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SUMMARY 
 
To measure dimensions and shape of complex three dimensional products (e.g. engines, 
mouldings, etc) with low uncertainty, Coordinate Measuring Machines (CMMs) are adequate 
instruments due to their universal applicability, easy measurement set-up and measuring 
flexibility. Motion software is generated in teaching by doing manual mode, allowing 
automated repetition in series produced products.  
 
To keep on track with the trend towards miniaturization and looking forward to the upcoming 
market for Micro-Electro-Mechanical Systems (MEMS), the industry requires a fast 3D CMM 
for measuring small products in array with nanometer uncertainty for an acceptable price. 
Although there are commercial CMMs available with sub micrometer and even claimed 
nanometer measurement uncertainty, none of them allows measuring with high speed in 3D as 
a result of their huge moving mass in the horizontal plane and/or vertical direction. 
 
To meet the above industry requirements, it was decided to develop a 3D CMM with a low 
moving mass in x-, y- and z-direction and a volumetric uncertainty of 25 nm in a 50 ´  50 ́  4 
mm measuring volume. The design, realization and calibration of this CMM are described in 
this thesis. Business related information is included in a Marketing Plan by the same author in 
a MBA final project at TIAS Business School.  
 
After comparing the guides of the CMM concepts, which emerged in the last ten years and 
components such as air bearings, actuators and encoders, the design was formulated as a 
completely aluminum CMM, based on a horizontal air bearing system without Abbe errors, an 
elastically guided vertical axis, measurement by 1 nm resolution optical linear encoders 
(optical measuring head and reflective scale) and single phase Lorentz actuator drives.  
 
The horizontal air bearing system consists of two scale beams (each carrying a reflective 
scale) and two intermediate bodies (each carrying an optical measuring head), all equipped 
with separate stress frames which prevent distortion of the optical linear encoders by preload 
forces. The optical linear encoders are in line with the lengths being measured in x- and y-
direction, which eliminates Abbe errors in the horizontal plane. Further, it eliminates 
straightness errors of the scale beams according to the Bryan principle. The straightness errors 
of the machine base surfaces which guide the intermediate bodies and the angle between these 
guiding surfaces affect the measuring uncertainty of the CMM so they have to be calibrated. 
To ease external calibration, a removable angle standard, which can be fixed and detached 
without internal deformation, is incorporated in the machine base. The air supply to the 
horizontal air bearing system is provided by patented frictionless air supply systems. Such 
frictionless air supply system avoids a robot that carries hoses and the with friction associated 
hysteresis.  
 
The vertical stroke of the CMM is provided by an elastically straight-guiding mechanism. It is 
stiffness- (by stiffness compensation spring) and weight (by weight compensation spring) 
compensated. The stiffness compensation spring reduces the stiffness in drive direction with a 
factor of around 50, i.e. 50 times less force (F) for the same stroke. This reduction also occurs 
in the motor coil current (I) which will reduce the required power (P) 2500 times as it is 
proportional to the square of current. Measurements showed that 80 mW was required to keep 
the probe, which is connected to the vertical axis, at the maximum displacement from its mid 
position.  
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The weight compensation spring has a stiffness of 715 N/m and is connected to a lever with a 
ratio of 1 : 10 from the vertical drive system. This means that this drive system has to apply an 
extra force of 715/102 ´  0.002 �  15 mN to keep the probe at the maximum displacement from 
its mid position. This is negligible compared to the 0.08 N needed to overcome residual 
stiffness.  
 
The CMM has a size of 450 ´  450 ́  200 mm, a moving mass of 8.5 kg in the horizontal plane 
and a moving mass of 100 g in vertical direction. Compared to today’s high accuracy CMMs, 
this CMM has a 4.5 to 7 times lower moving mass in the horizontal plane and an up to 300 
times lower moving mass in vertical direction, which reduces power required for measuring 
with high speed in 3D and thereby avoids thermo-mechanical effects. Taking Lproduct as the 
product length in x- respectively y-direction, Hproduct as the product height in z-direction and 
DT the temperature change during a measurement, the sensitivity for temperature variations 
during a measurement can be described by (7E-3 + Lproduct) × 23E-6 × DT for the x- and y- 
direction and by (20E-3 + Hproduct) × 23E-6 × DT for the z-direction.  
 
After tuning the PID-controller the positioning error in z-direction was ± 2 nm and a 
bandwidth of 200 Hz was realized for the elastically guided vertical axis. The positioning 
errors in x- and y-direction were ± 4 nm respectively ± 3 nm. The open-loop frequency 
response functions of the horizontal air bearing system showed a bandwidth of 35 Hz in x-
direction and of 50 Hz in y-direction. This difference can be explained by the asymmetric 
configuration of the horizontal air bearing system for reasons of kinematic design.  
 
The total error vector of the CMM results from the sum of the individual error vectors of the 
moving bodies of this CMM and the squareness errors between the guide systems for x, y and 
z. The errors in this vector (13 error sources) were calibrated to be able to estimate the 
volumetric uncertainty of the CMM. To ensure traceability of the uncertainty claimed, the 
calibrations were performed by the Dutch National Metrology Institute (NMi VSL).  
 
The temperature stability of the calibration set-ups was increased by active cooling of the 
measuring systems and laboratory temperature variations (typically 70 mK over a 150 min 
time period) were reduced by enclosing the set-ups by a box of polystyrene foam. Furthermore 
zero-point drift-correction was implemented to eliminate thermal expansion differences of the 
various materials in the thermal loop of the calibration set-ups. 
 
The standard uncertainty of a volumetric length measurement, due to geometric errors, was 
estimated to be about 13 nm (2 × 13 = 26 nm expanded uncertainty (k = 2)) in best case and 38 
nm (2 × 38 = 76 nm expanded uncertainty (k = 2)) in worst case. These values apply to 3D 
objects with dimensions of the measuring volume. For the intended small products, the 
expanded uncertainty (k = 2) in nanometers is about 11 + 0.3×L in best case and 19 + 1.2×L in 
worst case, with L the measured length in mm.  
 
 
 
 
 
 
 

Summary ii 



 

SAMENVATTING 
 
Coördinaten Meetmachines (CMMs) zijn door de universele toepasbaarheid, eenvoudige opzet 
en flexibiliteit geschikt voor het meten van dimensies en vormen van complexe 
driedimensionale producten (b.v. motoren, gietproducten, etc.) met lage onzekerheid. Nadat 
een gewenst traject met handmatige aansturing is doorlopen, kan dit traject d.m.v. een 
leerfunctie omgezet worden in bewegingssoftware die geautomatiseerde aantastingen mogelijk 
maakt, ter controle van serieproductie. 
 
Om de trend naar miniaturisatie te kunnen volgen en vooruitkijkend naar de opkomende markt 
voor MEMS (Micro-Electro-Mechanical Systems) vraagt de industrie een snelle 3D 
Coördinaten Meetmachine met nanometeronzekerheid, voor het meten van kleine in array 
opgestelde producten, tegen een acceptabele prijs. Hoewel er commerciële CMMs 
verkrijgbaar zijn met sub-micrometer onzekerheid en er zelfs fabrikanten zijn die 
nanometeronzekerheid claimen, laten deze machines geen snelle meting in 3D toe als gevolg 
van de grote bewegende massa in het horizontale vlak en/of verticale richting.  
 
Om aan bovenstaande wensen van de industrie te kunnen voldoen is een 3D CMM met 
geringe bewegende massa in x-, y- en z-richting ontwikkeld met een volumetrische  
onzekerheid van 25 nm in een meetvolume van 50 ´  50 ́  4 mm. Het ontwerp, de realisatie en 
de kalibratie van deze CMM is beschreven in dit proefschrift. Business gerelateerde informatie 
is beschreven in een Marketingplan. Dit plan is geschreven door dezelfde auteur in het kader 
van zijn MBA-opleiding bij TIAS Business School. 
 
Het ontwerp van deze CMM is geformuleerd na vergelijking van CMM-concepten die in de 
afgelopen tien jaar zijn ontwikkeld inclusief CMM-componenten zoals luchtlagers, actuatoren 
en meetsystemen. Deze volledig in Aluminium gerealiseerde CMM is gebaseerd op een 
horizontaal luchtlagersysteem zonder Abbe-fouten, een elastische geleiding voor de verticale 
slag, meting door optische liniaalmeetsystemen (optische meetkop en reflecterende liniaal) 
met 1 nm resolutie en aangedreven door Lorentz actuatoren.  
 
Het horizontale luchtlagersysteem bestaat uit twee liniaalbalken (beide dragen een 
reflecterende liniaal) en twee hulplichamen (beide dragen een optische meetkop). De 
liniaalbalken en hulplichamen zijn uitgevoerd met krachtframes die verstoring van de 
liniaalmeetsystemen door voorspankrachten voorkomen. De liniaalmeetsystemen staan in lijn 
met de lengten gemeten in x- en y-richting, waardoor er in het horizontale vlak geen Abbe-
fouten optreden. Verder worden rechtheidsafwijkingen van de liniaalbalken geëlimineerd 
omdat er aan het Bryan principe wordt voldaan. De rechtheidsafwijkingen van de vlakken van 
de machinebasis die de hulplichamen geleiden en de hoek tussen deze geleidingsvlakken 
beïnvloeden de meetonzekerheid van de CMM wel, vandaar dat ze gekalibreerd moeten 
worden. Om deze kalibratie eenvoudiger uitvoerbaar te maken is er een hoekstandaard 
geïntegreerd in de machinebasis die kan worden gefixeerd en uitgenomen zonder dat daarbij 
interne spanningen optreden. De lucht naar het horizontale luchtlagersysteem wordt 
aangevoerd via gepatenteerde wrijvingsloze luchtaanvoersystemen. Door deze 
luchtaanvoersystemen werken er geen stoorkrachten op de bewegende lichamen van de CMM 
en wordt een slangenrobot overbodig.  
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De verticale slag van de CMM is gerealiseerd met een elastisch rechtgeleidingsmechanisme. 
In aandrijfrichting zijn de stijfheid en het gewicht van dit mechanisme gecompenseerd door 
een stijfheids- en gewichtscompensatieveer. De stijfheidscompensatieveer reduceert de 
stijfheid in aandrijfrichting met een factor 50, d.w.z. 50 keer minder kracht (F) voor dezelfde 
slag. Deze vermindering treedt ook op in de motorstroom (I) waardoor het benodigde 
vermogen (P) 2500 keer wordt gereduceerd. Metingen laten zien dat er 80 mW nodig is om de 
taster, die aan de verticale as wordt verboden, op de maximale afstand van de middenpositie te 
houden. De gewichtcompensatieveer heeft een stijfheid van 715 N/m en is verbonden aan een 
hefboom met een overbrengverhouding van 1 : 10 naar de verticale actuator. Dit betekent dat 
deze actuator een extra kracht van 715/102 ´  0.002 » 15 mN moet leveren om de taster op de 
maximale afstand van de middenpositie te houden. Dit is verwaarloosbaar in vergelijking met 
de 0.08 N die nodig is om de residuele stijfheid van de elastische geleiding te overwinnen.  
 

De CMM heeft een afmeting van 450 ´  450 ́  200 mm met een bewegende massa van 8.5 kg 
in het horizontale vlak en een bewegende massa van 100 g in verticale richting. In vergelijking 
met commerciële CMMs die om dit moment verkrijgbaar zijn, heeft deze CMM een 4.5 tot 7 
keer lagere bewegende massa in het horizontale vlak en een tot 300 keer lagere bewegende 
massa in verticale richting. Dit reduceert het benodigde vermogen voor het meten met hoge 
snelheid in 3D en vermindert daarmee thermomechanische effecten. De gevoeligheid voor 
temperatuurvariaties tijdens een meting bedraagt (7E-3 + Lproduct) × 23E-6 × DT in x- en y-
richting en (20E-3 + Hproduct) × 23E-6 × DT in z-richting. Hierbij is Lproduct de productlengte in x- 
respectievelijk y-richting, Hproduct de producthoogte in z-richting en DT de maximale 
temperatuurvariatie tijdens een meting. 
 

Na het tunen van de regelaar is een positioneerfout van ± 2 nm in z-richting en een 
bandbreedte van 200 Hz gerealiseerd voor de elastische geleiding. De positioneerfouten in x- 
en y-richting zijn ± 4 respectievelijk ± 3 nm. De open lus frequentie responsie functies van het 
horizontale luchtlagersysteem laten een bandbreedte van 35 Hz in x-richting en 50 Hz in y-
richting zien. Dit verschil kan worden verklaard door de asymmetrische configuratie van het 
horizontale luchtlagersysteem om een kinematisch ontwerp te kunnen realiseren.  
 

De totale geometrische foutenvector van deze CMM is opgebouwd uit de som van de 
individuele foutenvectoren van de bewegende lichamen en de fouten die ontstaan door 
haaksheidafwijkingen tussen de x-, y- en z-as. De fouten in deze vector (13 foutenbronnen) 
zijn gekalibreerd om een schatting te kunnen maken van de volumetrische onzekerheid van de 
CMM. Om herleidbaarheid van de geclaimde onzekerheid te kunnen verzekeren zijn de 
kalibraties uitgevoerd door het Nederlands Meetinstituut (NMi VSL). 
De temperatuurstabiliteit van de kalibratie opstellingen is verhoogd door gebruik te maken van 
actieve koeling van de meetsystemen. Verder zijn temperatuurvariaties van het laboratorium 
waarin de kalibraties plaatsvonden gereduceerd door de kalibratie opstellingen onder een kap 
van polystyreen schuim te plaatsen. Er is nulpuntsdriftcorrectie toegepast om 
expansieverschillen door verschillende materialen in de thermische lussen van de 
kalibratieopstellingen te elimineren. 
 

De meetonzekerheid als gevolg van geometrische afwijkingen van een lengtemeting binnen 
het meetvolume is geschat op minimaal 26 nm en maximaal 76 nm; de meetonzekerheid is 
gebaseerd op 2 maal de standaard onzekerheid. Deze waarden gelden voor te meten 3D 
producten ter grootte van het meetvolume. Voor kleine producten als beoogd geldt een 
meetonzekerheid in nanometers van minimaal 11 + 0.3×L en maximaal 19 + 1.2×L, met L de 
meetlengte in mm. 
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NOTATION  
 
a                                                                                                                      Acceleration                                                                                                       [m/s2]   
a                                                                                                                                 Length                                                                                                                           [m]     
A                                                                                                                              Area                                                                                                                                   [m2] 
b                                                                                                                                Length                                                                                                                            [m] 
b                                                                                                                                Width                                                                                                                         [m] 
B                                                                                                                               Magnetic induction                                                                             [T] 
ci                                                                                                                               Stiffness with i Î  (x, y, z)                                                          [N/m] 
cp                                                                                                                              Specific heat                                                                                                       [J/kg×K] 
d, D                                                                                                                      Diameter                                                                                                                    [m] 
d                                                                                                                                Displacement                                                                                                    [m] 
d                                                                                                                                Length                                                                                                                           [m] 
e                                                                                                                                 Length                                                                                                                          [m] 
E                                                                                                                               Elastic modules                                                                                             [N/m2]  
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×s2] 
i                                                                                                                               Ratio                                                                                                                                 [-]    
I                                                                                                                                  Current                                                                                                                         [A]  
J                                                                                                                                 Moment of inertia                                                                                     [kg×m2]  
ki                                                                                                                               Rotation stiffness with i Î  (j , y , q)                         [Nm/rad] 
l , L                                                                                                                        Length                                                                                                                            [m]  
m                                                                                                                           Mass                                                                                                                                  [kg]     
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/m5] 
s                                                                                                                                 Length                                                                                                                           [m]      
S                                                                                                                                Squareness error                                                                                           [rad]   
t                                                                                                                               Time                                                                                                                                  [s]   
T                                                                                                                               Temperature                                                                                                         [K]   
T                                                                                                                               Translation geometric error                                                      [m] 
u                                                                                                                                Compression                                                                                                       [m] 
u                                                                                                                                Standard uncertainty                                                                             [nm]  
U                                                                                                                              Expanded uncertainty                                                                        [nm]  
w                                                                                                                              Number of turns                                                                                           [-] 
W                                                                                                                            Width                                                                                                                         [m] 
x, y, z                                                                                                             Coordinates                                                                                                           [m]    

Notation vii  
 

a                  [m/s2]   
a                  [m]     
A               [m2] 
b                 [m] 
b                 [m] 
B                [T] 
ci                [N/m] 
cp               [J/kg×K] 
d, D       [m] 
d                 [m] 
d                 [m] 
e                  [m] 
E                [N/m2]  
f         [Hz] 
f                   [-] 
F                 [N] 
h               [m]     
H               [A/m] 
H               [N/m] 
H               [m] 
H               [m/N×s2] 
i                [-]       
I                   [A]  
J                  [kg×m2]  
(jq )      [Nm/rad] 
l , L         [m]  
m            [kg]     
M              [Nm]    
p        [m]       
P                 [W] 
P                 [Pa]  
Q               [W] 
r                   [m] 
R                [rad]   
R                [W] 
R                [Ns/m5] 
s                  [m]                   
 S                [rad]   
t                [s]       
T                [K]   
T                [m] 
u                 [m] 
u                 [nm]  
U               [nm]  
w               [-] 
W             [m] 
x, y,     [m]    
 



 

GREEK 
 
a                                                                                                                               Angle                                                                                                                              [rad] 
a                                                                                                                               Coefficient of thermal expansion                                  [1/K] 
f                                                                                                                                 Air flow                                                                                                                       [l/min] 
h                                                                                                                               Dynamic viscosity                                                                                   [Pa×s] 
j                                                                                                                                Rotation around the x-axis                                                         [rad] 
j                                                                                                                                Tilt                                                                                                                                    [rad] 
l                                                                                                                                 Thermal conductivity                                                                         [W/m×K] 
m                                                                                                                               Average                                                                                                                      [m]  
m                                                                                                                               Magnetic permeability                                                                     [H/m] 
q                                                                                                                                Rotation around the z-axis                                                          [rad]  
r                                                                                                                                 Density                                                                                                                         [kg/m3] 
r                                                                                                                                 Specific resistance                                                                                   [W×m]     
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, c, d                                                                                                       Air gaps 
c                                                                                                                                Connection element  
c.o.g.                                                                                                                  Center of gravity  
A, B                                                                                                                     Intermediate bodies   
ASPE                                                                                                               American Society for Precision Engineering   
CFT                                                                                                                     Part of Philips Applied Technology  
CIRP                                                                                                                College International pour la Recherche en Productique 
CMM                                                                                                               Coordinate Measuring Machine  
d.o.f.                                                                                                                   degree of freedom 

Pd                                                                                                                        Error vector  
E                                                                                                                               End support  
EZ                                                                                                                          Dutch Ministry of Economic Affairs  
f                                                                                                                                  Function   
g                                                                                                                             Glue 
GbA, GbB                                                                                                   Guiding beams 
F25                                                                                                                       Brand name of Zeiss’s high accuracy CMM  
H                                                                                                                              Hinge 
IBS                                                                                                                       Company IBS Precision Engineering   
ISARA                                                                                                           Brand name of IBS’s high accuracy CMM 
LIP 372                                                                                                         Brand name of an optical linear encoder from                           
                                                                                                                                    Heidenhain  
Mx, 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 

viii Greek 

a   [rad] 
a   [1/K] 
f     [l/min] 
h   [Pa×s] 
j    [rad] 
j    [rad] 
l     [W/m×K] 
m   [m]  
m   [H/m] 
q    [rad]  
r     [kg/m3] 
r     [W×m]     
w   [rad/s] 
y    [rad] 
 



 

NPL                                                                                                                   National Physical Laboratory 
P                                                                                                                               Probe    
P                                                                                                                            Position vector 
PID                                                                                                                      Proportional, Integral, Derivative  
PL                                                                                                                         Platform  
R                                                                                                                              Rotation 
R                                                                                                                              Strain gage  
R                                                                                                                            Rotation vector 
s                                                                                                                              Slot   
Sx, Sy                                                                                                                Scales 
SbA, SbB                                                                                                     Scale beams  
SIOS                                                                                                                 Company SIOS Mebtechnik GmbH  
T                                                                                                                              Translation    
T                                                                                                                            Translation vector 
TIAS                                                                                                                Business School in the Netherlands  
TU/e                                                                                                                  Technische Universiteit Eindhoven 
UA3P                                                                                                             Brand name of Panasonic’s high accuracy CMM 
u                                                                                                                             Input vector  
x                                                                                                                             State vector 
.

x                                                                                                                             Velocity vector 
y                                                                                                                             Output vector 
Z                                                                                                                              Elastically guided vertical axis 
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A calliper and micrometer are well known instruments to measure dimensions (e.g. length, 
height, diameter, etc) of products. When less uncertainty is required, unique but more 
complex metrology set-ups (e.g. based on laserinterferometry) might provide a solution.  
 
