness. 

• Although a higher stiffness is created using coatings, this coating can only be limited 
loaded due to the thickness of the coating layer. 

• Inherent to the SLS process, is a direction dependency that is introduced to the product, 
i.e. the product shows a anisotropic behaviour. 
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PA 2200 200 100 15 
Perfactory R5 25 56 3 

Table K.3: Rapid prototyping properties. 

• The material is much cheaper than conventional materials. Moreover, less or no waste 
at all is created during production. In this way a disposable nozzle could be created, 
increasing the flexibility of the LAMA. 

• The sintering process creates a rough structure. 

The aj À-ratio of rapid prototyping materialsis much worse compared to conventional materi
als. Furthermore, the coefficient of linear thermal expansion a of rapid prototyping materials 
is four times higher than for conventional materials, which indicates the importance of the 
thermal influence again. However, sirree the fixation , coupling and detaching is performed 
passive, virtually no heat is subjected to the nozzle. Indirect , heat is introduced due to fric
tion of the coupling and by the environment. The vacuum fixation can perform the passive 
cooling of the nozzles if necessary. 

Another criteria for the material, is the possibility to use these material in cleanroom envi
ronments. The applicability of these products is determined by the surface roughness that 
depends the cleaning possibilities. Given the resolution, an estimation for the surface rough
ness peak-to-peak values (Rt) is estimated [51]. These values are presented in table K.3. 

To be compatible with a cleanroom class 1000, an averaged surface roughness Ra of 3.2 pm 
is necessary [ 51]. 

Both materials provide the ability to place inserts like bolts or contact plates in the materiaL 
Due to the thermoplasticity of PA2200, these inserts can be melted in the the materiaL In 
the case of Perfactory R5 the place of the inserts needs to be modeled in CAD, so the inserts 
can be glued in later. 

Although the thermal properties of PA2200 and Perfactory R5 are worse than conventional 
materials and the specific stiffness of these conventional materials are also better, the specific 
gravity of the rapid prototyping materials are much lower and the possibility for creating 
free-form objectsis available. The Perfactory R5 has a surface roughness of approximately 3 
pm and is therefore suitable to be applied in a cleanroom. 
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K.5 Vacuum interface 

A detachable vacuum interface, should provide the functions that are discussed in section 
4.2.4. First, it must be able to piekandrelease components . Secondly, the components must 
be held during rotations of the turret-disc. Finally, the no vacuum should be applied to the 
nozzle when the components are placed. Figure K.8 and fig. K.9 shows a possible design 
solution. In this figures the nozzle is only partially drawn with the center line indicated. 

/ 

/ 
Fig. K.B: Vacuum supply by the turret-disc. Fig. K.9: Vacuum supply by the adapter. 

In the figures above a schematic representation of the concept is shown. When the nozzle 
is attached to the turret-disc a cap in the (hollow) turret-disc is pushed up, and thereby a 
vacuum is applied on the component. During detachement of the nozzle from the turret-disc 
by the actuator, the vacuum is applied by the adapter and the opening in the turret-disc is 
sealed by the cap by a spring. After placement, the nozzle is rotated 180·. On this side the 
nozzle is slightly deeper, placing the cap in the nozzle and thereby preventing the turret-disc 
from opening. The advantage of this concept is that the nozzle can be completely decoupled 
from the turret-disc. Due to static effects the product will likely stick at the gripper, even 
when the vacuum is uncoupled. Therefore it is necessary to 'blow' the product from the 
gripper. In the design of the OR-configuration it is not possible to release the components by 
blowing. 

A fixed vacuum principle also needs to provide the functions that are discussed insection 4.2.4. 
To prevent the turret-disc actuator from influencing the positioning of the nozzle, a coupling 
between the turret-disc and nozzle should not be fixated completely but be released in x , y 
and e. In this way, disturbances of the turret-disc do not effect the positioning uncertainty 
of the nozzle. A possible salution is presented in fig. K.10. 

A vacuum tube provides an continues vacuum to the nozzle. By creating a helix around the 
nozzle e.g. like a spring, x, y and e are partially released. Vacuum tubes are however stiff 
due to the pressures that they handle. Creating a small helix in such a cableis therefore not 
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turret di se 

Fig. K.l 0: Fixed vacuum coupling. 

possible. So the radius of the helix needs to be increased, increasing the weight also. With 
an increased weight, the hysteresis during piek and place is increased and the zO-actuator has 
to deliver a higher forces. 
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Appendix L 

Turret-disc 

L.l Turret-disc dimensions 

Figure L.l shows a top view of the turret-disc. From this picture it should be clear that the 
diameter of the turret-disc is in the first place determined by the size of the wor king area of 
the xy-stage. Secondly the diameter of the nozzles increases the size of the turret-disc too. 
Finally, also some extra space is needed for feeding purposes. 

r-- ----- xy -stage 

.--- ·T,..,,.,_Aisc actuator 

Feeders 

L 
Fig. L.l : Top view of turret-disc with xy-stage and f eeders. 

