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Summary [

SUMMARY

To measure dimensions and shape of complex thmendional products (e.g. engines,
mouldings, etc) with low uncertainty, Coordinate @daring Machines (CMMs) are adequate
instruments due to their universal applicabilitgsg measurement set-up and measuring
flexibility. Motion software is generated in teacbi by doing manual mode, allowing
automated repetition in series produced products.

To keep on track with the trend towards miniatur@aand looking forward to the upcoming

market for Micro-Electro-Mechanical Systems (MEMB)g industry requires a fast 3D CMM

for measuring small products in array with nanometecertainty for an acceptable price.
Although there are commercial CMMs available witlb smicrometer and even claimed
nanometer measurement uncertainty, none of theawslneasuring with high speed in 3D as
a result of their huge moving mass in the horizigplene and/or vertical direction.

To meet the above industry requirements, it wasddecto develop a 3D CMM with a low
moving mass in x-, y- and z-direction and a volumaincertainty of 25 nm in a 5050° 4
mm measuring volume. The design, realization atihreéion of this CMM are described in
this thesis. Business related information is inetich a Marketing Plan by the same author in
a MBA final project at TIAS Business School.

After comparing the guides of the CMM concepts, chhemerged in the last ten years and
components such as air bearings, actuators andders;athe design was formulated as a
completely aluminum CMM, based on a horizontalb&aring system without Abbe errors, an
elastically guided vertical axis, measurement by resolution optical linear encoders
(optical measuring head and reflective scale) amglesphase Lorentz actuator drives.

The horizontal air bearing system consists of twales beams (each carrying a reflective
scale) and two intermediate bodies (each carrymgtical measuring head), all equipped
with separate stress frames which prevent distoiothe optical linear encoders by preload
forces. The optical linear encoders are in linehvite lengths being measured in x- and y-
direction, which eliminates Abbe errors in the hontal plane. Further, it eliminates
straightness errors of the scale beams accorditigetBryan principle. The straightness errors
of the machine base surfaces which guide the irgdiaite bodies and the angle between these
guiding surfaces affect the measuring uncertaifithe CMM so they have to be calibrated.
To ease external calibration, a removable angledstal, which can be fixed and detached
without internal deformation, is incorporated iretmachine base. The air supply to the
horizontal air bearing system is provided by padnfrictionless air supply systems. Such
frictionless air supply system avoids a robot ttaties hoses and the with friction associated
hysteresis.

The vertical stroke of the CMM is provided by aastically straight-guiding mechanism. It is
stiffness- (by stiffness compensation spring) areigit (by weight compensation spring)
compensated. The stiffness compensation springesdine stiffness in drive direction with a
factor of around 50, i.e. 50 times less force @)the same stroke. This reduction also occurs
in the motor coil current (I) which will reduce threquired power (P) 2500 times as it is
proportional to the square of current. Measuremsinésved that 80 mW was required to keep
the probe, which is connected to the vertical axighe maximum displacement from its mid
position.
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The weight compensation spring has a stiffnessl6fN/m and is connected to a lever with a
ratio of 1 : 10 from the vertical drive system. §means that this drive system has to apply an
extra force of 715/10° 0.002 15 mN to keep the probe at the maximum displacérfinem

its mid position. This is negligible compared teth.08 N needed to overcome residual
stiffness.

The CMM has a size of 450450° 200 mm, a moving mass of 8.5 kg in the horizoptahe
and a moving mass of 100 g in vertical directionnfpared to today’s high accuracy CMMs,
this CMM has a 4.5 to 7 times lower moving masshie horizontal plane and an up to 300
times lower moving mass in vertical direction, whieduces power required for measuring
with high speed in 3D and thereby avoids thermohaeical effects. Taking goduct as the
product length in x- respectively y-directiongductas the product height in z-direction and
DT the temperature change during a measuremenseih&tivity for temperature variations
during a measurement can be described by (7E-3ciud) x23E-6 xDT for the x- and y-
direction and by (20E-3 + Jrquc) X23E-6xDT for the z-direction.

After tuning the PID-controller the positioning errin z-direction wast 2 nm and a
bandwidth of 200 Hz was realized for the elasticgllided vertical axis. The positioning
errors in x- and y-direction were 4 nm respectivelyt 3 nm. The open-loop frequency
response functions of the horizontal air bearingteay showed a bandwidth of 35 Hz in x-
direction and of 50 Hz in y-direction. This diffeie can be explained by the asymmetric
configuration of the horizontal air bearing systimreasons of kinematic design.

The total error vector of the CMM results from gwem of the individual error vectors of the
moving bodies of this CMM and the squareness eftvetween the guide systems for x, y and
z. The errors in this vector (13 error sources)ewealibrated to be able to estimate the
volumetric uncertainty of the CMM. To ensure traméty of the uncertainty claimed, the
calibrations were performed by the Dutch Nationaitidlogy Institute (NMi VSL).

The temperature stability of the calibration set-wpas increased by active cooling of the
measuring systems and laboratory temperature \arg&(typically 70 mK over a 150 min
time period) were reduced by enclosing the sethyps box of polystyrene foam. Furthermore
zero-point drift-correction was implemented to ehate thermal expansion differences of the
various materials in the thermal loop of the calilam set-ups.

The standard uncertainty of a volumetric length sneament, due to geometric errors, was
estimated to be about 13 nmx23 = 26 nm expanded uncertainty (k = 2)) in bastecand 38
nm (2x38 = 76 nm expanded uncertainty (k = 2)) in waate. These values apply to 3D
objects with dimensions of the measuring volumer #® intended small products, the
expanded uncertainty (k = 2) in nanometers is alhbut 0.3t in best case and 19 + %.2n
worst case, with L the measured length in mm.
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SAMENVATTING

Codrdinaten Meetmachines (CMMs) zijn door de ursets toepasbaarheid, eenvoudige opzet
en flexibiliteit geschikt voor het meten van dimiess en vormen van complexe
driedimensionale producten (b.v. motoren, gietpobein, etc.) met lage onzekerheid. Nadat
een gewenst traject met handmatige aansturing eslapen, kan dit traject d.m.v. een
leerfunctie omgezet worden in bewegingssoftwaregdautomatiseerde aantastingen mogelijk
maakt, ter controle van serieproductie.

Om de trend naar miniaturisatie te kunnen volgemaamuitkijkend naar de opkomende markt
voor MEMS (Micro-Electro-Mechanical Systems) vraadé industrie een snelle 3D
Codrdinaten Meetmachine met nanometeronzekerheiol, ket meten van kleine in array
opgestelde producten, tegen een acceptabele pHigewel er commerciéle CMMs

verkrijgbaar zijn met sub-micrometer onzekerheid en zelfs fabrikanten zijn die

nanometeronzekerheid claimen, laten deze machees gnelle meting in 3D toe als gevolg
van de grote bewegende massa in het horizontdtesnl@f verticale richting.

Om aan bovenstaande wensen van de industrie teekuwoldoen is een 3D CMM met
geringe bewegende massa in x-, y- en z-richtingwitkeld met een volumetrische
onzekerheid van 25 nm in een meetvolume vah 50~ 4 mm. Het ontwerp, de realisatie en
de kalibratie van deze CMM is beschreven in digfsohrift. Business gerelateerde informatie
is beschreven in een Marketingplan. Dit plan ischesven door dezelfde auteur in het kader
van zijn MBA-opleiding bij TIAS Business School.

Het ontwerp van deze CMM is geformuleerd na vejigely van CMM-concepten die in de
afgelopen tien jaar zijn ontwikkeld inclusief CMMymponenten zoals luchtlagers, actuatoren
en meetsystemen. Deze volledig in Aluminium geseglide CMM is gebaseerd op een
horizontaal luchtlagersysteem zonder Abbe-fouten, éastische geleiding voor de verticale
slag, meting door optische liniaalmeetsystemenigolp¢ meetkop en reflecterende liniaal)
met 1 nm resolutie en aangedreven door Lorentatarten.

Het horizontale luchtlagersysteem bestaat uit twiegaalbalken (beide dragen een
reflecterende liniaal) en twee hulplichamen (bedimgen een optische meetkop). De
liniaalbalken en hulplichamen zijn uitgevoerd meatdhtframes die verstoring van de
liniaalmeetsystemen door voorspankrachten voorkomenliniaalmeetsystemen staan in lijn
met de lengten gemeten in x- en y-richting, waard®oin het horizontale vlak geen Abbe-
fouten optreden. Verder worden rechtheidsafwijkmgean de liniaalbalken geélimineerd
omdat er aan het Bryan principe wordt voldaan. &htheidsafwijkingen van de vlakken van
de machinebasis die de hulplichamen geleiden ehog& tussen deze geleidingsvliakken
beinvioeden de meetonzekerheid van de CMM wel, aandlat ze gekalibreerd moeten
worden. Om deze kalibratie eenvoudiger uitvoerb@amaken is er een hoekstandaard
geintegreerd in de machinebasis die kan wordexeagefil en uitgenomen zonder dat daarbij
interne spanningen optreden. De lucht naar hetztwtale luchtlagersysteem wordt
aangevoerd via gepatenteerde wrijvingsloze luch@ensystemen. Door deze
luchtaanvoersystemen werken er geen stoorkraclele dewegende lichamen van de CMM
en wordt een slangenrobot overbodig.
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De verticale slag van de CMM is gerealiseerd met &astisch rechtgeleidingsmechanisme.
In aandrijfrichting zijn de stijfheid en het gewichan dit mechanisme gecompenseerd door
een stijfheids- en gewichtscompensatieveer. Déhsijscompensatieveer reduceert de
stijfheid in aandrijfrichting met een factor 50ywdz. 50 keer minder kracht (F) voor dezelfde
slag. Deze vermindering treedt ook op in de motoosh (I) waardoor het benodigde
vermogen (P) 2500 keer wordt gereduceerd. Metitatem zien dat er 80 mW nodig is om de
taster, die aan de verticale as wordt verbodenleomaximale afstand van de middenpositie te
houden. De gewichtcompensatieveer heeft een stjfren 715 N/m en is verbonden aan een
hefboom met een overbrengverhouding van 1 : 10 deaerticale actuator. Dit betekent dat
deze actuator een extra kracht van 715710.002» 15 mN moet leveren om de taster op de
maximale afstand van de middenpositie te houdenisDierwaarloosbaar in vergelijking met
de 0.08 N die nodig is om de residuele stijfheid da elastische geleiding te overwinnen.

De CMM heeft een afmeting van 450450° 200 mm met een bewegende massa van 8.5 kg
in het horizontale vlak en een bewegende massa®@ug in verticale richting. In vergelijking
met commerciéle CMMs die om dit moment verkrijgbaigm, heeft deze CMM een 4.5 tot 7
keer lagere bewegende massa in het horizontaleerlagen tot 300 keer lagere bewegende
massa in verticale richting. Dit reduceert het lukgde vermogen voor het meten met hoge
snelheid in 3D en vermindert daarmee thermomectiaaieffecten. De gevoeligheid voor
temperatuurvariaties tijdens een meting bedraagt3(# Lorodue) X23E-6 xDT in x- en y-
richting en (20E-3 + Klodue) X23E-6XDT in z-richting. Hierbij is lyroductde productlengte in x-
respectievelijk y-richting, Hodauct de producthoogte in z-richting eBT de maximale
temperatuurvariatie tijdens een meting.

Na het tunen van de regelaar is een positioneenant: 2 nm in z-richting en een
bandbreedte van 200 Hz gerealiseerd voor de albstigeleiding. De positioneerfouten in x-
en y-richting zijnt 4 respectievelijk 3 nm. De open lus frequentie responsie functieshe
horizontale luchtlagersysteem laten een bandbreete35 Hz in x-richting en 50 Hz in y-
richting zien. Dit verschil kan worden verklaardodale asymmetrische configuratie van het
horizontale luchtlagersysteem om een kinematistWwenp te kunnen realiseren.

De totale geometrische foutenvector van deze CMMpgebouwd uit de som van de
individuele foutenvectoren van de bewegende lichmaree de fouten die ontstaan door
haaksheidafwijkingen tussen de x-, y- en z-as. @#eh in deze vector (13 foutenbronnen)
zijn gekalibreerd om een schatting te kunnen maleende volumetrische onzekerheid van de
CMM. Om herleidbaarheid van de geclaimde onzekdrltei kunnen verzekeren zijn de
kalibraties uitgevoerd door het Nederlands Meetungt (NMi VSL).

De temperatuurstabiliteit van de kalibratie opstgkn is verhoogd door gebruik te maken van
actieve koeling van de meetsystemen. Verder zimpegatuurvariaties van het laboratorium
waarin de kalibraties plaatsvonden gereduceerd dedlibratie opstellingen onder een kap
van polystyreen schuim te plaatsen. Er is nulpuiftsdrrectie toegepast om
expansieverschillen door verschillende materialen de thermische lussen van de
kalibratieopstellingen te elimineren.

De meetonzekerheid als gevolg van geometrischgkaigen van een lengtemeting binnen
het meetvolume is geschat op minimaal 26 nm en mmzedi 76 nm; de meetonzekerheid is
gebaseerd op 2 maal de standaard onzekerheid. Daaelen gelden voor te meten 3D
producten ter grootte van het meetvolume. Voorndeproducten als beoogd geldt een
meetonzekerheid in nanometers van minimaal 11 * @3 maximaal 19 + 1, met L de
meetlengte in mm.
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Notation Vil
NOTATION

a Acceleration [mf$
a Length [m]

A Area [M]

b Length [m]

b Width [m]

B Magnetic induction [T]

G Stiffness with i (x, y, z) [N/m]
Cp Specific heat [J/keK]
d,D Diameter [m]

d Displacement [m]

d Length [m]

e Length [m]

E Elastic modules [N/
f Frequency [Hz]

f Space factor [-]

F Force [N]

h Height [m]

H Magnetic field strength [A/m]
H Dynamic stiffness [N/m]
H Height [m]

H Transfer function [M/N&’]
i Ratio [-]

I Current [A]

J Moment of inertia [ken?]
ki Rotation stiffness with i(j ,y, q) [Nm/rad]
I, L Length [m]

m Mass [ka]

M Moment [Nm]
p Pitch [m]

P Power [W]

P Pressure [Pa]
Q Heat flow [W]

r Length [m]

R Angular geometric error [rad]
R Electrical resistance W

R Pneumatic resistance [Ns/r]
S Length [m]

S Squareness error [rad]
t Time [s]

T Temperature K]

T Translation geometricoerr [m]

u Compression [m]

u Standard uncertainty [nm]
U Expanded uncertainty [nm]
w Number of turns [-]

w Width [m]

X, Y, Z Coordinates [m]



Viii Greek

GREEK

a Angle [rad]
a Coefficient of thermal exysion [1/K]

f Air flow [I/min]
h Dynamic viscosity [Pas]

] Rotation around the x-axis [rad]

j Tilt [rad]

I Thermal conductivity [W/mX]
m Average [m]

m Magnetic permeability [H/m]
q Rotation around the zsaxi [rad]

r Density [kg/nT]
r Specific resistance W]
w Angular frequency [rad/s]
y Rotation around the y-axis [rad]

ABBREVIATIONS AND INDICATIONS

1D One dimensional

2D Two dimensional

3D Three dimensional

a, b,cd Air gaps

c Connection element

c.0.g. Center of gravity

A B Intermediate bodies

ASPE American Society for Precision Engiieg

CFT Part of Philips Applied Technoyog

CIRP College International pour la Recherche en Produeti

CMM Coordinate Measuring Machine

d.o.f. degree of freedom

dP Error vector

E End support

EZ Dutch Ministry of Economicfairs

f Function

g Glue

Ghba, Ghs @ung beams

F25 Brand name of Zeiss’s high aacy CMM

H Hinge

IBS Company IBS Precision Enginegri

ISARA Brand name of IBS’s high accuracy CMM

LIP 372 Brand name of an optical linear encodamf
Heidenhain

My, My Measuring heads

MBA Master of Business Administration

MF Mounting face

NMi VSL Dutch National Metrology Institute

NMM-1 Brand name of SIOS’s high accuracy CMM



Abbreviations and indications

National Physical Laboratory
Probe

Position vector

Proportional, Integral, Deriwegi
Platform

Rotation

Strain gage

Rotation vector

Slot
Scales

cafe beams

Company SIOS Mtechnik GmbH
Translation

Translation vector

Business School in the Netherlands
Technische Universiteit Eindhoven
Brand name of Panasonic’s high accutzam
Input vector

State vector

Velocity vector
Output vector
Elastically guided vertiexis
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1 INTRODUCTION

A calliper and micrometer are well known instruntetd measure dinmsions (e.g. lengtl
height, diameter, etc) of products. When less uac#y is required, unique but mc
complex metrology set-ups (e.g. based on lasefantanetry) might provide a solution.

To measure dimensions and shape of complex thmeendioml products (e.g. engine
mouldings, etc) with low uncertainty, Coordinate &daring Machines (CMMs) are adequ
instruments due to their universal applicabilitasy measurement sep and measurin
flexibility.

A CMM moves a probe (sphere mounted on a styluf)imvits L~ W~ H mm measurin
volume (figure 1.1)When the sphere touches the product being measai@mhrdinate poir
(x, y, z) is determined by reading the measuringtesys of the CMM axes. From multiy
coordinates, product dimensiogan be calculated. For example the product leigigtim
figure 1.1 carbe calculated from the coordinates A and A’, teaght (h) from B and B’ an
the diameter (d) from C and C'.

Probe (sphere
Measuring volume mounted on a stylus) Product being measured

Figure 1.1: Example of a three-dimensional product within the measuring volume

In this thesis the design, realisation and calibnabf a new type of CMM is describe
Before turning to detailed description of that CM&review of typical designs, which reav
emerged in the last ten years, will be given irtieacl.1. This is done to allow comparison.

1.1 State of the art CMMs

Today the worldwide market for CMMs is dominated thyee big concerns: Zeiss frc
Germany, Mitutoyo from Japan and Hexagon Mietgy from the USA. They all produ:
portal CMMs where the z-axis is supported by thaxis, which is in turn supported by the x-
axis. An example of a portal CMM is shown in figure.



2 1. Introduction

The measuring uncertainty of portal CMMs

specified as function of the measured len o
Downgaling the portal CMM concept giv A
the opportunity to improve the quality y vZ
guides and reduce thermomechanicahd <«

dynamic effects, which results in raducec

measuring uncertainty. This is limited toe Probe
micrometer levelbecause the portal CM
conceptdoes not satisfy the Abbe princij
(i.e. the displacement measuring systen
placed at a considerable distance (Abbe i @ om0 &
parallel to the length being measured whel
an error from the straightness deviation of
guide occurs which is proportional tihis
distance, see section 2.4.1).

As a result of the trend towards
miniaturisation [Taniguchi, 1983] [Byrnes,
2003], sub  micrometer measurem: Product
uncertainty has become requiredo
increase process capability in  precit gigyre 1.2: zeiss Prismo portal CMM
production, which resulted in t [Zeiss, 2005]
development of new CMM concepts. Th

concepts, which have ioommon that th

Abbe arm is minimizedemerged in th ~ CMMz-axis
past ten years. \

interferometer

At the National Physical Laboratory (NPL) 3 mirrors on
the United Kingdom, sub microme! reflector cube
measurement uncertainty (50 nm clainr frame
was realized under search conditions in

small subvolume of a portal CMM by addir

laser interferometry as shown in figure 1.3

miniature pr

(machine-in-machine approactpPeggs, G <mPoren sysiem
1999]. metrology
] ; frame

Figure 1.3: NPL small -scale CMM
[Peggs, G, 1999]

Besides this, a CMM based on optical lin
encoders (optical measuring head
reflective scalpwas developed in the resea
of Vermeulen [Vermeulen, M, 1999t the
Technische Universiteit Eindhoven. T
machine is based on a ZLMM concept
without Abbe errors, see also figure 1This
: design is commercialized by Zeiss under
Figure 1.4: 2D-CMM concept without Abbe name F25 (0.25 micrometemncertainty in
errors [Verm eulen, M, 1999] 140" 140" 100 mm measuring volume).
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In figure 1.5 the x-, y- and z-coordinate positi@me determined by measuring the distance to
a high-precision flat reference mirror placed alandine extended from the probe contact
point [Takeuchi, H, 2004]. The reference mirrors positioned, without a metrology frame,
on a granite base plate. A 2D-CMM concept, basedaser interferometry, without Abbe
errors is shown in the xy-plane. The contact pointhe probe system can be moved away
from the xy-plane, resulting in an Abbe error, lyuating a micro slider (figure 1.6). This
design is commercialized by Panasonic under theena®3P (the UA3P system claims
within the xy-plane: 0.05%m uncertainty over a 100 mm range, Gt over a 200 mm range
and 0.2nm over a 400 mm range) (UA3P-3: 10A00" 35 mm measuring volume, UA3P-5:
200" 200" 45 mm and UA3P-6: 400400 90 mm).