To measure dimensions and shape of complex three dimensional products (e.g. engines, 
mouldings, etc) with low uncertainty, Coordinate Measuring Machines (CMMs) are adequate 
instruments due to their universal applicability, easy measurement set-up and measuring 
flexibility.  
 
A CMM moves a probe (sphere mounted on a stylus) within its L ́  W ´  H mm measuring 
volume (figure 1.1). When the sphere touches the product being measured, a coordinate point 
(x, y, z) is determined by reading the measuring systems of the CMM axes. From multiple 
coordinates, product dimensions can be calculated. For example the product length (l) in 
figure 1.1 can be calculated from the coordinates A and A’, the height (h) from B and B’ and 
the diameter (d) from C and C’. 
 

In this thesis the design, realisation and calibration of a new type of CMM is described. 
Before turning to detailed description of that CMM, a review of typical designs, which have 
emerged in the last ten years, will be given in section 1.1. This is done to allow comparison. 
 
 
1.1   State of the art CMMs 
 
Today the worldwide market for CMMs is dominated by three big concerns: Zeiss from 
Germany, Mitutoyo from Japan and Hexagon Metrology from the USA. They all produce 
portal CMMs where the z-axis is supported by the y-axis, which is in turn supported by the x-
axis. An example of a portal CMM is shown in figure 1.2. 
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Figure 1.1: Example of a three-dimensional product within the measuring volume  
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Probe 

          Product  

Figure 1.4:  2D-CMM concept without Abbe  
                                       errors [Verm eulen, M, 1999] 

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

Besides this, a CMM based on optical linear 
encoders (optical measuring head and 
reflective scale) was developed in the research 
of Vermeulen [Vermeulen, M, 1999] at the 
Technische Universiteit Eindhoven. This 
machine is based on a 2D-CMM concept, 
without Abbe errors, see also figure 1.4. This 
design is commercialized by Zeiss under the 
name F25 (0.25 micrometer uncertainty in a 
140 ́  140 ́  100 mm measuring volume). 
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Figure 1.2: Zeiss  Prismo portal CMM  
[Zeiss, 2005]     

 

At the National Physical Laboratory (NPL) in 
the United Kingdom, sub micrometer 
measurement uncertainty (50 nm claimed) 
was realized under research conditions in a 
small sub-volume of a portal CMM by adding 
laser interferometry as shown in figure 1.3 
(machine-in-machine approach) [Peggs, G, 
1999]. 

The measuring uncertainty of portal CMMs is 
specified as function of the measured length. 
Downscaling the portal CMM concept gives 
the opportunity to improve the quality of 
guides and reduce thermomechanical- and 
dynamic effects, which results in a reduced 
measuring uncertainty. This is limited to the 
micrometer level because the portal CMM 
concept does not satisfy the Abbe principle 
(i.e. the displacement measuring system is 
placed at a considerable distance (Abbe arm) 
parallel to the length being measured whereby 
an error from the straightness deviation of the 
guide occurs which is proportional to this 
distance, see section 2.4.1).  
 
As a result of the trend towards 
miniaturisation [Taniguchi, 1983] [Byrne, G, 
2003], sub micrometer measurement 
uncertainty  has  become  required  to  
increase  process   capability   in   precision  
production, which  resulted in  the   
development  of  new CMM concepts. These 
concepts, which have in common   that  the   
Abbe  arm   is  minimized, emerged in the 
past ten years. 
 



 

In figure 1.5 the x-, y- and z-coordinate positions are determined by measuring the distance to 
a high-precision flat reference mirror placed along a line extended from the probe contact 
point [Takeuchi, H, 2004]. The reference mirrors are positioned, without a metrology frame, 
on a granite base plate. A 2D-CMM concept, based on laser interferometry, without Abbe 
errors is shown in the xy-plane. The contact point of the probe system can be moved away 
from the xy-plane, resulting in an Abbe error, by actuating a micro slider (figure 1.6). This 
design is commercialized by Panasonic under the name UA3P (the UA3P system claims 
within the xy-plane: 0.05 mm uncertainty over a 100 mm range, 0.1 mm over a 200 mm range 
and 0.2  mm over a 400 mm range) (UA3P-3: 100 ´  100 ́  35 mm measuring volume, UA3P-5: 
200 ́  200 ́  45 mm and UA3P-6: 400 ´  400 ́  90 mm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

A 3D-CMM concept without Abbe errors was 
designed by Ruijl [Ruijl, T, 2001] at Philips 
CFT. In this concept three orthogonal laser 
interferometer systems intersect at the center 
point of a fixed probe (figure 1.7). The 
interferometer systems are positioned by an 
invar metrology frame and the workpiece is 
supported by a movable Zerodur�  mirror table. 
This design is commercialized by IBS Precision 
Engineering under the name ISARA (30 nm 
claimed uncertainty in a 100 ´  100 ´  40 mm 
measuring volume). 

Figure 1.7:   3D-CMM concept without  
                                       Abbe-errors [Ruijl, T, 2001] 
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Figure 1.6:  Atomic force probe   
                                     [Takeuchi, H, 2004] 
 

Figure 1.5:  2D-CMM concept without Abbe  
                                       errors (xy-p lane of the Panasonic  

UA3P) [Takeuchi, H, 2004] 
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To keep on track with the trend towards miniaturization and looking forward to the upcoming 
market for Micro-Electro-Mechanical Systems (MEMS) [Aukes, B, 2003], the industry 
requires a fast 3D CMM for measuring small products in array with nanometer uncertainty for 
an acceptable price. Although there are commercial CMMs available with sub micrometer and 
even claimed with nanometer measurement uncertainty, none of them allow measuring with 
high speed in 3D as a result of their huge moving mass in the horizontal plane and/or vertical 
direction. The horizontal moving mass is estimated to be about 40 kg for the Zeiss F25, the 
IBS ISARA and the SIOS NMM-1 and about 60 kg for the the Panasonic UA3P. The vertical 
moving mass is estimated to be about 15 kg for the Zeiss F25 and 40 kg for the ISARA and 
the SIOS NMM-1. The Panasonic UA3P is a commercial CMM with a low vertical moving 
mass (estimated to be about 200 g), which enables applications where high vertical speed is 
required. The SIOS NMM-1 is a commercial CMM with a measuring volume (25 ´  25 ́  5 
mm) that fits measurement of small products in array. All the others have an oversized vertical 
stroke ranging from 35 to 100 mm. Furthermore they are all very expensive. An overview of 
today’s commercial high accuracy CMMs is given in table 1.1. 
 

 

Company 
 

 

Zeiss  
 

IBS  
 

Panasonic  
 

SIOS 
 

Product name 
 

 

F25 
 

ISARA 
 

UA3P-3  
 

NMM-1 

Measuring Volume 
(X ´́́́  Y ´́́́  Z) 

 

140́ 140́ 100 mm 
 

100́ 100́ 40 mm 
 

100́ 100́ 35 mm 
 

25́ 25́ 5 mm 

 
Claim 

 

 

0.25 mm 
uncertainty  

 

30 nm 
uncertainty  

0.05 mm 
uncertainty over a 

100 mm range 

 

0.1 nm  
resolution 

Estimated horizontal 
moving mass  

 

40 kg 
 

40 kg 
 

60 kg 
 

40 kg 

Estimated vertical 
moving mass  

 

15 kg 
 

40 kg 
 

200 g 
 

40 kg 
 

Table 1.1: Properties of today’s commercial high ac curacy CMMs 

 

 

 
A similar 3D-CMM concept without 
Abbe-errors is brought on the market 
by SIOS Meßtechnik GmbH under 
the name NMM-1 (0.1 nm resolution 
in a 25 ´  25 ´  5 mm measuring 
volume) [SIOS, 2006]. Further 
information can be found in 
[Hausotte, T, 2002]. This concept 
also uses a Zerodur�  moving mirror 
table to position the work piece but 
instead of invar it uses a Zerodur�  
metrology frame to position the laser 
interferometers (figure 1.8). 
 

Figure 1.8:  3D-CMM concept without Abbe - errors                       
                                       (SIOS NMM-1) [Hausotte, T, 2002] 
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1.2   Thesis outline 
 
To meet industry requirements as presented above, it was decided to develop a 3D CMM with 
low moving mass in x-, y- and z-direction and a volumetric uncertainty of 25 nm in a 50 ´  50 
´  4 mm measuring volume. Important aspects in this process are: 
 
-   Reduction of virtual backlash during motion 
 
-   Improvement of temperature stability during measurement 
 
-   Improvement of dynamic performance w.r.t. existing CMMs    
 
-   Application of metrology principles to reach nanometer uncertainty  
 
 
This thesis describes the design, realization and calibration of this CMM. It starts with 
comparing the guides of the new CMM concepts, which emerged in the last ten years and 
components such as air bearings, actuators and encoders (chapter 2). In chapter 3 the basic 
design of the horizontal guide system is formulated and chapter 4 discusses construction 
details of the CMM design (e.g. assembling and disconnecting guides without local 
deformation, passive leveling and vibration isolation, preloading air bearings via stress frames, 
frictionless air supply, Lorentz actuator design, stiffness compensation and weight 
compensation). Chapter 5 discusses geometric errors that affect the measuring uncertainty of 
the CMM and methods to increase the temperature stability of calibration set-ups. From 
calibration measurements the volumetric uncertainty of the CMM was estimated and finally 
conclusions and recommendations are given. 
 
Business related information is included a Marketing Plan [Van Seggelen, J, 2006] that was 
written by the author in the final project of his MBA at TIAS Business School [TIAS, 2006].  
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2   CMM COMPONENTS  
 
The mechanical hardware of a CMM can be considered to consist of a number of components. 
Examples of such components are: 
 
·    Guides 
·    Air bearings 
·    Actuators  
·    Encoders  
·    Probes 
 
The most relevant features of these components with respect to the design of the CMM, which 
is the subject of this thesis, are briefly elaborated upon in the next sections as they are of 
consequence in the design phase (chapter 4).   
 
2.1   Guides 
 
Most of today’s portal CMMs are equipped with a granite base and guiding beam to support 
the U-shaped portal and make movement in x-direction possible with air bearings (Figure 2.1 
and 2.3). Granite (a = 5 to 9×10-6 1/K, l  = 1.8 to 3.5 W/m×K, r  = 2600 to 2800 kg/m3, cp = 800 
J/kg×K) has little internal stress due to aging thereby making it suitable for machining without 
subsequent distortions. It is the material of choice for large machines because sub micrometer 
plane flat surfaces can be created economically. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.1: Zeiss Prismo portal CMM [Zeiss, 2005]       Figure 2.3: Detail B of figure 2.1  
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Figure 2.2: Detail A of figure 2.1  

Guiding beam 
x-direction (Granite) 

y 

Guiding beam 
y-direction  
(Ceramic) 

x 
z 

Base  
(Granite) 

U-shaped 
portal 

  Air-bearings 

       Air-bearings 

z-axis 

x-slide 
(Ceramic) 

E 

2.1   Guides 7 
 



 

The guiding beam that supports the z-axis and guides it in y-direction is integrated in the U-
shaped portal (figure 2.1 and 2.2). This beam should be light and stiff to favour the dynamic 
behavior of the CMM, which makes a ceramic beam a good option. Its end support (E) is a 
carbon epoxy composite tube (under the cover case). Most recently Zeiss has turned from the 
multi material approach of Granite + Ceramic + Carbon composite to the use of previously 
developed Carat�  technology, which is an aluminum hollow beam with a hard surface layer.  
 
The thermal behavior of a CMM depends on its geometry and the materials used. A 
homogeneous temperature difference DT, causes a machine component to expand, according 
to: 
 

l
a

a ××=D××=D
A
l

QTll                                                                                                                                                                                                                              (2.1) 

     
This expression describes the sensitivity for temperature variations of a machine component. It 
depends on the heat flow Q, the geometry in terms of l/A, where A is the cross section for 
conduction and on the quotient of the material properties a/l .  
 
To reduce the sensitivity for temporal temperature variations the SIOS NMM-1 (figure 2.4) 
[Hausotte, T, 2002] uses a Zerodur�  (a < 0.01 to 0.05×10-6 1/K, l  = 1.64 W/m×K, r  = 2500 
kg/m3, cp = 820 J/kg×K) mirror table to support the workpiece and a Zerodur�  metrology frame 
to position the interferometers. This is a very good solution to reduce the sensitivity for 
temporal temperature variations but does not favour the price 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]  

Ball bearings  

Metrology  
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The IBS ISARA (figure 2.5) also uses a Zerodur�  mirror table to support the workpiece but 
instead of Zerodur�  it uses an invar (a < 0.8×10-6 1/K, l  = 11 W/m×K, r  = 8000 kg/m3, cp = 
515 J/kg×K) metrology frame, covered with a thermal shielding, to position the interferometers 
[Ruijl, T, 2001]. The thermal shielding makes sure there can be no spatial thermal gradients on 
the invar, which has poor thermal diffusitivity l /(r×cp) [Vermeulen, J, 1999]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
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 both fulfilling the 3D-CMM concept 
without Abbe errors, their moving bodies which support the mirror table were designed to 
move on ball bearings. This is a solution to reduce the price of the bearing system but it limits 
the positioning capacity. 

 
  
 
 
 
 
 
 
 
 

Figure 2.6:  Basic design of the guide 
system designed by Ruijl 
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360° 



 

Placing rows of ball bearings at a, b, c and d involves many contacts, the out of roundness of 
individual bearing balls when rolling and differences in diameter between individual balls. 
Elastic averaging as beneficial effect is limited due to the preload, in this case being the weight 
force only. This was partially solved by including elastic hinges in the bodies 2 and 3 one of 
which (H) can be seen in figure 2.5. Body 2 runs on the front track of base 1 and body 3 runs 
on the rear track of base 1. Body 2 is identical to body 3 for economic reasons and the rotation 
y  is freed by the hinge. This makes the fixation of rotations y  and j  of the workpiece table 
less transparent.  
 
A solution to reduce the sensitivity for temporal temperature variations, without the use of 
exotic materials, is shown in figure 2.7.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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 by a ring-shaped frame. This frame is made of 
the same material as the moving bodies of this machine to create a mechanical compensation 
for the thermal expansion. To make this mechanical compensation respond rapidly to 
homogeneous temperature differences a material with a large thermal diffusivity l /(r×cp) was 
desirable. For that reason aluminum (a = 23×10-6 1/K, l  = 165 W/m×K, r  = 2700 kg/m3, cp = 
896 J/kg×K) was chosen. The thermal diffusitivity of aluminum is 25 times better than for 
invar, 55 times better than for granite and 85 times better than for Zerodur� . The reason why 
Zeiss chose to use granite guiding beams supported on a granite base in the commercialized 
version (Zeiss F25, figure 2.8) of the machine that was designed by Vermeulen [Vermeulen, 
M, 1999], is surely based on economy.  
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Another solution that reduces the sensitivity for temperature variations and responds rapidly to 
homogeneous temperature differences, without the use of exotic materials, would be a CMM 
that is completely built from aluminum parts (base, guides and moving bodies). It could be a 
variant of the concept designed by Vermeulen, based on a horizontal air bearing system 
(stroke: 50 ́  50 mm) and a low mass elastically guided vertical axis (stroke: 4 mm), thereby 
being able to build a CMM with low moving mass for measuring small products in array with 
nanometer uncertainty. This was the starting point for the design of the CMM as shown in 
figure 2.9 and described in chapter 4 of this thesis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.9: CMM as described in this thesis complet ely built from aluminum parts   
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This after trying to design and source a 
Carat�  (coated aluminum technology) 
version (in line with their return to Carat�  
technology on portal machines) which 
failed. Because Zeiss enlarged the xy 
stroke to 140 mm to accommodate their 
microscope, which is 39 mm off-axis with 
their touch probe, they could not get a 
supplier for an aluminum Æ 650 mm fly 
cut optical flat base and decided to stay 
with the classic granite. Once they decided, 
it was natural to consider it for the xy 
guiding beams which they did. The all 
granite single supplier (Aschaffenburg) 
design is the result.  
 

