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i 

Summary 

This thesis presents the development of a fast and accurate meehamcal probe 

system for use on Coordinate Measuring Machines (CMMs). The goal was the 

development of a probe system, capable of measuring workpieces with high prohing 

speeds and with a high throughput without loss of accuracy, compared to 

commercially available probe systems. 

First, it has been analyzed which parameters are important when prohing at 

higher speeds. The experiments showed that the process of meehamcal prohing is 

subject to disturbing dynamic influences, even at generally accepted low velocities. 

It will he shown that due to the nature of the mechanical prohing principle, impact 

forces are much higher than measurement forces and that they can result in 

considerable damage of workpiece surfaces. Furthermore, it is proved that the 

relation between the position of the probe tip and the workpiece position during 

impact cannot he determined unambiguously due to bouncing, irrespective of the 

probe construction. Consequently, measurement accuracy can he lost, depending on 

the probe principle. Analysis shows that this bouncing effect cannot he avoided 

during prohing and, therefore, should he taken into account to improve probe 

performance. Measurement results obtained with two different probe systems are 

presented to illustrate these impact phenomena. Additionally, it is shown that 

rotational movements ofthe platform carrying the stylus (the stylus carrier) are far 

more preferabie than translational movements, because the latter principle causes 

higher prohing forces compared with the first one. Based on these results, 

recommendations for probe system design are given in order to speed-up probe 

operation without degradation ofprobe performance. 
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For application in the probe system to be developed, in accordance to the 

recommendations formulated, a measurement system has been developed which is 

able to measure contactless six degrees of freedom of an unconstrained moving 

rigid body, i.e. the stylus carrier. The measurement system is based on the 

combination of three triangulation measurements. The determination of the 

location ofthe stylus carrier is basedon the measurements ofthe displacementsof 

three light beams, reflected by mirrors mounted on the stylus carrier. Each of the 

three light spot displacements is measured by a PSD (i.e. Position Sensing 

Detector, a type of photodiode), and this information is converted to a rotation 

matrix and a displacement vector, that tagether describe unambiguously the 

position and orientation of the stylus carrier. Assuming that the combination 

stylus tip - stylus - stylus carrier behaves rigidly after the initial contact between 

stylus tip and workpiece, also the position of the tip with respect to a specific 

coordinate frame is known. So, at any arbitrary moment, the position of the stylus 

tip can in principle be known to the CMM. Based on the continuons availability of 

the probe tip position, a criterion has been developed to distinct correct 

measurement points from other probe tip movements. 

Based on this contactless measurement system, a prototype has been built and has 

been statically and dynamically tested. The total mass of the probe parts directly 

involved into the prohing process is limited to about 2 g, which contributes to 

relatively low prohing farces during dynamic probing. The range of the probe's 

measurement system at the position of the stylus tip equals several millimeters in 

any direction. A special suspension has been developed to attach the stylus carrier 

to the probe house. This resilient suspension controls the prohing force, allows a 

large "overtravel" of the stylus tip in any direction, reduces the oscillation of the 

stylus which occurs due to accelerations of the CMM, and provides damping of the 

bouncing ofthe probe tip at the onset of tip- workpiece contact. 

The displacement resolution of the probe system is approximately 0.1 J.llll, and the 

angle resolution is about 0.5". Experiments have shown that the repeatability error 

and the absolute measurement inaccuracy of the probe system for prohing speeds 

up to 70 mm/s is less than 1 J.ll1l. Static measurements show a repeatability error 

and absolute measurement inaccuracy with the same order of magnitude. No 

damage of the surface of an aluminum specimen was observed after prohing with a 

velocity of 70 mm/s. 
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Samenvatting 

Dit proefschrift presenteert de ontwikkeling van een snelle en nauwkeurige 

mechanische meettaster voor gebruik bij coördinaten meetmachines (CMM's). Het 

doel is de ontwikkeling van een tastersysteem dat geschikt is voor het meten van 

werkstukken met hoge aantastsnelheden en hoge meetsnelheden met behoud van 

nauwkeurigheid. 

Allereerst is geanalyseerd welke parameters belangrijk zijn bij het aantasten met 

hoge snelheden. Deze experimenten toonden aan dat het mechanische 

aantastproces verstoord wordt door dynamische invloeden, zelfs bij lage snelheden. 