HeNe frequency

z reference stabillizeq laser Ir_naesgsrurin
= mirror (moving in xy) _ g
£ ; distance in
= \ ya Granite plate o direction
£ * (moving in xy)
8 /
c
o z
£ :
o Y
x
Mirror -
X Micro
_ yreference slider
mirror Contact — . U8,
: point ;
X stage \ i MW\J
ON  Fogeane —
60 >/ Work
piece

Granite Figure 1.6: Atomic force probe
base plate [Takeuchi, H, 2004]

Figure 1.5: 2D-CMM concept without Abbe probe
errors (xy-p lane of the Panasonic
UA3P) [Takeuchi, H, 2004]

X-interferometer axis

work piece

zerodur mirror table

A 3D-CMM concept without Abbe errorzas
designed by Ruijl [Ruijl, T, 2001t Philips
CFT. In this concept three orthogonal la
interferometer systems intersect at the ce
point of a fixed probe (figure 1.7).The
interferometer systems are positioned by

invar metrology frame and the workpiece =
supported by a movable Zerodumirror table. i meuoiogy frame g
This design is commercialized by IBS Precis ., eomserais

Engineering under the name ISARA (30 nm
claimed uncertainty in a 100 100~ 40 mm Figure 1.7: 3D-CMM concept without

measuring volume). Abbe-errors [Ruijl, T, 2001]

Z-interferometer axis
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x-interferometer axis @ y-interferometer axis

A similar 3D-CMM concept withou
Abbe-errors is brought on the marl
by SIOS Melftechnik GmbHinder
the name NMM-1 (0.1 nm resolution
ina25” 25" 5 mm measurin
volume) [SIOS, 2006] Further
information can be found
[Hausotte, T, 2002]. This conce
also uses a Zerodumoving mirror
table to position the work piece t .

. . . Zerodur mirror
instead of invar it uses a Zerodur izpe

metrology frame to position the las Zerodlur
interferometers (figure 1.8). . _ metrology
z-interferometer axis frame

Figure 1.8: 3D-CMM concept without Abbe -errors
(SIOS NMM-1) [Hausotte, T, 2002]

To keep on track with the trend towards miniatur@aand looking forward to the upcoming
market for Micro-Electro-Mechanical Systems (MEMBukes, B, 2003], the industry
requires a fast 3D CMM for measuring small produetarray with nanometer uncertainty for
an acceptable price. Although there are comme@ii#Ms available with sub micrometer and
even claimed with nanometer measurement unceriamotye of them allow measuring with
high speed in 3D as a result of their huge movimgsrn the horizontal plane and/or vertical
direction. The horizontal moving mass is estimétede about 40 kg for the Zeiss F25, the
IBS ISARA and theSIOS NMM-1 and about 60 kg for the the Panasoni@BAThe vertical
moving mass is estimated to be about 15 kg foiz#nes F25 and 40 kg for the ISARA and
the SIOS NMM-1. The Panasonic UA3P is a commercial CMih a low vertical moving
mass (estimated to be about 200 g), which enalplplications where high vertical speed is
required. The SIOS NMM-1 is a commercial CMM withreeasuring volume (25 25" 5
mm) that fits measurement of small products inyarfdl the others have an oversized vertical
stroke ranging from 35 to 100 mm. Furthermore theyall very expensive. An overview of
today’s commercial high accuracy CMMs is givendhlé 1.1.

Company Zeiss IBS Panasonic SIOS

Product name F25 ISARA UA3P-3 NMM-1

Measuring Volume | ) /v 145 100 mm | 100 100 40 mm| 100 100 35 mm 25 25 5 mm

X“Y" 2
Claim 0.25mm 30 nm 0£0'5Tm 0-1 nm
uncertainty uncertainty uncertainty over a resolution
100 mm range
Estimated horizontal 40 kg 40 kg 60 kg 40 kg
moving mass
Estimated vertical 15 kg 40 kg 200 g 40 kg

moving mass

Table 1.1: Properties of today’s commercial high ac ~ curacy CMMs
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1.2 Thesis outline

To meet industry requirements as presented abbwesi decided to develop a 3D CMM with
low moving mass in x-, y- and z-direction and awwoétric uncertainty of 25 nm in a 5050
" 4 mm measuring volume. Important aspects in tlosgss are:

- Reduction of virtual backlash during motion
- Improvement of temperature stability during si@@ment
- Improvement of dynamic performance w.r.t. @rRgiCMMs

- Application of metrology principles to reachneaneter uncertainty

This thesis describes the design, realization aadtbration of this CMM. It starts with
comparing the guides of the new CMM concepts, whaokerged in the last ten years and
components such as air bearings, actuators andlersc¢chapter 2). In chapter 3 the basic
design of the horizontal guide system is formulased chapter 4 discusses construction
details of the CMM design (e.g. assembling and afisecting guides without local
deformation, passive leveling and vibration isalatipreloading air bearings via stress frames,
frictionless air supply, Lorentz actuator desigrjffress compensation and weight
compensation). Chapter 5 discusses geometric efhratsaffect the measuring uncertainty of
the CMM and methods to increase the temperatutalistaof calibration set-ups. From
calibration measurements the volumetric uncertagitthe CMM was estimated and finally
conclusions and recommendations are given.

Business related information is included a Markgtitlan [Van Seggelen, J, 2006] that was
written by the author in the final project of hiB¥ at TIAS Business School [TIAS, 2006].
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2 CMM COMPONENTS

The mechanical hardware of a CMM can be considerednsist of a number of components.
Examples of such components are:

- Guides

- Air bearings
- Actuators

- Encoders

- Probes

The most relevant features of these componentsregbect to the design of the CMM, which
is the subject of this thesis, are briefly elabedatipon in the next sections as they are of
conseqguence in the design phase (chapter 4).

2.1 Guides

Most of today’s portal CMMs are equipped with argi@ base and guiding beam to support
the U-shaped portal and make movement in x-diregtiessible with air bearings (Figure 2.1
and 2.3). Granitea(= 5 to 90° 1/K,| = 1.8 to 3.5 W/nK, r = 2600 to 2800 kg/f ¢, = 800
J/IkgK) has little internal stress due to aging theretaking it suitable for machining without
subsequent distortions. It is the material of cdar large machines because sub micrometer
plane flat surfaces can be created economically.

> Air-bearings

U-shaped

portal *— z-axis

y
<y A
Guiding beam
y-direction
(Ceramic)
A . . .
Z .
E " v Figure 2.2: Detail A of figure 2.1
Guiding beam

x-direction (Granite)

Base
(Granite)

Figure 2.1: Zeiss Prismo portal CMM [Zeiss, 2005] Figure 2.3: Detail B of figure 2.1



8 2. CMM components

The guiding beam that supports the z-axis and guidie y-direction is integrated in the U-
shaped portal (figure 2.1 and 2.2). This beam shbal light and stiff to favour the dynamic
behavior of the CMM, which makes a ceramic beano@dgoption. Its end support (E) is a
carbon epoxy composite tube (under the cover cd&mgt recently Zeiss has turned from the
multi material approach of Granite + Ceramic + @arltomposite to the use of previously
developed Carattechnology, which is an aluminum hollow beam véathard surface layer.

The thermal behavior of a CMM depends on its gegmanhd the materials used. A

homogeneous temperature differef®® causes a machine component to expand, according
to:

DI:a>4><DT=Q><|Zx;i 2.1)

This expression describes the sensitivity for terapee variations of a machine component. It
depends on the heat flow Q, the geometry in terfrigAp where A is the cross section for
conduction and on the quotient of the material propsa/l .

To reduce the sensitivity for temporal temperatagations the SIOS NMM-1 (figure 2.4)
[Hausotte, T, 2002] uses a Zerodua < 0.01 to 0.080° 1/K, | = 1.64 W/mK, r = 2500
kg/m®, G = 820 J/k&K) mirror table to support the workpiece and a dero metrology frame
to position the interferometers. This is a very dyamlution to reduce the sensitivity for

temporal temperature variations but does not favoerprice of the CMM, the dynamics or
the resistance to spatial thermal gradients.

Figure 2.4: SIOS NMM-1 moving on ball bearings (Zer odur metrology frame)
[Hausotte, H, 2002]
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The IBS ISARA (figure 2.5) also uses a Zerodurirror table to support the workpiece but
instead of Zerodurit uses an invara( < 0.840° 1/K, | = 11 W/mK, r = 8000 kg/m, ¢, =

515 J/kgK) metrology frame, covered with a thermal shiefgito position the interferometers
[Ruijl, T, 2001]. The thermal shielding makes stirere can be no spatial thermal gradients on

the invar, which has poor thermal diffusitivity(rxc,) [Vermeulen, J, 1999].

Metrology frame
(invar) with
thermal shielding

Mirror table
(Zerodur )

x-interferometer
A
\ 2= f(x4,%)

Front
ball track RO vy

Ball bearings

Figure 2.5: IBS ISARA moving on ball bearings (Inva  r metrology frame) [IBS, 2005]

Because the IBS ISARA and the SIOS NMM-1 are baikilling the 3D-CMM concept
without Abbe errors, their moving bodies which soipthe mirror table were designed to
move on ball bearings. This is a solution to redineeprice of the bearing system but it limits
the positioning capacity. Y.y

K © 4
The components 1, 2, 3 and
(figure 2.9 of the original ail 2 A 3
bearing system by ®jl [Ruijl, T, by z=flax) C
2001], whic.h was the basis_ for t 360° Xy X,
ISARA design, had only air ga

a, b, c and d (each 5m
approximately) to make 380

Figure 2.6: Basic design of the guide
system designed by Ruijl
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Placing rows of ball bearings at a, b, ¢ and d Ive® many contacts, the out of roundness of
individual bearing balls when rolling and differexscin diameter between individual balls.
Elastic averaging as beneficial effect is limitegedo the preload, in this case being the weight
force only. This was partially solved by includietastic hinges in the bodies 2 and 3 one of
which (H) can be seen in figure 2.5. Body 2 runghenfront track of base 1 and body 3 runs
on the rear track of base 1. Body 2 is identicdlady 3 for economic reasons and the rotation
y is freed by the hinge. This makes the fixatiorrathtionsy andj of the workpiece table
less transparent.

A solution to reduce the sensitivity for temporaimperature variations, without the use of
exotic materials, is shown in figure 2.7.

x guiding beam y guiding beam

| |

Ring-shaped frame —e

Figure 2.7: Machine base with guiding beams suppor  ted by a ring-shaped frame
[Vermeulen, M, 1999]

The guiding beams in this CMM are supported byhg-shaped frame. This frame is made of
the same material as the moving bodies of this mado create a mechanical compensation
for the thermal expansion. To make this mechanmahpensation respond rapidly to
homogeneous temperature differences a material avigiige thermal diffusivity /(rxc,) was
desirable. For that reason aluminuan= 2340° 1/K, | = 165 W/mK, r = 2700 kg/m, ¢, =
896 J/kgK) was chosen. The thermal diffusitivity of alummus 25 times better than for
invar, 55 times better than for granite and 85 sirhetter than for Zerodur The reason why
Zeiss chose to use granite guiding beams supporteal granite base in the commercialized
version (Zeiss F25, figure 2.8) of the machine thas designed by Vermeulen [Vermeulen,
M, 1999, is surely based on economy.
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This after trying to design and source
Carat (coated aluminum technolog
version (in line with their return to Carat
technology on portal machines) wh

failed. Because Zeiss enlarged the

stroke to 140 mm to accommodate tf
microscope, which is 39 mm odixis with
their touch probe, they could not ge
supplier for an aluminum#E 650 mm fly
cut optical flat base and decided to ¢
with the classic granite. Once they decic
it was naturalto consider it for the x
guiding beams which they did. The

granite single supplier (Aschaffenbu

design is the result. Machine base

(granite)

Figure 2.8: Zeiss F25 with granite machine base
and aluminum moving bodies
[Zeiss, 2005]

Another solution that reduces the sensitivity Emperature variations and responds rapidly to
homogeneous temperature differences, without teeoti®xotic materials, would be a CMM
that is completely built from aluminum parts (bageides and moving bodies). It could be a
variant of the concept designed by Vermeulen, based horizontal air bearing system
(stroke: 50° 50 mm) and a low mass elastically guided vert@as (stroke: 4 mm), thereby
being able to build a CMM with low moving mass foeasuring small products in array with
nanometer uncertainty. This was the starting pfmntthe design of the CMM as shown in
figure 2.9 and described in chapter 4 of this thesi

~ > 77

Horizontal air bearing system (aluminum)

Figure 2.9: CMM as described in this thesis complet  ely built from aluminum parts



12 2. CMM components

2.2 Air bearings

Air beaings are often used to provide CM|
with high accuracy longtoke motion. Toda
classical orifice air bearings [Plessers, P, 1!
[Wang, J, 1993] (figure 2.)0 are ofter
replaced by porous (graphite) air beari
[NewWay, 2005] [Langlotz, E, 2006] (figure
2.11). The porous materi@nsures equal &
distribution under the bearing amdakes the
bearings less sensitive to damage.

l Psupply

Figure 2.11: Porous air bearing
Figure 2.10: Orifice air bearing [NewWay, 2005]

For preloading, a constant force on the air beaisngequired, perpendicular to the guiding
surface, without introducing a disturbance. Whea teight of the moving bodies is not
perpendicular to the guiding surface or insuffitienpreload the air bearings, form-closed air
bearing systems are often used (figure 2.12)

Air bearing

preloaded
by the weight Air bearing preloaded by

° of the moving the weight of the moving body
body

4 ¢ —— Moving /

4 body

Guiding —

Form-closed air beam

bearing system

Figure 2.12: Schematic drawing and picture of af  orm-closed air bearing system

In this method of preloading air bearings, tighetances are required in both guide ways and
moving bodies, even to the micrometer uncertaiatyel, as otherwise gap heights of about
five to ten micrometer intended in design, canmdtnimintained along the guiding surface.

Form-closed air bearing systems may appear to datlifness compared to the force-closed
method of preloading. However, even when the gstatttempt has been made to improve
straightness, flatness and parallelism of guidiegrbs, the theoretical advantage of doubled
stiffness will never be obtained in practice. Farlosed structures are over constrained and
even the slightest temperature variation is endwgtather disturb the adjusted load to the

bearings on account of differences in thermal egpembetween guide ways and moving

bodies.
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To avoid this problem and reduce tolerances onggmmametrical shape of a CMM’s guide
system, force-closed air bearing systems can beé. issch force-closed air bearing system
consists of a porous air bearing, a bearing aligrirhedy and a preload bearing (figure 2.13).

Preload beam

Preload bearing

Moving body

B

/

Bearing alignment body

1r
o]

|

SN

Figure 2.13: Schematic drawing and test rig pictu  re of a force-closed air bearing system

orous air bearing

Guiding beam

The position of the moving body during motion whké determined by the deviation of the
shape of the guiding beam and the stiffness ofptimés between the moving body and the
guiding beam. A bearing alignment body is extrememportant to ensure that aerostatic
bearings work properly. Misalignment of the air theg may significantly change the overall
characteristics of the bearing, such as load cgpanid stiffness. A monolithical cardan joint
with a square cross section, as given in figur@,2can be used as a bearing alignment body
[Vermeulen, J, 1999]. The tilting stiffness of thkastic hinge has to be in the order of the
tilting stiffness of the air film (order f0Nm/rad for bearings with a diameter of 40 mm). The
porous air bearings are preloaded using graphébaa bearings. A cross section of such a
bearing is given in figure 2.14.

Dspring
Psupply Bearing base
hspring 1 Mm Elastic o-ring
Air spring

Holder for graphite

Porous bearing
surface (graphite)

Guiding surface
hgap 10 MM

Figure 2.14: Preload bearing [Vermeulen, J, 1999]
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The holder closely follows the guide surface ontthia stiff air film and the bearing base is
held in position by the opposing porous guide lepriA preload bearing works as a soft
spring, as shown in figure 2.15, that "absorbsfelldnces in thermal expansion of material
components.

FIN]

DF

h[m] Dh
—————
Figure 2.15: Preload bearing works as a soft sprin g

The volume, in the piping system after the pressageilator, does not change significantly
with a change in gap height (h) of the preload ibgarSo the pressure above the preload
bearing stays constant even with a change of gmhthdhis means, according to F =R
and a constant bearing area (A), that the forcehenpreloaded porous guide bearing will
remain constant during travel. Graphite is usedrtprove the load bearing capacity of the
preload bearing. The preload bearings have nmes#f contribution and enable high air gaps.
This makes a tight tolerance on straightness atdds$s of the guiding surface of the preload
bearing unnecessary.



2.2 Air bearings 15

2.2.1 Porous air bearing properties

Before the construction details of the horizontal leearing system were designed the
properties (static stiffness, noise and dynamfingiss) of a porous air bearing with a diameter
(D) of 40 mm and an air gap (h) of 5 micrometer ifofacturer: NewWay) were investigated.

Static stiffness

The test rig as shown in figure 2.16 and describexection 4.3 of [Vermeulen, M, 1999] was
used to determine the static stiffness of the porawm bearing. It gives the possibility to
measure the air gap (h) with capacitance sensate epplying a force (F) on the air bearing.
This results in a graph a shown in figure 2.17 itk air gap along the horizontal axis and the
force along the vertical. The slopBR/Dh) of this graph gives the static stiffness of the
bearing, which is about 6.7E7 N/m for a porous ipgawith a diameter of 40 mm and an air
gap of 5 micrometer.

FIN]

Figure 2.16 : Static stiffness measurement — = h [micrometer]
of a porous air bearing
Figure 2.17: Graph of a static stiffness
measurement of a porous air
bearing with a diameter of 40 mm

Stability and noise

A pressure of 5.5E5 Pa and a preload surface wdiaraeter of 30.5 mm were used to operate
a porous air bearing with a diameter of 40 mm atiargap of 5 micrometer. To reach air
bearing stability of about 1 nm a pressure stahdft 100 Pa is required. This was realized by
integrating a digital pressure controller [Ter Hp2005] followed by a buffer volume in the

air supply.
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The noise of the porous air bearing could be measby adjusting the capacitive sensors
(manufacturer: Lion Precision) from figure 2.16a@ensitivity of 2 V/micrometer. The noise

measurements are produced over a time period @&c8ngls to eliminate any drift of the

capacitance sensor system.

€ e
A= =
O [}
2] (2]
) ke)
Z pd
= t[g] = t[s]
Figure 2.18: Noise measurement on a Figure 2.19: Noise measurement on the
porous air bearing with a fixed wo rld

diameter of 40 mm and an air
gap of 5 micrometer operated
at 5.5E5 Pa

Figure 2.18 shows a noise measurement on a pomobigaaing with a diameter of 40 mm and
an air gap of 5 micrometer and figure 2.19 showmige measurement on the fixed world.
Peak to valley is found about 2.5 nanometer in buttasurements. It is not clear if the
measured noise is coming from the capacitance ssgstem or from residual vibrations from
the environment. What can be concluded is thatgbreus bearing has an excellent stability,
which makes application in machines with nanometeertainty possible.