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

 
Figure 2.10: Orifice air bearing                                                                    
 
For preloading, a constant force on the air bearing is required, perpendicular to the guiding 
surface, without introducing a disturbance. When the weight of the moving bodies is not 
perpendicular to the guiding surface or insufficient to preload the air bearings, form-closed air 
bearing systems are often used (figure 2.12)  
 
 
 
 
 
 
 
 
 

 
 

 
 
 
Figure 2.12:   Schematic drawing and picture of a f orm-closed air bearing system  
 
 
In this method of preloading air bearings, tight tolerances are required in both guide ways and 
moving bodies, even to the micrometer uncertainty level, as otherwise gap heights of about 
five to ten micrometer intended in design, cannot be maintained along the guiding surface.  
Form-closed air bearing systems may appear to double stiffness compared to the force-closed 
method of preloading. However, even when the greatest attempt has been made to improve 
straightness, flatness and parallelism of guiding beams, the theoretical advantage of doubled 
stiffness will never be obtained in practice. Form closed structures are over constrained and 
even the slightest temperature variation is enough to rather disturb the adjusted load to the 
bearings on account of differences in thermal expansion between guide ways and moving 
bodies. 
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Figure 2.11: Porous air bearing   
[NewWay, 2005] 
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Air bearings are often used to provide CMMs 
with high accuracy long-stoke motion. Today 
classical orifice air bearings [Plessers, P, 1985] 
[Wang, J, 1993] (figure 2.10) are often 
replaced by porous (graphite) air bearings 
[NewWay, 2005] [Langlotz, E, 2006] (figure 
2.11). The porous material ensures equal air 
distribution under the bearing and makes the 
bearings less sensitive to damage. 

Psupply 

Air bearing 
preloaded 
by the weight 
of the moving 
body 
 



 

To avoid this problem and reduce tolerances on the geometrical shape of a CMM’s guide 
system, force-closed air bearing systems can be used. Each force-closed air bearing system 
consists of a porous air bearing, a bearing alignment body and a preload bearing (figure 2.13).  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.13:   Schematic drawing and test rig pictu re of a force-closed air bearing system             
 
The position of the moving body during motion will be determined by the deviation of the 
shape of the guiding beam and the stiffness of the parts between the moving body and the 
guiding beam. A bearing alignment body is extremely important to ensure that aerostatic 
bearings work properly. Misalignment of the air bearing may significantly change the overall 
characteristics of the bearing, such as load capacity and stiffness. A monolithical cardan joint 
with a square cross section, as given in figure 2.13, can be used as a bearing alignment body 
[Vermeulen, J, 1999]. The tilting stiffness of the elastic hinge has to be in the order of the 
tilting stiffness of the air film (order 102 Nm/rad for bearings with a diameter of 40 mm). The 
porous air bearings are preloaded using graphite preload bearings. A cross section of such a 
bearing is given in figure 2.14. 
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Figure 2.14:   Preload bearing    [Vermeulen, J, 1999]  
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The holder closely follows the guide surface on the thin stiff air film and the bearing base is 
held in position by the opposing porous guide bearing. A preload bearing works as a soft 
spring, as shown in figure 2.15, that ”absorbs” differences in thermal expansion of material 
components. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.15:  Preload bearing works as a soft sprin g    
 
The volume, in the piping system after the pressure regulator, does not change significantly 
with a change in gap height (h) of the preload bearing. So the pressure above the preload 
bearing stays constant even with a change of gap height. This means, according to F = P × A 
and a constant bearing area (A), that the force on the preloaded porous guide bearing will 
remain constant during travel. Graphite is used to improve the load bearing capacity of the 
preload bearing. The preload bearings have no stiffness contribution and enable high air gaps. 
This makes a tight tolerance on straightness and flatness of the guiding surface of the preload 
bearing unnecessary. 
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2.2.1   Porous air bearing properties 
 
Before the construction details of the horizontal air bearing system were designed the 
properties (static stiffness, noise and dynamic stiffness) of a porous air bearing with a diameter 
(D) of 40 mm and an air gap (h) of 5 micrometer (manufacturer: NewWay) were investigated.  
 
 
Static stiffness  
 
The test rig as shown in figure 2.16 and described in section 4.3 of [Vermeulen, M, 1999] was 
used to determine the static stiffness of the porous air bearing. It gives the possibility to 
measure the air gap (h) with capacitance sensors while applying a force (F) on the air bearing. 
This results in a graph a shown in figure 2.17 with the air gap along the horizontal axis and the 
force along the vertical. The slope (DF/Dh) of this graph gives the static stiffness of the 
bearing, which is about 6.7E7 N/m for a porous bearing with a diameter of 40 mm and an air 
gap of 5 micrometer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
Stability and noise  
 
A pressure of 5.5E5 Pa and a preload surface with a diameter of 30.5 mm were used to operate 
a porous air bearing with a diameter of 40 mm at an air gap of 5 micrometer. To reach air 
bearing stability of about 1 nm a pressure stability of 100 Pa is required. This was realized by 
integrating a digital pressure controller [Ter Horst, 2005] followed by a buffer volume in the 
air supply.        
 
 
 
 
 
 
 
 

 

    F [N] 

Capacitance sensor 
measuring h [m] 

h [micrometer] 

  F [N] 

 Figure 2.16 :  Static stiffness measurement   
                                              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  
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The noise of the porous air bearing could be measured by adjusting the capacitive sensors 
(manufacturer: Lion Precision) from figure 2.16 to a sensitivity of 2 V/micrometer. The noise 
measurements are produced over a time period of 3 seconds to eliminate any drift of the 
capacitance sensor system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.18 shows a noise measurement on a porous air bearing with a diameter of 40 mm and 
an air gap of 5 micrometer and figure 2.19 shows a noise measurement on the fixed world. 
Peak to valley is found about 2.5 nanometer in both measurements. It is not clear if the 
measured noise is coming from the capacitance sensor system or from residual vibrations from 
the environment. What can be concluded is that this porous bearing has an excellent stability, 
which makes application in machines with nanometer uncertainty 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 the 
Fourier transformed output and input signal.  
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Figure 2.18:  Noise measurement on a  
porous air bearing with a 
diameter of 40 mm and an air 
gap of 5 micrometer operated 
at 5.5E5 Pa 

Figure 2.19:   Noise measurement on the  
                                           fixed wo rld  

 Figure 2.20:  Dynamic stiffness measurement          
                                             of a p orous air bearing  
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Two times integration followed by inversion of this ratio Ha(w) yields the frequency response 
function Hz(w), which is a value for the dynamic stiffness of an air bearing in N/m.       
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The first part of figure 2.21 (below 70 Hz) is useless data because the coherence (figure 2.22) 
is lower than 80%. This means that the output signal does not result from the input signal. 
From figure 2.21 it is clear that the first eigenfrequency occurs at 220 Hz. This eigenfrequency 
is also visible in figure 2.23 (phase as function of the frequency).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 2.21: Magnitude frequency response  function  
Hz as a result of the frequency 
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Figure 2.22:  Coherence between output  
                                           and inpu t signal  

 Figure 2.23:   Phase as function   
                                             of the  frequency    
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The magnitude frequency response function Hz(w), as a function of the frequency (f = w/2p), 
is given in figure 2.21 for a porous air bearing with a diameter of 40 mm and an air gap of 5 
micrometer. 

100 



 

2.3   Actuators  
 
CMMs with a ”long” stroke were for many years driven by friction drives (e.g. the Zeiss 
Prismo). Today a trend towards linear motors [Griffin, J, 1954] can be seen (e.g. in the Zeiss 
F25). Although linear motors are frictionless having no contact, their commutation within the 
stroke and cogging effects complicate the control system. These negative effects can be 
eliminated by applying a Lorentz actuator [Compter, J, 2002], which makes it possible to 
apply a single-phase amplifier in the control system.   
 

2.4   Encoders  
 
Although laser interferometer systems are often used in laboratories to measure displacement 
with low uncertainty, industrial CMMs often use optical linear encoders [Heidenhain, 2005] 
[Renishaw, 2006] [Sony, 2006]. The CMM design as described in chapter 4 is based on LIP 
372 encoders from Heidenhain (figure 2.24), which have the possibility to operate with 
measuring steps of 1 nm. 
 
 
 
 
 
 
 
 
 
 

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

 
Theory about the ideal position of a measuring system with respect to the centre of the stylus 
ball of the probe is given by Abbe [Abbe, E, 1890] and 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 l occurs with an Abbe offset hx, 
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 
Rz. The first order Abbe error is given by: 
 

zxyy RhT ×»                                                                                                       (2.4)                      

 
 

 
Figure 2.25:   Unwanted angular slide-motion                   
                                           (Rz) introduces an Abbe error yTy              
                                           in the l ength measurement                                   
                                           [Vermeul en, M, 1999] 
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Abbe principle:   A displacement measuring system should be in line with the functional point  
(the centre of the stylus ball of the probe), whose displacement is to be 
measured [Abbe, E, 1890]. 

 
 
It has been known that better than to calibrate is to completely avoid errors all together 
whenever possible (i.e. a design with hx = 0). 
 
 
Table 2.1 gives the first order Abbe error as a result of an angular error (Rz) in a 1D 
measurement with an Abbe offset of only 2 mm. 
 

Angular error (R z)  [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 z) in a 1D measurement with an Abbe offset of 2 mm 
 
 
The first order Abbe error is a position dependent deviation, which can be calibrated.  
 

2.4.2   Bryan principle 
 
Consider figure 2.26: when the 
measurement of straightness of the y-
guide yTx occurs with a Bryan offset hy, 
between the measuring axis and the 
object axis (axis through the centre of 
the probe-ball, parallel to the measuring 
axis), a Bryan error yTx arises in the 
direction, perpendicular to the direction 
of motion y, due to an unwanted angular 
motion Rz. The first order Bryan error is 
given by: 
 

zyxy RhT ×»                                                           

 
 
 
 
 
Bryan principle: A straightness measuring system should be in line with the functional point at  
                                                         which straightness is measured [Bryan, J, 1979]. 
 
 
So a design with hy = 0 is best whenever possible. 
 

 
Figure 2.26:  Unwanted angular slide- motion (R z) 

introduces a  Bryan error yTx in the      
 length measurement   
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[Vermeulen, M, 1999] 

yTx 

(2.5) 



 

2.5   Probes 
 
Like CMMs, touch probe development is going on in industry and research institutes. A 
classic precision probe is the series stacked xyz parallelogram design as manufactured by 
Zeiss and described in [Van Vliet, W, 1996]. As an alternative, designs based on translations 
carried out through parallelograms that are not series stacked were developed [Paardenkooper, 
T, 2002] [Meli, F, 2003]. Other probe designs are based on the tilting principle. The collision 
mass of these designs is very low as the stylus is only tilting. Examples of such probes are 
given in figure 2.27 and 2.28.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.27: TU/e probe (strain gages (R 1 … R4) 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, 2002] and redesigned by Bos [Bos, E, 2004]. It 
is an elastic, silicon-based design with strain gages (R1 … R4) integrated in the elastic 
elements. A probe with similar characteristics was designed by the Physikalisch-Technische 
Bundesanstalt (PTB) and the University of Braunschweig in Germany. This design uses an 
elastic membrane to integrate the strain gages [Pornnoppadol, P, 2002]. Recent probe 
developments show probing sphere diameters below 40 mm [Leach, R, 2005]. 
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3   BASIC DESIGN FOR THE HORIZONTAL GUIDE SYSTEM 
 

A 2D-CMM concept, without Abbe errors [Vermeulen, M, 1999], was used as starting point to 
formulate a basic design for the horizontal guide system of the CMM as described in chapter 
4. That concept (figure 3.1) consists of  two guiding-beams (GbA and GbB) which are mounted 
on the machine base. Intermediate body A can be moved along guiding beam GbA in x-
direction and intermediate body B along guiding beam GbB in y-direction. The measuring 
heads Mx and My of each measuring system are supported by the intermediate bodies B and A. 
The x- and y-scales Sx and Sy (used in the measuring systems) are supported by the scale 
beams SbB and SbA. Scale beam SbA can be moved trough intermediate body A in y-direction 
by means of a Lorentz actuator (cservo A), which is connected between scale beam SbA and 
intermediate body A. Scale beam SbB can be moved through intermediate body B in x-
direction by means of a Lorentz actuator (cservo B), which is connected between scale beam SbB 
and intermediate body B. The measuring system and Lorentz actuator of each axis have to be 
on the same side of the rotation centre (c.o.g.) of the CMM. Otherwise the control system can 
not distinguish between a rotation and an opposite translation [Schellekens, P, 1998]. Because 
scale beam SbA and SbB are kept orthogonally suspended by the platform (PL), which carries 
the probe (P), it is thereby possible to move the probe in x- and y-direction without 
introducing an Abbe offset (both scales are always aligned with the probe).  
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Figure 3.1:   2D-CMM design concept for the horizontal plane without an y Abbe errors  
 
In the 2D-concept of figure 3.1, four guides are applied for only two functional motions x and 
y. Yet, the straightness errors of the scale beams SbA and SbB do not affect the measuring 
accuracy due to the Bryan principle (section 2.4.2). The straightness error of scale beam SbA 
causes an unwanted small translation Dx of the probe in x-direction, which is measured 
correctly by the x-measuring system (in first order), according to the Bryan principle. The 
same applies for measuring the straightness error of the scale beam SbB. The straightness 
errors of the two guiding beams GbA and GbB do affect the measuring accuracy. These errors 
have to be calibrated, which will be discussed in section 5.3.3. Full symmetry is broken for 
reasons of kinematic design: scale beam SbA has only one bearing instead of two. The angle 
between guiding beam GbA and scale beam SbA is not constrained by intermediate body A, but 
results from the other angles between the guiding-beams and scale-beams in the xy-plane. 
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System A System B 
x �  free x �  constrained by        

        servo B 
y �  constrained by               
        servo A 

y �  free 

z �  constrained z  �  constrained 
j   �  constrained j  �  free 
y   �  free y   �  constrained 
q �  free q �  constrained 

 

In figure 3.1 the access to the measuring area is somewhat hampered because of the platform 
configuration and its support onto the machine base. To improve the accessibility, the 
connection between scale beam SbA, scale beam SbB and the platform is broken which is 
shown in figure 3.2. Both scale beams are now directly supported by the machine base with 
two bearings each (black dots) thereby rendering the platform (a considerable mass) 
redundant.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2:  Connection broken between the scale be ams  
 
Breaking the connection between scale beam SbA, scale beam SbB and the platform gives five 
moving bodies in total, which means that thirty degrees of freedom have to be constrained. 
First the connection between scale beam SbA and scale beam SbB will be discussed. Later in 
this thesis (section 4.7) the connection between the platform and the scale beams will be 
discussed. 
 
On the left side of figure 3.2.  system A  
(intermediate body A, scale beam SbA 
and guiding beam GbA) is shown. And 
on the right side of figure 3.2. system B 
(intermediate body B, scale beam SbB 
and guiding beam GbB).  Table 3.1 
gives an overview which degrees of 
freedom are constrained in system A, 
respectively system B.                                                      
                                                                                                                                                     Table 3.1: Information about the degrees of freedom  

System A System B 

Three bearings 
between intermediate 
body A and the  
machine base 

Two bearings 
between scale beam 
SbB and intermediate 
body B 

A   B 

z, q 

x, j    y, y  

Two bearings 
between scale beam  
SbA and the machine 
base Probe P 

Two bearings 
between guiding  
beam GbB and 
intermediate body B 

GbA GbB 

   SbA   SbB 

cservo A cservo B 
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Both scale beams SbA and SbB are constrained in z-direction by their respective z-bearings 
(black dots). That means that the connection between the two scale beams must be constrained 
in five degrees of freedom (x, y, j , y , q). The z-direction must be free. These conditions can 
be made by connecting the two scale beams with a plate and a plate with and elastic hinge 
above each other, as shown in figure 3.3. This design principle is known as “the correct slide 
guidance” [TUE 4007]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3:  Scale beams connected with a design pr inciple known as “the correct slide                       
                                       guidance” 
 
 
Now twenty-four degrees of freedom are constrained (platform not discussed yet) which are 
necessary in a kinematic design with four moving bodies (Intermediate body A, Scale beam 
SbA, Intermediate body B and scale beam SbB). The scale beams are only connected by a 
correct slide guidance. This means that the angle between the scale beams is only determined 
by the rotation-stiffness around the z-axis (kq) of this guidance, which is provided by the plate 
indicated in figure 3.3. Because a plate with an elastic hinge and a rod, used in the 
combination as shown in figure 3.4, has the same constraints as a plate, the rotation-stiffness 
around the z-axis (kq) can be improved by placing the rod at a greater distance (r) from the 
hinge as shown in figure 3.4 and 3.5. This will result in a more easily adjusted orthogonality 
and a better dynamic behaviour of the CMM.  
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Figure 3.4:   Properties of a plate and a plate wit h an elastic hinge 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5: Improving the rotation stiffness around  the z-axis (k qqqq) between the scale beams 
 
 
The drawing of figure 3.5 will be used for the basic design 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 were investigated as shown in appendix A to enable 
movement in the horizontal plane. This chapter reports the construction details of the selected 
bearing arrangement (selection discussed in appendix A.7) and of the vertical axis. 
 
4.1   Machine base  
 
The machine base consists of an aluminum base plate (575 ́  575 ́  150 mm) in which a 
pattern with a depth of 60 mm is milled (figure 4.1). Next three aluminum blocks (one square 
of 300 ́  300 ́  50 mm and two rectangular of 300 ´  195 ́  50 mm), which partly overlap the 
pattern, are connected to the base plate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.1:  Exploded view of the machine base  

 
 
 
 
 
 
 
 
 
Figure 4.2:  Connecting elements between                               Figure 4.3:  Cross section of a                                               

a  block and the  base plate                                                                                  connecting element  
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The connection must not deform the blocks locally (as would inevitably occur with a bolted 
connection) and has to be disconnectable (no direct glued assembly), which is favorable when 
building a prototype and for repair purposes. For those reasons the connection is made 
through connecting elements as shown in figure 4.2c and 4.3c.   
  g 

4.1   Machine base 25 
 



 

These connecting elements (cylindrical discs with each a diameter of 20 mm and a height of 5 
mm) are glued (figure 4.3g) between the base plate and the blocks and provide a distributed 
connection with sufficient stiffness and strength. When the machine base has to be 
disassembled, the glued joints will be sheared off one by one, by the rotation around the axis 
of the disk imposed by a key that fits the slot (figure 4.3s) of the connecting element. 
 
The moving parts are supported on the topsides of the three blocks, which claims a tolerance 
on the parallelism of these surfaces. A sufficiently small tolerance is created by copying the 
machine base flatness of a Zeiss Prismo CMM (flatness �  1 micrometer/meter). This 
procedure is shown in figure 4.4.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4:   Copying the machine base flatness of a Zeiss Prismo CMM 
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 Connecting elements  

 Connecting elements  

 Connecting elements  



 

First, the top sides of the inverted blocks are placed on the machine base of the Zeiss Prismo 
CMM and aligned with respect to each other (figure 4.4A) their alignment being checked with 
the aid of repeated coordinate measurements. Next, the blocks are connected to the machine 
base of the Zeiss Prismo CMM via a vacuum preload (figure 4.4A) to prevent movement 
while the base plate is placed on the blocks (figure 4.4B). The residual unevenness between 
the blocks will be absorbed in the glued joints between the blocks and the base plate. Finally 
the assembled machine base is inverted again and supported on three hinged leaf springs 
(statically determined stress free table concept) (one visible in figure 4.4C). Via these leaf 
springs the machine base will be connected to a passive levelling system as shown in figure 
4.7 of the next section. 
 