Aangetoond werd dat, ten gevolge van het mechanische aantastproces, 

botskrachten veel hoger zijn dan de meetkrachten en dat deze kunnen resulteren 

in behoorlijlte schade aan werkstukoppervlakken. Verder werd aangetoond dat, 

ongeacht de constructie van de taster, de relatie tussen de tastkogel en het 

werkstuk gedurende de eerste fase van de botsing niet eenduidig kan worden 

vastgelegd ten gevolge van stuiter verschijnselen. Dientengevolge kan verlies aan 

meetnauwkeurigheid optreden, afhankelijk van het tasterprincipe. Een analyse 

toonde aan dat dit stuitereffect onvermijdelijk is gedurende de aantasting en dat 

dit effect meegenomen moet worden teneinde tasters te kunnen verbeteren. 

Meetresultaten verkregen met behulp van twee verschillende tasters illustreren 

deze twee fenomenen. Verder werd aangetoond dat roterende bewegingen van de 

taststiftdrager veruit te prefereren zijn boven translerende bewegingen, omdat 

deze laatste hogere aantastkrachten meebrengen in vergelijking met het eerste. 

Gebaseerd op deze resultaten worden aanbevelingen gedaan om het aantastproces 

te versnellen, zonder verslechtering van de tasterwerking. 

Voor toepassing in een te ontwerpen tastersysteem en gebruik makende van 

bovenstaande aanbevelingen, is een meetsysteem ontwikkeld dat in staat is om 
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contactloos zes vrijheidsgraden van een vrij bewegend star lichaam, in dit geval de 

taststiftdrager, te meten. Het meetsysteem is gebaseerd op een combinatie van drie 

triangulatie metingen. De bepaling van de locatie van de taststiftdrager is 

gebaseerd op het meten van verplaatsingen van drie lichtbundels die gereflecteerd 

worden door spiegels gemonteerd op de taststiftdrager. Ieder van de drie lichtspot

verplaatsingen wordt gemeten met een PSD (positie gevoelige detector, een soort 

fotodiode) en deze informatie wordt geconverteerd naar een rotatie-matrix en 

translatie-vector die tezamen de positie en oriëntatie van de taststiftdrager 

eenduidig beschrijven. Als wordt aangenomen dat de combinatie van 

taststiftdrager, taststift en tastkogel zich star gedraagt na het eerste contact 

tussen tastkogel en werkstuk, dan kan ook de positie van de tastkogel worden 

bepaald in relatie tot een specifiek coördinatensysteem. In principe is dus op elk 

willekeurig moment de positie van de tastkogel bekend ten opzichte van het 

coordinaten systeem van de meetmachine. Gebaseerd op de continue aanwezige 

tastkogelpositie is een criterium gedefinieerd dat onderscheid kan maken tussen 

correcte meetpunten en andere, willekeurige bewegingen van de tastkogeL 

Op basis van het contactloos metende meetsysteem is een prototype gebouwd dat 

onder statische en dynamische omstandigheden is getest. De totale massa van de 

tijdens de botsing betrokken tasteronderdelen is beperkt gebleven tot ongeveer 2 g, 

hetgeen bijdraagt tot een lage aantastkracht gedurende dynamische metingen. De 

range van het meetsysteem gemeten op de positie van de tasterkogel bedraagt voor 

elke richting enkele millimeters. Een speciale ophanging is geconstrueerd om de 

taststiftdrager aan het tasterhuis te kunnen bevestigen. Deze flexibele ophanging 

controleert de tastkracht, laat een grote verplaatsing van de tastkogel in elke 

richting toe, reduceert bewegingen van de taststift die ontstaan door het versnellen 

van de meetmachine en dempt het stuiteren van de tasterkogel gedurende het 

initiële contact tussen tasterkogel en werkstuk. 

De verplaatsingaresolutie van de taster bedraagt ongeveer 0.1 !llll en de 

hoekresolutie ongeveer 0.5". Experimenten tonen aan dat de herhaal

onnauwkeurigheid en de absolute onnauwkeurigheid van het tastsysteem voor 

aantastsnelheden tot 70 mm/s beneden de 1 !llll liggen. Statische metingen laten 

een herhaalonnauwkeurigheid en absolute onnauwkeurigheid zien die in dezelfde 

orde van grootte liggen. Bij aantastingen van een aluminium proefstuk met 

70 mm/s konden geen beschadigingen worden geconstateerd. 
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1 

Introduetion 

This thesis presents a systematic approach to analyze the behavior of probe 

systems at high prohing speeds for use on multi-axis machines like Coordinate 

Measuring Machines (CMMs). The results obtained from this analysis have been 

used for the development of a new general purpose concept for mechanica! probe 

systems. The concept is appropriate for a large variety of measurement tasks and 

able to measure at relative high measuring velocities. Based on this concept a 

prototype has been built and its ability to meet the requirements has been verified. 