Dynamic stiffness

The test rig as shown in figure 2.20 and
described in section 4.3 of [Vermeulen, M,

1999] was used to determine the dynamic
stiffness (i.e. force over position as a

function of the excitation frequency) of the

porous air bearing. In this measurement a
sinusoidal force with frequency (f w/2p)

is applied to the air bearing. This signal is

measured before the air gap (input) by a
force sensor (F) and after the air gap
(output) by acceleration sensors (a). The
dynamic response of the air bearing can be
determined from the ratio between tf]_e

Eouri f d di . I|gure 2.20: Dynamic stiffness measurement
ourler transtformed output and Input signal. of a p orous air bearing

)= 2 (T

] (2.2)
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Two times integration followed by inversion of thiegtio H(w) yields the frequency response
function H(w), which is a value for the dynamic stiffness ofeanbearing in N/m.

#:HZ(W):-% [N/m] .

z(w)

The magnitude frequency response functigwy as a function of the frequency (w¢2p),
is given in figure 2.2Xor a porous air bearing with a diameter of 40 mmd an air gap of

micrometer.

H,

[10® N/m]

100

= f[HZ]

Figure 2.21: Magnitude frequency response function
H, as a result of the frequency

The first part of figure 2.21 (below 70 Hz) is w=sd data because the coherence (figure 2.22)
is lower than 80%. This means that the output $igoas not result from the input signal.
From figure 2.21 it is clear that the first eigetfuency occurs at 220 Hz. This eigenfrequency
is also visible in figure 2.23 (phase as functibthe frequency).

o
(]
3 o
3 o
o Q.
(]
3 @
<
o
— = f[Hz] — f[Hz]
Figure 2.22: Coherence between output Figure 2.23: Phase as function

and inpu t signal of the frequency
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2.3 Actuators

CMMs with a "long” stroke were for many years dmvéy friction drives (e.g. the Zeiss
Prismo). Today a trend towards linear motors [@rjff], 1954] can be seen (e.g. in the Zeiss
F25). Although linear motors are frictionless hayimo contact, their commutation within the
stroke and cogging effects complicate the contgaitesn. These negative effects can be
eliminated by applying a Lorentz actuator [Comptir,2002], which makes it possible to
apply a single-phase amplifier in the control syste

2.4 Encoders

Although laser interferometer systems are ofterd usdaboratories to measure displacement
with low uncertainty, industrial CMMs often use @@l linear encoders [Heidenhain, 2005]
[Renishaw, 2006] [Sony, 2006]. The CMM design ascdéed in chapter 4 is based on LIP
372 encoders from Heidenhain (figure 2.24), whicvehthe possibility to operate with
measuring steps of 1 nm.

\

Measuring head

Scale (Zerodur )

\

Figure 2.24: Optical Linear Encoder (LIP 372) from  Heidenhain [Heidenhain, 2005]

Theory about the ideal position of a measuringesystvith respect to the centre of the stylus
ball of the probe is given by Abbe [Abbe, E, 1890dd Bryan [Bryan, J, 1979] and will be
discussed in de next sections.

2.4.1 Abbe principle

Consider figure 2.25: when the measurement
of a length | occurs with an Abbe offset, h
between the measuring axis and the object |—:
axis (axis through the centre of the probe ball,
parallel to the measuring axis), an Abbe error
yTy arises in the nominal direction of the
motion y, due to an unwanted angular error
R;. The first order Abbe error is given by:
Figure 2.25: Unwanted angular slide-motion
Iy »h R, (2.4) (R,) introduces an Abbe error T,

in the | ength measurement
[Vermeul en, M, 1999]
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Abbe principle: A displacement measuring systaouid be in line with the functional point
(the centre of the stylus ball of the probe), whadisplacement is to be
measured [Abbe, E, 1890].

It has been known that better than to calibrate ompletely avoid errors all together
whenever possible (i.e. a design with=0).

Table 2.1 gives the first order Abbe error as altex an angular error (Rin a 1D
measurement with an Abbe offset of only 2 mm.

Angular error (R ;) [rad] First order Abbe error [nm]
1E-5 20
1E-6 2
1E-7 0.2

Table 2.1: Result of an angular error (R ) in a 1D measurement with an Abbe offset of 2 mm

The first order Abbe error is a position dependkwiation, which can be calibrated.

2.4.2 Bryan principle

Consider figure 2.26: when the
measurement of straightness of the y-
guideyTy occurs with a Bryan offseth
between the measuring axis and the
object axis (axis through the centre of
the probe-ball, parallel to the measuring
axis), a Bryan errofTy arises in the
direction, perpendicular to the direction
of motion y, due to an unwanted angular
motion R. The first order Bryan error is
given by:
yTx
yTe»h R, (2.5)
Figure 2.26: Unwanted angular slide-motion (R ;)
introduces a Bryan error T, in the

length measurement
[Vermeulen, M, 1999]

Bryan principle: A straightness measuring systeoukhbe in line with the functional point at
which straightness is measured [Bryan, J91L97

So a design withh= 0 is best whenever possible.
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2.5 Probes

Like CMMs, touch probe development is going on malustry and research institutes. A
classic precision probe is the series stacked arallplogram design as manufactured by
Zeiss and described in [Van Vliet, W, 1996]. Asaternative, designs based on translations
carried out through parallelograms that are naesestacked were developed [Paardenkooper,
T, 2002] [Meli, F, 2003]. Other probe designs aasdd on the tilting principle. The collision
mass of these designs is very low as the stylwlig tilting. Examples of such probes are
given in figure 2.27 and 2.28.

Probing sphere Stylus length:
diameter: 4 mm
0.1 mm

R:

R, R2

Rs

Figure 2.27: TU/e probe (strain gages (R ;... Ry) integrated in the elastic elements) [Pril, W, 200 2]

Figure 2.28: PTB probe (strain gages integrated in ~ an elastic membrane) [Zeiss, 2005]
[Pornnoppadol, P, 2002]

The TU/e probe was designed by Pril [Pril, W, 20884 redesigned by Bos [Bos, E, 2004]. It
is an elastic, silicon-based design with strainegagR ... Rs) integrated in the elastic
elements. A probe with similar characteristics wlasigned by the Physikalisch-Technische
Bundesanstalt (PTB) and the University of Braunsgigwn Germany. This design uses an
elastic membrane to integrate the strain gagesnfmpadol, P, 2002]. Recent probe
developments show probing sphere diameters belowflLeach, R, 2005].
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3 BASIC DESIGN FOR THE HORIZONTAL GUIDE SYSTEM

A 2D-CMM concept, without Abbe errors [Vermeulen, 99], was used as starting point to
formulate a basic design for the horizontal guigetesm of the CMM as described in chapter
4. That concept (figure 3.1) consists of two guidbeams (Gband Gl) which are mounted
on the machine base. Intermediate body A can beeth@long guiding beam Ghn x-
direction and intermediate body B along guidingrbe@hs in y-direction. The measuring
heads M and M, of each measuring system are supported by therietBate bodies B and A.
The x- and y-scalesy&nd § (used in the measuring systems) are supporteddysctale
beams Spand Sh. Scale beam Sbcan be moved trough intermediate body A in y-dicgc

by means of a Lorentz actuatoke(g »), which is connected between scale bearn &ixl
intermediate body A. Scale beamgStan be moved through intermediate body B in x-
direction by means of a Lorentz actuatqt{g g, which is connected between scale beag Sb
and intermediate body B. The measuring system amdnitz actuator of each axis have to be
on the same side of the rotation centre (c.o.gth@fCMM. Otherwise the control system can
not distinguish between a rotation and an oppdsateslation [Schellekens, P, 1998]. Because
scale beam Sband Sk are kept orthogonally suspended by the platforh),(®hich carries
the probe (P), it is thereby possible to move tmebe in x- and y-direction without
introducing an Abbe offset (both scales are alvadigged with the probe).

Guiding Guiding
c beam Gba beam Gbg C
Intermediate serve A senve ® Intermediate
body A P ***6 *%(****;/** *@*** N body B
/ N
Scale beam — - 7 N Scale beam
Sb < 2 N : > Sh
A o 0 :
\ /

Q i
Measuring \ N %% / Measuring
head M, N o J 7 head M,

AN yZ N /

Scale S, KT \ / X Scale S,

® ®
\ /
% o \ - z,q
Platform PL Probe P X, ] Y,y

Figure 3.1: 2D-CMM design concept for the horizontal plane without an y Abbe errors

In the 2D-concept of figure 3.1our guides are applied for only two functionaltoas x anc
y. Yet, the straightness errors of the scale beSkmsand Sl do not affect the measurii
accuracy due to the Bryan principle (section 2.4TR straightness error of scale beam Sb
causes an unwanted small translatidn of the probe in »direction, which is measure
correctly by the x-measuring system (in first ojdeccording to the Bryanripciple. The
same applies for measuring the straightness efréheoscale beam b The straightnes
errors of the two guiding beams £hnd Gl do affect the measuring accuracy. These e
have to be calibrated, which will be discusseddatisn 5.3.3. Fulsymmetry is broken fc
reasons of kinematic design: scale bearn I&s only one bearing instead of two. The a
between guiding beam Gland scale beam gls not constrained by intermediate body A,
results from the other angles between the guideas and scale-beams in the xy-plane.
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In figure 3.1 the access to the measuring areanmsewhat hampered because of the platform
configuration and its support onto the machine base improve the accessibility, the
connection between scale beamy Sécale beam Sband the platform is broken which is
shown in figure 3.2. Both scale beams are now tyreupported by the machine base with
two bearings each (black dots) thereby rendering pihatform (a considerable mass)

redundant. System A System B

Three bearings
between intermediate
body A and the
machine base

Two bearings

between scale beam
Sbg and intermediate
body B

Cservo B

Two bearings Two bearings

between scale beam between guiding
Sb, and the machine beam Gbg and
base Probe P intermediate body B

Figure 3.2: Connection broken between the scale be ams

Breaking the connection between scale beam Stale beam $band the platform gives five
moving bodies in total, which means that thirty &g of freedom have to be constrained.
First the connection between scale bearq &t scale beam Slwill be discussed. Later in
this thesis (section 4.7) the connection betweenpatform and the scale beams will be
discussed.

System A System B
On the left side of figure 3.2. system Alx free X  constrained by
(intermediate body A, scale beamaSb servo B
and guiding beam Gb is shown. And |y constrained by |y free
on the right side of figure 3.2. system B servo A
(intermediate body B, scale beamsSb|,  -onstrained 7 constrained
a_nd guiding be.am ng): Table 3.1 j constrained j free
gives an overview which degrees o y  free y _ constrained
freedom are constrained in system A .
respectively system B. q_ free gq__constrained

Table 3.1: Information about the degrees of freedom
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Both scale beams {land Sk are constrained in z-direction by their respectivieearings
(black dots). That means that the connection betwlee two scale beams must be constrained
in five degrees of freedom (X, yy, ¥, Q). The z-direction must be free. These conditicas c
be made by connecting the two scale beams withai @ind a plate with and elastic hinge
above each other, as shown in figure 3.3. Thisgdegrinciple is known as “the correct slide
guidance” [TUE 4007].

CservoA CservoB
O O
o
2 $
® o
Q %)
/T T T b »
S~ w4 B
e a2
E Z Z,q
X, | 4
TOP VIEW
Y,y
7] e
X z,q
FRONT VIEW

Plate with an elastic hinge

Moving body ———e Plate

/ Principle

of detail A

Figure 3.3: Scale beams connected with a design pr  inciple known as “the correct slide
guidance”

Now twenty-four degrees of freedom are constraifmatform not discussed yet) which are
necessary in a kinematic design with four movingies (Intermediate body A, Scale beam
Shy, Intermediate body B and scale beang)SBhe scale beams are only connected by a
correct slide guidance. This means that the angi@d®n the scale beams is only determined
by the rotation-stiffness around the z-axig) @ this guidance, which is provided by the plate
indicated in figure 3.3. Because a plate with aastsd hinge and a rod, used in the
combination as shown in figure 3.4, has the sanmstcaints as a plate, the rotation-stiffness
around the z-axis gk can be improved by placing the rod at a greaistaxce (r) from the
hinge as shown in figure 3.4 and 3.5. This willulesn a more easily adjusted orthogonality
and a better dynamic behaviour of the CMM.
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Body ./
« Improving
i rotational
Plate with _
an elastic —0CH % stiffness
hinge <§? &
- i
|
} - Rod
|
(§< R
Body ° N
N
% AN
Plate e
— a =0,C=

& &

Figure 3.4: Properties of a plate and a plate wit  h an elastic hinge

Rod
O i V< O
| //
& O
N

Plate with an elastic hinge (2x) X, |
Figure 3.5: Improving the rotation stiffness around the z-axis (k q) between the scale beams

The drawing of figure 3.5 will be used for the lwadesign for the horizontal guide system of
the CMM as described in chapter 4.
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4 CONSTRUCTION DETAILS OF THE CMM DESIGN

In the design phase bearing arrangements weretigatsi as shown in appendix A to enable
movement in the horizontal plane. This chapter rspihe construction details of the selected
bearing arrangement (selection discussed in appénd) and of the vertical axis.

4.1 Machine base

The machine base consists of an aluminum base @a&t&e” 575" 150 mm) in which a
pattern with a depth of 60 mm is milled (figure ¥4 Mext three aluminum blocks (one square
of 300" 300" 50 mm and two rectangular of 300195" 50 mm), which partly overlap the
pattern, are connected to the base plate.

Guiding surface (Gby)
for the air bearings of
an intermediate body

Guiding surface (Gbg)
for the air bearings of
an intermediate body

Rectangular Rectangular

GbASGbB
Milled pattern with
a depth of 60 mm

Square

aluminum block N z,q

Aluminum base plate /

le y’y

Figure 4.1: Exploded view of the machine base

The connection must not deform the blocks locally (amild inevitably occur with a bolte
connection) and has to be disconnectable (no dijlaed assembly), which is favorable wi
building a prototype and for repair purposes. Havsé reasons the connectiis made
through connecting elements as shown in figure drizt4.3c.

/ g /
b\
!
b { \
\ C —re \
c
g
Figure 4.2: Connecting elements between Figure 4.3: Cross section of a

ablock and the base plate connecting element
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These connecting elements (cylindrical discs wétbhea diameter of 20 mm and a height of 5
mm) are glued (figure 4.3g) between the base @atethe blocks and provide a distributed
connection with sufficient stiffness and strengiWhen the machine base has to be
disassembled, the glued joints will be shearedo# by one, by the rotation around the axis
of the disk imposed by a key that fits the slagfie 4.3s) of the connecting element.

The moving parts are supported on the topsideleottiree blocks, which claims a tolerance
on the parallelism of these surfaces. A sufficiestinall tolerance is created by copying the
machine base flatness of a Zeiss Prismo CMM (fkgne 1 micrometer/meter). This

procedure is shown in figure 4.4.

Inverted
ibase plate Connecting elements

N

= B B B = = =
Vacuum

P —
L t Square block

A Zeiss Prismo machine base
Inverted
ibase plate Connecting elements
Vacuum
AN
?
t y
L Square block
B Zeiss Prismo machine base
r Square block
.
)
/
Base plate Connecting elements
—=— Hinged leaf spring
C

Figure 4.4: Copying the machine base flatness of  a Zeiss Prismo CMM
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First, the top sides of the inverted blocks aregdbon the machine base of the Zeiss Prismo
CMM and aligned with respect to each other (fig#®A) their alignment being checked with
the aid of repeated coordinate measurements. Mext)locks are connected to the machine
base of the Zeiss Prismo CMM via a vacuum preldagire 4.4A) to prevent movement
while the base plate is placed on the blocks (BgidiB). The residual unevenness between
the blocks will be absorbed in the glued jointswestn the blocks and the base plate. Finally
the assembled machine base is inverted again goubdad on three hinged leaf springs
(statically determined stress free table concemtk (visible in figure 4.4C). Via these leaf
springs the machine base will be connected to aiyméevelling system as shown in figure
4.7 of the next section.

Before copying was started the squareness eydg;, between the guiding surfaces b

and Gl of the square block was calibrated by the Dutchiddal Metrology Institute (NMi
VSL) as discussed in section 5.3.3. After copyimg machine base flatness of a Zeiss Prismo
CMM the deviations of the top sides of the blocksreavmeasured with respect to an average
surface (ABC) as presented in figure 4.5 (the @ackere air bearings move are shaded).

Alo 2.5

% ]
///1.4
v,

0.

=
o

NN
\\\\\\\\\\\-
N

-2.3

NN

NN

o
1
o
o
o
O

Bl O

Figure 4.5: Top site parallelism of the machineb  ase [nm]

Further the straightness of the gutters in x- ailitgction was measured (respectively 2.3 and
1.4mm). These deviations were small enough to makaskembly of the moving parts (scale

beams and intermediate bodies) possible. These aertdiscussed in more detail in section
4.3 and 4.4.
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4.2 Machine levelling and vibration isolation

To keep the CMM accessible for the operator theehwibration isolators (Newport I-325A)
are placed underneath the machine base at a distafiom its centre of gravity (c.o0.g.).
Thereby is this centre located above the isolatdrneh can cause instability when the CMM
its frequency of movement comes close to the isolatrequency (f 1,5 Hz). For that
reason the machine base is provided with a pendakisthematically shown in figure 4.6.

Rectangular TOP VIEW

_ block
My, =m, +m, +m, (4.1 % N
3

S
h:'ml’h1+mz’h2+ma’h3 (4. E c.0.g.
o
Mo @ | &~ Square block
S C
M =m, xgssin/ xh+k; 5 P 5 it Hinged leaf
ase plate i
P FRONT viEw SP1ng (3%)
k. = (3/2)xcx? 4. € | [
' E —t* m, 137.5 kg
2
. M — H % M H Vi
/ » 5 ™ /J!
My, Xg>h + (3/2) ¥ < =) .
E g Miot \
_ (2o xf, ) xm, g @ :
c= ( 3) L 46 3 ) m? \ Vibration
ol < 63 kg isolator
. . . < Pendulum ——e
Substitution of (4.6) in (4.5) results in:
‘ % m, |150kg
J » M 4.7) Figure 4.6: Machine base provided with
My Xg > + 207 xf * smy, % a pendulum

This passive levelling system brings the equivaletal mass i to a distance of kh 280 mm
underneath the vibration isolators which is betterstability. When the CMM moves to its
maximum position from the c.0.g. a moment M of 3 NMauses the machine base to jtilt
about 1 mrad which results in a negligible forcetloa servo stiffness of a horizontal drive
system and thereby a negligible positioning erfdahe probe.

Figure 4.7 shows the construction details of thedpéum. The pendulum is supported by the
vibration isolators and consists of a steel diskr(eter: 500 mm and height: 100 mm) that is
connected to a steel tube (height: 900 mm, diambt#® and wall thickness: 3 mm). Finite
element modelling showed that this pendulum hassa Vibration mode of 125 Hz (figure
4.8). The connection between the pendulum and @nehime base will be performed by three
hinged leaf springs, as shown in figure 4.4C aiid #. prevent forces on the machine base as
a result of expansion differences between the alumimachine base and the steel pendulum
when room temperature changes.
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Figure 4.7: Pendulum supported by Figure 4.8: Finite element model of
vibration is olators the stiffened pendul um

After vibration isolation, measurements showed liaing accelerations of the machine base
in the order of 1E-4 mfsWith a z-axis mass of 1 kg a scale beam mass5okd and an
estimated stiffness between the probe and the madiase of 2.5E6 N/m [Van Seggelen, J,
2002a], this can be translated into a probe posgiwor of ((1.5 + 1.5 + 1¥1E-4) / 2.5E6»
0.16 nm as a result of remaining ground vibratidvisre about vibration isolation of machine
tools and instruments can be found in [De Bra, ®21.
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Connecting element

Scale beam Tube Elastic cardan joint

+ RN
/ Scale

%

Plate with
an elastic
hinge (2")
Stress frame
Holder with
preload bearings
Mass » 3 kg
Figure 4.9: Picture of the scale beams
Rectangular Scale beam Rectangular
aluminum block aluminum block
/ Scale
Plate with
Holder with o e'eaf;'f:)
preload bearings 9 T
Stress frame Square aluminum block

Figure 4.10: Picture of the scale beams supported o n the machine base
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Threaded

rod —m x>

Elastic
cardan
joint

D(2:1)

Alignment body

‘ TOP VIEW
Plate
‘ with an ’V\ Da
elastic :
W%:w‘rﬁ hinge (2') Square aluminum block Elastic cardan
N Rectangular aluminum bloc
I
‘ } g . Scale holder
Scale
) | ®o | ! L e
X, ] <—¢ L= ) ‘ :
foi * DH,,
! Q}jﬁo dJ7 - X
.Y AL_ s ‘ Ll
Scal Stress frame Rod Airinlet
+ CROSS SECTION A-A
Plate with an || 2740 S0 USSR B
elastic hinge : i
o =
| Stress frame — /|| Air bearing —a_ | "
| |
® |
S A\
== N REN J
— Square aluminum block J Rectangular aluminum block
Holder with preload bearings Base plate ——-®

Figure 4.11: 2D drawing of the scale beams support

on the machine base
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4.3 Support of the scale beams on the machine leas

A schematic drawing of the scale beams supporiviengin figure 3.5 of chapter 3. More
details are given in figure 4.9, 4.10 and 4.11.