Before copying was started the squareness error 

BGbS
AGb  between the guiding surfaces GbA 

and GbB of the square block was calibrated by the Dutch National Metrology Institute (NMi 
VSL) as discussed in section 5.3.3. After copying the machine base flatness of a Zeiss Prismo 
CMM the deviations of the top sides of the blocks were measured with respect to an average 
surface (ABC) as presented in figure 4.5 (the places where air bearings move are shaded).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5:   Top site parallelism of the machine b ase [ mmmmm]  
 
 
Further the straightness of the gutters in x- and y-direction was measured (respectively 2.3 and 
1.4 mm). These deviations were small enough to make the assembly of the moving parts (scale 
beams and intermediate bodies) possible. These parts are discussed 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 the three vibration isolators (Newport I-325A)  
are placed underneath the machine base at a distance r from its centre of gravity (c.o.g.). 
Thereby is this centre located above the isolators which can cause instability when the CMM 
its frequency of movement comes close to the isolation frequency (fn �  1,5 Hz). For that 
reason the machine base is provided with a pendulum as schematically shown in figure 4.6.  
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Substitution of (4.6) in (4.5) results in: 
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This passive levelling system brings the equivalent total mass mtot to a distance of h » 280 mm 
underneath the vibration isolators which is better for stability. When the CMM moves to its 
maximum position from the c.o.g. a moment M of 3 Nm causes the machine base to tilt j  
about 1 mrad which results in a negligible force on the servo stiffness of a horizontal drive 
system and thereby a negligible positioning error of the probe. 
 
Figure 4.7 shows the construction details of the pendulum. The pendulum is supported by the 
vibration isolators and consists of a steel disk (diameter: 500 mm and height: 100 mm) that is 
connected to a steel tube (height: 900 mm, diameter: 500 and wall thickness: 3 mm). Finite 
element modelling showed that this pendulum has a first vibration mode of 125 Hz (figure 
4.8). The connection between the pendulum and the machine base will be performed by three 
hinged leaf springs, as shown in figure 4.4C and 4.6, to prevent forces on the machine base as 
a result of expansion differences between the aluminum machine 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 remaining accelerations of the machine base 
in the order of 1E-4 m/s2. With a z-axis mass of 1 kg a scale beam mass of 1.5 kg and an 
estimated stiffness between the probe and the machine base of 2.5E6 N/m [Van Seggelen, J, 
2002a], this can be translated into a probe position error of  ((1.5 + 1.5 + 1) × 1E-4) / 2.5E6 » 
0.16 nm as a result of remaining ground vibrations. More about vibration isolation of machine 
tools and instruments can be found in [De Bra, D, 1992]. 
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Figure 4.9: Picture of the scale beams 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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

A schematic drawing of the scale beams support is given in 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 
 

 

 

 
 

4.3.2   Adjustment of the angle between the scale beams 
 
A small angular error relatively to the 90° between the scale beams does not cause a first order 
measuring error (section 5.1.5). Nevertheless it is important for assembly purposes that the 
angle between the scale beams comes close to the angle between the guiding beams of the 
square aluminium block of the machine base. For that reason the angle between the scale 
beams can be adjusted roughly with a shim and more precise with a manipulator both shown 
in detail D of figure 4.11. The manipulator consists of a threaded rod (pitch (p) = 1 mm), a nut 
and a tension spring (stiffness (cspring) = 160 N/m). One turn of the nut changes the angle (Da) 
between the scale beams according to: 
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An aluminum tube with a length (ltube) of 450 mm, an outside diameter (Dtube) of 13 mm and 
an inside diameter (dtube) of 11 mm gives the possibility to change the angle between the scale 
beams (lbeam = 390 mm) with a resolution 50 nrad of per turn.  

 

The scale beams are supported on the machine base, each with two bearings and their 
alignment bodies. A stress frame, connected to the alignment bodies, leads the preload 
directly above the z-bearings of the scale beam. The line of preload force then goes only 
through the stress frame and not through the scale beam. So there will be no distortion of the 
scale beam, which carries the scale. The scale beam (aluminum tube) is connected statically 
determined to the alignment bodies and stress frame. The basic principle of this connection is 
given in figure 4.12. 
 

Figure 4.12:  Basic principle of the 6 d.o.f. connection between the scale beam and  
     the alignment bodies / stress frame  
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Figure 4.13: Intermediate body supported on the mac hine base with 4 z-bearings  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.14:  Stress frames of an intermediate body   
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Figure 4.15: Guiding from the intermediate body w.r .t. the guiding surface of  the 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  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 machine base with four z-bearings (figure 4.13). 
This gives the possibility to countersink these bearings, with their alignment bodies, into the 
intermediate body while maintaining symmetry. The connection bridge of two bearings, which 
are away from the probe, is connected to the intermediate body with an elastic line hinge 
(figure 4.13) to prevent that the support of the intermediate body, to the machine base, 
becomes over-determined.  
 

4.4.1   Stress frame of the intermediate body 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The plate and the plate with an elastic hinge have the same properties as the plate and the 
plate-with-hinge used to connect the stress frame of the scale beam to the scale beam (section 
4.3.1). The plate with an elastic hinge is connected to the bridge of the intermediate body 
(figure 4.14) so there will be no strain introduced into the intermediate body when the bridge 
rolls with respect to the intermediate body. 
 
The degree of freedom between the intermediate body and the stress frame in drive direction is 
determined with a folded plate (figure 4.14 and 4.17B). 
 
 
4.4.2   Guiding of the scale beam w.r.t. the intermediate body 
 
A scale beam is guided by the intermediate body with air bearings of Æ 40 mm (figure 4.13). 
The alignment bodies of these bearings are not of monolithical construction as the alignment 
bodies of the z-bearings, but built from separate parts for compactness, as this helps to reduce 
the size of an intermediate body and thereby the overall CMM size. 

 

Plate 

Folded 
plate 

 Plate with an elastic hinge 

An intermediate body is equipped with two stress frames (figure 4.14). These stress frames 
prevent distortion of the intermediate body, which carries the measuring head. The basic 
principle which connects a stress frame to the intermediate body in 6 d.o.f. is given in figure 
4.17A. A more detailed drawing of this connection is given in figure 4.17B. 
 

Figure 4.17:  Basic principle of the 6 d.o.f. connection between a stress frame of an intermediate  
body and the intermediate body 
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4.4.3   Guiding of the intermediate body w.r.t. the guiding surfaces 
 
The Intermediate body is guided on guiding surfaces located on the sides of the square 
aluminum block (machine base) with two air bearings. These bearings are connected to their 
bearing holders and each bearing holder is connected to a sandwich construction formed by 
two side plates of the intermediate body and a torsion tube to create a stiff path in drive 
direction (figure 4.15). Each of these bearings has a diameter of 50 mm.  
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

36 4.   Construction details of the CMM design 



 

4.5   Frictionless air supply to the horizontal air bearing system 
 
When a compressed air flow is needed on board of an air bearing guide, a hose of a certain 
length is often required to provide the air supply. Besides on the length of the hose the 
magnitude of the flow depends on the speed of the air and on the diameter of the supply hose. 
In a case of a constant air speed, the diameter of the supply hose has to be increased when 
more flow is needed on board of the guide (e.g. when the guide contains many air bearings). 
This inevitably results in more bending and torsion stiffness in the hose, which is a source of 
disturbance during slide motion. Applying multiple hoses (with a smaller diameter) gives 
almost no improvement: the bending stiffness decreases but the air flow resistance increases 
with the fourth power of the diameter. Multiple hoses may not contact while moving because 
friction causes hysteresis in the guide’s motion, which is often unacceptable. The hoses, often 
made from thermoplastic material, show relaxation and Bourdon action. They slowly assume 
shape (e.g. as a result of bending and torsion) during stand still, which results in unpredictable, 
changing force variations of several milli Newtons during motion. This disturbs positioning 
and makes it impossible to reach nanometer uncertainty. The solution to use an additional 
robot to carry the hoses after the guide is known in the art.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.18:  Frictionless air supply system 
 
The air supply system, explained below [Van Seggelen, J, 2004b] avoids a robot that carries 
hoses and still gives the possibility to bring air on board of a moving guide without friction 
and the associated hysteresis. Figure 4.18 shows a cross section of the air supply system. A 
tube (1) is connected to the fixed world (2) and provides the air supply (3). A piston (4) is 
axially connected via a rod (5) to this tube preferably in such way that the half-length of the 
rod is almost at the centre of the piston. The piston is supported without friction along the 
cylinder wall (6) of the moving guide (7) with air bearings (8). The air for the air bearings is a 
small part of the air provided by the air supply. To make sure that the air flows in the direction 
indicated by the arrow, a bellows (9) is applied between the piston and the tube.  
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The air flows symmetrically out of the piston, via two diametrically opposed openings (10) 
(only one visible in figure 4.18), to a chamber (11) between the piston and the cylinder wall of 
the moving guide. The length of chamber in the axial direction of the piston exceeds the length 
of the stroke of the moving guide. To make sure the air flows on board of the moving guide, 
into a circular groove (12), a seal gap (13) between the piston and the cylinder wall of the 
moving guide is applied. Once the airflow is on board of the moving guide it is available for 
various purposes (e.g. to supply air bearings).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                                                  Figure 4.19:   Air supply to the horizontal air bearing system of  
                                                                                                                                                             the CMM 
 
Figure 4.20 shows the first piston design, with orifice air bearings, of the frictionless air 
supply system that is connected to the fixed world.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.20:   First piston design with orifice air bearings  
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The air supply to the 
horizontal air bearing system 
of the CMM will be provided 
by frictionless air supply 
systems, as shown in figure 
4.19. The first air supply 
system (piston connected to 
the fixed world) brings the air 
on board of an intermediate 
body and the second (piston 
moving with a scale beam) 
brings the air on board of a 
scale beam.  
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In a later design the orifice air bearings were replaced by graphite air bearings as shown in 
figure 4.21. As a result the piston centred better w.r.t. the cylinder, which reduced the air 
consumption.  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The air consumption of an air supply system with graphite air bearings is mainly determined 
by the leakage loss of the seal gaps. The leakage loss of a single seal gap, which holds for a 
laminar air stream (h / l > 100), can be calculated with the formulas below [TUE 4007]. 
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An air supply system with a piston diameter (Dpiston) of 25 mm, an air bearing gap (hgap) of 
about 5 micrometer and a seal gap length (Lseal) of 4.5 mm has a theoretical air consumption of 
about 1E-5 m3/s �  0.6 l/min (2×fseal) at a supply pressure of 5.5E5 Pa. In practice the air 
consumption of such system was measured to be 0.8 l/min. The slightly positive difference can 
be caused by fabrication tolerances and by the air consumption of the graphite air bearings.  

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  
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(4.10) 



 

4.6   Air consumption of the horizontal air bearing system  
 
A Æ 40 mm air bearing system (porous bearing in combination with a preload bearing) 
consumes about 0.2 l/min and a Æ 50 mm air bearing system about 0.3 l/min. The total air 
consumption of the horizontal air bearing system is determined by 15 air bearing systems of Æ 
40 mm, 4 air bearing systems of Æ 50 mm and 4 frictionless air supply systems. This results in 
a total air consumption of the horizontal air bearing system of about 7.5 l/min. 
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Figure 4.23: Height (z) and the two rotations ( jjj j  and yyyy ) constrained  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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 determined) to the scale beams. The z-
mechanism, which provides vertical motion and carries the probe, will be connected to this 
mounting face. In figure 4.23 is shown how the height (z) and the two rotations (j  and y ) are 
constrained. The two rods that constrain the height, each connected to a scale beam directly 
above the z-bearing at the probe side, are not directly connected to the mounting face but via a 
cross beam and an elastic hinge. To determine the rotation stiffness of the mounting face 
around the x- and y-axis two strip-on-edge plates are connected to mounting face. One in x-
direction and the other in y-direction. Each plate is connected via a rod to a scale beam 
directly above the z-bearing away from the probe.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.26: Mounting face rotation around the z-ax is constrained (back view) 
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In figure 4.24 the two folded plates are shown, which 
constrain the translations x and y and figure 4.26 
shows how the rotation around the z-axis (q) will be 
determined. For that purpose the upper most plate with 
an elastic hinge of the connection close to the probe 
between the scale beams is extended with a folded 
plate. This principle is given schematically in figure 
4.25. The folded plate has the same properties as a rod 
with stiffness cq at a distance R from the probe point. 
Due to this the mounting face has rotation stiffness 
with a magnitude of cq × R

2 around the probe point. 
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Figure 4.25: Schematic top view of  
                                          the mount ing face 
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4.8   Lorentz actuators in the horizontal plane  
 
The axes in the horizontal plane are direct driven by Lorentz actuators with a stroke of 50 mm 
as shown in figure 4.27.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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

 
 
The coil of the actuator is connected, via a holder, to the scale beam and the magnets to the 
associated intermediate body. To improve the homogeneity of the magnetic flux, iron foil with 
a thickness of 0.2 mm is glued on the magnets inside the gap. The magnitude of this magnetic 
flux (B » 0.4 T) was estimated with a finite element package [Berlios, 2006] instead of with 
basic formulas for designing a Lorentz actuator as given in section 4.9. This to include 
saturation effects that occur in this configuration at the beginning and end of the stroke.   
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4.9   The elastically guided axis for the vertical stroke 
 
The vertical stroke of the CMM is provided by an elastically straight-guiding mechanism as 
schematically shown in figure 4.28 [TUE 4007]. The body on the left is connected to an 
auxiliary body with two leaf springs. Another pair of leaf springs connects the auxiliary body 
to the world. The body and the auxiliary body are coupled with a lever. The body will be 
guided along a theoretical straight line, as all leaf springs having the same length. The probe 
will be connected to this body and the z-scale is moving with it, relative to a measuring head 
on the fixed world.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
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 applies a force on the auxiliary body. When this 
body moves from its mid position the compression spring will extend and compensate the 
bending stiffness of the leaf springs. Thereby the drive system (z-drive) has to overcome only 
a small fraction of the original mechanism stiffness as shown below resulting in a low power 
consumption.  
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Figure 4.29 shows three conditions of the stiffness compensation spring. On top the spring is 
unloaded. In the middle the spring is compressed by u2 [m] and its axis in the mid position of 
the z stroke of the mechanism. On the bottom the spring is compressed by u1 [m] and moved 
zmax / 2 [m] from the mid position of the mechanism.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
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 designing a stiffness compensation mechanism 
such as in figure 4.28.  
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First the stiffness at the auxiliary body cz-auxiliary body [N/m] has to be calculated. This stiffness 
is four times the stiffness of the mechanism cz-mechanism [N/m] in drive direction. After that a 
spring with unloaded length of L0 [m] and a stiffness cstiffness compensation spring [N/m] is chosen 
from a spring supplier catalog. An iterative process follows to solve the compression u2 [m] of 
the compensation spring in the mid position of the mechanism. Finally this compensation 
mechanism can be tuned by adjusting the compression u [m] of the spring as shown in figure 
4.30. 
 
 
4.9.2   Weight compensation 
 
The weight of the moving bodies in figure 4.28 is compensated with a tension spring. This 
spring is placed on the lever with a ratio (i) of 1 : 10 from the drive system. Thereby the drive 
system has to overcome with 1 % (i2) of that spring stiffness. 
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Figure 4.31:  Cross-section of the elastic mechanis m 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.32:  Hardware of the elastic mechanism 
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4.9.3   Construction details 
 
Some construction details of the elastically straight-guiding mechanism that provides the 
vertical stroke of the CMM are shown in figure 4.31 and 4.32. The aluminum (high thermal 
diffusivity) back and forth parallelogram leaf springs (l = 42 mm, b = 40 mm and h = 0.3 mm) 
have a stiffened mid part (l = 30 mm, b = 40 mm and h = 1.5 mm) which gives them a higher 
resistance against buckling. Also this provides horizontal compensation for thermal expansion 
due to room temperature changes, with the proper time constant.  
 
The stiffness of the mechanism in drive direction (cz-mechanism) is about 2000 N/m [Van 
Seggelen, J, 2002a]. In this case the drive system has to apply a force of about 2000 ´  0.002 = 
4 N to keep the body of this mechanism at the maximum displacement from its mid position 
(half of the total stroke of 4 mm). The stiffness compensation mechanism also shown in figure 
4.33 gives the possibility to reduce this force significantly.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.33:  Stiffness compensation mechanism 
 
The stiffness compensation mechanism consists of a spring (nr. 1 in figure 4.31 and 4.32), a 
guiding, a differential screw and a plate. The compression of the spring can be adjusted with 
the differential screw and the plate prevents that the spring torques. This mechanism reduces 
the stiffness in drive direction with a factor 50 (50 times less force (F) to get the same stroke). 
This reduction also occurs in the motor coil current (I) which will reduce the required power 
(P) with a factor 2500 as it is proportional to the square of current.  
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A force alignment mechanism (nr. 2 in figure 4.31 and 4.32) is applied to align the preload 
force of the compression spring with respect to the auxiliary body of the elastically straight-
guiding mechanism. Without such alignment mechanism the stiffness compensation 
mechanism will be bi-stable due to tolerances in the fabrication and assembly process.  
 