Shown in this figure is the xy-stage rotated 45oCompared to the position of the table, utilizing 
the available area on the testbench. In grey, the needed space during displacementsof the xy
stage are shown. Above this xy-stage a turret-disc is positioned such that for each assembly 
position the nozzle is positioned exactly under the 2D measuring grid of the xy-stage. In dark 
grey the actuator of the turret-disc is drawn. Indicated in blue are feeders that are able to 
translate in y, being able to offer various products. 

Given the dimensions of the work area of the xy-stage, the diameter of the turret-disc is 
estimated at 377 mm. This corresponds with an perimeter of the turret-disc of 964.4 mm. 

159 
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Assuming a nozzle diameter of 50 mm and an intermediate distance of 10 mm, the ideal 
amount of 25 nozzles (discussed insection 3.2.1) cannot be achieved. The amount of nozzles 
that can be used is limited by the perimeter to 16 nozzles. 

L.2 Thrret-disc inertia 

The rotor inertia moment of the rotary motor is specified by the manufacturer at J=0.0024 
kg·m2 . For the total inertia of the rotating system the inertia of the turret-disc and inertia 
caused by the nozzles is added. 

The inertia is calculated using the equation below: 

J = m · r2 

' 
(L.1) 

where J is the inertia, m the mass of the evaluated part positioned at a distance r of the 
rotation point. 

The calculated mass of the turret-disc with a thickness of 10 mm and Patu=2700 kg·m-3 

becomes approximately 1 kg. Since the design of the turret-disc is axis-symmetrical, the 
center of mass can be calculated at a distance of the rotation point which is 161 ,7 mm. The 
inertia of the turret-disc then becomes 0.16 kg·m2 . 

The mass of a single nozzle is estimated at 0.05 kg. This product is assumed axis-symmetrical 
and is therefore calculated as a point mass at a distance r=125 mm of the rotation point. 
The inertia caused by 16 nozzles becomes 0.0125 kg·m2. 

The total inertia of the rotating turret-disc becomes 0.17 kg·m2 . 



Appendix M 

Gantry 

A final design of the gantry is shown in fig. M.l. The dimensions of this gantry are indicated 
in M.3. 

Fig. M.l: Final gantry design. 

The granite based gantry is constructed of several parts. These parts have to be fixated 
tagether for asolid construction. For a granite construction, several standard types of fixation 
are possible. Figure M.2, shows an overview of these fixation types. 

Fig. M.2: Fixation possibilities of a gantry. 
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Table M.l: In this table the properties of several types of construction materials for a gantry are presented. Two types of granite are shown, three 
metals and one composite. Since granite is a natural product, slight variations in the properties are possible. 
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Appendix N 

Position uncertainty contributions 

N.l Vision 

N .1.1 Lens distortions 

The main error sourees of a vision system are contributed by the opties. An optical system 
always has abberations. Even carefully designed, produced and assembled lenses have certain 
inherent abberations. The use of extra opties like the semi-reflecting mirror, also introduce 
errors. Production errors and environmental changes that are mentioned earlier, further affect 
the accuracy. These abberations can be calculated by: 

and 

x3 x5 x7 xg xll x13 
sin(x) =x--+---+---+-- h.o.t. 

3! 5! 7! 9! 11! 13! 

x2 x4 x6 x8 xlO x12 
cos(x) = 1--+---+---+-- h.o.t. 

2! 4! 6! 8! 10! 12! ' 

(N.1) 

(N.2) 

where h.o.t. represents the higher order terms. If sin( x) =x, and cos( x) = 1, first-order opties 
is obtained, meaning that alllenses are perfect. By including other terms like the x2 and x3 

terms, third-order opties are obtained in which the aberrations resulting from the nature of 
real lenses become evident . The aberrations that become evident in third-order opties are 
also known as Seidel abberations. For monochromatic light there are five Seidel abberations: 
spherical abberation, coma, astigmatism, curvature of field and distortion. Figure N.1 shows 
these five abberation types. 