4.3.1 Stress frame of the scale beam

The scale beams are supported on the machine base,wath two bearings and thi
alignmentbodies. A stress frame, connected to the alignnbexaties, leads the prelo
directly above the bearings of the scale beam. The line of preloadefahen goes onl
through the stress frame and not through the dx=den. So there will be no distortiohtbe
scale beam, which carries the scale. The scale f@aminum tube) is connected statice
determined to the alignment bodies and stress fraime basic principle of this connectior
given in figure 4.12.

A A

N . Rod
. N l

Plate / ssg
(detail B

of figure 4.11)

Plate with an elastic hinge / ég

(Detail C of figure 4.11)

Figure 4.12: Basic principle of the 6 d.o.f. connection between the scale beam and
the alignment bodies / stress frame

4.3.2 Adjustment of the angle between the scaledms

A small angular error relatively to the 9Between the scale beams does not cause a fiest ord
measuring error (section 5.1.5). Nevertheless imigortant for assembly purposes that the
angle between the scale beams comes close to ghe lagtween the guiding beams of the
square aluminium block of the machine base. For tbason the angle between the scale
beams can be adjusted roughly with a shim and mp@ese with a manipulator both shown
in detail D of figure 4.11. The manipulator consisf a threaded rod (pitch (p) = 1 mm), a nut
and a tension spring (stiffnessymg = 160 N/m). One turn of the nut changes the a(ig%
between the scale beams according to:

4 >(Cspring Xp >4tube

Da »
P x\/E ><Etube >(Dtube2 - dtubez) X beam

(4.8)

An aluminum tube with a lengthyl¢ of 450 mm, an outside diametery{{d of 13 mm and
an inside diameter {go of 11 mm gives the possibility to change the arggtween the scale
beams {eam= 390 mm) with a resolution 50 nrad of per turn.
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Bridge connected to
the alignment bodies
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the bridge

Side plate 1
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"
/
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Torsion tube

Bearing
alignment body

Figure 4.13: Intermediate body supported on the mac

Plate with an
elastic hinge

Stress frame
(84.4.1)

Folded plate

Holder with
preload bearings

Figure 4.14: Stress frames of an intermediate body

to side plate 1 and via /
an elastic line hinge to

Elastic line hinge

Top plate connected to the
side plates and the alignment
bodies close to the probe

Measuring head

AN

Scale beam
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A40mm (8 4.4.2)

Preload bearing
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Torsion tube

Preload bearing ——e

Bearing holder ——e /‘
Bearing alignment body
(84.4.3)

Air bearing £ 50 mm

Measuring
head

— Side plate 1

Mass » 4.5 kg

Figure 4.15: Guiding from the intermediate body w.r ~ .t. the guiding surface of the
square aluminum block (machine base)

Stress frame —

Rectangular
aluminum
block

|

Holder with
preload bearings

Elastic line hinge
Measuring head

Rectangular
aluminum block

Square
aluminium block

Side plate 1 l
Side plate 2

Figure 4.16: Picture of the intermediate body sup  ported on the machine base
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4.4 Intermediate body

An intermediate body is supported on the machiree haith four z-bearings (figure 4.13).

This gives the possibility to countersink these imeg; with their alignment bodies, into the
intermediate body while maintaining symmetry. Toarmection bridge of two bearings, which

are away from the probe, is connected to the irgdrate body with an elastic line hinge

(figure 4.13) to prevent that the support of théernmediate body, to the machine base,
becomes over-determined.

4.4.1 Stress frame of the intermediate body

An intermediate body is equipped with two stressnies (figure 4.14 These stress fram
prevent distortion of the intermediate body, whidiries the measuring head. The b:
principle which connects a stress frame to therimégliate body in 6 d.o.f. is given in figL
4.17A. A more detailed drawing of this connectismgiven in figure 4.17B.

A B
Pl
/+\\ ate\ /*\\
N IS

/ Folded éL

plate &
XN s

S
b

Figure 4.17: Basic principle of the 6 d.o.f. connection between a stress frame of an intermediate
body and the intermediate body

Plate with an elastic hinge

The plate and the plate with an elastic hinge haeesame properties as the plate and the
plate-with-hinge used to connect the stress frahtbeoscale beam to the scale beam (section
4.3.1). The plate with an elastic hinge is connedtethe bridge of the intermediate body
(figure 4.14) so there will be no strain introdudetb the intermediate body when the bridge
rolls with respect to the intermediate body.

The degree of freedom between the intermediate bodythe stress frame in drive direction is
determined with a folded plate (figure 4.14 and78)1

4.4.2 Guiding of the scale beam w.r.t. the interediate body

A scale beam is guided by the intermediate bodi ait bearings ofE 40 mm (figure 4.13).
The alignment bodies of these bearings are not efofithical construction as the alignment
bodies of the z-bearings, but built from separatespfor compactness, as this helps to reduce
the size of an intermediate body and thereby tleeadvCMM size.
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4.4.3 Guiding of the intermediate body w.r.t. theguiding surfaces

The Intermediate body is guided on guiding surfaoested on the sides of the square
aluminum block (machine base) with two air bearingsese bearings are connected to their
bearing holders and each bearing holder is condédot@a sandwich construction formed by

two side plates of the intermediate body and aidorsube to create a stiff path in drive

direction (figure 4.15). Each of these bearingsdndsameter of 50 mm.
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4.5 Frictionless air supply to the horizontal airbearing system

When a compressed air flow is needed on board @irabearing guide, a hose of a certain
length is often required to provide the air sup@esides on the length of the hose the
magnitude of the flow depends on the speed of ithenal on the diameter of the supply hose.
In a case of a constant air speed, the diametéreofupply hose has to be increased when
more flow is needed on board of the guide (e.g.nnthe guide contains many air bearings).
This inevitably results in more bending and torsstiffness in the hose, which is a source of
disturbance during slide motion. Applying multipt®@ses (with a smaller diameter) gives
almost no improvement: the bending stiffness dem®dut the air flow resistance increases
with the fourth power of the diameter. Multiple Besmay not contact while moving because
friction causes hysteresis in the guide’s motiohiclv is often unacceptable. The hoses, often
made from thermoplastic material, show relaxatiod Bourdon action. They slowly assume
shape (e.g. as a result of bending and torsionhglstand still, which results in unpredictable,
changing force variations of several milli Newtathgring motion. This disturbs positioning
and makes it impossible to reach nanometer unogytairhe solution to use an additional
robot to carry the hoses after the guide is knawihne art.

Figure 4.18: Frictionless air supply system

The air supply system, explained below [Van Seggele2004b] avoids a robot that carries
hoses and still gives the possibility to bring air board of a moving guide without friction
and the associated hysteresis. Figure 4.18 showssa section of the air supply system. A
tube (1) is connected to the fixed world (2) andvides the air supply (3). A piston (4) is
axially connected via a rod (5) to this tube prafidy in such way that the half-length of the
rod is almost at the centre of the piston. The pissosupported without friction along the
cylinder wall (6) of the moving guide (7) with dearings (8). The air for the air bearings is a
small part of the air provided by the air supplg. Make sure that the air flows in the direction
indicated by the arrow, a bellows (9) is applietin®een the piston and the tube.
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The air flows symmetrically out of the piston, viaot diametrically opposed openings (10)
(only one visible in figure 4.18), to a chamber)(b&tween the piston and the cylinder wall of
the moving guide. The length of chamber in the adii@ction of the piston exceeds the length
of the stroke of the moving guide. To make suredindlows on board of the moving guide,

into a circular groove (12), a seal gap (13) betwd#e piston and the cylinder wall of the
moving guide is applied. Once the airflow is on fidoaf the moving guide it is available for

various purposes (e.g. to supply air bearings).

The air supply to th
horizontal air bearing syste
of the CMM will be providec
by frictionless air suppl
systems, as shown in figure
4.19 The first air suppl
system (piston connected Piston moving
the fixed world) brings the a with scale beam
on board of an intermedis

body and the second (pist

moving with a scale bear

brings the air on kard of &

scale beam.

Air out Cylinder wall

Piston connected
to the fixed world

Slide
motion

Air in
Cylinder wall

Figure 4.19: Air supply to the horizontal air bearing system of
the CMM

Figure 4.20 shows the first piston design, withfioei air bearings, of the frictionless air
supply system that is connected to the fixed world.

Seal gap Seal gap
Tube l Rod ’,i— e

Bellows

T T A LS
Orifice air bearing Orifice air bearing

Figure 4.20: First piston design with orifice air bearings
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In a later design the orifice air bearings werdlaegd by graphite air bearings as shown in
figure 4.21. As a result the piston centred bettart. the cylinder, which reduced the air

consumption.
I—seal
Seal gap £§

Dpiston

T JL S R !

. —— Cylinder

Graphite air bearing

Figure 4.21: Detail A of figure 4.20. Figure 4.22: Cross section of figure 4.21
Orifice air bearings replaced
by a gra phite air bearing

The air consumption of an air supply system withpbree air bearings is mainly determined
by the leakage loss of the seal gaps. The leakageoloa single seal gap, which holds for a
laminar air stream (h /| > 100), can be calculatét the formulas below [TUE 4007].

R, = 120> Legy = Where, .9
p ><Dpiston ><(hgap)
h=17E-6 P&
fo= DP
seal — @ (410)

An air supply system with a piston diameter{y) of 25 mm, an air bearing gapgp of
about 5 micrometer and a seal gap lengthsflof 4.5 mm has a theoretical air consumption of
about 1E-5 mis 0.6 I/min (Zfes) at a supply pressure of 5.5E5 Pa. In practiceaihe
consumption of such system was measured to béndii8 [The slightly positive difference can
be caused by fabrication tolerances and by theoaisumption of the graphite air bearings.
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4.6 Air consumption of the horizontal air bearingsystem

A A 40 mm air bearing system (porous bearing in coatlmn with a preload bearing)
consumes about 0.2 I/min and4a50 mm air bearing system about 0.3 I/min. The tatal
consumption of the horizontal air bearing systemetermined by 15 air bearing systemgiof
40 mm, 4 air bearing systemsA&f50 mm and 4 frictionless air supply systems. Tésults in
a total air consumption of the horizontal air begrsystem of about 7.5 I/min.
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Mounting face

Strip-on-edge plate J Strip-on-edge plate

Rod Rod

Cross beam \

Rod Rod
Elastic line hinge

Figure 4.23: Height (z) and the two rotations ( jj and y) constrained

Mounting face

|

Folded plate Folded plate

X!j yly

Figure 4.24: X- and y-direction constrained with tw o folded plates
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4.7 Mounting face

A mounting face will be connected (statically detered) to the scale beams. The z-
mechanism, which provides vertical motion and earihe probe, will be connected to this
mounting face. In figure 4.23 is shown how the heig) and the two rotationg (@ndy) are
constrained. The two rods that constrain the heggath connected to a scale beam directly
above the z-bearing at the probe side, are natttireonnected to the mounting face but via a
cross beam and an elastic hinge. To determine tagiawo stiffness of the mounting face
around the x- and y-axis two strip-on-edge platescannected to mounting face. One in x-
direction and the other in y-direction. Each plateconnected via a rod to a scale beam
directly above the z-bearing away from the prot

TOP VIEW

In figure 4.24the two folded plates are shown, wh
constrain the translations x and y and figure 4.26
shows how the rotation around the z-axgy Will be
determined. For that purpose the upper most plate
an elastic hinge of the connection close to the p
between the scale beams is extended with a fi
plate. This principle is given schematically in fig
4.25 The folded plate has the same properties as T

with stiffness g at a distance R from thgobe point X, ] Cx
Due to this the mounting face has rotation stif& Figure 4.25: Schematic top view of

Mounting
face

+

with a magnitude of@psz around the probe point. the mount ing face
Mounting face Cross
/ beam
Folded / Rod
plate /
Rod

|

Plate with an Scale
elastic hinge

combined with

a folded plate °

|

Scale beam Plate with an Scale beam
elastic hinge

Scale

Figure 4.26: Mounting face rotation around the z-ax is constrained (back view)
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4.8 Lorentz actuators in the horizontal plane

The axes in the horizontal plane are direct drivghdrentz actuators with a stroke of 50 mm
as shown in figure 4.27.

Bridge of the
intermediate body away
from the probe

Magnet (28x) connected
to the intermediate body

Iron foil (4x)

Iron

Figure 4.27: Lorentz actuator in the horizontal pI  ane (stroke: 50 mm)

The coil of the actuator is connected, via a holttethe scale beam and the magnets to the
associated intermediate body. To improve the homageaf the magnetic flux, iron foil with

a thickness of 0.2 mm is glued on the magnets éntsid gap. The magnitude of this magnetic
flux (B » 0.4 T) was estimated with a finite element packi@gzlios, 2006] instead of with
basic formulas for designing a Lorentz actuatorgag&n in section 4.9. This to include
saturation effects that occur in this configuratarihe beginning and end of the stroke.
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4.9 The elastically guided axis for the verticadtroke

The vertical stroke of the CMM is provided by ansélzally straight-guiding mechanism as
schematically shown in figure 4.28 [TUE 4007]. The yauh the left is connected to an
auxiliary body with two leaf springs. Another pairleaf springs connects the auxiliary body
to the world. The body and the auxiliary body arepted with a lever. The body will be
guided along a theoretical straight line, as af lgprings having the same length. The probe
will be connected to this body and the z-scale aving with it, relative to a measuring head
on the fixed world.

z-drive i 1
10 ::\‘/’\

- Weight
compensation
lever tension
Leaf spring (L) (4x spring
pring () (4|1 (84.9.2)
* o Auxiliary
/  ——
Body — |- body
| Il
-7 - -z/2 o
b b log M
. _ N I Stiffness
z-mechanism f compensation
] compression
%\ ' spring
Probe —= (84.9.1)
system
Cz-auxiliarybody f Disol t(d)
isplacemen

Figure 4.28: An elastically straight-guiding mechanism consisting of two parallelograms
coupled by a lever

4.9.1 Stiffness compensation

Figure 4.28 shows a compression spring that appliesce on the auxiliary body. When this
body moves from its mid position the compressioringpwill extend and compensate the
bending stiffness of the leaf springs. Thereby theedsystem (z-drive) has to overcome only
a small fraction of the original mechanism stiffa@s shown below resulting in a low power
consumption.
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Figure 4.29 shows three conditions of the stiffrem®ipensation spring. On top the spring is
unloaded. In the middle the spring is compressed;ljgn] and its axis in the mid position of
the z stroke of the mechanism. On the bottom thegps compressed by §im] and moved
Zmax/! 2 [m] from the mid position of the mechanism.

Lo

Spring energy

F[N]T

Zmax /2

|

Cz-intermediate body f

U uz uy’ Uy

u[m]
——
Figure 4.29: Schematic of the stiffness compen- Figure 4.30: Tuning of compensation
sation s pring in unloaded and mechanism by adjusting
compresse d positions the compression

The formulae below are useful when one is desigairggiffness compensation mechanism
such as in figure 4.28.

2
C _ Cz— auxiliary body >(Zmax /2)

stiffness compensatin  spring — (U )2 ( )2
,) -

[N/m] with (4.11)

2
u =L - \/(LO - Uy +d)? +(zmax /2)° [M] and d =% [m] L = leaf spring length [m] (4.12)

First the stiffness at the auxiliary bodyagxiiary body[N/m] has to be calculated. This stiffness
is four times the stiffness of the mechanisfm&hanism[N/M] in drive direction. After that a
spring with unloaded length oflim] and a stiffnesssginess compensation springfN/m] is chosen
from a spring supplier catalog. An iterative pracésdlows to solve the compression[m] of
the compensation spring in the mid position of thechanism. Finally this compensation
mechanism can be tuned by adjusting the compressjor] of the spring as shown in figure
4.30.

4.9.2 Weight compensation
The weight of the moving bodies in figure 4.28 isnpensated with a tension spring. This

spring is placed on the lever with a ratio (i) of 10 from the drive system. Thereby the drive
system has to overcome with 1 % 6f that spring stiffness.
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Figure 4.31: Cross-section of the elastic mechanis m
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Body
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Measuring

head (fixed)

Leaf spring (L)

(4x)

Figure 4.32: Hardware of the elastic mechanism

1) Stiffness compensation spring
2) Force alignment mechanism
3) Weight compensation spring
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LxBxH[mm]
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z-module mass » 1 kg
z-moving mass » 100 g
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4.9.3 Construction details

Some construction details of the elastically streguiding mechanism that provides the
vertical stroke of the CMM are shown in figure 4&4d 4.32. The aluminum (high thermal
diffusivity) back and forth parallelogram leaf spgs (I = 42 mm, b = 40 mm and h = 0.3 mm)
have a stiffened mid part (I = 30 mm, b = 40 mm A 1.5 mm) which gives them a higher
resistance against buckling. Also this provideszwmtal compensation for thermal expansion
due to room temperature changes, with the propes tionstant.

The stiffness of the mechanism in drive directionGhanisyy iS about 2000 N/m [Van
Seggelen, J, 2002a]. In this case the drive sykiso apply a force of about 200@.002 =

4 N to keep the body of this mechanism at the marindisplacement from its mid position
(half of the total stroke of 4 mm). The stiffnessnpensation mechanism also shown in figure
4.33 gives the possibility to reduce this forcendigantly.

Differential screw

Plate ——»

Stiffness compensation spring Guiding Euro

Figure 4.33: Stiffness compensation mechanism

The stiffness compensation mechanism consists pfiags(nr. 1 in figure 4.31 and 4.32), a
guiding, a differential screw and a plate. The caapion of the spring can be adjusted with
the differential screw and the plate prevents thatspring torques. This mechanism reduces
the stiffness in drive direction with a factor %D (times less force (F) to get the same stroke).
This reduction also occurs in the motor coil curr@ghiwhich will reduce the required power
(P) with a factor 2500 as it is proportional to stgiare of current.
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A force alignment mechanism (nr. 2 in figure 4.3id &.32) is applied to align the preload
force of the compression spring with respect todheiliary body of the elastically straight-
guiding mechanism. Without such alignment mechanime stiffness compensation
mechanism will be bi-stable due to tolerances énférication and assembly process.

The tension spring which compensates the weighh@fmtoving bodies (nr. 3 in figure 4.31
and 4.32) has a stiffness of 715 N/m and is plawed lever with a ratio of 1 : 10 from the
drive system. This means that the drive systemdagpply an extra force of 71540 0.002

15 mN to keep the body of the elastically straighiding mechanism at the maximum
displacement from its mid position. This is negllgitompared tot the 4/50 N needed to
overcome residual stiffness.

Finite element modellip showed that the sce ~ Scale (moving _
tlts about 1 rad at the maximur Withzaxis) ,/ Preload ring
displacement from its mid position. From t
can be concluded that this tilt has neglig
contribution to the measurement uncertai
The scale of the measuring system is locatt
the body of the elastic straight guide
mechanism with three ruby spheres (fig
4.34). Preload rings are used to incre
stiffness in the ruby sphere contacts. The ¢ Ruby
degrees of freedom of the scale are detern sphere
with three supportpoints on the supportir

surface (not visible in the picture). Figure 4.34: Location of the scale

Figure 4.35 shows the drive system of the elasyicplided axis (z-drive in figure 4.31 and
4.32) based on a Lorentz actuator with a strokd @gnm]. The coil is connected via two
ceramic plates to the lever and the yoke, thattesethe magnetic flux (B 0.7 T), is
connected to the fixed world.