The tension spring which compensates the weight of the moving bodies (nr. 3 in figure 4.31 
and 4.32) has a stiffness of 715 N/m and is placed on a lever with a ratio of 1 : 10 from the 
drive system. This means that the drive system has to apply an extra force of 715/102 ´  0.002 
�  15 mN to keep the body of the elastically straight-guiding mechanism at the maximum 
displacement from its mid position. This is negligible compared tot the 4/50 N needed to 
overcome residual stiffness. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.34:  Location of the scale  
 
Figure 4.35 shows the drive system of the elastically guided axis (z-drive in figure 4.31 and 
4.32) based on a Lorentz actuator with a stroke of 4 [mm]. The coil is connected via two 
ceramic plates to the lever and the yoke, that creates the magnetic flux (B �  0.7 T), is 
connected to the fixed world. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.35:  Top- and front view of the Lorentz ac tuator  
 
 
The formulas below [Compter, J, 2002] [Compter, J, 2003] are useful when one is designing a 
Lorentz actuator. 
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For copper wire holds a maximum current density between 3 and 10 A/mm2. 
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bcu                                                                       width of the coil part in the magnetic field                                                                                [m] 
bmax                                                                  outside width of the coil                                                                                                                                            [m] 
bmin                                                                   inside width of the coil                                                                                                                                                [m] 
Bgap                                                                  magnetic induction in the air gap                                                                                                               [T] 
cz-mechanism                                              stiffness of the elastic mechanism in drive direction                                              [N/m] 
dwire                                                                  coil wire diameter                                                                                                                                                                  [m] 
fcu                                                                        space factor                                                                                                                                                                                       [-] 
F                                                                            force                                                                                                                                                                               
hcu                                                                       height of the coil part in the magnetic field                                                                              [m] 
hg                                                                         air gap height                                                                                                                                                                                [m] 
hm                                                                        magnet height                                                                                                                                                                               [m] 
HCB                                                                   coercivity of Nd-Fe-B (850e3)                                                                                                                       [A/m] 
I                                                                              coil current                                                                                                                                                                          
lcu                                                                         length of the coil part in the magnetic field                                                                              [m] 
lwire                                                                    complete wire length                                                                                                                                                        [m] 
lmax                                                                    outside length of the coil                                                                                                                                          [m] 
lmin                                                                     inside length of the coil                                                                                                                                              [m] 
P                                                                            power in the actuator                                                                                                                                                       [W] 
R                                                                           coil resistance                                                                                                                                                                               [W] 
w                                                                          number of turns                                                                                                                                                                         [-] 
z                                                                             position of the elastic mechanism in drive direction                                                 [m] 
m0                                                                         permeability of air (4×pe-7 )                                                                                                                                   [H/m] 
r cu                                                                      specific resistance of copper (18e-9)                                                                                                    [W×m] 

Figure 4.36:  Schematic of the Lorentz  
                                          actuator (z-drive)  
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4.9.4   Functionality results 
 
Figure 4.37 shows the coil current as function of the position of the mechanism position. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The required power of the Lorentz actuator as a function of the stroke is given in figure 4.38. 
It can be concluded from this graph is that the power consumed by the actuator is very low for 
the elastically guided axis making its vertical stroke of 4 mm. This means that the applied 
mechanisms for compensation of stiffness and balancing of weight are suitable to get a 
significant reduction of heat in the actuator.  
 
After tuning the PID-controller the positioning error in z-direction was ± 2 nm, as shown in 
figure 4.39 and 4.40. A PID-controller was chosen to improve the performance of the 
elastically guided vertical axis, which can be represented as a free moving mass on a spring 
requiring (P- and) D-action, while at low frequencies I-action is added to improve positioning 
accuracy.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
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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Figure 4.37:   Actuator coil current  
   as function of the stroke   
 

   Figure 4.38:   Required  power of the actuator  
                                                 as function of the stroke     
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Finally the open-loop frequency response function of the elastically guided axis was measured, 
as shown in figure 4.41. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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 unreliable data as a result of insufficient 
coherence.  The mid part shows a -2/-1 slope crossing 0 dB at 200 Hz bandwidth with 
sufficient phase margin. Because the parasitic dynamics in the high frequency part also have 
sufficient margin, they are not threatening for the dynamic behavior of the elastically guided 
vertical axis. 
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Figure 4.42:  Representation of the CMM which helpe d to create the dynamic model 
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c.o.g. 



 

4.10   Dynamic behavior 
 
A dynamic model, as given in figure 4.43, consisting of lumped masses and springs was made 
to estimate the dynamic behavior of the CMM (lowest eigenfrequency). A representation of 
the CMM as given in figure 4.42 helped to create this model. The lowest eigenfrequency is 
expected to occur when all moving bodies rotate in the same direction with respect to the 
bearings of intermediate body B (c3 and c4 in figure 4.42), which move with respect to the 
guiding surface. In this situation the scale beams and the mounting face can be seen as one 
body (Jprobe in the model below), which makes the model less complicated.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4.44:  Equivalent dynamic model of the CMM i n the horizontal plane 
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Rewriting of this dynamic model, as given in figure 4.44, eases the formulation of the 
equations of motion for this model. With these equations the state equation and the output 
description for this model can be formulated. 
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State equation 
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Output description 
 

[ ] [ ] uxy ×+×= 000010000                 
 
 
The matrices of above equations were used in a MATLAB program to calculate the lowest 
eigenfrequency (about 60 Hz) of the CMM [Van Seggelen, J, 2002a].  
 
The theory as described above was verified by measuring the frequency response function of 
the horizontal guide system in x- and y-direction as shown in figure 4.45. 
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(4.23) 

(4.24) 

(4.25) 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.45: Frequency response function of the hor izontal guide system in x- and y direction  
 
The difference between the estimation and the measurement of the lowest eigenfrequency (60 
Hz respectively 65 Hz) can be explained by the fact that the measurement was performed with 
the horizontal guide system (without the elastically guided vertical axis) were the estimation 
deals with the complete CMM. Assembling the elastically guided vertical axis will reduce the 
lowest eigenfrequency of the CMM as a result of the additional mass (1 kg). The difference 
will be small due to the short distance to the CMM’s center of gravity (c.o.g. in figure 4.42). 
The anti resonance peak between 30 en 40 Hz in figure 4.45 will not disturb the measurements 
performed by the CMM. 3D modelling (e.g. SimMechanics) might explain this peak.  
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After tuning the PID-controller the open-loop frequency 
response functions of the horizontal air bearing system 
were measured in x- and y-direction. In x-direction a 
bandwidth of 35 Hz was realized and in y-direction a 
bandwidth of 50 Hz as shown in figure 4.47 and 4.48. 
This difference shows that the horizontal air bearing 
system is more sensitive for excitation in x-direction 
than in y-direction. This can be explained by not 
constraining the angle between guiding beam GbA and 
scale-beam SbA (chapter 3). The bandwidth in x-
direction can be increased to 50 Hz by placing a set of 
two series connected Lorentz coils with acceleration 
feed forward (at the expense of an other control-loop) 
which supply their damping force via opposed preload 
bearings without introducing stiffness (see figure 4.46).  
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Figure 4.46: Horizontal air bearing               
                                          system pr ovided with  
                                          Lorentz c oils 
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Figure 4.47: Open-loop frequency response function (horizontal guide system in x-direction) 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.48: Open-loop frequency response function (horizontal guide system in y-direction)  
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The zero-pole behavior as can be seen in figure 4.47 and 4.48 shows that the measuring 
system and Lorentz actuator of each axis are positioned on the same side of the c.o.g of the 
CMM. What not can be seen in the plots is cross talk (i.e. interaction) that occurs between the 
x- and y-servo loops. This coupling is relevant for control design and can be explained by the 
excitation at a distance from, instead of within, the c.o.g. of the CMM. The cross talk can be 
eliminated by static pre-compensation at the system input. However, in the study this was not 
implemented so the loops had to be closed sequentially and in an iterative manner to improve 
bandwidth as much as possible.  
 
 
The final positioning error of the servo system in x- and 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. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
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 about 1 s shows that the real positioning error in 
x-direction of about ± 4 nm is superposed on a sinusoidal signal with a frequency of about 2.5 
Hz and the real positioning error in y-direction of about ± 3 nm is superposed on a sinusoidal 
signal with a frequency of about 3.5 - 4 Hz (figure 4.51 and 4.52). 
                                 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.51:  Positioning error in x-direction                  Figure 4.52:  Positioning error in y-d irection  
                                           (measuri ng time �  1 s)                                                                                          (measur ing time �  1 s) 
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These frequencies also show up in the frequency spectra, measured in x- and y-direction, as 
shown in figure 4.53 and 4.54.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
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 movements around the x- and y-axis with the 
eigenfrequency of the damping table, without a pendulum as described in section 4.2, that was 
used at that time to eliminate the ground vibrations. The frequency difference (fy = 1.5 × fx) can 
be explained by the 1.5 times length difference between the vibration isolators of the damping 
table in x- and y-direction (difference in rotation stiffness around the x- and y-axis of the 
damping table).   
 
These sinusoidal signals will not disturb the calibration of the CMM because the sampling 
frequency of the calibration instruments is much higher than the eigenfrequency of the 
damping table.  The same holds for a measurement with a probe system. 
 
 
4.11   Moving mass  
 
When the CMM is moving in the xy-plane, the moving mass of 8.5 kg is determined by two 
scale beams (3 kg), one intermediate body (4.5 kg) and the elastically guided vertical axis (1 
kg).  
 
The moving mass of 100 g of the elastically guided vertical axis is determined by the body (70 
g) that carries the scale (10 g) of the measuring system and a quarter of the mass of the 
auxiliary body (65/4 g) that is preloaded by the stiffness compensation spring (see figure 
4.28).  
 
Compared to today’s high accuracy CMMs (table 1.1), this CMM has a 4.5 to 7 times lower 
moving mass in horizontal direction and an up to 300 times lower moving mass in vertical 
direction, which increases the application for measuring with high speed in 3D. 
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4.12   Thermo-mechanical behavior 
 
By building the base, guides and moving bodies of the CMM from aluminum parts, a 
mechanical compensation for thermal expansion is created that reduces the sensitivity for 
temperature variations and responds rapidly to homogeneous temperature differences (see 
section 2.1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.55: Thermal loop of the CMM in  
x- and y-direction  

 

As a result of different material properties in the thermal loops of the CMM measuring errors 
will occur when temperature changes during a measurement. These errors can be described by: 
 
(7E-3 + Lproduct) × 23E-6 × DT for the x- and y- direction                                                                                                                   (4.26) 
 
(20E-3 + Hproduct) × 23E-6 × DT for the z-direction                                                                                                                                         (4.27) 
 
with Lproduct the product length in x- respectively y-direction, Hproduct the product height in z- 
direction and DT the temperature change during a measurement. The extra seven and twenty 
millimeter Zerodur�  length is required for assembly purposes. The tables below show 
measuring errors in x-, y- and z-direction for different values of Lproduct, Hproduct and DT. 
 

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

and DDDDT                                                                                                                                   
 
From table 4.1 can be concluded that the temperature variations during a measurement must be 
around 5 mK to reach nanometer uncertainty. That this can be realized is shown in figure 5.8 
and discussed in section 5.2. 
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 max: 4 
5 2.8 
10 5.5 
15 8.3 
20 11 

 

 4 10 20 30 40 50 
5 1.3 2 3.1 4.3 5.4 6.6 
10 2.5 3.9 6.2 8.5 10.8 13.1 
15 3.8 5.9 9.3 12.8 16.2 19.7 
20 5 7.8 12.4 17 21.6 26.2 

 

D
T

 [m
K

] 

x- and y-direction z-direction 

 

Because the scales of the optical linear 
encoders used are made from Zerodur� , the 
two parts of the CMM’s thermal loops are not 
completely equal as schematically shown for 
the x- and y-axis in figure 4.55 (analogous for 
the z-direction). Part I consists of length l1 
(from the probe via the aluminum scale beam 
to the Zerodur�  scale), l2 (from the front end 
of the Zerodur�  scale to the measuring head) 
and l3 (from the measuring head via the 
aluminum intermediate body to the guiding 
surface of the aluminum machine base). Part II 
consists of length l4 (from the object being 
measured via the aluminum machine base to 
the guiding surface).    
 

l1 l2 l3 

l4 

Machine base 

Intermediate body 

Scale beam 

Guiding surface 

Probe Scale 

Measuring head 



 

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 separate stress frames for preload forces and 
 frictionless air supply (§ 4.3.1, § 4.4.1 and § 4.5) 

·    Elastically guided vertical axis (stiffness- and weight compensated) (§ 4.9) 
·    Material of the machine base and moving bodies: Al51St (§ 2.1) 
·    Size: 450 ́ 450 ́  200 mm 
·    Measuring volume: 50 ´  50 ́  4 mm (§ 2.1) 
·    Air bearings: NewWay (Æ 40 mm and Æ 50 mm with 5 mm air gap) (§ 2.2) 
·    Lorentz actuators (Power consumption < 80 mW) (§ 4.8 and § 4.9.3) 
·    Encoders: Heidenhain LIP 372 (1 nm resolution) (§ 2.4) 
·    Positioning error servo system in x-, y- and z-direction:  ± 4, ± 3 and ±  2 nm (§ 4.9.4, § 4.10) 
·    Bandwidth horizontal air bearing system (x- and y-direction): 35 respectively 50 Hz (§ 4.10) 
·    Bandwidth in x-direction can be increased to 50 Hz by providing the horizontal air bearing  
      system with two series connected Lorentz coils with acceleration feed forward which supply  
      their damping force via opposed preload bearings without increasing stiffness (§ 4.10) 
·    Bandwidth elastically guided vertical axis (z-direction): 200 Hz (§ 4.9.4) 
·    Moving mass in the xy-plane: 8.5 kg (§ 4.11) 
·    Moving mass z-direction: 100 g (§ 4.11) 
·  Sensitivity for temperature variations during measurement: (7E-3 + Lproduct) × 23E-6 × DT for 

the x- and y-direction and (20E-3 + Hproduct) × 23E-6 × DT for the z-direction (§ 4.12) 
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5   CALIBRATION   
 

The geometric errors as discussed below (section 5.1) affect the measuring uncertainty of the 
CMM, which means they have to be calibrated and compensated with software. Before 
calibration, the temperature stability of the set-up was increased to minimize temperature 
variation during measurement (section 5.2). From calibration measurements (section 5.3) the 
volumetric uncertainty of the CMM was estimated (section 5.4). To get traceability of the 
uncertainty claimed, the calibrations were performed by the Dutch National Metrology 
Institute (NMi VSL). 
 

5.1   Geometric errors  
 
The procedure to map the geometric errors is almost the same as the one, which is described in 
[Vermeulen, M, 1999] (page 62 to 104). There will be some difference between the total error 
vectors of both machines because the guiding surfaces of the CMM as described in this thesis 
are placed underneath the horizontal guiding surface while the guiding beams of the machine 
as described in [Vermeulen, M, 1999] are mounted on the vertical guiding surface. This 
difference and the mapping of the other geometric errors will be discussed in this section.  
 
The geometric error of a moving body, given by the vectors Tbody  and Rbody , can be described 
by three translations and three rotations. 
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The error vector Pdbody  expresses the effect of the translation and angular errors of the 

moving body on the measuring uncertainty. Rotation errors ( Rbody ) have an indirect effect via 

a position vector Pbody  and translation errors ( Tbody ) a direct effect on the error vector Pdbody  

according to: 
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Writing out this formula results in nine geometric error-terms for a moving body: 
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Other geometrical errors, which affect the measuring uncertainty of the CMM are the square- 
ness errors between the guides for x, y and z. They are given in the error vector Pds : 
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The total error vector of the CMM results from the sum of the individual error vectors of the 
moving bodies of the CMM (Intermediate body A and B, mounting face (MF) and the 
elastically guided vertical axis (Z)) and the squareness errors between the guide systems for x, 
y and z. 
 

PdPdPdPdPdPd sZMFBA ++++=                                                                                                                                                                                          (5.5) 
 
In the next sections these individual error vectors will be discussed. 
 
 

5.1.1   Error vector of intermediate body A  
 
A rotation of intermediate body A around the z-axis (ARz) does not cause a measuring error 
because the angular degree of freedom around the z-axis between intermediate body A and 
scale beam SbA is not constrained. A movement of intermediate body A in z-direction and a 
rotation of this body around the y-axis (ARy) also does not cause measuring errors. A 
translation error in x-direction of intermediate body A has no physical meaning so the only 
error of intermediate body A which affects the measuring uncertainty is a movement of this 
body with respect to the scale beam in y-direction. The translation error ATy, as a result of a 
straightness error of guiding surface GbA, has a direct affect on this error and the rotation error 
ARx an indirect affect via the arm Lscale y – guiding surface given by the length between the top of 
scale Sy and the centre of the bearings of intermediate body A which move on a guiding 
surface of the machine base (figure 5.1). 
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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 the z-axis between intermediate body B and 
scale beam SbB is constrained, a rotation of intermediate body B around the z-axis (BRz) does 
neither cause a measuring error in y-direction, due to the zero Abbe offset between the probe 
and the y-measuring system, nor in x-direction, due to the zero Bryan offset between the probe 
and x-measuring system. The error vector of intermediate body B can be determined further 
analogous to the determination of the error vector of intermediate body A. 
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5.1.3   Error vector of the mounting face (MF) 
 
The mounting face is connected statically determined to the scale carrying beams. In this 
analysis, the system, which consists of the scale beams SbA and SbB and the mounting face, 
will be seen as a rigid body. A rotation of the mounting face around the z-axis (MFRz) causes 
intermediate body B to rotate around the z-axis (BRz) because the angular degree of freedom 
around the z-axis between intermediate body B and the mounting face (via scale beam SbB) is 
constrained. The rotation of intermediate body B around the z-axis (BRz) does not cause a 
measurement error as explained in section 5.1.2. Translation error in z-direction (MFTz) and 
errors in the x- and y-measuring systems (MFTx and MFTy) have a direct effect on the measuring 
errors and rotation errors of the mounting face around the x- and y-axis (MFRx and MFRy) cause 
measuring errors via the Abbe arm z (z = 0.002 m max). 
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5.1.4   Error vector of the elastically guided vertical axis (Z) 
 
Straightness errors in x-, and y-direction of the elastically guided vertical axis (ZTx and ZTy) 
and error in the z-measuring system ZTz have a direct affect on the measuring errors. 
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5.1.5   Squareness errors 
 
Squareness error in the xy-plane 
 

The squareness error 
BGbS

AGb  between the guiding surfaces GbA and GbB of the machine base 

causes a first order error in y-direction xS
BGb ×

AGb , which is directly proportional to the x-

travel. 

(5.7) 
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(5.9) 



 

The squareness error between the guiding surfaces and scale beams 
AA SbGb S and 

BB SbGb S  can be 

seen as rotation of the intermediate bodies around the z-axis (ARz and BRz). These rotations do 
not cause measurement errors as explained in section 5.1.1 and 5.1.2.  
 

The squareness error between the scale beams 
BA SbSb S  cause a second order y-displacement 

with a magnitude of 150E-3 × (1 – cos(
BA SbSb S )), with 150E-3 the maximum length in meters 

between the probe and the measuring head, which is negligible as 
BA SbSb S  is below 1E-4 rad. 

BA SbSb S  can be adjusted with 50 nrad resolution as shown in section 4.3.2.  
 

Squareness error in the xz-plane 
 

A squareness error in the xz-plane causes a first order measuring error in x-direction, which is 
directly proportional to the z-motion: xSz×z. 
 

Squareness error in the yz-plane 
 

A squareness error in the yz-plane causes a first order measuring error in y-direction, which is 
directly proportional to the z-motion: ySz×z.  
 

The combined squareness error between the guiding systems for x, y and z is given by the 
error vector: 
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5.1.6   Total geometric error vector  
 

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

PdPdPdPdPdPd sZMFBA ++++=                                                                                                                                                                                          (5.5) 
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The errors in this vector are position dependent and can be calibrated and compensated by 
software. The standard uncertainties1 (expanded uncertainty2 = k × standard uncertainty) of 
these errors result from calibration measurements (section 5.3) and contribute to the CMM’s 
standard uncertainty of a volumetric length measurement as shown in section 5.4. 