For lenses made with spherical surfaces, rays that are parallel to the optie axis but at different 
distances from the optie axis, fail to converge to the same point. For a single lens, spherical 
aberration can be minimized by bending the lens into its best form. For multiple lenses, 
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~ 
~h:& Oist.ort.ion 

Fig. N.l: Five Beidel abberations. 

spherical aberrations can be reduced significantly by overcorrecting some elements e.g. by 
using symmetrie doublets. 

Coma is an aberration that causes rays from an off-axis point of light in the object plane to 
create a trailing "comet-like" blurr directed away from the optie axis. A lens with considerable 
coma may produce a sharp image in the center of the field , but it becomes increasingly blurred 
toward the edges. For a single lens, coma can be partially corrected by bending the lens. 

Astigmatism aberrations are found at the outer portions of the field of view in uncorrected 
lenses, which means that one axis is steeper than the other. These aberrations cause the 
ideal circular point image (airy pattern) to blurr into a diffuse circle, elliptical path or line, 
depending upon the location of the focal plane. The discrepancy in focallength is a measure 
of the astigmatism, often referred to as the astigmatic difference. Astigmatism errors are 
usually corrected by design of the objectives to provide precise spacing of individual lens 
elements as well as appropriate lens shapes, aperture sizes, and indices of refraction. The 
correction of astigmatism is often accomplished in conjunction with the correction of field 
curvature aberrations. 

Even when light from every point in the object is sharp, the points at which they are brought 
into focus might lie on a curved surface instead of a flat plane. This is called the curvature 
of field. Astigmatism and curvature of field are closely related. Both abberations increase 
similarly with the off axis distance of the object and with the aperture of the reflective index. 

For the fifth seidel abberation, relative distartion increases as the squared of the field. Figure 
N.2 and fig. N.3 are used to clarify two types of distortions: barreland pincushion distortion. 
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Fig. N.2: Pincushion distortion. Fig. N.3: Barrel distortion. 

Because distortien is a systematical error, these errors can be corrected for by software cali
bration (if the errors are first carefully mapped). 

N.1.2 Production tolerances 

During the fabrication of the lenses, tolerances in the fabrication process have an impact on 
the uncertainty. Besides, materials homogeneity errors also lead to abberations. An order of 
magnitude for the most common are given below [52]: 

• During production, the radius of the curvature can be produced with an uncertainty of 
0.2mm. 

• The thickness of lenses can be produced with an uncertainty of 0.2 mm. 

• During production lenses can decenter and be tilted compared to the curvature center. 
In most cases these decenter errors are limited to 0.2 mm in x and y and tilt errors are 
0.2 degrees. 

• During assembly offset errors are introduced. 

• During production and assembly, mechanica! stresses are introduced to the system that 
leads to defiections. 

Fabrication errors of the semi-refiecting mirror are given below that are specific fora 50 mm2 

mirror: 

• Surface fiatness is 2..\ per 25 mmover a clear aperture at 632.8 nm. 

• Parallelism of the planes is 5 arc-min. 

• A clear aperture at 45• is 90 % of the length. 
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N.1.3 Lighting 

A lens will not focus different colors in exactly the same place because the focallength depends 
on refraction of the wavelength. For example, the index of refraction for short wavelengths 
(blue light ,......, 480 nm) is larger than that of long wavelengths (red light ,......, 780 nm). The 
amount of chromatic aberration depends on the dispersion of the glass. Figure N.4 shows a 
chromatical abberation. 

Fig. N.4: Chromatical abberation. 

The wavelength should therefore be carefully chosen. Using led lighting a monochromatic 
wavelength can be obtained. Chromatical abberations due toa bandwidth of the monochro
matic light can occur, however this bandwidth is limited to a few nm. A way to theoretically 
minimize this aberration further would be to use glasses of different dispersion in a doublet 
or other combination. 

Furthermore, a high contrast ratio should be obtained. This is the amount of difference 
between light and dark features in an image. Light is then the amount of grey level of the 
brightest pixel of a feature and darkis the gray level of the darkest pixel. Finer features are 
imaged with less contrast than larger features. 

Reductions in contrast increase the uncertainty significant. Furthermore, the contrast depends 
on the color of the lighting, since some colors can be absorbed by the product while others are 
reflected. The influence of lighting is considerable especially when measuring on a submicron 
level. The color and type of lighting should be carefully chosen. 