TOP VIEW FRONT VIEW

Magnet

i Ceramic plate (2x) —e
Coil plate (2x) Nd-Fe-B (4x)

T

Lever (1:10) /
Iron

Fe 380 (2x)

Figure 4.35:; Top- and front view of the Lorentz ac  tuator

The formulas below [Compter, J, 2002] [Compter,QD3 are useful when one is designing a
Lorentz actuator.
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For copper wire holds a maximum current densityken 3 and 10 A/mfn

TOP VIEW
=25 e X, (4.13)
0 (2 >4‘]m + hg) = 3
<
£
e = 1B @1a | | 1
A A
23 f,,31,,2b, hy, 3By, ron (29 —= cot
= 5 X (4.15
(pl4)d,. CROSS SECTION A-A
Imin
- e
F= Cz— mechanism><Z (416 Magnet (4X) leu S
DN S 53

IWire = W><I max + Imin + bmax + bmin) (417

= e ¥ . (4.18 QI <

(10 /4) >dwire
]
P=12"R (4.19) Imax ,
Figure 4.36: Schematic of the Lorentz
actuator (z-drive)

bey width of the coil part in theagnetic field [m]
Brmax outside width of the coil [m]
Bmin inside width of the coil [m]
Bgap magnetic induction in the air gap [T]
Cz-mechanism Stéiss of the elastic mechanism in drive direction [N/m]
Ouwire coil wire diameter [m]
feu space factor [-]
F force [N]
hey height of the colil part in ttniagnetic field [m]
hy air gap height [m]
hm magnet height [m]
Hcs coercivity of Nd-Fe-B (850e3) [A/m]
I coil current [A]
lcu length of the coil part iretmagnetic field [m]
I wire complete wire length [m]
[ max outside length of the coil [m]
I min inside length of the coil [m]
P power in the actuator [W]
R coil resistance W
w number of turns [-]
z position of the elastechanism in drive direction [m]
m permeability of airXge-7) [H/m]
I cu specific resistance of copp&e(D) [Wr]
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4.9.4 Functionality results

Figure 4.37 shows the coil current as functiorhef position of the mechanism position.

R=12[W
| P=1xR
[mA] [mW]
-z [mm] + z [mm] -z [mm] + z [mm]
- R — - — -
Figure 4.37: Actuator coil current Figure 4.38: Required power of the actuator
as function of the stroke as function of the stroke

The required power of the Lorentz actuator as atfonof the stroke is given in figure 4.38.

It can be concluded from this graph is that the grogonsumed by the actuator is very low for
the elastically guided axis making its verticalok® of 4 mm. This means that the applied
mechanisms for compensation of stiffness and balgnof weight are suitable to get a

significant reduction of heat in the actuator.

After tuning the PID-controller the positioning @rrin z-direction was 2 nm, as shown in
figure 4.39 and 4.40. A PID-controller was chosenimprove the performance of the
elastically guided vertical axis, which can be esented as a free moving mass on a spring
requiring (P- and) D-action, while at low frequesgtil-action is added to improve positioning
accuracy.

€ €
A= A=
5 5
) @
()] (o))
c c
c c
§e) .9
o o
o o
— = Time [s] — = Time [s]
Figure 4.39: Positioning error in z-direction Figure 4.40: Positioning error in  z-direction

(measuri ng time: 20 s) (measuring time: 1 s)
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Finally the open-loop frequency response functibtne elastically guided axis was measured,
as shown in figure 4.41.

[}
K=}
Q
©
2
c
(@]
a
=
—_— = Frequency [Hz] 200
o
[}
o
(@]
Q
k=3
[}
(2]
@
e
o
— Frequency [Hz]

Figure 4.41: Open-loop frequency response function of the elastically guided axis after tuning
the PID-controller

The low frequency part of figure 4.41 shows unrdédabata as a result of insufficient
coherence. The mid part shows a -2/-1 slope cr@sBimiB at 200 Hz bandwidth with
sufficient phase margin. Because the parasitic mhycgin the high frequency part also have
sufficient margin, they are not threatening for thymamic behavior of the elastically guided
vertical axis.
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% ~<— Guiding beam
. — Gba
Intermediate
body A —— =
—s——— Scale beam
Sba
S Scale beam Guiding beam
| Sbg Gbg

! c.0.0. S /
; ‘/ C1 i C2 I

/ - — ©
Probe M
X S
a b
Intermediate

y body B
Cip=C; +Cy (420)
— — kip = ¢1 3 (0/2)% + ¢, 0 (b/2)°  (4.21)

Kaq = Cg 3 (d/2)% + ¢4 > (d/2)*  (4.22)

Cs

/
)
K3s

Ci2 <P} -

Czs

X
a+b/2

Figure 4.42: Representation of the CMM which helpe  d to create the dynamic model
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4.10 Dynamic behavior

A dynamic model, as given in figure 4.43, constr lumped masses and springs was made
to estimate the dynamic behavior of the CMM (loweigienfrequency). A representation of
the CMM as given in figure 4.42 helped to creats thodel. The lowest eigenfrequency is
expected to occur when all moving bodies rotatéhm same direction with respect to the
bearings of intermediate body Bs(and g in figure 4.42), which move with respect to the
guiding surface. In this situation the scale beamd the mounting face can be seen as one

body (Jronein the model below), which makes the model lesaplated.

Ma
i=1le
Cs e 1
\]probe
i=1/(a+ b/2)
1 a+b/2

I(12 Cio
Js Mg

k34

Figure 4.43: Dynamic model of the CMM in the horiz  ontal plane

J4:J'A:mA>62

J3= \]probe

y

J,=Jg=mg>(a+bl2)?

y

leJB

Y

Figure 4.44: Equivalent dynamic model of the CMM i

ja

k4=k’5=C5>e2

A

ks = K'12 = €1, 0 (a +b/2)?

Ko = kq2

K1 = Kas

n the horizontal plane
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Rewriting of this dynamic model, as given in figude44, eases the formulation of the
equations of motion for this model. With these dmuns the state equation and the output
description for this model can be formulated.

State vector

x, I
X, /1
X3 jz
— X ;
x= 4 =72 (4.23)
Xs /3
Xq /-'3
X7 /4
),
State equation
kok 1 ko 0 0 0 0 O
tk) g kg g g o o
J, J, X
0 0 0 1 0 0 0 O J;
. 5—2 o-(k2J+k3)o ‘;—3 0 0 0 8_
— 2 2 2
X2 0 0 o o 0 .1 0 0 ¥t ™ (4.24)
o o K o.lrk) g koo
‘J3 ‘]3 ‘]3
0 0 0 0 0 0 0 1 0
0 0 0 0 L% 0 -Xe g 0
J, J,
Output description
y=[0 0 0 01 0 0 O>xx+[0]xu (4.25)

The matrices of above equations were used in a M¥& lprogram to calculate the lowest
eigenfrequency (about 60 Hz) of the CMM [Van Seggel, 2002a].

The theory as described above was verified by nmggsthe frequency response function of
the horizontal guide system in x- and y-directisrshown in figure 4.45.
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Magnitude [dB]

— Frequency [Hz] 65

Phase [degrees]

—_—= Frequency [Hz]
Figure 4.45: Frequency response function of the hor  izontal guide system in x- and y direction

The difference between the estimation and the measnt of the lowest eigenfrequency (60
Hz respectively 65 Hz) can be explained by the tlaat the measurement was performed with
the horizontal guide system (without the elasticagliided vertical axis) were the estimation
deals with the complete CMM. Assembling the eladitycguided vertical axis will reduce the
lowest eigenfrequency of the CMM as a result of ddditional mass (1 kg). The difference
will be small due to the short distance to the CMMénter of gravity (c.0.g. in figure 4.42).
The anti resonance peak between 30 en 40 Hz irefiggd5 will not disturb the measurements
performed by the CMM. 3D modelling (e.g. SimMeclwaihimight explain this peak.

After tuning the PID-controller the opdoep frequenc
response functions of the horizontal air bearingtesy
were measured in x- and y-direction. In xediion &
bandwidth of 35 Hz was realized and irdigection &
bandwidth of 50 Hz as shown in figure 4.47 and 4.4
This difference shows that the horizontal air bez
system is more sensitive for excitation indixection
than in y-direction. This can eb explained by nc
constraining the angle between guiding beam Gibd
scale-beam Sp (chapter 3). The bandwidth in x-
direction can be increased to 50 Hz by placingteot
two series connected Lorentz coils with accelene
fee.d forward (at .the expgnse of an. other coriaop) Figure 4.46: Horizontal air bearing
which supply their damping force via opposed pre system pr ovided with
bearings without introducing stiffness (see figdi46). Lorentz ¢ oils

" || -+ Two series connected
Lorentz coils

—=— Scale beam
Sbpa

— Intermediatgooody A

——
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Magnitude [dB]

35 — = Frequency [Hz]

Phase [degrees]

— = Frequency [Hz]
Figure 4.47: Open-loop frequency response function (horizontal guide system in x-direction)

—
|

Magnitude [dB]

v
50 — = Frequency [Hz]

—
|

Phase [degrees]

— = Frequency [Hz]
Figure 4.48: Open-loop frequency response function (horizontal guide system in y-direction)



4.10 Dynamic behavior 57

The zero-pole behavior as can be seen in figuré 4rd 4.48 shows that the measuring
system and Lorentz actuator of each axis are pasii on the same side of the c.0.g of the
CMM. What not can be seen in the plots is crods(ia. interaction) that occurs between the
x- and y-servo loops. This coupling is relevantdontrol design and can be explained by the
excitation at a distance from, instead of withhme t.o.g. of the CMM. The cross talk can be
eliminated by static pre-compensation at the systgmt. However, in the study this was not
implemented so the loops had to be closed seqllgrdiad in an iterative manner to improve
bandwidth as much as possible.

The final positioning error of the servo systenxirand y-direction over a 30 s time period
seemed to be 6 respectively 5 nm as can be seen from figure 4.49 and 4.50.

=) e A
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5 5
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o o
— = Time [s] — = Time [s]

Figure 4.49: Positioning error in x-direction Figure 4.50: Positioning error in y-d irection
(measuri ng time: 30 s) (measuring time: 30 s)

Moreover, reduction of the measuring time to aldostshows that the real positioning error in
x-direction of aboutt 4 nm is superposed on a sinusoidal signal witteguency of about 2.5
Hz and the real positioning error in y-directionadfout= 3 nm is superposed on a sinusoidal
signal with a frequency of about 3.5 - 4 Hz (figdté1 and 4.52).
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Figure 4.51: Positioning error in x-direction Figure 4.52: Positioning error in y-d  irection

(measuring time 1) (measuringtime 15)
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These frequencies also show up in the frequenastrspeneasured in x- and y-direction, as
shown in figure 4.53 and 4.54.

Magnitude
Magnitude

v v

— = Frequency [Hz] — = Frequency [Hz]

Figure 4.53: Frequency spectrum in x-direction Figure 4.54: Frequency spectrum in y-direction
below 10 Hz below 10 Hz

These sinusoidal signals are a result of movemardsind the x- and y-axis with the
eigenfrequency of the damping table, without a pénd as described in section 4.2, that was
used at that time to eliminate the ground vibragiorhe frequency difference, & 1.5xf,) can

be explained by the 1.5 times length differencevben the vibration isolators of the damping
table in x- and y-direction (difference in rotatistiffness around the x- and y-axis of the
damping table).

These sinusoidal signals will not disturb the calilon of the CMM because the sampling
frequency of the calibration instruments is muclyher than the eigenfrequency of the
damping table. The same holds for a measureméintayprobe system.

4.11 Moving mass

When the CMM is moving in the xy-plane, the movimgss of 8.5 kg is determined by two
scale beams (3 kg), one intermediate body (4.5akg)the elastically guided vertical axis (1

kg).

The moving mass of 100 g of the elastically guidedical axis is determined by the body (70
g) that carries the scale (10 g) of the measurysjesn and a quarter of the mass of the
auxiliary body (65/4 g) that is preloaded by thd#freéss compensation spring (see figure
4.28).

Compared to today’s high accuracy CMMs (table 1tHiy CMM has a 4.5 to 7 times lower
moving mass in horizontal direction and an up t0 #thes lower moving mass in vertical
direction, which increases the application for nueiag with high speed in 3D.
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4.12 Thermo-mechanical behavior

By building the base, guides and moving bodies i €CMM from aluminum parts, a
mechanical compensation for thermal expansion eéated that reduces the sensitivity for
temperature variations and responds rapidly to lgmmeous temperature differences (see

section 2.1).
) Measuring head

two parts of the CMMs thermal loops are n
completely equal as schematically shown |
the x- and y-axis in figure 4.5&nalogous fo A

the z-direction). Part | consists of length |
(from the probe via the aluminum scale be Probe | Scale
to the Zerodur scale), 4 (from the front en % {
of the Zerodur scale to the measuring he:

and k (from the measuring head via | > /
aluminum intermediate body to the guid A& /
surfa_ce of the aluminum machine pase). P l4 Guiding surface
consists of length4I (from the object bein

measured via the aluminum machine base

the guiding surface). Figure 4.55: Thermal loop of the CMM in
x- and y-direction

b bl _
Because the scales of the optical lir “W Intermediate body
encoders used are made from Zeroduhe M Scale beam
T

1

Machine base

As a result of different material properties in thermal loops of the CMM measuring errors
will occur when temperature changes during a measent. These errors can be described by:

(7E-3 + Loroduc) X23E-6xDT for the x- and y- direction (4.26)
(20E-3 + Hyodue) X23E-6xDT for the z-direction (4.27)

with Lyroduct the product length in x- respectively y-directidfhoquct the product height in z-
direction andDT the temperature change during a measurementeXing seven and twenty
millimeter Zerodur length is required for assembly purposes. Theetaldelow show
measuring errors in x-, y- and z-direction for erfint values of }oducs HproductandDT.

I—product [mm] Hproduct [mm]
R R
4 10 20 30 40 50 max: 4
2 5 1.3 2 3.1 4.3 5.4 6.6 2 5 2.8
c 10 2.5 3.9 6.2 8.5 10.8 13.1 c 10 5.5
= 15 3.8 5.9 9.3 12.8 16.2 19.7] & 15 8.3
Q 20 5 7.8 12.4 17 21.6 26.2 o 20 11
x- and y-direction z-direction

Table 4.1: Measuring error [nm] in x-, y-, and z-  direction for different values of L product » Hproduct
and DT

From table 4.1 can be concluded that the temperaaniations during a measurement must be
around 5 mK to reach nanometer uncertainty. Thatdan be realized is shown in figure 5.8
and discussed in section 5.2.
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4.13 Assembly and characteristics

The assembly of the CMM is shown in figure 4.56.

Figure 4.56: Assembly of the CMM as described in  this thesis

The CMM has the following characteristics:

- Horizontal air bearing system with separatesstfeames for preload forces and
frictionless air supply (8 4.3.1, § 4.4.1 and B)4.

- Elastically guided vertical axis (stiffness- amdight compensated) (§ 4.9)

- Material of the machine base and moving bodMs1St (8 2.1)

- Size: 450 450" 200 mm

- Measuring volume: 5050" 4 mm (8 2.1)

- Air bearings: NewWayA 40 mm and® 50 mm with 5nm air gap) (8 2.2)

- Lorentz actuators (Power consumption < 80 m\Wj.&and § 4.9.3)

- Encoders: Heidenhain LIP 372 (1 nm resolutiG.4)

- Positioning error servo system in x-, y- andrection: + 4,+ 3 and+ 2 nm (8 4.9.4, § 4.10)

- Bandwidth horizontal air bearing system (x- gngirection): 35 respectively 50 Hz (8 4.10)

- Bandwidth in x-direction can be increased tdH&0by providing the horizontal air bearing
system with two series connected Lorentzsaweith acceleration feed forward which supply
their damping force via opposed preload Ig@riwithout increasing stiffness (8 4.10)

- Bandwidth elastically guided vertical axis (zedition): 200 Hz (8 4.9.4)

- Moving mass in the xy-plane: 8.5 kg (8§ 4.11)

- Moving mass z-direction: 100 g (8 4.11)

- Sensitivity for temperature variations during measent: (7E-3 + hoduc) X23E-6xDT for
the x- and y-direction and (20E-3 +uc) X23E-6xDT for the z-direction (§ 4.12)
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5 CALIBRATION

The geometric errors as discussed below (sectibnadfect the measuring uncertainty of the
CMM, which means they have to be calibrated and psrsated with software. Before

calibration, the temperature stability of the sptwas increased to minimize temperature
variation during measurement (section 5.2). Frofibigdion measurements (section 5.3) the
volumetric uncertainty of the CMM was estimatedc{sm 5.4). To get traceability of the

uncertainty claimed, the calibrations were perfatm®y the Dutch National Metrology

Institute (NMi VSL).

5.1 Geometric errors

The procedure to map the geometric errors is althestsame as the one, which is described in
[Vermeulen, M, 1999] (page 62 to 104). There weldpme difference between the total error
vectors of both machines because the guiding ssfatthe CMM as described in this thesis
are placed underneath the horizontal guiding sarfelgile the guiding beams of the machine
as described in [Vermeulen, M, 1999] are mountedthan vertical guiding surface. This
difference and the mapping of the other geometriare will be discussed in this section.

The geometric error of a moving body, given by\lhetOerody-T and nyR, can be described
by three translations and three rotations.

_ bodyTx o body Rx
boay T = g, Ty @NA boyR=" 4 R, (5.1)
bodyTz body Rz

The error vectorbodydl_D expresses the effect of the translation and angei@rs of the

moving body on the measuring uncertainty. Rotaéioors .y R) have an indirect effect via
a position vectokesy P and translation errors)o(iyf) a direct effect on the error vectg,[;ydf’
according to:

P

. o . o o body " x
bodyd P =poay R’ body P Fhody T with poay P = P (5.2)

body " y

body I:)z

Writing out this formula results in nine geometitor-terms for a moving body:

~ body Rz >§)ody I:)y + Ry %Pt bod! T

. body" ‘y “body " z y " X
bodyd P= body F'22 >%ody I:)x ~ body Fax >%ody Pz + bodyTy (5 3)

~ body Ry >%ody I:)x + body Rx >l<)ody I:)y + body ' z

—
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Other geometrical errors, which affect the meaguuancertainty of the CMM are the square-
ness errors between the guides for x, y and z. @hegiven in the error vectQdP:

dP= .dP, (5.4)

The total error vector of the CMM results from then of the individual error vectors of the
moving bodies of the CMM (Intermediate body A and Bounting face (MF) and the
elastically guided vertical axis (Z)) and the squmass errors between the guide systems for X,
y and z.

dP=,dP+,dP+,.dP+,dP+_dP (5.5)

In the next sections these individual error vectwitsbe discussed.

5.1.1 Error vector of intermediate body A

A rotation of intermediate body A around the z-aR;) does not cause a measuring error
because the angular degree of freedom around #xészZetween intermediate body A and
scale beam Sbis not constrained. A movement of intermediateybAdn z-direction and a
rotation of this body around the y-axigR{) also does not cause measuring errors. A
translation error in x-direction of intermediatedyoA has no physical meaning so the only
error of intermediate body A which affects the mesgy uncertainty is a movement of this
body with respect to the scale beam in y-directibime translation errofTy, as a result of a
straightness error of guiding surface Gbas a direct affect on this error and the roteéioor
aARx an indirect affect via the armsdaie y — guiding surfac@iven by the length between the top of
scale § and the centre of the bearings of intermediateybddvhich move on a guiding
surface of the machine base (figure 5.1).