                                                 
1  The standard uncertainty u(m) of an error with best estimate m that can be described by a symmetric, rectangular  
    probability distribution of lower bound m - a and upper bound m + a equals u(m) = a/Ö3 [GUM, 1995].    
 
2  The expanded uncertainty U is obtained by multiplying the combined standard uncertainty uc(m) by a coverage  

factor k:  U = k×uc(m) with k = 2 for 95% confidence [GUM, 1995].    
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5.2   Increasing temperature stability 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.3:   Active cooling of a measuring head wi th a water cooler (vertical axis)  
 

 

 

 

 

 

 

 

 
 

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 figure 5.3 and 5.4 were enclosed by a box of 
polystyrene foam to minimize the influence of laboratory temperature variations (70 mK over 
a 150 min time period, figure 5.5). This resulted in stability of 12 mK in the air temperature 
(figure 5.6) and of 4 mK at the z-measuring system (figure 5.7) over a 150 min time period for 
the calibration set-up of the elastically guided vertical axis. Further a stability of 19 mK in the 
air temperature (figure 5.8), 13 mK at the x-measuring system (figure 5.9A) and 16 mK at the 
y-measuring system (figure 5.9B) over a 150 min time period for the calibration set-up of the 
horizontal air bearing system.  
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It was noticed that the temperature of each 
measuring head of the measuring systems 
used (Heidenhain LIP 372) was rising about 
1.2 °C in 80 minutes (figure 5.2). To increase 
temperature stability, active cooling was 
implemented for the measurement system of 
the elastically guided vertical axis (figure 5.3) 
as well as for the measurement systems of the 
horizontal air bearing system (figure 5.4).  
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Figure 5.2:   Temperature increase of the heads  
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5.2   Increasing temperature stability  



 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                     

   

Figure 5.10:   Zero-point drift-correction                                                       Figur e 5.11:   Various materials in the                
                                                                                                                                                                                                                                      thermal loop (vertical ax is) 
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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) 

 t [min] 

 

Furthermore zero-point drift-correction was 
applied to minimize the effect of remaining 
thermal instabilities due to the different 
thermal expansion behavior of the various 
materials in the thermal loop of the calibration 
set-ups (see e.g. figure 5.11). These effects 
will not occur during operation of a CMM 
that is completely built from aluminum parts.  
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Zero-point drift-correction can be explained by figure 5.10. It shows that the system being 
calibrated goes back to its starting position (e.g. a reference position at an optical linear 
encoder) before the measurement of the next position is performed by the calibration 
instrument (e.g. a laser interferometer). Every time the system being calibrated returns at its 
starting position, thermal drift effects can be measured by the calibration instrument and 
corrected by software.  
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5.2   Increasing temperature stability  



 

5.3   Calibration measurements  
 
The volumetric uncertainty of the CMM (section 5.4) was estimated from calibration 
measurements. These calibration measurements are discussed below. 
 
5.3.1   Error in the measuring system of the elastically guided  

vertical axis 
 
A laser interferometer system as shown in figure 5.12 was used to calibrate the error (zTz) in 
the measuring system of the elastically guided vertical axis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A special hardware card (Agilent N1231A with about 0.6 nm resolution) was used in this 
system in order to reach nanometer resolution with a corner cube (figure 5.12 and 5.14). The 
corner cube is connected to the moving body of the elastically guided vertical axis at the probe 
point via three hinged leaf springs (statically determined stress free table concept). 
 
A critical factor in the calibration is the alignment of the laser beam with the movement axis of 
the elastically guided axis (figure 5.13). Therefore a position-sensitive four-quadrant detector 
(figure 5.15) is used in the alignment procedure to obtain the necessary uncertainty. Hereby it 
is possible to minimize the standard uncertainty due to misalignment to 0.125/Ö3 nm in the 
calibration of zTz over the full range of 4 mm. The formula used to calculate this value is 
derived below.  

 

Elastically guided vertical axis 

Corner cube  

Interferometer  
optics 

 Laser head 
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Figure 5.12:    Calibration set -up for the error in the z -measuring  system ( zTz) 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.14:   Corner cube connected to the                    Figure 5.15:   Beam alignment with a po sition- 
moving  body of the elastically                                                              sensitive  four-quadrant detector  
guided vertical axis via three                                                                  (PSD shielded from ambient light  
hinged leaf springs                                                                                                   sources during alignment) 
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 Figure 5.13:   Misalignment between the laser  
                                           axis bea m and the moving axis  
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The effect of misalignment (DL) can be 
described as: 
 

)cos1( a-×=D lL  with                                                     (5.12) 

!2
1cos

2a
a -»  and                                                                     (5.13) 

aa »=
d

s 2/
sin                                                                               (5.14) 

 
Substituting (5.13) and (5.14) in (5.12)  
results in: 
 

2

2

8 d
ls

L
×

×
»D                                                                                                 (5.15) 

 
with 
 
l:     maximum translation along the movement 
          axis during measurement (4 mm) 
d:   maximum translation along the movement 
          axis during alignment (4 mm) 
s:    maximum translation of the laser beam  

perpendicular to the  movement axis  
(± 2 mm measured) 
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5.3   Calibration measurements  



 

 

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

 
Figure 5.16:   Calibration results of the error in the z-measuring system ( zTz) 
 
 
The standard uncertainty of the laser interferometer over the 4 mm stroke and a 150 min time 
period, including the contributions of misalignment and of refractive index variations [Bönsch, 
G, 1998] due to temperature (DT » 4 mK) and pressure (DP » 23 Pa) variations, was below 1 
nm. Because one calibration series took about 40 minutes (20 mm steps), it was not required to 
correct for pressure and temperature variations during a calibration series. 
 
A linear fit (continuous line) through the first set of data shows a residue of ± 10 nm over the 4 
mm stroke. The short-term variations in this set of data were caused by noise in the feedback 
control at that time. A linear fit (dashed line) through the second set of data shows that it 
differs at maximum 2 nanometer from the linear fit through the data of the first calibration. By 
reducing the noise in the feedback control to ± 2 nm as shown in figure 4.39 and 4.40 of 
section 4.9.4, it is expected that the error in the measuring system of the elastically guided 
vertical axis (zTz) contributes with a standard uncertainty of 1/Ö3 × Ö(12 + 22) » 1.3 nm to the 
CMM’s standard uncertainty of a volumetric length measurement as shown in section 5.4. 
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5.3.2  Straightness of the elastically guided vertical axis  
 
The straightness of the elastically guided vertical axis (zTx and zTy) was calibrated by a 
reversal technique with four capacitive sensors (s1, s2, s3 and s4), positioned by a holder as 
shown in figure 5.17, measuring to the surface of a gauge block that is connected to the 
moving body (sensor positions as indicated with the arrows as shown in figure 5.18). 
Calibrating with four sensors makes is possible to correct for unintended tilt resulting when 
the gauge block is reversed by 180 degrees around the vertical axis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.17:   Sensor holder                                                                                     Figure 5.18:   Straightness calibration set-up  
 
The connection that makes the gauge block reversible consists of V-grooves under 45 degrees 
that position 3 ruby spheres that are glued on top of the gauge block. A magnet is used to 
preload the spheres in the V-grooves to increase stiffness in the contacts. The reversal 
technique used is a variant of the straightedge reversal technique [Evans, C, 1996] and can be 
explained by the schematic of figure 5.19. Assume that the straightness of the elastically 
guided vertical axis is given by A and that departures of the gauge block are given by B1, B2, 
C1 and C2. The output of the capacitive sensors in original position is then given by: 
 
s1 = -  B1 - A                                                                                                    (5.16)  
s3 =    C1 - A                                                                                                     (5.17) 
 
and in reversed position by: 
 
s1

R = -  C1 - A                                                                                                (5.18) 
s3

R =    B1 - A                                                                                                 (5.19) 
 
so that: 
 
A(z) = -(s1 + s3

R)/2                                                                             (5.20) 
A(z) = -(s1

R + s3)/2                                                                             (5.21)            
 
Straightness is given by the average of  
-(s1 + s3

R)/2 and  -(s1
R + s3)/2. 

Figure 5.19:   Schematic of the calibration  
Analogous for sensor 2 and 4.                                                                                                              set-up  for the straightness  
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5.3   Calibration measurements  



 

The straightness of the elastically guided vertical axis was calibrated in two positions. In the 
first position the sensors are positioned in parallel with the parallelogram leaf springs (figure 
5.24) and in the second transverse with respect to the parallelogram leaf springs (figure 5.25).    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
From figures 5.20 to 5.23 it can be seen that four different sets of data show a residue below ± 
2 nm from the least-square-line. From this can be concluded that the straightness of the 
elastically guided vertical axis (zTx and zTy) contributes with a standard uncertainty of 2/Ö3 » 
1.2 nm to the CMM’s standard uncertainty of a volumetric length measurement (section 5.4). 
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Figure 5.20:   Straigh tness calibration  position 1  
                                          (sensor 1  and 3) 

Figure 5.24:   Straightness calibration  
                                            set-up (position 1) 

Figure 5.25 :   Straightness calibration  
                                            set-up (position 2) 

Figure 5.21:   Straight ness calibration  position 1  
                                          (sensor 2  and 4) 

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

Figure 5.23:   Straightness calibration position 2  
                                          (sensor 2  and 4) 
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5.3.3   Squareness error between the guiding surfaces of the machine base  
 
The squareness (GbASGbB) between the guiding surfaces of the machine base is defined as the 
angle between two least square lines. The first least square line determined by measurements 
on guiding surface GbA and the second by measurements on guiding surface GbB. The 
squareness was calibrated on a Zeiss UMC550 CMM by a reversal technique as shown in 
figure 5.26. An overview of several other reversal techniques is given in [Evans, C, 1996].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.26:   Reversal technique used to calibrate  the squareness between the guiding  
                                           surfaces  of the machine base 
 
By measuring d1 to d4 and g1 to g4, the squareness between the guiding surfaces of the machine 
base can be calculated (formula 5.22) whilst eliminating the squareness error between the x- 
and y-axis of the UMC550 itself.  
 

GbASGbB = ( )( ) ( )( )2
4242

2
3131 5.05.0 ggddggdd ++-×+++-×                                                                                       (5.22) 

 

The average of four measurements resulted in a squareness deviation of 1.4 ± 0.3 arcs (k = 2) 
(in the angle). The expanded uncertainty was determined in accordance with the uncertainty 
budget (worst case) of the quality system for this type of measurements. In the best case the 
expanded uncertainty will be 0.1 arcs (k = 2) [Bergmans, R, 2004] contributing with a 
standard uncertainty of 0.1/2 = 0.05 arcs to the CMM’s standard uncertainty of a volumetric 
length measurement as shown in section 5.4.  
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5.3   Calibration measurements  



 

5 .3.4   Errors in the measuring systems of the horizontal air bearing  
                         system      
 
A similar set-up as used to calibrate the error in the measuring system of the elastically guided 
vertical axis (figure 5.12) was used to calibrate the error in the y-measuring system (MFTy) of 
the horizontal air bearing system (figure 5.27). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.27:   Calibration set-up for the error in the y-measuring system 
 
The alignment of the laser beam with the movement axis was performed with the same method 
as described in section 5.3.1. The 12.5 times longer stroke in y-direction compared to the 
stroke in z-direction gave the possibility to minimize the standard uncertainty due to 
misalignment to 1/Ö3 × 0.125/12.5 nm (like in z-direction, ± 2 mm laser beam translation 
measured  perpendicular to the  movement axis). Figure 5.28 shows the difference between the 
y-measuring system and the interferometer at several positions for the average of six 
calibration series. The standard uncertainty of the laser interferometer over the 50 mm stroke 
and a 150 min time period, including the contributions of misalignment and of refractive index 
variations [Bönsch, G, 1998] due to temperature (DT » 19 mK) and pressure (DP » 23 Pa) 
variations, was about 3/Ö3 » 1.75 nm. Because one calibration series took about 25 minutes (2 
mm steps), each calibration series was corrected for temperature and pressure variations to get 
a standard uncertainty of the laser interferometer below 1 nm. The error bars in figure 5.28 
illustrate expanded uncertainties (k = 2), which remained below 5 nm for each position. From 
this can be concluded that the errors in the measuring systems of the horizontal air bearing 
system (MFTx and MFTy) contribute with a standard uncertainty of 5/2 = 2.5 nm to the CMM’s 
standard uncertainty of a volumetric length measurement as shown in section 5.4. 
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Figure 5.28:   Difference between the y-measuring s ystem and the interferometer  
 
 
Because the standard uncertainty of the laser interferometer during a calibration series was 
below 1 nm, the error in the y-measuring system (2.5 nm standard uncertainty) can be 
explained by the positioning error in y-direction (± 3 nm residue according to section 4.10) 
and the air bearing noise of the two Æ 50 mm air bearings that guide the intermediate body 
w.r.t. its guiding surface (section 4.4.3). Because the error in the y-measuring system and the 
noise of the two Æ 50 mm air bearings are independent error sources, the standard uncertainty 
of the noise of the two Æ 50 mm air bearings can be derived from Ö(2.52 – (3/Ö3)2) which 
equals 1.8 nm. 
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5.3   Calibration measurements  



 

5 .3.5   Rotation errors of the mounting face around the x- and y-axis      
 
Rotation errors of the mounting face around the x- and y-axis (MFRx and MFRy) cause 
measurement errors via the Abbe arm z. The rotation of the mounting face around the x-axis 
was calibrated with a Möller-Wedel autocollimator as shown in figure 5.29.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

During a calibration, the mounting 
face was translated in y-direction 
(from y = 5 mm to y = 48 mm and 
back to y = 5 mm) while the x-
direction was kept at a constant 
position. Figure 5.30 shows the 
rotation of the mounting face around 
the x-axis at several positions in y-
direction (x = 24 and x = 47 mm) for 
the average of fifteen calibration 
series. The expanded uncertainty (k = 
2) remained below 0.04 arcs for each 
position. From this can be concluded 
that the rotation errors of the 
mounting face around the x- and y-
axis (MFRx and MFRy) contribute with 
a standard uncertainty of 0.04/2 =  
0.02 arcs to the CMM’s standard 
uncertainty of a volumetric length 
measurement as shown in section 5.4. 
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Figure 5.30:   Rotation of the mounting face around  
                                           the x-ax is ( MFRx) for x = 24 and x = 47 mm  
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Figure 5.29:   Set-up used  to calibrate the rotation of the mounting face aro und the x -axis  
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5 .3.6   Translation of a measuring head with respect to its scale when  
                         an intermediate body moves along its guiding surface 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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 shown in figure 5.32. It shows a Wollaston prism 
that is, placed in the z = 0 plane (i.e. at scale face height), connected to intermediate body A 
via a connection element. When intermediate body A moves along its guiding surface, the 
Wollaston prism will make the same translation (ATy +  ARx × Lscale y – guiding surface) with respect 
to the straightness reflector as measuring head My with respect to its matching scale. This 
translation changes the relative length between the two paths from the Wollaston prism to the 
reflector. The change in accumulated fringe counts will be: 
   
2 × (ATy +  ARx × Lscale y – guiding surface) × sin(q/2)                                                                                                                                                       (5.23) 
                                                                                                       
with q the angle between the two beams leaving the interferometer. 
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A measuring head will translate with respect to its scale when an intermediate body moves 
along its guiding surface.  In y-direction the translation  (ATy +  ARx × Lscale y – guiding surface) results 
directly from the straightness error of the guiding surface (ATy) and indirectly from the rotation 
error (ARx) of the intermediate body around its movement axis (section 5.1.1). This combination 
can be measured as a set by a single straightness measurement, in the z = 0 plane, as shown in 
figure 5.31. 
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Figure X.X:?????? Top view ????? [LITERATUUR] 
 
 
 
 
 
 
 
 
 
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 was translated in x-direction from x = 0 to x = 48 
mm and back to the starting position. Figure 5.33 shows the translation of measuring head My 
with respect to its scale at several positions in x-direction for six calibration series and for the 
average of these series. Thin least square lines are fitted through the data of the six calibration 
series and a thick least square line is fitted through the average of these series. It can be 
noticed that all these lines show a similar pattern, which implies a systematic error in the 
calibration. It is expected that this systematic error results from limited resolution in the 
calibration set-up. The best representation of the expanded uncertainty (k = 2) per point was 
calculated to be about 11 nm contributing with a standard uncertainty of 11/2 = 5.5 nm to the 
CMM’s standard uncertainty of a volumetric length measurement as shown in section 5.4.  
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Figure 5.33:   Translation of measuring head M y with respect to its scale [nm] 
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Another set-up to calibrate the translation of a measuring 
head with respect to its scale is shown in figure 5.34. 
Instead of a Wollaston prism, an artefact is connected in 
the z = 0 plane to the intermediate body. By measuring 
with four capacitive sensors (s1, s2, s3 and s4) to the 
surface of the artefact, it is possible to calibrate the 
translation of a measuring head with respect to its scale 
with the same reversal technique as described in section 
5.3.2. In that case the error in calibration is determined by 
the standard uncertainty (1.2 nm) of the reversal technique 
with four capacitive sensors and the standard uncertainty 
of the noise (1.8 nm) of the two Æ 50 mm air bearings as 
derived in section 5.3.4. Because the uncertainty of the 
reversal technique with four capacitive sensors and the 
noise of the two Æ 50 mm air bearings are independent 
error sources, it can be estimated that translation of a 
measuring head with respect to its scale contributes with a 
standard uncertainty of Ö(1.22 + 1.82) » 2.2 nm to the 
CMM’s standard uncertainty of a volumetric length 
measurement as shown in section 5.4.  
 

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 base (MFTz) can be calibrated by a variant of the reversal technique 
as discussed in section 5.3.2. In that section, the straightness of the elastically guided vertical 
axis was calibrated by a reversal technique with four capacitive sensors being able to correct 
for unintended tilt resulting when the gauge block is reversed by 180 degrees around the 
vertical axis. The reversal technique to calibrate the flatness of the machine base requires six 
capacitive sensors to correct for unintended tilt around the x- and y-axis resulting when the 
artifact is reversed by 180 degrees around the x + y axis in the horizontal plane. Figure 5.35 
shows that the sensors (s1, s2, s3, s4, s5 and s6), positioned by a holder and connected to the 
mounting face, are measuring to the surface of an artifact (e.g. a glass flat with metallic 
coating) that is positioned by a kinematic coupling (V-grooves (v1, v2 and v3) under 120 
degrees at the fixed world that position 3 ruby spheres that are glued on the artifact) (figure 
5.35).    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
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 the machine base is determined by the uncertainty  
of the reversal technique with six capacitive sensors and the noise of the air bearings that 
support the scale beams on top of the machine base (the mounting face is connected statically 
determined to the scale beams as shown in section 4.7). It is expected that the reversal 
technique with six capacitive sensors can be performed with the same standard uncertainty 
(1.2 nm) as the reversal technique with four capacitive sensors as discussed in section 5.3.2. 
The standard uncertainty of the noise of the air bearings that support the scale beams on top of 
the machine base is expected tot be of a similar magnitude as standard uncertainty of the noise 
(1.8 nm) of the two Æ 50 mm air bearings as derived in section 5.3.4. Because the uncertainty 
of the reversal technique with six capacitive sensors and the noise of the air bearings that 
support the scale beams on top of the machine base are independent error sources, it can be 
estimated that the flatness of the machine base (MFTz) contributes with a standard uncertainty 
of Ö(1.22 + 1.82) » 2.2 nm to CMM’s standard uncertainty of a volumetric length 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 able to perform measurements on an artifact 
(e.g. a cube provided with measurement surfaces), the squareness errors in the xz- and yz-
plane (xSz and ySz) can be calibrated by the reversal technique as described in section 5.3.3 
whilst eliminating the squareness errors of the artifact.  
 