N.1.4 CCD 

Pixel variations 

Variations in pixel size results in a deviation of the measurement. The accuracy of this 
production process of the CCD limits the accuracy of the pixels. CCD's, are produced with 
a (photo )lithographic process. Nowadays lithography techniques are able to make features of 
50 nm. The deviation of this technique is even much lower. The contribution of the accuracy 
of the lithography process to pixel size is therefore considered limited. Moreover, microscopie 
calibration techniques should reduce the influence even more. 
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Dark current 

Generally it is assumed that two photons produce one electron and with enough electrons 
a video signal can be produced. Additionally, extra electrons are generated due to thermal 
influences of the environment. This is called dark-current. Dark current is not desirable 
because this leads to noise added to the signal. This noise doubles approximately every ~ T 
= 7 °C. Therefore the exposure time needs to be controlled, which is clone for CCD-chips by 
an electronic shutter. Shutter speed are standardized to 5

1
0 •• ·lo second and since the vision 

setup is placed in a cleanroom environment with a temperature stability of ± 0.1 oe, the 
influence of the dark-eurrent is not significant. 

N. 2 zB-actuator 

The accuracy of the zB-actuator is determined by deflections of the rod after mounting the 
adapter to the nozzle. Furthermore, the mounting of the zB-actuator to the gantry and the 
radial runout specified by the manufacturer. 

Mounting error adapter-nozzle 
Mounting error to gantry 
Radial runout 

zO-actuator 

Systematic X 
x and y [pm] 
::::; 0.05 
::::; 0.05 
::::; 0.05 

::::; 0.11 

Random U 
x and y [pm] 
::::; 0.03 
::::; 0.01 
::::; 0.29 

::::; 0.30 

Table N.l: Uncertainty contribution by the zO-actuator. 

The estimated contribution to the uncertainty becomes 0.11 pm ± 0.51 pm. 

N.2.1 Mounting error adapter nozzle 

During the coupling of the adapter to the nozzle, it is possible that the center of mass of 
the nozzle is not exactly in line with the center of mass of the rod and adapter, e.g. due to 
production limitations. This is clarified in fig. N.5. In a static situation this causes deflections 
of the rod. Figure N.6 shows the deflection of the rod when a force of 1 N is placed 1 mm 
from the center of the rod. 
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3. 70~·005 

rod 
] . 371fi·OOO:. 

3.034~ ·005 

2 . 6978·005 

adapter 
2 .360e'-00'5 

.2.023r -005 

1 . 6B5to 005 

1. 3 <tBe ·005 

nozzle 
J . 0! J~-005 

6 . H:?eo -006 

3.371e·006 

O.Q()()e •QCO 

Fig. N.S: Offset x in eenterZine of adapter and Fig. N.6: Defiection of the rad, because masses 
nozzle. are nat on the same center line. 

Thede
fiection of the rod is 0.03 pm. It is unlikely however that the nozzle is placed 1 mm from the 
center axis, reducing this defiection further. 

N .2.2 Mounting error to gantry 

During the assembly of the zB-actuator to the gantry a mounting error can occur. Assuming 
an rotation point on 100 mm measured from the tip and allowing a translation :S 0.1 pm, 
this would imply a mounting accuracy of :S 5.7·10-5 

o with respect to the xy-stage. Sirree 
this is virtually impossible, especially consiclering the mounting error that is made between 
the housing and the drive. The mounting error of zB-actuator needs to be compensated by 
calibration. Using a interferometry for calibrating in x and y, would result in a error of :S 
0.05 pm. 

N.2.3 Radial runout 

The rod of the zB-actuator is specified to have a radial run out of 10 pm or less over a 50 mm 
stroke. It is expected that calibration of the zB-actuator will reduce the systematic error to :S 
0.05 pm. The main random errors remairring are the deviations of the linear ball guide that 
are caused by the variation during production of these balls and those will approximately be 
0.5 pm [53]. The infiuence of the balls to the uncertainty budget will then be Js' 

N.3 Gantry 

The gantry is the frame that provides the structure of the LAMA. Several aberrancies can 
occur, which are shown in N.2. 

The estimated contribution to the uncertainty becomes 0.05 pm ± 0.01 pm. 
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Deformation by temperature gradients 
Deflections due to finite stiffness 
Abberations due to finite straightness 
Deflection due to accelerations 

Gantry 

Systematic X 
x and y [pm] 
::;0.01 
::; 0.05 
::; 0.001 
::; 0.001 

::; 0.05 

Random U 
x and y [11m] 
::;0.001 
::; 0.01 
::; 0.001 
::; 0.001 

::; 0.01 

Table N.2: Uncertainty contribution by the gantry. 