0
AdE = ATy_ ARx ><I‘scalley- (56)

guidingsurface

0 Measuring head (My)

Intermediate body A o %
e

X

. s hy
Guiding surface Gby T T X
(ATy) I—scale y — guiding surface =89.5mm

Figure 5.1: Guiding surface bearings at 89.5 mm
from the measuring head
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5.1.2 Error vector of intermediate body B

Although the angular degree of freedom around thgiz between intermediate body B and
scale beam Shis constrained, a rotation of intermediate bodgrBund the z-axissR;) does
neither cause a measuring error in y-direction, tduthe zero Abbe offset between the probe
and the y-measuring system, nor in x-direction, iuine zero Bryan offset between the probe
and x-measuring system. The error vector of inteliate body B can be determined further
analogous to the determination of the error vectantermediate body A.

. B Tx + B Ry XLscaIex - guidingsurface
LdP= 0 (5.7)
0

5.1.3 Error vector of the mounting face (MF)

The mounting face is connected statically deternhitee the scale carrying beams. In this
analysis, the system, which consists of the scasms Sk and Sk and the mounting face,
will be seen as a rigid body. A rotation of the mtig face around the z-axigeR,) causes
intermediate body B to rotate around the z-axi,) because the angular degree of freedom
around the z-axis between intermediate body B hadrtounting face (via scale beams5is
constrained. The rotation of intermediate body Buad the z-axisgR,; does not cause a
measurement error as explained in section 5.12nslation error in z-directiony{T,) and
errors in the x- and y-measuring systegs ¢ andurTy) have a direct effect on the measuring
errors and rotation errors of the mounting facesadothe x- and y-axisutRx andweRy) cause
measuring errors via the Abbe arm z (z = 0.002 m)ma

. MF Tx+MF Ry xZ
MF dP= MF Ty' MF Rx xZ (5-8)
MFT

z

5.1.4 Error vector of the elastically guided veital axis (Z)

Straightness errors in x-, and y-direction of thesgcally guided vertical axis{x andzTy)
and error in the z-measuring systgm have a direct affect on the measuring errors.

X

(5.9)

<

,dP= T
ZTZ

5.1.5 Squareness errors

Squareness error in the xy-plane

The squareness errgy S, between the guiding surfaces £5nd Gl of the machine base
causes a first order error in y-directiQg, S, >x, which is directly proportional to the x-
travel.
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The squareness error between the guiding surfacescale beamg, Sg, and g, Sg, can be
seen as rotation of the intermediate bodies arthma@-axis (R, andgR;). These rotations do
not cause measurement errors as explained in séctidl and 5.1.2.

The squareness error between the scale begr8g, cause a second order y-displacement
with a magnitude of 150E-8(1 — cos,, S, )), with 150E-3 the maximum length in meters
between the probe and the measuring head, whicagkgible asg, S, is below 1E-4 rad.

sn, S, CAN be adjusted with 50 nrad resolution as shovaection 4.3.2.

Squareness error in the xz-plane

A squareness error in the xz-plane causes a fidelr asneasuring error in x-direction, which is
directly proportional to the z-motiogS,x.

Squareness error in the yz-plane

A squareness error in the yz-plane causes a fiderr asneasuring error in y-direction, which is
directly proportional to the z-motiopS,z.

The combined squareness error between the guigstgrss for X, y and z is given by the
error vector:

S, XZ
sAP = g, Sgp, XX+, S, xz (5.10)
0

5.1.6 Total geometric error vector

As mentioned before the total error vector of thdNCresults from the sum of the individual
error vectors of the moving bodies of this CMM @mhediate body A and B, mounting face
(MF) and the elastically guided vertical axis (&))d the squareness errors between the guide
systems for x, y and z.

dP=,dP+,dP+,. dP+,dP+_dP (5.5)

+MFTX+ZTX + (MF Ry+xsz)xz

BTx+BRy XL
*o,Sen, - (we R~ ,S,)% (5.11)

dP= ,T,- R XL

scalex - guiding surface
+ MFTy + ZTy
MF Tz + ZTz

scaley - guiding surface X

The errors in this vector are position dependeit @n be calibrated and compensated by
software. The standard uncertaintiéexpanded uncertairfty= k xstandard uncertainty) of
these errors result from calibration measuremessstipn 5.3) and contribute to the CMM’s
standard uncertainty of a volumetric length measerg as shown in section 5.4.

! The standard uncertaintymy(of an error with best estimatethat can be described by a symmetric, rectangular
probability distribution of lower bounai- a and upper bount+ a equals u) = a8 [GUM, 1995].

2 The expanded uncertainty U is obtained by muiiijg) the combined standard uncertainggmiby a coverage
factor k: U = ku(m) with k = 2 for 95% confidence [GUM, 1995].
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5.2 Increasing temperature stability

21.60

21.40

T[C]

It was noticed that the temperature of e
measuring head of the measuring system, ==
used (Heidenhain LIP 372) was rising ak
1.2°C in 80 minutes (figure 5)2To increas:
temperature stability, active cooling w
implemented for the measurement syster

the elastically guided vertical axis (figure 5.3) ¢ = ® ®  w  w  om
as well as for the measurement systems of th —= t[min]
horizontal air bearing system (figure 5.4). Figure 5.2: Temperature increase of the heads
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Figure 5.3: Active cooling of a measuring head wi  th a water cooler (vertical axis)
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Figure 5.4: Active cooling of the measuring Figure 5.5: Laboratory temperature varia tions
systems in the horizontal plane (outside enclos ure)

During calibration the set-ups as shown in figur@ &nd 5.4 were enclosed by a box of
polystyrene foam to minimize the influence of ladtory temperature variations (70 mK over
a 150 min time period, figure 5.5). This resultadstability of 12 mK in the air temperature
(figure 5.6) and of 4 mK at the z-measuring systegure 5.7) over a 150 min time period for
the calibration set-up of the elastically guidedtical axis. Further a stability of 19 mK in the
air temperature (figure 5.8), 13 mK at the x-memgusystem (figure 5.9A) and 16 mK at the
y-measuring system (figure 5.9B) over a 150 miretjperiod for the calibration set-up of the
horizontal air bearing system.
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Figure 5.6: Temperature stability of the air Figure 5.7: Temperature stability of the
inside the enclosure (vertical axis) Z-measuring system
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Figure 5.8: Temperature stability of the air Figur e 5.9: Temperature stability of the
inside the enclosure (horizontal X- and y-measuring sy stem
air bearing system)
Furthermore zero-point drift-correctiowas
applied to minimize the effect of remaini
thermal instabilities due to the differe
thermal expansion behavior of the vari
materials in the thermal loop of the calibrat
set-ups (see e.g. figure 5.1These effect
will not occur during operation of a CM
that is completely built from aluminum parts.
5 Measurement taken by the
g calibration instrument
3 4 —
>
© 8
28 3
52 5/
§8
B2 1
g8
— Time
Figure 5.10: Zero-point drift-correction Figur e 5.11: Various materials in the
thermal loop (vertical ax is)
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Zero-point drift-correction can be explained byufig 5.10. It shows that the system being
calibrated goes back to its starting position (@geference position at an optical linear
encoder) before the measurement of the next posigsoperformed by the calibration
instrument (e.g. a laser interferometer). Everyetitime system being calibrated returns at its
starting position, thermal drift effects can be swad by the calibration instrument and
corrected by software.



68 5. Calibration

5.3 Calibration measurements

The volumetric uncertainty of the CMM (section 54as estimated from calibration
measurements. These calibration measurementssatesded below.

5.3.1 Error in the measuring system of the elastally guided
vertical axis

A laser interferometer system as shown in figude Svas used to calibrate the errgr,) in
the measuring system of the elastically guidedaadraxis.

Figure 5.12: Calibration set -up for the error in the z -measuring system (,T,)

A special hardware card (Agilent N1231A with ab@® nm resolution) was used in this
system in order to reach nanometer resolution witorner cube (figure 5.12 and 5.14). The
corner cube is connected to the moving body otthstically guided vertical axis at the probe
point via three hinged leaf springs (staticallyadetined stress free table concept).

A critical factor in the calibration is the alignnteof the laser beam with the movement axis of
the elastically guided axis (figure 5.13). Therefar position-sensitive four-quadrant detector
(figure 5.15) is used in the alignment procedurelitain the necessary uncertainty. Hereby it
is possible to minimize the standard uncertaintg thi misalignment to 0.1258 nm in the
calibration of T, over the full range of 4 mm. The formula used &tcglate this value is
derived below.
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The effect of misalignmenB() can be — - S
described as: P 1 Movement
. t ! axis
DL =1>(1- cosa) with (5.12) | A |
1- 2 and (5.13) AT
cosa »1- — an : L .
2 VATEEN
sina=%252 (5.14) BRI L
)
Substituting (5.13) and (5.14) in (5.12) !
results in: |
2 1 e— Corner cube
DL » > ”2 (5.15) ;
8xd !
. Interfero- ‘ haszr
with meter i ea
optics | J{
I: maximum translation along the movement |
axis during measurement (4 mm) L AN I
d: maximum translation along the movement ¢ Laser |
axis during alignment (4 mm) beams 2s

maximum translation of the laser beam

perpendicular to the movement axis

Figure 5.13:
(= 2 M measured) 9

Hinged leaf
spring (3x)

Figure 5.14: Corner cube connected to the
moving body of the elastically
guided vertical axis via three
hinged leaf springs

Misalignment between the laser
axis bea m and the moving axis

Figure 5.15: Beam alignment with a po  sition-

sensitive four-quadrant detector
(PSD shielded from ambient light
sources during alignment)



70 5. Calibration

Figure 5.16 shows the difference between the z-omgmssystem and the inferferometer for
two calibration series.

2 nm difference
between the linear fits

Difference between the z-measuring system
and the interferometer [n(m] —— =

_ = z-scale reading [mm]

Figure 5.16: Calibration results of the error in the z-measuring system ( ,T,)

The standard uncertainty of the laser interferometer the 4 mm stroke and a 150 min time
period, including the contributions of misalignmenid of refractive index variations [Bonsch,
G, 1998] due to temperaturBT » 4 mK) and pressurdpP » 23 Pa) variations, was below 1
nm. Because one calibration series took about 4Qites (20 steps), it was not required to
correct for pressure and temperature variationsgu calibration series.

A linear fit (continuous line) through the firstts# data shows a residue fL0 nm over the 4
mm stroke. The short-term variations in this setlata were caused by noise in the feedback
control at that time. A linear fit (dashed lineydabgh the second set of data shows that it
differs at maximum 2 nanometer from the lineathibugh the data of the first calibration. By
reducing the noise in the feedback controkt@ nm as shown in figure 4.39 and 4.40 of
section 4.9.4, it is expected that the error in tieasuring system of the elastically guided
vertical axis {T,) contributes with a standard uncertainty cf8BLk((1* + 2%) » 1.3 nm to the
CMM’s standard uncertainty of a volumetric lengteasurement as shown in section 5.4.
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5.3.2 Straightness of the elastically guided vedal axis

The straightness of the elastically guided vertigais ¢Tx and ,Ty) was calibrated by a
reversal technique with four capacitive sensofs $s $ and g), positioned by a holder as
shown in figure 5.17, measuring to the surface afaage block that is connected to the
moving body (sensor positions as indicated with #mows as shown in figure 5.18).
Calibrating with four sensors makes is possibledoect for unintended tilt resulting when
the gauge block is reversed by 180 degrees ardwndettical axis.

Figure 5.17: Sensor holder Figure 5.18: Straightness calibration  set-up

The connection that makes the gauge block reversinsists of V-grooves under 45 degrees
that position 3 ruby spheres that are glued onatothe gauge block. A magnet is used to

preload the spheres in the V-grooves to increasdtests in the contacts. The reversal

technique used is a variant of the straightedgersa¥ technique [Evans, C, 1996] and can be
explained by the schematic of figure 5.19. Assulmat the straightness of the elastically

guided vertical axis is given by A and that depasuof the gauge block are given by B,

C; and G. The output of the capacitive sensors in origpeaition is then given by:

A (5.16) SIS
$= G-A (5.17) A
and in reversed position by: Moving axis i
512 =-G-A 18)
%= B-A 5.19) Gauge block
so that:
S1
A@2) = -(s + $D)/2 (5.20)
A@Z) = (5% + 9)/2 (5.21)

Straightness is given by the average of
(51 + )2 and -+ 9)/2.
Figure 5.19: Schematic of the calibration

Analogous for sensor 2 and 4. set-up for the straightness
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The straightness of the elastically guided verteoas was calibrated in two positions. In the
first position the sensors are positioned in patallith the parallelogram leaf springs (figure
5.24) and in the second transverse with respdbitparallelogram leaf springs (figure 5.25).

Residue [nm]

-z [mMm] - ——= +z[mm]

Figure 5.20: Straigh tness calibration position 1
(sensor 1 and 3)

B
k=
()
>
o
(%]
(O]
04
-z[mm] - ——= +Zz[mm]
Figure 5.21: Straight ness calibration position 1 Figure 5.24: Straightness calibration
(sensor 2 and 4) set-up (position 1)
3
£
(]
>
S
(%]
(&)
4
-z[mm] - ——= +z[mm]

Figure 5.22: Straightness calibration position 2
(sensor 1 and 3)

3
£
[}
>
S
(%]
(O]
@
-Z[mm] - R +Z[mm]
Figure 5.23: Straightness calibration position 2 Figure 5.25: Straightness calibration
(sensor 2 and 4) set-up (position 2)

From figures 5.20 to 5.23 it can be seen that fifferent sets of data show a residue below
2 nm from the least-square-line. From this can becluded that the straightness of the
elastically guided vertical axigTy and,T,) contributes with a standard uncertainty ci®b
1.2 nm to the CMM’s standard uncertainty of a vodtine length measurement (section 5.4).
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5.3.3 Squareness error between the guiding surfes of the machine base

The squarenessyaSchs) between the guiding surfaces of the machine sadefined as the
angle between two least square lines. The firgtlsquare line determined by measurements
on guiding surface Gband the second by measurements on guiding sufege The
squareness was calibrated on a Zeiss UMC550 CMM bgversal techniqgue as shown in
figure 5.26. An overview of several other reveteahniques is given in [Evans, C, 1996].

y-axis & -coaSche t@ =a y-axis & -coaScrs t @ =a
UMC 550 UMC 550
; Gbg /

Rotate
180°

Aa GbASGbB X_axis

B UMC 550

A S - —=77

Reverse @ Reverse @

d; + GoaScre - @ = a

ds

& +cpaSche - @ =a y-axis
UMC 550

Gbg
/ Rotate |

180° /
[> : Gba
/ , GbASGbB
cbaScbB q
X-axis D\ Gb X-axis
—____UMC550 D —Gb%  umcss0

e —

Figure 5.26: Reversal technique used to calibrate  the squareness between the guiding
surfaces of the machine base

By measuringl; to d, andg; to gy, the squareness between the guiding surface® ah#itchine
base can be calculated (formula 5.22) whilst elating the squareness error between the x-
and y-axis of the UMC550 itself.

ebaSche :\/(0-5 x(dl -, tg +g3))2 + (0-5 X(dz -4, 9, +g4))2 (5.22)

The average of four measurements resulted in aagess deviation of 140.3 arcs (k = 2)

(in the angle). The expanded uncertainty was deteanin accordance with the uncertainty
budget (worst case) of the quality system for thipe of measurements. In the best case the
expanded uncertainty will be 0.1 arcs (k = 2) [Beags, R, 2004] contributing with a
standard uncertainty of 0.1/2 = 0.05 arcs to theMX¥standard uncertainty of a volumetric
length measurement as shown in section 5.4.
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5.3.4 Errors in the measuring systems of the himontal air bearing
system

A similar set-up as used to calibrate the errdhexmeasuring system of the elastically guided
vertical axis (figure 5.12) was used to calibrdte error in the y-measuring systegTy) of
the horizontal air bearing system (figure 5.27).

Beam Laser
splitter head

Corner cube Interferometer
connected to scale z optics

beam Sb, A‘

X y

Figure 5.27: Calibration set-up for the error in the y-measuring system

The alignment of the laser beam with the movemeist\eas performed with the same method
as described in section 5.3.1. The 12.5 times losgeke in y-direction compared to the
stroke in z-direction gave the possibility to mimen the standard uncertainty due to
misalignment to X8 x0.125/12.5 nm (like in z-direction; 2 nm laser beam translation
measured perpendicular to the movement axisir€i§.28 shows the difference between the
y-measuring system and the interferometer at skvawaitions for the average of six
calibration series. The standard uncertainty ofltiser interferometer over the 50 mm stroke
and a 150 min time period, including the contribng of misalignment and of refractive index
variations [Bonsch, G, 1998] due to temperatlP€& ¢ 19 mK) and pressurdP » 23 Pa)
variations, was about@3 » 1.75 nm. Because one calibration series took ab®uminutes (2
mm steps), each calibration series was correctettfoperature and pressure variations to get
a standard uncertainty of the laser interferombttow 1 nm. The error bars in figure 5.28
illustrate expanded uncertainties (k = 2), whiclmaeed below 5 nm for each position. From
this can be concluded that the errors in the meagwystems of the horizontal air bearing
system (= Tx andwrTy) contribute with a standard uncertainty of 5/2.5 @m to the CMM’s
standard uncertainty of a volumetric length measerg as shown in section 5.4.
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Difference between the y-measuring system

and the interferometer [nm]

—_— y-scale reading [mm]

Figure 5.28: Difference between the y-measuring s  ystem and the interferometer

Because the standard uncertainty of the laserfémteneter during a calibration series was
below 1 nm, the error in the y-measuring systenb (@n standard uncertainty) can be
explained by the positioning error in y-directiah § nm residue according to section 4.10)
and the air bearing noise of the t#0©50 mm air bearings that guide the intermediateybod
w.r.t. its guiding surface (section 4.4.3). Becatiseerror in the y-measuring system and the
noise of the twg®E 50 mm air bearings are independent error soutisesstandard uncertainty
of the noise of the tweE 50 mm air bearings can be derived fré2.5° — (3£B)%) which
equals 1.8 nm.
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5.3.5 Rotation errors of the mounting face arouth the x- and y-axis

Rotation errors of the mounting face around theawre y-axis geRx and ueR,) cause
measurement errors via the Abbe arm z. The rotatidhe mounting face around the x-axis
was calibrated with a Mdller-Wedel autocollimatsrsbnown in figure 5.29.

Mounting
face ——o

Figure 5.29: Set-up used to calibrate the rotation of the mounting face aro und the x -axis

During a calibration the mounting
face was translated in direction
(fromy=5mmtoy =48 mm ar mrRx: X =47 mm
back to y = 5 mm) while the x-& +

direction was kept at a const: Trace Retrace
position. Figure 5.30 shows the

rotation of the mounting face arou *

the x-axis at several positions in weR X = 24 mm
direction (x = 24 and x = 47 mm) f
the average of fifteen calibratis
series.The expanded uncertainty (k
2) remaned below 0.04 arcs for ea
position. From this can be concluc
that the rotation errorsof the
mounting face around the x- and y- = y-scale reading (cumulative) [mm]
axis wrRx andueRy) contribute witt

a standard uncertainty d.04/2 = Figure 5.30: Rotation_ofthe mounting face around
0.02 arcs to the CMM'’s stande the x-axis (weR,) for x = 24 and x = 47:mm
uncertainty of a volumetric leng

measurement as shown in section 5.4.

around

Rotation of the mdunting face

the x-axis [arcs]
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5.3.6 Translation of a measuring head with resgéto its scale when
an intermediate body moveasong its guiding surface

A measuring head will translate with respect tositsle when an intermediate body mc
along its guiding surface. In y-direction the skion (Ty + aRx XLscale y - guiding surfager€Sults
directly from the straightness error of the guidswyface {(Ty) and indirectly from the rotatic
error (\Ry) of the intermediate body around its movement ésestion 5.1.)l This combinatiol
can be measured as d bg a single straightness measurement, in thé pkne, as shown
figure 5.31.