Because the CMM as described in this thesis has a lower volumetric uncertainty than the Zeiss 
UMC550 as described in section 5.3.3, it is expected that the squareness errors in the xz- and 
yz-plane (xSz and ySz) contribute with less or the same standard uncertainty (0.3/2 = 0.15 arcs 
in worst case and 0.1/2 = 0.05 arcs in best case) to CMM’s standard uncertainty of a 
volumetric length measurement (section 5.4) as the squareness error (GbASGbB) between the 
guiding surfaces of the machine base. 
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5.4   Uncertainty estimation  
 
An overview of the standard uncertainties (ux,i, uy,i, and uz,i in worst- and best case) that 
contribute to the total error vector of the CMM is shown in table 5.1. 
 

Standard uncertainty 
in nm 

   
 

Independent  
error source  

 
 

Notation 
 

Worst case  
 

Best case 

Translation of a measuring 
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x-direction 

 

 

 surface guiding - x scaleLRT yBxB ×+

 

 
5.5 

 
2.2 

Error of the x-measuring 
system 

 

xMFT  
 

2.5 
 

2.5 

Straightness of the vertical axis 
in x-direction 

 

xZT  
 

1.2 
 

1.2 

Rotation error of the mounting 
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zRyMF ×  
 

0.2 
 

0.2 
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ct
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n 

Squareness error in the  
xz-plane 

 

zSzx ×  
 

2.9 
 

1 

Translation of a measuring 
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y-direction 

 

 

 surface guiding -y  scaleLRT xAyA ×-

 

 
5.5 

 
2.2 

Error of the y-measuring 
system 

 

yMFT  
 

2.5 
 

2.5 

Straightness of the vertical axis 
in y-direction 

 

yZT  
 

1.2 
 

1.2 

Squareness error between the 
guiding surfaces 

 

xS
BA GbGb ×  

 

36 
 

12 

Rotation error of the mounting 
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zRxMF ×  
 

0.2 
 

0.2 
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Squareness error in the  
yz-plane  

 

zSzy ×  
 

2.9 
 

1 
 
 

Error in the z-measuring 
system 
 

 

zZT  
 

5.8 
 

1.3 

z-
di

re
ct
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n 

 
Flatness of the machine base 
 
 

 

zMFT  
 

2.2 
 

2.2 

Table 5.1: Overview of the standard uncertainties ( worst- and best case)  
 
With the data above, the standard uncertainty of a volumetric length measurement (uxyz), due 
to geometric errors, will be about 13 nm (2 × 13 = 26 nm expanded uncertainty (k = 2)) in best 
case and 38 nm (2 × 38 = 76 nm expanded uncertainty (k = 2)) in worst case. This estimation 

results from the substitution of above standard uncertainties in 222 )()()( zyxxyz uuuu ++= . 

These values apply to 3D objects with dimensions of the measuring volume. For the intended 
small products, the expanded uncertainty (k = 2) in nanometers is about 11 + 0.3×L in best case 
and 19 + 1.2×L in worst case, with L the measured length in mm. A typical L of 4 mm results 
in an expanded uncertainty (k = 2) of 12 nm in best case 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 miniaturization and looking forward to the upcoming 
market for Micro-Electro-Mechanical Systems (MEMS), the industry requires a fast 3D CMM 
for measuring small products in array with nanometer uncertainty for an acceptable price. 
Although there are commercial CMMs available with sub micrometer and even claimed with 
nanometer measurement uncertainty, none of them allows measuring with high speed in 3D as 
a result of their huge moving mass in the horizontal plane and/or vertical direction. 
 
To meet industry requirements as presented above, it was decided to develop a 3D CMM with 
a low moving mass in x-, y- and z-direction and a volumetric uncertainty of 25 nm in a 50 ´  
50 ́  4 mm measuring volume. Important aspects in this process are: 
 
-   Reduction of virtual backlash during motion 
-   Improvement of temperature stability during measurement 
-   Improvement of dynamic performance w.r.t. existing CMMs    
-   Application of metrology principles to reach nanometer uncertainty  
 
After comparing the guides of the CMM concepts, which emerged in the last ten years and 
components such as air bearings, actuators and encoders, the CMM design was formulated as 
a completely aluminum CMM, based on a horizontal air bearing system without Abbe errors, 
an elastically guided vertical axis, measurement by 1 nm resolution optical linear encoders 
(optical measuring head and reflective scale) and driven by Lorentz actuators.  
 
6.2   Conclusions  
 
Reduction of virtual backlash during motion 
 

·  Separate stress frames of the horizontal air bearing system prevent distortion of the optical  
linear encoders by preload forces. 

 

·  A frictionless air supply system avoids a robot that carries hoses and still gives the  
possibility to bring air on board of the moving guide without friction and the associated  
hysteresis. 

 

Improvement of temperature stability during measurement 
 

·  A CMM which is completely built from aluminum (base, guides and moving bodies) shows  
less sensitivity for temperature variations (same material throughout the thermal loop) and  
responds rapidly to homogeneous temperature variations, without the use of exotic materials.  

 

·  The applied mechanisms for compensation of stiffness and balancing of weight of the  
elastically guided vertical axis give a significant reduction of required power in the actuator 
for the vertical stroke. 

 

·    Taking Lproduct as the product length in x- respectively y-direction, Hproduct as the product  
height in z-direction and DT the temperature change during a measurement, the sensitivity  
for temperature variations during a measurement can be described by (7E-3 + Lproduct) × 23E- 
6 × DT for the x- and y- direction and by (20E-3 + Hproduct) × 23E-6 × DT for the z-direction.  
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Improvement of dynamic performance w.r.t. existing CMMs 
 

·  A positioning error of ± 2 nm and a bandwidth of 200 Hz were realized for the elastically  
guided vertical axis. 

 

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

 

·  The CMM has a size of 450 ´  450 ́  200 mm and a moving mass of 8.5 kg in the horizontal  
plane and a moving mass of 100 g in vertical direction. Compared to today’s high accuracy  
CMMs, this CMM has a 4.5 to 7 times lower moving mass in the horizontal plane and an up  
to 300 times lower moving mass in vertical direction, which increases the application for  
measuring with high speed in 3D. 

 

Application of metrology principles to reach nanometer uncertainty 
 

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

 

·  Integrating a removable angle standard, which can be assembled and disconnected without  
local deformation, in the machine base gives the opportunity to calibrate the angle between  
the guiding surfaces externally. 

 

·  The standard uncertainty of a volumetric length measurement, due to geometric errors, was  
estimated to be about 13 nm (2 × 13 = 26 nm expanded uncertainty (k = 2)) in best case and  
38 nm (2 × 38 = 76 nm expanded uncertainty (k = 2)) in worst case. 
 

These values apply to 3D objects with dimensions of the measuring volume. For the  
intended small products, the expanded uncertainty (k = 2) in nanometers is about 11 + 0.3×L  
in best case and 19 + 1.2×L in 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 during motion, all power cables have to be  
replaced by ones with less stiffness (e.g. flex foils).     

 

Improvement of temperature stability during measurement 
 

·  Optical linear encoders with 0.8 W power consumption are the most significant heat source  
in the machine. A more efficient design would be highly beneficial.  

 

Improvement of dynamic performance w.r.t. existing CMMs 
 

·  To increase the bandwidth of the CMM in x-direction to 50 Hz a preload bearing containing  
a Lorentz coil with acceleration feed forward should be integrated in the horizontal air  
bearing system. 

 

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

 

Application of metrology principles to reach nanometer uncertainty 
 

·  Calibration procedures and artifacts have to be developed to ease and quicken the calibration  
of today’s high accuracy CMM’s.  

Conclusions and recommendations 
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APPENDIX A        INVESTIGATED BEARING ARRANGEMENTS                                          
                                                           FOR THE HORIZONTAL GUIDE SYSTEM 

 
In the design phase six bearing arrangements were discussed to enable movement in the 
horizontal plane. These arrangements are reported in appendix A.1 to A.6. Subjects, which are 
used in this phase, are reported below. 
 
Thermal behavior  
 
·     Place of the Lorentz actuators in relation to heat dissipation. 
·     Maintain symmetry.  
·     Thermal loop and measurement circle.  
 
Dynamic behavior  
 
·     Stiffness of joints. 
·     Mass of an intermediate body and the distance from the c.o.g. to the probe. 
·     Mass of a scale beam and the distance from the c.o.g. to the probe. 
·     Moment of inertia, around the probe, due to off-centre driving.  
·     Place of the xy Lorentz actuators with regard to the c.o.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 to preload forces. 
·     Avoid distortion of the intermediate bodies due to preload forces. 
 
Feasibility and user friendliness  
 
·     Bearing configuration and preloading. 
·     Place for a platform on which the z-axis will be fixed. 
·     Sight on the CMM and access to the measuring area. 
·     Access to the measuring systems. 
·     Exchangeability of parts. 
·     Air supply / moving air hoses / electronic parts / cable work. 
·     Assembly and disassembly of parts. 
·     Number of air bearing systems.  
 
The ratio between the details (square millimeters) and the size of the composition drawings 
(A0-format) makes it impossible to fit these drawings clearly in this thesis. This is the reason 
why the six variants, in the upcoming appendices, are discussed on the base of schematic 
drawings. Detailed drawings and calculations, made to estimate the masses and distances, 
which are mentioned in this thesis, are stored in the archive of the Constructions and 
Mechanism group of the Technische Universiteit Eindhoven.  
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A.1   Angle standard (variant 1)  
 
In this design the guiding surfaces are taken from an angle standard. These standards are 
available in different quality classes, make alignment of the guiding surfaces on the machine 
base unnecessary and calibration of the determined angle between the guiding surfaces less 
difficult. The moving bodies are individually supported on the machine base. The scale beams 
each have two z-bearings (black dots) and the intermediate bodies each have three z-bearings 
(white dots) as shown in top view 2 of figure A.1. To preload the z-bearings there is one 
preload bearing available for each moving body. These preload bearings move all (on the same 
side) against the same top plate as given in top view 1, cross section A-A and cross section B-
B of figure A.1. The moving bodies are built from box frames, which make them easy to 
assemble. The exchangeability of bearings and the access to the measuring area is good. 
 
The dynamic behavior of this design however is not optimal. The stiffness in drive direction is 
mainly determined by one bearing, because the Lorentz actuators are positioned off-center 
w.r.t. the bearings, which move along the guiding beam (top view 2 of figure A.1). The 
angular stiffness between the scale beams cannot be improved with a rod (as discussed in 
chapter 3) and the scale beams protrude from the intermediate bodies considerably. To create a 
short measurement circle a measuring head has to be brought closer to the probe with a 
bracket (top view 1 and 2 of figure A.1). The measurement circle is estimated to be 150 mm 
and the thermal loop to be 370 mm. The top plate gives bad sight on the CMM. In this design 
it is not possible to countersink the bearings, together with their alignment bodies in z-
direction, into the moving bodies, because there are two z-bearings of the intermediate bodies, 
underneath the scale beams (cross section B-B of figure A.1). That is why the CMM builds 
high. 
 
This design uses 17 porous air bearings of Æ 40 mm, 17 bearing alignment bodies, 7 preload 
bearings of Æ 40 mm, 2 preload bearings of Æ 60 and 2 preload bearings of Æ 70 mm. The 
dimensions of this design (platform and z-axis not included) are estimated to be 750 ´  750 ́  
130 mm (Length ´   Width ́   Height). The mass of an intermediate body is estimated to be 4.9 
kg concentrated at a c.o.g. distance of 430 mm from the probe. The mass of the scale beam is 
estimated to be 0.85 kg concentrated at a c.o.g. distance of 325 mm from the probe. The 
moment of inertia around the probe, due to off-center driving, is estimated to be 1 kg×m2. 
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A.2   Preloading the scale beams together (variant 2)  
 
In this design the moving bodies are also built from box frames, which make them easy to 
assemble. The exchangeability of bearings and access to the measuring area is good. The 
Lorentz actuators are positioned between the bearings, which move along the guiding beams 
(top view 2 of figure A.2). Owing to this the stiffness in drive direction is now determined by 
two parallel bearings. The scale beams do not protrude far from the intermediate bodies 
anymore so there is no measuring head bracket necessary to create a short measurement circle. 
These changes will improve the dynamic behavior but it is still not possible to improve the 
angular stiffness between the scale beams with a rod. The measurement circle is estimated to 
be 150 mm and the thermal loop is estimated to be 240 mm. The guiding beams do not form 
part of an angle standard in this design so they have to be aligned on the machine base. This 
makes calibration of the determined angle between the guiding beams more difficult. In this 
design it is impossible to preload the moving bodies on the same side in z-direction. That is 
why there is chosen to preload the two scale beams together underneath a smaller top plate 
with a combined preload element (top view 2 of figure A.2). The intermediate bodies will be 
preloaded separately underneath the machine base (cross section A-A of figure A.2). 
Preloading the scale beams together has the advantage that the sight on the CMM will be 
improved but the force loop will be longer because the preload has to be brought to the scale 
beams with an arm first. The position of the small top plate is not favourable to placing a 
platform on which the z-axis has to be mounted. Possibilities to create space for a platform all 
increase the mass and the moment of inertia around the probe. Preloading the z-bearings of the 
intermediate bodies underneath the machine base is also not the most favourable for the 
dynamic behavior of the CMM because the distance between an intermediate body and a 
matching preload bearing is huge. Also in this design it is not possible to countersink the z-
bearings, together with their alignment bodies in z-direction, into the moving bodies. There is 
still one bearing in z-direction of the intermediate bodies underneath the scale beams (cross 
section A-A of figure A.2). So this CMM also builds high. 
  
This design uses 17 porous air bearings of Æ 40 mm, 17 bearing alignment bodies, 7 preload 
bearings of Æ 40 mm, 4 preload bearings of Æ 50 and 1 preload bearing of Æ 90 mm. The 
dimensions of this design (platform and z-axis not included) are estimated to be 650 ´  650 ́  
130 mm (Length ´   Width ́   Height). The mass of an intermediate body is estimated to be 4 kg 
concentrated at a c.o.g. distance of 260 mm from the probe. The mass of the scale beam is 
estimated to be 0.9 kg concentrated at a c.o.g. distance of 225 mm from the probe. The mass of 
the combined preload element is estimated to be 0.4 kg at a c.o.g. distance of 110 mm from the 
probe. The moment of inertia around the probe, due to off-center driving, is estimated to be 
0.32 kg×m2.  
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A.3   Intermediate body with four z-bearings (variant 3)  
 
The advantages, which made variant 2 attractive (stiffness in drive direction determined by 
two parallel bearings and scale beams which are not protruding far from the intermediate 
bodies) are kept in this variant. The thermal loop (estimated to be 220 mm) became shorter 
because the guiding beams are moved closer to the probe. They are now underneath the 
intermediate bodies in a gutter, which is milled in the machine base (top view 2 and cross 
section C-C of figure A.3). Aligning the guiding beams in a gutter is more difficult then on a 
flat machine base. The intermediate bodies are now equipped with four z-bearings (top view 2 
of figure A.3). This makes it possible to countersink the bearings, together with their matching 
alignment bodies in z-direction, into the moving bodies (cross section A-A and cross section 
C-C of figure A.3). This gives the possibility to build lower and improve the angular stiffness 
between the scale beams with a rod (top view 2 of figure A.3). The two z-bearings, which are 
the closest to the probe, are connected to the intermediate body with an elastic line hinge to 
prevent that the support, of the intermediate body, to the machine base becomes over 
determined (cross section B-B of figure A.3). The z-bearings of the intermediate bodies are 
preloaded underneath the guiding beams. This makes the length between an intermediate body 
and the matching preload bearing shorter compared to the situation in which the intermediate 
bodies are preloaded underneath the machine base. When the intermediate bodies are pre-
loaded underneath the guiding beams it is not possible anymore to connect the guiding beam, 
along its whole length to the machine base, which is unfavourable for the stiffness in z-
direction and the dynamic behavior of the CMM. To keep space for a platform, on which the 
z-axis will be mounted, and keep the sight on the CMM good, the scale beams are pre-loaded 
in z-direction against a top plate, which is connected to the machine base by means of bridges 
(top view 1 and cross section A-A of figure A.3). The force loop is not small because the 
bridges have to span the complete intermediate body. The construction of this variant is 
slightly more complicated than variant 1 and 2 but the assembly is eased, the exchangeability 
of bearings and the access to the measuring systems is good. The position of the elastic line 
hinge and the preload bearing of the scale beam in z-direction, makes it impossible to create a 
short measurement circle. The measurement circle is in this design estimated to be 330 mm.  
 