N.3.1 Deformations by temperature gradients 

171 

Gradients perpendicular to the z-direction in the gantry lead to deflections of the upper beam 
of the gantry and thereby introduce abberations in the xy-plane. This is indicated in fig. N.8. 

Ti 

Fig. N. 7: Defiection of a beam as result of a gradient ~ T over the beam. 

For the calculation of this abberation it is assumed that the temperature gradient is linear 
over the beam, result ing in Tz(x)=C. The deflection canthen derived using fig. N.8: 

(N.3) 

where a is the linear coefficient of expansion and T i the t emperature on position l. From this 
point yields ( approximately), 

(N.4) 

After integrating this becomes: 
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(3(lo) =lala (T2(x) ~ Tl(x)) a . dl 

= lala gradTza · dl (N.5) 

Assuming a linear temperature path over the beam, this leads to equation eq. ??: 

(3(lo) = gradTza ·Zo, (N.6) 

where (3 is the rotatien of the beam that leads to defiections at the tip of the zB-actuator. 
Integrating eq. N.5 twice, leads to the defiection at the tip of the actuator. 

Which results in: 

z2 
z(lo) = gradTza · ~. 

(N.7) 

(N.8) 

Assuming that the turret-disc is mounted exactly in the middle of the beam, no rotatien of the 
turret-disc will occur thus the abberation in x and y will be zero. This is shown schematically 
in figure N.8 There is however a displacement in the z-direction, when it is assumed that the 
beam can freely rotate at the end points. 

z 
----------+---gantry 

I ... +--l ___________ -.;:::....:::0=---dlrect drive 
c::::======I:::E==:3------------turret-dlsc 

Fig. N.8: Defiection of the gantry will result in a displacement in z. 

When a temperature gradient of .6. T = 5 K will result in a z-displacement of 20 Jlm in z 
direction. In x and y direction, the defiections will be small given the arguments above. Also 
the drift during an assembly action will be small given the short assembly time. 

N .3.2 Deflections of beam due to fini te stiffness 

The gantry is defiected by the weight of the gantry beam. Furthermore, loads are attached 
to the gantry: the rotary drive, turret-disc and nozzles. For the calculation of the defiection 
it is assumed that the beam is fixated at the end, which is shown schematically in fig. N.9. 
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Fig. N.9: Defiection of a beam fixated at two sides by a force F. 

The defiection fis given by eq. (N.9): 

F 2 3 f = 
48

E
1

(3lx - 4x ), (N.9) 

where x is the position of the applied force F, E is the modulus of elasticity and I is the 
moment of inertia. In this equation, internal stresses that occur are neglected. In the design 
of the LAMA, the turret-disc and rotary drive are positioned in the middle of the gantry. 
The maximum defiection of the gantry in the middle of the beam is given by: 

fmaxl = 
pz3 

192EJ 
(N.lO) 

The beam will also defiect due to its own weight. Equation N.ll describes the defiection f, 
when an evenly applied force is used. 

Qx2 2 2 
f= 24EI·l(2lx-l -x), (N.ll) 

where x is the position of the applied force Q. E is the modulus of elasticity , I the inertia 
and 1 the lengthof the beam. The maximum defiection is at 1=1/2, resulting in the following 
equation for maximum defiection: 

Ql3 
fmax2 = 384EJ" (N.12) 

The total maximum defiection is gained by adding fmaxl and fmax2· For the granite gantry 
with p = 2900 kg·m-3 and the total weight of 70 N attached, results in a maximum defiection 
of 0.8 pm. The defiections in x and y due to non symmetry of the gantry will introduce an 
error that can be calibrated similar to the zB-actuator sirree it is symmetrical. 

N.3.3 Abberations due to the finite straightness of the beam 

According to DIN 2768 the achieved straightness of a beam should be :S: 0.25% of the lengthof 
the beam. In the case of a beam length of 800 mm the straightness of the beam must be within 
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2 mm/m. This would result in thickness variations over the beamen thereby inhomogeneous 
defiections of the gantry. Given the dimensions of the gantry, the infiuence of the thickness 
on the heat distribution will be neglected. 

N .3.4 Deflections due to accelerations of the turret-disc 

During rotations of the turret-disc, the gantry is subjected to disturbances of the rotary drive. 
Given the first three eigen modes that were presented in section 4.5 , it is not likely that the 
gantry will deform ( elastically) in the rotational movement of the gantry ( 0-direction). More
over, for the rotations of the turret-disc a oblique sine profile is used, which are characterized 
by their slow startup and slow decelerations. The infiuence of these rotations on the gantry 
and thereby the placement accuracy of the nozzle is therefore neglected. 