Connection Straightness
element reflector

Wollaston
prism

Laser Measuring
head head (M,)

|

/ ARy

Intermediate body A /

s

X

Lscale y-
guiding

\surface

Guiding surface Gba (aTy)

Figure 5.31: Set-up used to calibrate the transla tion of the y-measuring head with respect to
its scale

A schematic representation of this set-up is showiigure 5.32. It shows a Wollaston prism

that is, placed in the z = 0 plane (i.e. at scatefheight), connected to intermediate body A
via a connection element. When intermediate bodsn@ves along its guiding surface, the

Wollaston prism will make the same translatigy(+ aRx XLscale y - guiding surfajeWith respect

to the straightness reflector as measuring headvith respect to its matching scale. This

translation changes the relative length betweernvtleepaths from the Wollaston prism to the

reflector. The change in accumulated fringe cowilisbe:

2 X(ATy + ARX ><|—scale y — guiding surfa}exsm(q/z) (5.23)

with g the angle between the two beams leaving the erarieter.
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Note: Wedge n; , has a refractive
index of n, for one plane of
polarization and n, for the
other plane. Wedges n,;
have the opposite property.

Laser Wollaston prism (straightness interferometer
head assembly) moving with intermediate body A

—— —’—» nl,2

¢ . n n
f,+Df, f,+Df, 21 21

Mirror
(Straightness
reflector)
connected to the
fixed world

ATy + ARx ’ I—scale y — guiding surface t

Connection
element

Guiding
Intermediate

surface Gbp
y 1 body A
7

=
E
Scale \ /

beam Sby, — ™
X <—l
y

Figure 5.32: Schematic top view of the set-up use  d to calibrate the translation of the y-
measuring head with respect to its scale

During the calibration, intermediate body A wasslated in x-direction from x = 0 to x = 48
mm and back to the starting position. Figure 5138s the translation of measuring heag M
with respect to its scale at several positions-dirgction for six calibration series and for the
average of these series. Thin least square lireBtaad through the data of the six calibration
series and a thick least square line is fitted uphothe average of these series. It can be
noticed that all these lines show a similar pattevhich implies a systematic error in the
calibration. It is expected that this systematiooeresults from limited resolution in the
calibration set-up. The best representation ofetiiganded uncertainty (k = 2) per point was
calculated to be about 11 nm contributing withandard uncertainty of 11/2 = 5.5 nm to the
CMM’s standard uncertainty of a volumetric lengteasurement as shown in section 5.4.
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Translation of measuring head M, with respect to its scale [nm]

. x-scale reading (cumulative) [mm]

Figure 5.33: Translation of measuring head M, with respect to its scale [nm]

Another set-p to calibrate the translation of a measu

head with respect to its scale is shown in figurg4.5

Instead of a Wollaston prism, an artefact is coteten
the z = 0 plane to the intermediate body. By meag
with four capacitive sensors (s, s and g) to the
surface of the artefact, it is possible to calibrate

translation of a measuring head with respect tosaie
with the same reversal technique as described dtios
5.3.2 In that case the error in calibration is deteedify
the standard uncertain{g.2 nm) of the reversal technig
with four capacitive sensors and the standard teioey
of the noise (1.8 nm) of the tw@& 50 mm air bearings
derived in section 5.3.4Because the uncertainty of i
reversal technique with four pacitive sensors and t
noise of the two&E 50 mm air bearings are indepenc
error sources, it can be estimated thanslation of
measuring head with respect to its saatributes with
standard uncertainty of(1.22 + 1.8) » 2.2 nm to thi
CMM’s standard uncertainty of a volumetric len
measurement as shown in section 5.4.
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Figure 5.34: Straigh tness
calibration with four
capacitive sensors
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5.3.7 Flatness of the machine base

The flatness of the machine bageT(;) can be calibrated by a variant of the reversdineue

as discussed in section 5.3.2. In that sectionstifeeghtness of the elastically guided vertical
axis was calibrated by a reversal technique witlr ftapacitive sensors being able to correct
for unintended tilt resulting when the gauge blaskreversed by 180 degrees around the
vertical axis. The reversal technique to calibtht flatness of the machine base requires six
capacitive sensors to correct for unintended tuad the x- and y-axis resulting when the
artifact is reversed by 180 degrees around theyxaxis in the horizontal plane. Figure 5.35
shows that the sensors,($, S, & $ and g), positioned by a holder and connected to the
mounting face, are measuring to the surface of réfac (e.g. a glass flat with metallic
coating) that is positioned by a kinematic coupliMygrooves (y, v» and \§) under 120
degrees at the fixed world that position 3 rubyesph that are glued on the artifact) (figure
5.35).

TOP VIEW
Holder
| y
! /’
} Vs X+y
|
X
Artifact
Mounting
face RIGHT SIDE VIEW
S1 S, S3 S3 S1 S»
ﬂ ﬂ‘ Artifact ﬂ ﬂ ﬂ
Holder connected —e = = mJ L N == = VAN
to the mounting face r— e
i e TR
O O O o O
Sy Ss, S Se S4 Ss

Figure 5.35: Schematic view of the set-up that ca  n be used to calibrate the flatness of the
machine base

The error in the calibration of the flatness of thachine base is determined by the uncertainty
of the reversal technique with six capacitive semsnd the noise of the air bearings that
support the scale beams on top of the machine (fasenounting face is connected statically
determined to the scale beams as shown in sectiOn ¥ is expected that the reversal
technique with six capacitive sensors can be pasdrwith the same standard uncertainty
(1.2 nm) as the reversal technique with four capecsensors as discussed in section 5.3.2.
The standard uncertainty of the noise of the aaribgs that support the scale beams on top of
the machine base is expected tot be of a similgnmade as standard uncertainty of the noise
(1.8 nm) of the twa®E 50 mm air bearings as derived in section 5.3.4aBse the uncertainty
of the reversal technique with six capacitive semsnd the noise of the air bearings that
support the scale beams on top of the machine dr@sendependent error sources, it can be
estimated that the flatness of the machine basE) contributes with a standard uncertainty
of (1.2 + 1.8) » 2.2 nm to CMM'’s standard uncertainty of a volurizelength measurement
as shown in section 5.4.
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5.3.8 Squareness errors in the xz- and yz-plane

When the CMM is equipped with a probe and ableddgom measurements on an artifact
(e.g. a cube provided with measurement surfache)stjuareness errors in the xz- and yz-
plane (S, and,S,) can be calibrated by the reversal technique asried in section 5.3.3
whilst eliminating the squareness errors of thiéaatt

Because the CMM as described in this thesis hawerlvolumetric uncertainty than the Zeiss
UMC550 as described in section 5.3.3, it is expkthbat the squareness errors in the xz- and
yz-plane {S, and,S,) contribute with less or the same standard unicgyt€0.3/2 = 0.15 arcs

in worst case and 0.1/2 = 0.05 arcs in best caseCNIM’'s standard uncertainty of a
volumetric length measurement (section 5.4) asstiareness erroedaScps) between the
guiding surfaces of the machine base.
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5.4 Uncertainty estimation

An overview of the standard uncertainties;{wy,, and y; in worst- and best case) that
contribute to the total error vector of the CMMsisown in table 5.1.

Standard uncertainty
Independent Notation in nm
error source Worst case| Best case
Translation of a measuring
head with respect to its scale jns T+ R, Mg aiex - guiding surtace 5.5 2.2
x-direction
S Error of the x-measuring LT 25 25
£ | system
Q| Straightness of the vertical axjs T 1.2 1.2
2 | in x-direction z ' '
Rotation error of the mounting w R %2 0.2 0.2
face around the y-axis
Squareness error in the
2.9 1
xz-plane xS, 2
Translation of a measuring
head with respect to its scale Jm T, - AR, Xqcaiey - guiding surtace 5.5 2.2
y-direction
Error of the y- i
S system
5 _Stralghtne_ss of the vertical axis T, 1.2 1.2
Q@ | in y-direction
© n
T Sq_uz_alreness error between the b, Sop, *X 36 12
guiding surfaces
Rotation error of the mounting
. 3 Xz 0.2 0.2
face around the x-axis e Ry
Squareness error in the S xz 29 1
yz-plane y Tz '
= . .
& | Error in the z-measuring ,T, 58 13
© | system
o
E’l Flatness of the machine base ME T2 2.2 2.2

Table 5.1: Overview of the standard uncertainties ( worst- and best case)

With the data above, the standard uncertainty wélametric length measurementy), due
to geometric errors, will be about 13 nmX23 = 26 nm expanded uncertainty (k = 2)) in best
case and 38 nm (38 = 76 nm expanded uncertainty (k = 2)) in waeste. This estimation

results from the substitution of above standarcertamties inu,, = \/(ux)z +(u,)? +(u,)? .

These values apply to 3D objects with dimensionthefmeasuring volume. For the intended
small products, the expanded uncertainty (k = 2)anometers is about 11 + &.3n best case
and 19 + 1.2 in worst case, with L the measured length in mntypical L of 4 mm results
in an expanded uncertainty (k = 2) of 12 nm in lsase and 24 nm in worst case.
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6 CONCLUSIONS AND RECOMMENDATIONS

6.1 Introduction

To keep on track with the trend towards miniatur@aand looking forward to the upcoming

market for Micro-Electro-Mechanical Systems (MEM®g industry requires a fast 3D CMM

for measuring small products in array with nanomeitecertainty for an acceptable price.
Although there are commercial CMMs available withb snicrometer and even claimed with

nanometer measurement uncertainty, none of thewslneasuring with high speed in 3D as
a result of their huge moving mass in the horiziopitene and/or vertical direction.

To meet industry requirements as presented abowasi decided to develop a 3D CMM with
a low moving mass in x-, y- and z-direction andotumetric uncertainty of 25 nm in a 50
50" 4 mm measuring volume. Important aspects in tfosgss are:

- Reduction of virtual backlash during motion

- Improvement of temperature stability during si@@ment

- Improvement of dynamic performance w.r.t. érgiCMMs

- Application of metrology principles to reachneaneter uncertainty

After comparing the guides of the CMM concepts, ckhemerged in the last ten years and
components such as air bearings, actuators andierscaghe CMM design was formulated as
a completely aluminum CMM, based on a horizontabaaring system without Abbe errors,
an elastically guided vertical axis, measurementlLliyn resolution optical linear encoders
(optical measuring head and reflective scale) aived by Lorentz actuators.

6.2 Conclusions

Reduction of virtual backlash during motion

- Separate stress frames of the horizontal air bgagrstem prevent distortion of the optical
linear encoders by preload forces.

- A frictionless air supply system avoids a robatttbarries hoses and still gives the
possibility to bring air on board of the moving deiwithout friction and the associated
hysteresis.

Improvement of temperature stability during measurement

- A CMM which is completely built from aluminum (basguides and moving bodies) shows
less sensitivity for temperature variations (sanagemal throughout the thermal loop) and
responds rapidly to homogeneous temperature vamgtivithout the use of exotic materials.

- The applied mechanisms for compensation of ss8rend balancing of weight of the
elastically guided vertical axis give a significaatluction of required power in the actuator
for the vertical stroke.

- Taking Lyroductas the product length in x- respectively y-dir@efiHyoductas the product
height in z-direction anB®T the temperature change during a measuremenrgetisgtivity
for temperature variations during a measuremenbeastescribed by (7E-3 4pbduc) *23E-
6 xDT for the x- and y- direction and by (20E-3 #:dduc) X23E-6xDT for the z-direction.
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Improvement of dynamic performance w.r.t. existingCMMs

- A positioning error of: 2 nm and a bandwidth of 200 Hz were realizedterdlastically
guided vertical axis.

- Positioning errors af 4 nm respectivelg 3 nm and a bandwidth of 35 Hz respectively 50
Hz were realized in x- and y-direction of the hontal air bearing system.

- The CMM has a size of 450450° 200 mm and a moving mass of 8.5 kg in the horadont
plane and a moving mass of 100 g in vertical dioectCompared to today’s high accuracy
CMMs, this CMM has a 4.5 to 7 times lower movingssian the horizontal plane and an up
to 300 times lower moving mass in vertical direstiavhich increases the application for
measuring with high speed in 3D.

Application of metrology principles to reach nanomeéer uncertainty

- Aligning optical linear encoders with the lengtiesng measured in x- and y-direction
eliminates Abbe errors in the horizontal plane tiver, it eliminates straightness errors of the
scale beams according to the Bryan principle.

- Integrating a removable angle standard, whichbeaassembled and disconnected without
local deformation, in the machine base gives thEodpnity to calibrate the angle between
the guiding surfaces externally.

- The standard uncertainty of a volumetric lengttasueement, due to geometric errors, was
estimated to be about 13 nmX23 = 26 nm expanded uncertainty (k = 2)) in basecand
38 nm (2x38 = 76 nm expanded uncertainty (k = 2)) in woeste.

These values apply to 3D objects with dimensionth@imeasuring volume. For the
intended small products, the expanded uncertaknty?) in nanometers is about 11 +.3
in best case and 19 + £.2n worst case, with L the measured length in mm.

6.3 Recommendations

Reduction of virtual backlash during motion

- To further reduce virtual backlash of the CMM dagrimotion, all power cables have to be
replaced by ones with less stiffness (e.g. flelsjoi

Improvement of temperature stability during measurement

- Optical linear encoders with 0.8 W power consumpare the most significant heat source
in the machine. A more efficient design would bghty beneficial.

Improvement of dynamic performance w.r.t. existingCMMs

- To increase the bandwidth of the CMM in x-direntio 50 Hz a preload bearing containing
a Lorentz coil with acceleration feed forward slibloé integrated in the horizontal air
bearing system.

- To eliminate cross talk (i.e. interaction) betwéle® x- and y-servo loops, static pre-
compensation has to be included at the system.input

Application of metrology principles to reach nanomeéer uncertainty

- Calibration procedures and artifacts have to weldped to ease and quicken the calibration
of today’s high accuracy CMM’s.
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APPENDIX A INVESTIGATED BEARING ARRANGEMENTS
FOR THE HORIZONTAL GUIDE SYSTEM

In the design phase six bearing arrangements wisreisted to enable movement in the
horizontal plane. These arrangements are repamtegpendix A.1 to A.6. Subjects, which are
used in this phase, are reported below.

Thermal behavior

- Place of the Lorentz actuators in relationgathdissipation.
- Maintain symmetry.
- Thermal loop and measurement circle.

Dynamic behavior

- Stiffness of joints.

- Mass of an intermediate body and the distarara the c.0.g. to the probe.
- Mass of a scale beam and the distance froro.thg. to the probe.

- Moment of inertia, around the probe, due tecgfftre driving.

- Place of the xy Lorentz actuators with regarthe c.0.g. in z-direction.

- Height of the CMM.

- Angular stiffness between the scale beams.

- Stiffness in drive direction.

Repeatability

- Close force loops.

- Short force loops.

- Avoid distortion of the scale beams due togadlforces.

- Avoid distortion of the intermediate bodies dagreload forces.

Feasibility and user friendliness

- Bearing configuration and preloading.

- Place for a platform on which the z-axis wi fixed.

- Sight on the CMM and access to the measurieg. ar

- Access to the measuring systems.

- Exchangeability of parts.

- Air supply / moving air hoses / electronic gdrtable work.
- Assembly and disassembly of parts.

- Number of air bearing systems.

The ratio between the details (square millimetarg) the size of the composition drawings

(AO-format) makes it impossible to fit these dragsrclearly in this thesis. This is the reason

why the six variants, in the upcoming appendices, discussed on the base of schematic
drawings. Detailed drawings and calculations, madestimate the masses and distances,
which are mentioned in this thesis, are storedha a&rchive of the Constructions and

Mechanism group of the Technische Universiteit Bowen.
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A.1 Angle standard (variant 1)

In this design the guiding surfaces are taken fanmangle standard. These standards are
available in different quality classes, make aligmiof the guiding surfaces on the machine
base unnecessary and calibration of the determangte between the guiding surfaces less
difficult. The moving bodies are individually supped on the machine base. The scale beams
each have two z-bearings (black dots) and thenmgdiate bodies each have three z-bearings
(white dots) as shown in top view 2 of figure ATlo preload the z-bearings there is one
preload bearing available for each moving body.sehgreload bearings move all (on the same
side) against the same top plate as given in teyw i, cross section A-A and cross section B-
B of figure A.1. The moving bodies are built fronexbframes, which make them easy to
assemble. The exchangeability of bearings anddbesa to the measuring area is good.

The dynamic behavior of this design however isapitimal. The stiffness in drive direction is
mainly determined by one bearing, because the tpractuators are positioned off-center
w.r.t. the bearings, which move along the guidirear (top view 2 of figure A.1). The
angular stiffness between the scale beams cannan®ved with a rod (as discussed in
chapter 3) and the scale beams protrude from teemediate bodies considerably. To create a
short measurement circle a measuring head has tordaght closer to the probe with a
bracket (top view 1 and 2 of figure A.1). The measuwent circle is estimated to be 150 mm
and the thermal loop to be 370 mm. The top plateggbad sight on the CMM. In this design
it is not possible to countersink the bearings,etbgr with their alignment bodies in z-
direction, into the moving bodies, because theeetwao z-bearings of the intermediate bodies,
underneath the scale beams (cross section B-BjofefiA.1). That is why the CMM builds
high.

This design uses 17 porous air bearinggecf0 mm, 17 bearing alignment bodies, 7 preload
bearings off£ 40 mm, 2 preload bearings & 60 and 2 preload bearings & 70 mm. The
dimensions of this design (platform and z-axis inctuded) are estimated to be 75F50"

130 mm (Length Width” Height). The mass of an intermediate body isvestiéd to be 4.9
kg concentrated at a c.0.g. distance of 430 mm tleprobe. The mass of the scale beam is
estimated to be 0.85 kg concentrated at a c.ogjartie of 325 mm from the probe. The
moment of inertia around the probe, due to off-eedtiving, is estimated to be 1f.
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A.2 Preloading the scale beams together (variaii

In this design the moving bodies are also builtrfrbox frames, which make them easy to
assemble. The exchangeability of bearings and sadoeshe measuring area is good. The
Lorentz actuators are positioned between the bggriwhich move along the guiding beams
(top view 2 of figure A.2). Owing to this the stifss in drive direction is now determined by
two parallel bearings. The scale beams do not ymetrfar from the intermediate bodies
anymore so there is no measuring head bracket sege® create a short measurement circle.
These changes will improve the dynamic behavioribig still not possible to improve the
angular stiffness between the scale beams witldaTioe measurement circle is estimated to
be 150 mm and the thermal loop is estimated to4@er@m. The guiding beams do not form
part of an angle standard in this design so they @ be aligned on the machine base. This
makes calibration of the determined angle betweaenguiding beams more difficult. In this
design it is impossible to preload the moving bedia the same side in z-direction. That is
why there is chosen to preload the two scale beagether underneath a smaller top plate
with a combined preload element (top view 2 of fegié\.2). The intermediate bodies will be
preloaded separately underneath the machine basss(section A-A of figure A.2).
Preloading the scale beams together has the adpattiat the sight on the CMM will be
improved but the force loop will be longer becatlse preload has to be brought to the scale
beams with an arm first. The position of the smaji plate is not favourable to placing a
platform on which the z-axis has to be mountedsPdsgies to create space for a platform all
increase the mass and the moment of inertia arthendrobe. Preloading the z-bearings of the
intermediate bodies underneath the machine basésis not the most favourable for the
dynamic behavior of the CMM because the distandevden an intermediate body and a
matching preload bearing is huge. Also in this giest is not possible to countersink the z-
bearings, together with their alignment bodies-tlirection, into the moving bodies. There is
still one bearing in z-direction of the intermedidiodies underneath the scale beams (cross
section A-A of figure A.2). So this CMM also builtigyh.