This design uses 19 porous air bearings of Æ 40 mm, 19 alignment bodies, 7 preload bearings 
of Æ 40 mm, 2 special preload bearings which move underneath the guiding beams and 2 
preload bearings of Æ 60 mm. Equipping the intermediate bodies with 4 z-bearings builds 
lower but goes with increased mass. The dimensions of this design (platform and z-axis not 
included) are estimated to be 650 ´  650 ́  110 mm (Length ´   Width ́   Height). The mass of an 
intermediate body is estimated to be 5 kg concentrated at a c.o.g. distance of 280 mm from the 
probe. The mass of the scale beam is estimated to be 0.7 kg concentrated at a c.o.g. distance of 
240 mm from the probe. The moment of inertia around the probe, due to off-center driving, is 
estimated to be 0.43 kg×m2. 
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A.4   Bearing foot with vacuum preload (variant 4)  
 
Equipping the intermediate bodies of variant 3 with four z-bearings gave the possibility to 
build lower because the z-bearings could countersink into the moving bodies. To decrease the 
height even more an intermediate body of variant 4 is equipped with a bearing foot, which is 
preloaded to the machine base with vacuum (top view of figure A.4). A scale beam is 
preloaded against a small bridge, which is mounted on an intermediate body (top view and 
cross section A-A of figure A.4). This makes the sight on the CMM very good. Notice that a 
force is moving with respect to an intermediate body when that intermediate body moves with 
regard to the scale beam. This causes the intermediate body to pitch when the CMM moves. 
Pitching of an intermediate body is a position dependent deviation, which can be calibrated. 
The scale beams do not protrude far from the intermediate bodies, so the measurement circle 
can be held short. The measurement circle is estimated to be 150 mm. The stiffness in drive 
direction is determined by two parallel bearings and it is possible to increase the angular 
stiffness between the scale beams with a rod. The access to the measuring systems is good but 
the exchangeability of parts is less. The bearing foot is a complex precision part and has to be 
replaced as a whole when it mal functions. This CMM has to be equipped with a vacuum 
pump. Suction of this pump can introduce vibrations, which have negative influence on the 
measuring results. The preload force per surface unit of vacuum is much lower compared to 
the preload force per surface unit of preload bearings. This means that vacuum builds big. The 
reason is that vacuum reaches an under pressure of maximum 0.7 bar while preload bearings 
can perform easy at an over pressure of 5 bar. Because the intermediate bodies are preloaded 
with vacuum it is not easily possible to put a guiding beam in a gutter underneath an 
intermediate body. This increases the thermal loop. The thermal loop is estimated to be 340 
mm. The guiding beams have to be aligned on the machine base, which makes calibration of 
the angle between the guiding beams more complicated.  
 
This design uses 11 porous air bearings of Æ 40 mm, 11 alignment bodies, 2 preload bearings 
of Æ 60 and 2 bearing feet with vacuum preload. The dimensions of this design (platform and 
z-axis not included) are estimated to be 650 ´  650 ́  100 mm (Length ´   Width ́   Height). The 
mass of an intermediate body is estimated to be 6 kg concentrated at a c.o.g. distance of 230 
mm from the probe. The mass of the scale beam is estimated to be 0.7 kg concentrated at a 
c.o.g. distance of 230 mm from the probe. The moment of inertia around the probe, due to off-
center driving, is estimated to be 0.36 kg×m2. Due to the limited tilting stiffness of an 
intermediate body compared to the amount of force, which is moving with respect to this 
intermediate body, the intermediate body will contact the machine base when the CMM 
travels through its range. It is not possible to improve the tilting stiffness of the intermediate 
bodies, to make sure that they do not contact the machine base, without increasing the size 
considerably. So applying a bridge on an intermediate body, under which the preload bearing 
of a scale beam can move, is not a good option.  
 
 
 
 
 
 
 
 
 

A.4   Bearing foot with vacuum preload (variant 4) 97 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

TOP VIEW Lorentz 
actuator 
(y-direction) 

M
ea

su
re

m
en

t 
ci

rc
le

 

T
he

rm
al

 lo
op

 

plate with an  
elastic hinge (2´ ) 

Probe P 

 Measuring head Mx 

Scale beam SbB 

Small bridge 

Guiding beam GbB 

Intermediate body B 
 

Guiding beam GbB 

Supply pressure 

Figure A.5:   Bearing tube 

BOTTOM VIEW OF INTERMEDIATE BODY B 

Machine base  

 

Small bridge 

CROSS SECTION  B-B 

Machine base  

 

Intermediate body B 
 

Lorentz 
actuator 
(x-direction) 

Small bridge 

Lorentz 
actuator 
(x-direction) 

Stiffness in drive  
direction determined 
by two bearings 

Scale beam SbB 

Intermediate body B 
 

Guiding beam GbB 

Guiding beam GbA 

Intermediate body A 
 

Scale beam SbA 

Rod 

 

A   A 

B B 

y, y  

z, q 
x, j  

CROSS SECTION  A-A 

98  Appendix A.   Investigated bearing arrangements for the horizontal guide system 



 

A.5   Bearing tube (variant 5)  
 
The intermediate bodies of variant 4 will contact the machine base when the CMM travels 
through its range because the tilting stiffness of an intermediate body was to small compared 
to the amount of force, which was moving with respect to that intermediate body. This moving 
force is eliminated in variant 5 because the scale beam moves in a square bearing tube, which 
is connected onto a bearing foot (top view and cross section A-A of figure A.5). Notice that in 
this situation the scale beam is not directly supported on the machine base but with a serial 
connection of bearing stifnesses. The guiding beams could not be placed underneath the 
intermediate bodies in variant 4 because of the vacuum. In this design the bearing foot is not 
preloaded with vacuum but directly above the bearings with preload bearings against small 
bridges. So the guiding beams can be placed underneath the intermediate bodies in a gutter 
(cross section A-A of figure A.5). The thermal loop is estimated to be 150 mm. Aligning the 
guiding beams in a gutter is more difficult than on a flat machine base. This bearing foot has 
almost the same height as the bearing foot with vacuum preloading. Preloading underneath 
small bridges gives a small line of force. The stiffness in drive direction is determined by two 
parallel bearings and it is possible to improve the angular stiffness between the scale beams 
with a rod. The sight on the CMM is good but the exchangeability of parts is very bad. The 
square bearing tube is just like the bearing foot a precision product. These parts have to be 
replaced completely when they are not functioning. It is not possible to create a short 
measurement circle because of the bearing and preload surfaces in the square bearing tube. 
The measurement circle is estimated to be 220 mm.  
 
This design uses 4 porous air bearings of Æ 40 mm, 4 alignment bodies, 17 preload bearings 
of Æ 40, 2 bearing feet and 2 square bearing tubes. The dimensions of this design (platform 
and z-axis not included) are estimated to be 625 ´  625 ́  100 mm (Length ´   Width ́   Height). 
The mass of an intermediate body is estimated to be 3.8 kg concentrated at a c.o.g. distance of 
230 mm from the probe. The mass of the scale beam is estimated to be 3.2 kg concentrated at a 
c.o.g. distance of 220 mm from the probe. The moment of inertia around the probe, due to off 
center driving, is estimated to be 0.36 kg×m2.   
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A.6   Machine base built from multiple blocks (variant 6) 
 
In this design the machine base consists of a base plate in which a pattern is milled. Next three 
blocks (one square and two rectangular), which overlap the pattern in the base plate partly, are 
connected to the base plate (top view of figure A.6). The square block can be seen as an angle 
standard and the sides of it can function as guiding surfaces for the air bearings of the 
intermediate bodies. The thermal loop is estimated to be 150 mm. The square block and the 
two rectangular ones form two gutters. This makes it possible to preload the bearings of the 
intermediate bodies, which move against the guiding surfaces, with a very short force loop. 
This design (guiding beam is part of the gutter) takes less space than a situation in which the 
guiding beam is placed in a gutter. The moving parts are supported on the top surfaces of the 
three blocks, which claims a tolerance on the parallelism of these sides with regard to the top 
surface of the base plate. The intermediate bodies are, just as in variant 3, equipped with four 
z-bearings. This makes it possible to countersink the bearings, with comparing alignment 
bodies in z-direction, into the moving bodies (cross section A-A and B-B of figure A.6). In 
this design the two bearings of the intermediate bodies, which are away from the probe, are 
connected to the intermediate body with an elastic line hinge to prevent that the support, of the 
intermediate body, to the machine base becomes over determined (cross section D-D of figure 
A.6). This change makes it, compared to variant 3, possible to bring a measuring system closer 
to the probe, which results in a short measurement circle. The measurement circle is estimated 
to be 125 mm. A second advantage of this design (intermediate body with four z-bearings) is 
that the z-bearings of a scale beam can come between the bearings of the matching 
intermediate body when the CMM travels through its range. This has a good influence on the 
size of the CMM. A stiff force loop between the bearings and preload bearings, of the 
intermediate bodies in the horizontal plane, can be held. Notice that an intermediate body with 
four z-bearings has more mass than one with three z-bearings. The bottom sides of the blocks, 
which overlap the pattern in the base plate, are used to preload the moving bodies. To pre-load 
an intermediate body two preload elements are used (top view and cross section B-B of figure 
A.6). These preload elements can lead the preload directly above the z-bearings of an 
intermediate body. The line of force then goes only through the preload elements and not 
through the intermediate body. So there will be no distortion of the intermediate bodies, which 
carry the measuring heads, due to preload forces. The same method is applied to preload the z-
bearings of the scale beams. The preload element of a scale beam, which is positioned between 
the two preload elements of the matching intermediate body (cross section A-A of figure A.6), 
can lead the preload force directly above the z-bearings of the scale beam. The line of force 
then goes only through the preload element and not through the scale beam. So there will be 
no distortion of the scale beam, which carries the scale, due to preload forces. Notice that the 
connection of these preload elements to the intermediate bodies, respectively scale beams, has 
to be statically determined (in six degrees of freedom). Also it has to be kept in mind that 
every preload element increases the mass of the CMM. The stiffness in drive direction is 
determined by two parallel bearings and the angular stiffness between the scale beams can be 
improved with a rod. The exchangeability of bearings is good as is the sight on the CMM and 
the access to the measuring systems. 
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This design uses 15 porous air bearings of Æ 40 mm, 4 porous air bearings of Æ 50 mm, 19 
alignment bodies, 3 preload bearings of Æ 40, 6 preload elements and 4 preload bearings of Æ 
50 mm. The dimensions of this design (platform and z-axis 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. distance of 190 mm from the probe. The mass of 
the scale beam is estimated to be 1.5 kg concentrated at a c.o.g. distance of 190 mm from the 
probe. The moment of inertia around the probe, due to off-center driving, is estimated to be 
0.2 kg×m2.   
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A.7   Selection of the bearing arrangement for the horizontal plane 
 
The 6 variants, which are discussed in the previous appendices, resulted from a succession of 
choices and improvements. How this happened will be discussed in this appendix. The 
numerical data presented so far is summarized in table A.1 at the end.  
 
The starting point was the angle standard of variant 1. The guiding surfaces, which are part of 
this angle standard, did not have to be aligned on the machine base and the angle between the 
guiding beams was less difficult to calibrate. Applying an angle standard also had 
disadvantages. The stiffness in drive direction was mainly determined by one bearing, the 
angular stiffness between the scale beams could not be improved with a rod and the scale 
beams were protruding far from the intermediate bodies. The thermal loop was big and 
bringing the measuring head closer to the probe with a bracket could only shorten the 
measurement circle. The sight on the CMM was bad because 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 estimated to be 1 kg×m2. 
 
In variant 2 the angle plate was replaced by two guiding beams, which had to be aligned on the 
machine base separately. The calibration of the angle between the guiding beams was more 
difficult but it became possible to determine the stiffness in drive direction with two parallel 
bearings. The scale beams did not protrude far from the intermediate bodies anymore and there 
was no bracket necessary to create a short measurement circle. The thermal loop was 
shortened to 240 mm, the size of the CMM decreased to 650 ́  650 ´  130 mm and the 
estimated moment of inertia, around the probe, decreased to 0.32 kg×m2. The sight on the 
CMM was improved by preloading the bearings in z-direction of the scale beams underneath a 
smaller top plate with a combined preload element and the bearings in z-direction of the 
intermediate bodies separately underneath the machine base. The position of the small top 
plate was not the most favourable due to placing a platform on which the z-axis has to be 
mounted. Preloading the bearings in z-direction underneath the machine base was not the most 
favourable for the dynamic behavior of the CMM because the length between the intermediate 
body and the matching preload bearing was big and the angular stiffness between the scale 
beams could not be improved with a rod. 
 
The advantages that made variant 2 attractive (stiffness in drive direction determined by two 
parallel bearings and scale beams which were not protruding far from the intermediate bodies) 
were kept in variant 3. The thermal loop was made shorter because the guiding beams were 
placed in gutters underneath the intermediate bodies. Now it became also possible to improve 
the angular stiffness between the scale beams with a rod. The intermediate bodies from variant 
3 were equipped with four bearings in z-direction. This made it possible to build lower 
because the bearings in z-direction and their matching alignment bodies could countersink into 
the moving bodies. Space was made for a platform by preloading the scale beams separately 
underneath a top plate, which was connected to the machine base by means of bridges. The 
distance between the intermediate bodies and their matching preload bearings was shortened 
by preloading the intermediate bodies underneath the guiding beams. A disadvantage of pre-
loading underneath the guiding beams was that the stiffness in z-direction became less and the 
dynamic behavior of the CMM worse. Equipping the intermediate bodies with four bearings in 
z-direction could not be done without any consequences. Two bearings in z-direction had to be 
connected to the intermediate body with an elastic line hinge to prevent that the support 
became over determined. The place of this elastic hinge hampered the possibility to create a 
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short measurement circle. Equipping the intermediate bodies with four bearings in z-direction 
increased the mass of the intermediate body and the moment of inertia of the CMM around the 
probe. The size of the CMM stayed almost the same as in variant 2 but the height became 20 
mm less. 
 
In variant 4 the intermediate bodies were equipped with bearing feet with vacuum preload. 
This gave the possibility to build lower. The stiffness in drive direction was determined by two 
parallel bearings and the angular stiffness between the scale beams could be improved with a 
rod. The sight on the CMM was very good because the scale beams were preloaded 
underneath bridges, which were mounted on the intermediate bodies. A disadvantage of this 
design was that a force was moving with respect to an intermediate body when that 
intermediate body moved with regard to the scale beam. Due to the small tilting stiffness of an 
intermediate body, compared to the amount of force that is moving with respect to the 
intermediate body, the intermediate body will contact the machine base when the CMM 
travels through its range. It was not possible to improve the tilting stiffness of the intermediate 
bodies, to make sure that they did not contact the machine base, without increasing the size 
considerably. The preload force per surface unit of vacuum was too small to be able to build 
compact. Further more the suction of the vacuum pump could introduce vibrations and the 
exchangeability of parts became worse by applying a vacuum foot with vacuum preload. The 
vacuum made it also impossible to put a guiding beam in a gutter underneath an intermediate 
body. This made the thermal loop increase significantly. 
 
The moving force, which made variant 4 impossible, was eliminated in variant 5 because the 
scale beam was moving in a square bearing tube, which was connected to a bearing foot. This 
bearing foot was not preloaded with vacuum but with preload bearings underneath small 
bridges. The height of this bearing foot was almost equal to the bearing foot with vacuum pre-
load. Eliminating the vacuum made it possible again to put a guiding beam in a gutter 
underneath an intermediate body, which made the thermal loop decrease to 150 mm. The 
stiffness in drive direction was determined by two parallel bearings and the angular stiffness 
between the scale beams could be improved with a rod. The sight on the CMM was good and 
all lines of force could be held very short. A disadvantage of this design was that the scale 
beams were not directly supported on the machine base but with a serial connection of bearing 
stiffnesses. The construction of the bearing tube made it impossible to create a short 
measurement circle. The bearing tube and the bearing foot were both precision products, 
which did not improve the exchangeability of parts. 
 
Because the aimed design has to be suitable to build a prototype, where exchangeability of 
parts is one of the biggest priorities, variant 6 was build from the advantages which made the 
variants 1 to 3 attractive. The idea of an angle standard from variant 1 was here incorporated 
in the machine base. The sides of this angle standard are functioning as guiding beams. This 
made alignment of the guiding beams on the machine base and calibration of the angle 
between the guiding beams unnecessary. The idea from variant 3 to put guiding beams in 
gutters underneath the intermediate bodies was also transited in a changed version. The 
guiding beams were not put in a gutter but the guiding beams are part of the gutters itself. This 
made the thermal loop become very short (150 mm), the size of the CMM decreased and the 
bearings which move against the guiding beams could be preloaded with a short force loop. 
The stiffness in drive direction was determined by two parallel bearings and the angular 
stiffness between the scale beams could be improved with a rod. The intermediate bodies were 
also equipped with four bearings in z-direction. This made it possible to build low because the 
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bearings in z-direction and their matching alignment bodies could countersink into the moving 
bodies of the CMM. The bearings in z-direction of the scale beams could also come between 
the bearings in z-direction of the intermediate bodies what was favourable due to the size of 
the CMM. In contrast to variant 3 the bearings in z-direction, which are the most far from the 
probe were now connected to the intermediate body with an elastic line hinge. This gave the 
possibility to bring the measuring systems closer to the probe and create a shorter 
measurement circle (125 mm). The preload could be lead directly above the bearings in z-
direction of the moving bodies while using preload elements. This made the preload only go 
through the preload elements and prevented distortion of the moving bodies due to preload 
forces. The exchangeability of parts and the accessibility to the measuring systems and the 
measuring area was good. Equipping the intermediate bodies with four bearings in z-direction 
and with two preload elements maybe makes the mass of the moving bodies look heavy. But 
that does not have to be in case of a light and stiff construction. The size of this CMM 
decreased a lot compared to the other variants (L ´  B ´  H = 450 ́  450 ́  100 mm). The 
distances from the c.o.g. of the moving bodies to the probe also decreased. This made the 
moment of inertia around the probe decrease a lot because this distance has quadratic 
influence on this moment of inertia. The moment of inertia around the probe, while driving 
besides one axis, for this variant is estimated to be 0.2 kg×m2. It may be clear that the 
construction of the machine base of variant 6 is more complicated then a flat machine base. 
Though it has advantages to choose for such a base due to preloading of bearings with short 
lines of forces, the sight on the CMM, the size of the thermal loop, the size of the CMM and 
the moment of inertia around the probe. Based on the previous facts, which are formulated 
after making detailed drawings of all the variants, it was chosen to detail variant 6 as explained 
in chapter 4.  
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Table A.1:   Numerical data of the discussed varian ts 1 to 6 
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1 17 of  
Æ 40 

17 7 of Æ 40 
2 of Æ 60 
2 of Æ 70 

1 150 370 750́  
750́  
130 

4.9  
at 
430 

0.85  
at 
325 

- 1 

2 17 of  
Æ 40 

17 7 of Æ 40 
4 of Æ 50 
1 of Æ 90 

2 150 240 650́  
650́  
130 

4 
at 
260 

0.9 
at 
225 

0.4 
at 
110 

0.32 

3 19 of  
Æ 40 

19 7 of Æ 40 
2 of Æ 60 
2 special 

2 330 220 650́  
650́  
110 

5 
at 
280 

0.7 
at 
240 

- 0.43 

4 11 of  
Æ 40 
2 bearing 
feet  

11 2 of Æ 60 
 
vacuum 
preload 

2 150 340 650́  
650́  
100 

6 
at 
230 

0.7 
at 
230 

- 0.36 

5 4 of Æ 40 
 
2 bearing  
feet 
 
2 bearing 
tubes 

4 17 of  
Æ 40 

2 220 150 625́  
625́  
100 

3.8 
at 
230 

3.2  
at 
220 

- 0.36 

6 15 of  
Æ 40 
4 of  
Æ 50 

19 3 of Æ 40 
4 of Æ 50 
6 preload 
elements 

2 125 150 450́  
450́  
100 

4  
at 
190 

1.5  
at 
190 

- 0.2 
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