This design uses 17 porous air bearinggecf0 mm, 17 bearing alignment bodies, 7 preload
bearings of/E 40 mm, 4 preload bearings & 50 and 1 preload bearing & 90 mm. The
dimensions of this design (platform and z-axis inctuded) are estimated to be 65G50"

130 mm (Lengthh Width” Height). The mass of an intermediate body isvestied to be 4 kg
concentrated at a c.0.g. distance of 260 mm froenptilobe. The mass of the scale beam is
estimated to be 0.9 kg concentrated at a c.o.taraie of 225 mm from the probe. The mass of
the combined preload element is estimated to b&@at a c.o0.g. distance of 110 mm from the
probe. Tr;e moment of inertia around the probe, tdueff-center driving, is estimated to be
0.32 kgm*.
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A.3 Intermediate body with four z-bearings (variant 3)

The advantages, which made variant 2 attractivéin@ss in drive direction determined by
two parallel bearings and scale beams which arepratruding far from the intermediate
bodies) are kept in this variant. The thermal I¢egtimated to be 220 mm) became shorter
because the guiding beams are moved closer to ribtee pThey are now underneath the
intermediate bodies in a gutter, which is milledtlie® machine base (top view 2 and cross
section C-C of figure A.3). Aligning the guidingdras in a gutter is more difficult then on a
flat machine base. The intermediate bodies are emyipped with four z-bearings (top view 2
of figure A.3). This makes it possible to counteksihe bearings, together with their matching
alignment bodies in z-direction, into the movinglles (cross section A-A and cross section
C-C of figure A.3). This gives the possibility tailnl lower and improve the angular stiffness
between the scale beams with a rod (top view 2gofé A.3). The two z-bearings, which are
the closest to the probe, are connected to themewtiate body with an elastic line hinge to
prevent that the support, of the intermediate baddythe machine base becomes over
determined (cross section B-B of figure A.3). Thbearings of the intermediate bodies are
preloaded underneath the guiding beams. This nthkdength between an intermediate body
and the matching preload bearing shorter comparelet situation in which the intermediate
bodies are preloaded underneath the machine balsen \ie intermediate bodies are pre-
loaded underneath the guiding beams it is not plessnymore to connect the guiding beam,
along its whole length to the machine base, wh&hunfavourable for the stiffness in z-
direction and the dynamic behavior of the CMM. Teek space for a platform, on which the
z-axis will be mounted, and keep the sight on tMMCgood, the scale beams are pre-loaded
in z-direction against a top plate, which is corteddo the machine base by means of bridges
(top view 1 and cross section A-A of figure A.3helforce loop is not small because the
bridges have to span the complete intermediate .bdtg construction of this variant is
slightly more complicated than variant 1 and 2 twt assembly is eased, the exchangeability
of bearings and the access to the measuring systeguod. The position of the elastic line
hinge and the preload bearing of the scale bearrdirection, makes it impossible to create a
short measurement circle. The measurement cir@hetiss design estimated to be 330 mm.

This design uses 19 porous air bearinggef0 mm, 19 alignment bodies, 7 preload bearings
of /£ 40 mm, 2 special preload bearings which move ureigh the guiding beams and 2
preload bearings ofE 60 mm. Equipping the intermediate bodies with Bearings builds
lower but goes with increased mass. The dimensibrikis design (platform and z-axis not
included) are estimated to be 65650° 110 mm (Length Width~ Height). The mass of an
intermediate body is estimated to be 5 kg conctatrat a c.0.g. distance of 280 mm from the
probe. The mass of the scale beam is estimateel @o7bkg concentrated at a c.o0.g. distance of
240 mm from the probe. The moment of inertia arotlvedprobe, due to off-center driving, is
estimated to be 0.43 kg*.
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A.4 Bearing foot with vacuum preload (variant 4)

Equipping the intermediate bodies of variant 3 withir z-bearings gave the possibility to
build lower because the z-bearings could countkiisito the moving bodies. To decrease the
height even more an intermediate body of variargt dquipped with a bearing foot, which is
preloaded to the machine base with vacuum (top weéwigure A.4). A scale beam is
preloaded against a small bridge, which is moumtedn intermediate body (top view and
cross section A-A of figure A.4). This makes thghsion the CMM very good. Notice that a
force is moving with respect to an intermediateybathien that intermediate body moves with
regard to the scale beam. This causes the inteateeldody to pitch when the CMM moves.
Pitching of an intermediate body is a position gt deviation, which can be calibrated.
The scale beams do not protrude far from the inddrate bodies, so the measurement circle
can be held short. The measurement circle is esttna be 150 mm. The stiffness in drive
direction is determined by two parallel bearingsl anis possible to increase the angular
stiffness between the scale beams with a rod. Tbesa to the measuring systems is good but
the exchangeability of parts is less. The bearatg s a complex precision part and has to be
replaced as a whole when it mal functions. This CM& to be equipped with a vacuum
pump. Suction of this pump can introduce vibratjomkich have negative influence on the
measuring results. The preload force per surfadeafivacuum is much lower compared to
the preload force per surface unit of preload Ioggri This means that vacuum builds big. The
reason is that vacuum reaches an under pressumexaimum 0.7 bar while preload bearings
can perform easy at an over pressure of 5 bar.uBecthe intermediate bodies are preloaded
with vacuum it is not easily possible to put a guigdbeam in a gutter underneath an
intermediate body. This increases the thermal Iddye thermal loop is estimated to be 340
mm. The guiding beams have to be aligned on thehmadase, which makes calibration of
the angle between the guiding beams more compticate

This design uses 11 porous air bearinggeaf0 mm, 11 alignment bodies, 2 preload bearings
of ££60 and 2 bearing feet with vacuum preload. Theedsions of this design (platform and
z-axis not included) are estimated to be 6550~ 100 mm (Length Width~ Height). The
mass of an intermediate body is estimated to bg 6dkcentrated at a c.0.g. distance of 230
mm from the probe. The mass of the scale beamtimasd to be 0.7 kg concentrated at a
c.0.g. distance of 230 mm from the probe. The mdroémertia around the probe, due to off-
center driving, is estimated to be 0.36¥kG Due to the limited tilting stiffness of an
intermediate body compared to the amount of fordeich is moving with respect to this
intermediate body, the intermediate body will cenhtthe machine base when the CMM
travels through its range. It is not possible tgiave the tilting stiffness of the intermediate
bodies, to make sure that they do not contact taehine base, without increasing the size
considerably. So applying a bridge on an interntedi@dy, under which the preload bearing
of a scale beam can move, is not a good option.
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A.5 Bearing tube (variant 5)

The intermediate bodies of variant 4 will contadoe tmachine base when the CMM travels
through its range because the tilting stiffnesamintermediate body was to small compared
to the amount of force, which was moving with restge that intermediate body. This moving
force is eliminated in variant 5 because the sbabm moves in a square bearing tube, which
is connected onto a bearing foot (top view andseastion A-A of figure A.5). Notice that in
this situation the scale beam is not directly sumabon the machine base but with a serial
connection of bearing stifnesses. The guiding beamdd not be placed underneath the
intermediate bodies in variant 4 because of theiwac In this design the bearing foot is not
preloaded with vacuum but directly above the begriwith preload bearings against small
bridges. So the guiding beams can be placed uratbritiee intermediate bodies in a gutter
(cross section A-A of figure A.5). The thermal logpestimated to be 150 mm. Aligning the
guiding beams in a gutter is more difficult thanaflat machine base. This bearing foot has
almost the same height as the bearing foot withuwarc preloading. Preloading underneath
small bridges gives a small line of force. Thefséss in drive direction is determined by two
parallel bearings and it is possible to improve dngular stiffness between the scale beams
with a rod. The sight on the CMM is good but thelengeability of parts is very bad. The
square bearing tube is just like the bearing foprexision product. These parts have to be
replaced completely when they are not functioniiigis not possible to create a short
measurement circle because of the bearing andaoredorfaces in the square bearing tube.
The measurement circle is estimated to be 220 mm.

This design uses 4 porous air bearinggkod0 mm, 4 alignment bodies, 17 preload bearings
of /E 40, 2 bearing feet and 2 square bearing tubes.dirhensions of this design (platform
and z-axis not included) are estimated to be’6835° 100 mm (Length Width”~ Height).

The mass of an intermediate body is estimated @®.&&g concentrated at a c.0.g. distance of
230 mm from the probe. The mass of the scale beastimated to be 3.2 kg concentrated at a
c.0.g. distance of 220 mm from the probe. The mdroémertia around the probe, due to off
center driving, is estimated to be 0.36rkg
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A.6 Machine base built from multiple blocks (varant 6)

In this design the machine base consists of a flase in which a pattern is milled. Next three
blocks (one square and two rectangular), whichlapahe pattern in the base plate partly, are
connected to the base plate (top view of figure) Albie square block can be seen as an angle
standard and the sides of it can function as ggidinrfaces for the air bearings of the
intermediate bodies. The thermal loop is estimabede 150 mm. The square block and the
two rectangular ones form two gutters. This makgsossible to preload the bearings of the
intermediate bodies, which move against the guidindaces, with a very short force loop.
This design (guiding beam is part of the gutteketaless space than a situation in which the
guiding beam is placed in a gutter. The moving9are supported on the top surfaces of the
three blocks, which claims a tolerance on the paisin of these sides with regard to the top
surface of the base plate. The intermediate batiesjust as in variant 3, equipped with four
z-bearings. This makes it possible to countershnk bearings, with comparing alignment
bodies in z-direction, into the moving bodies (sregction A-A and B-B of figure A.6). In
this design the two bearings of the intermediatdid®) which are away from the probe, are
connected to the intermediate body with an eldistechinge to prevent that the support, of the
intermediate body, to the machine base becomesdatermined (cross section D-D of figure
A.6). This change makes it, compared to variamo3sible to bring a measuring system closer
to the probe, which results in a short measurertiecle. The measurement circle is estimated
to be 125 mm. A second advantage of this desiger(mediate body with four z-bearings) is
that the z-bearings of a scale beam can come betilee bearings of the matching
intermediate body when the CMM travels throughrdisge. This has a good influence on the
size of the CMM. A stiff force loop between the begs and preload bearings, of the
intermediate bodies in the horizontal plane, cahdid. Notice that an intermediate body with
four z-bearings has more mass than one with thimEarngs. The bottom sides of the blocks,
which overlap the pattern in the base plate, aeel &3 preload the moving bodies. To pre-load
an intermediate body two preload elements are (ispdview and cross section B-B of figure
A.6). These preload elements can lead the preloegttly above the z-bearings of an
intermediate body. The line of force then goes dhipugh the preload elements and not
through the intermediate body. So there will bedistortion of the intermediate bodies, which
carry the measuring heads, due to preload fordess@ame method is applied to preload the z-
bearings of the scale beams. The preload elemenscédle beam, which is positioned between
the two preload elements of the matching interntedsady (cross section A-A of figure A.6),
can lead the preload force directly above the zibgs of the scale beam. The line of force
then goes only through the preload element andhmotigh the scale beam. So there will be
no distortion of the scale beam, which carriesstede, due to preload forces. Notice that the
connection of these preload elements to the inteiaie bodies, respectively scale beams, has
to be statically determined (in six degrees of dmm). Also it has to be kept in mind that
every preload element increases the mass of the CWid stiffness in drive direction is
determined by two parallel bearings and the angstifiness between the scale beams can be
improved with a rod. The exchangeability of beasimgygood as is the sight on the CMM and
the access to the measuring systems.
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This design uses 15 porous air bearinggecd0 mm, 4 porous air bearings & 50 mm, 19
alignment bodies, 3 preload bearings4#0, 6 preload elements and 4 preload bearingg of
50 mm. The dimensions of this design (platform arakis not included) are estimated to be
450" 450" 100 mm (Length Width” Height). The mass of an intermediate body is
estimated to be 4 kg concentrated at a c.o.g.raistaf 190 mm from the probe. The mass of
the scale beam is estimated to be 1.5 kg concedtedta c.0.g. distance of 190 mm from the
probe. The moment of inertia around the probe, tdueff-center driving, is estimated to be
0.2 kgm?.



A.7 Selection of the bearing arrangement for theorizontal plane 103

A.7 Selection of the bearing arrangement for thorizontal plane

The 6 variants, which are discussed in the prevappendices, resulted from a succession of
choices and improvements. How this happened willdiseussed in this appendix. The
numerical data presented so far is summarizecie a1 at the end.

The starting point was the angle standard of vadafihe guiding surfaces, which are part of
this angle standard, did not have to be alignethermachine base and the angle between the
guiding beams was less difficult to calibrate. Appy an angle standard also had
disadvantages. The stiffness in drive direction wesnly determined by one bearing, the
angular stiffness between the scale beams couldb@&omproved with a rod and the scale
beams were protruding far from the intermediateidmdThe thermal loop was big and
bringing the measuring head closer to the probé aitbracket could only shorten the
measurement circle. The sight on the CMM was badee of the big top plate. The size of
the CMM was big (Length Width~ Height = 750° 750" 130 mm) and as a result of this,
the moment of inertia around the probe was estithatde 1 kem®.

In variant 2 the angle plate was replaced by twidigg beams, which had to be aligned on the
machine base separately. The calibration of théeabpgtween the guiding beams was more
difficult but it became possible to determine thiéfreess in drive direction with two parallel
bearings. The scale beams did not protrude far franintermediate bodies anymore and there
was no bracket necessary to create a short meamotretircle. The thermal loop was
shortened to 240 mm, the size of the CMM decredse@50° 650 ° 130 mm and the
estimated moment of inertia, around the probe, edmmd to 0.32 lap®. The sight on the
CMM was improved by preloading the bearings inraclion of the scale beams underneath a
smaller top plate with a combined preload elemert the bearings in z-direction of the
intermediate bodies separately underneath the madimse. The position of the small top
plate was not the most favourable due to placingdatform on which the z-axis has to be
mounted. Preloading the bearings in z-directioneaneath the machine base was not the most
favourable for the dynamic behavior of the CMM hesmthe length between the intermediate
body and the matching preload bearing was big Aedahgular stiffness between the scale
beams could not be improved with a rod.

The advantages that made variant 2 attractiver(esi$ in drive direction determined by two
parallel bearings and scale beams which were matyaling far from the intermediate bodies)
were kept in variant 3. The thermal loop was mdumtsr because the guiding beams were
placed in gutters underneath the intermediate Boflew it became also possible to improve
the angular stiffness between the scale beamsawibld. The intermediate bodies from variant
3 were equipped with four bearings in z-directidimis made it possible to build lower
because the bearings in z-direction and their nragcilignment bodies could countersink into
the moving bodies. Space was made for a platformrbioading the scale beams separately
underneath a top plate, which was connected tonihehine base by means of bridges. The
distance between the intermediate bodies and mthaiching preload bearings was shortened
by preloading the intermediate bodies underneahgthiding beams. A disadvantage of pre-
loading underneath the guiding beams was thattitieess in z-direction became less and the
dynamic behavior of the CMM worse. Equipping thieimediate bodies with four bearings in
z-direction could not be done without any consegasnTwo bearings in z-direction had to be
connected to the intermediate body with an elastie hinge to prevent that the support
became over determined. The place of this elagtigehhampered the possibility to create a
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short measurement circle. Equipping the intermedatdies with four bearings in z-direction
increased the mass of the intermediate body anchtmeent of inertia of the CMM around the
probe. The size of the CMM stayed almost the sasna &ariant 2 but the height became 20
mm less.

In variant 4 the intermediate bodies were equippét bearing feet with vacuum preload.
This gave the possibility to build lower. The si#ks in drive direction was determined by two
parallel bearings and the angular stiffness betwkerscale beams could be improved with a
rod. The sight on the CMM was very good because dtele beams were preloaded
underneath bridges, which were mounted on thenrddrate bodies. A disadvantage of this
design was that a force was moving with respectamo intermediate body when that
intermediate body moved with regard to the scalrbeDue to the small tilting stiffness of an
intermediate body, compared to the amount of fdie is moving with respect to the
intermediate body, the intermediate body will cebtthe machine base when the CMM
travels through its range. It was not possiblentprove the tilting stiffness of the intermediate
bodies, to make sure that they did not contacintaehine base, without increasing the size
considerably. The preload force per surface unitamfuum was too small to be able to build
compact. Further more the suction of the vacuumpueould introduce vibrations and the
exchangeability of parts became worse by applyinga@ium foot with vacuum preload. The
vacuum made it also impossible to put a guidingrb@aa gutter underneath an intermediate
body. This made the thermal loop increase sigmtiga

The moving force, which made variant 4 impossilblas eliminated in variant 5 because the
scale beam was moving in a square bearing tubehwtis connected to a bearing foot. This
bearing foot was not preloaded with vacuum but wgteload bearings underneath small
bridges. The height of this bearing foot was alnsmgtal to the bearing foot with vacuum pre-

load. Eliminating the vacuum made it possible againput a guiding beam in a gutter

underneath an intermediate body, which made themthleloop decrease to 150 mm. The

stiffness in drive direction was determined by tparallel bearings and the angular stiffness
between the scale beams could be improved witld aTiee sight on the CMM was good and

all lines of force could be held very short. A digantage of this design was that the scale
beams were not directly supported on the machise bat with a serial connection of bearing
stiffnesses. The construction of the bearing tubsdenit impossible to create a short

measurement circle. The bearing tube and the lpdoot were both precision products,

which did not improve the exchangeability of parts.

Because the aimed design has to be suitable td hugrototype, where exchangeability of
parts is one of the biggest priorities, variant &wbuild from the advantages which made the
variants 1 to 3 attractive. The idea of an angiadard from variant 1 was here incorporated
in the machine base. The sides of this angle stdrat@ functioning as guiding beams. This
made alignment of the guiding beams on the macbhamse and calibration of the angle
between the guiding beams unnecessary. The idea Yariant 3 to put guiding beams in
gutters underneath the intermediate bodies was tadswited in a changed version. The
guiding beams were not put in a gutter but the iggitheams are part of the gutters itself. This
made the thermal loop become very short (150 mme)stze of the CMM decreased and the
bearings which move against the guiding beams cbealg@reloaded with a short force loop.
The stiffness in drive direction was determined tbhwp parallel bearings and the angular
stiffness between the scale beams could be impraitaca rod. The intermediate bodies were
also equipped with four bearings in z-directionisTimade it possible to build low because the
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bearings in z-direction and their matching aligntm@dies could countersink into the moving
bodies of the CMM. The bearings in z-direction loé scale beams could also come between
the bearings in z-direction of the intermediateibsdvhat was favourable due to the size of
the CMM. In contrast to variant 3 the bearings-dirzction, which are the most far from the
probe were now connected to the intermediate batly an elastic line hinge. This gave the
possibility to bring the measuring systems closerthe probe and create a shorter
measurement circle (125 mm). The preload couldelae Idirectly above the bearings in z-
direction of the moving bodies while using preladdments. This made the preload only go
through the preload elements and prevented distodf the moving bodies due to preload
forces. The exchangeability of parts and the aduéigsto the measuring systems and the
measuring area was good. Equipping the intermedbiadées with four bearings in z-direction
and with two preload elements maybe makes the wiadge moving bodies look heavy. But
that does not have to be in case of a light anffl a@nstruction. The size of this CMM
decreased a lot compared to the other variants B~ H = 450" 450" 100 mm). The
distances from the c.o.g. of the moving bodiesh® probe also decreased. This made the
moment of inertia around the probe decrease a éalse this distance has quadratic
influence on this moment of inertia. The momeninartia around the probe, while driving
besides one axis, for this variant is estimatecbé¢00.2 kem?. It may be clear that the
construction of the machine base of variant 6 isenammplicated then a flat machine base.
Though it has advantages to choose for such adsséo preloading of bearings with short
lines of forces, the sight on the CMM, the sizdha thermal loop, the size of the CMM and
the moment of inertia around the probe. Based enptievious facts, which are formulated
after making detailed drawings of all the variaittgyas chosen to detail variant 6 as explained
in chapter 4.
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A 40 4 of £50 650 | at at at
1 of £90 130 | 260 |225 | 110
3 | 19 of 19 [ 7of £40 | 2 | 330 | 220 | 650 |5 0.7 |- 0.43
A 40 2 of £60 650 | at at
2 special 110 | 280 | 240
4 | 11 of 11 |2of £60 | 2 | 150 | 340 | 650 |6 0.7 |- 0.36
A 40 650 | at at
2 bearing vacuum 100 | 230 | 230
feet preload
5 |40fE40 |4 | 17 of 2 1220 | 150 625 |38 |3.2 |- 0.36
A 40 625 | at at
2 bearing 100 | 230 | 220
feet
2 bearing
tubes
6 | 15 of 19 [30of£40 | 2 | 125 | 150 | 450 |4 15 |- 0.2
A 40 4 of £50 450 | at at
4 of 6 preload 100 | 190 | 190
/50 elements
Table A.1: Numerical data of the discussed varian ts1to 6
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