In this chapter the need for a fast mechanica! probe system is derived from general 

trends in modern quality controL An overview of errors is presented that affect the 

measurement accuracy of probe systems. It is shown that fast prohing requires 

special techniques to prevent damage of the workpiece and the probe system and to 

maintain measurement accuracy. To conclude, the content of the related research 

topics in this thesis is summarized. 

1.1 Quality control in progress 

Coordinate Measuring Machines (CMMs) have become widely used in recent years 

because of their ability to measure most or all of the individual geometrical 

features on complex engineering components (see Figure 1.1). A CMM consistsof a 

series of mechanica! links connected together by actuated joints. The joints either 

provide a translation or rotation, and usually can he controlled independently, 
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Figure 1.1 : Example of a three axis gantry style CMM. 

either manual or by servo controL This guarantees that all locations within a 

certain measuring volume can be reached along an unrestricted number of 

trajectories. Because the displacement or rotation of each link can be measured, 

each point in the machine's measuring volume in principle can be described 

unambiguously. So the CMM operates as a reference coordinate frame to which the 

geometry properties of workpieces to be inspected are referred to. The task of the 

CMM simply can be defined as to measure workpieces and control them according 

to their specifications. 

To perform this messurement task, a sensor (the so-called probe) with the ability 

to detect the surface of the workpiece is attached to the ram of the CMM. This 

surface detection can be done in principle either mechanically, optically, or a 

combination of both (see e.g. Weisig 1989). The probe is moved towards a specified 

part of the workpiece along a user specified trajectory. If a point on the surface is 

detected, its coordinates are calculated from the position of the joints, and in some 

cases, based on probe position information. The measured coordinates of various 

points are used to estimate the dimensions and geometry of parts, regardless their 

position and orientation in space. Typical measurement accuracies of CMMs range 

from approximately 0.5 to 20 Jlm throughout the measuring volume, but this 
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depends significantly on the perfonned task, the measurement conditions and the 

measuring volume of the CMM. Also the CMM's repeatability is of concern. 

Unfortunately, to achieve these measurement accuracy within 3D-space, the 

components involved within the structural loop of the CMM have to meet high 

specifica ti ons. 

Because the CMM's behavior with respect to its measurement accuracy is not as 

ideal and stabie as frequently required, large effort has been spent to obtain an 

improved understanding of the CMM's behavior, to describe it, and if possible to 

compensate for it (see e.g. Busch 1984, Zhang 1985, Belforte 1987, Sartori 1988, 

ANSI 1990, Balsamo 1990, Cresto 1991, Soons 1992a, Soons 1992b). Most 

investigations have been concentrated on the so-called quasi-static errors, which 

are defined as those errors of relative position and orientation between end-effector 

(probe or tooi) and workpiece that are slowly varying in time and are related to the 

structure ofthe structuralloop ofthe machine (Hoeken 1980). Fora comprehensive 

overview in the field of multi-axis machines with respect to error description and 

research in the field of accuracy improvement see e.g. Soons 1993 and 

Sartori 1995. 

With respect to the performance of CMMs two general trends in CMM technology 

and research can be observed and will be discussed here (see e.g. Bryan 1971, 

Peters 1977, McKeown 1979, Weule 1987, Weckenmann 1990). Although these 

trends in the field of metrology were already recognized approximately 20 years 

ago, current research is still related to those trends. 

A first trend is stimulated by the demand of industry for more accurate and robust 
CMMs (see e.g. McKeown 1979, Hocken 1980). In industry, CMMs are evaluated in 

terros of speed (throughput) and accuracy, preferably under uncontrolled 

environmental conditions like shop-floor applications. Due to an increasing 

market-forced competition, manufacturers are forced to produce with a high degree 

of flexibility a variety of products. Frequently this implies small-batch (one to 

several dozens of parts) manufacturing, for which traditional statistica} quality 

control or process control techniques are not suilleient any more. Including an 

increasing demand for zero-defect products combined with tight tolerances to 

enable a smooth final assembly, perfect interchangeability, and a reduction of 

scrap and re-work, one method of improving the accuracy of parts is to use 
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interruittent gauging (i.e., part prohing on the machine tooi or CMM), and 

verification of produced parts after production. This forces manufacturers to 

integrate their control facilities into shop floor activities, which normally degrades 

the accuracy of the performed measurements, compared to those performed in the 

traditional laboratory environment. Here the CMM is located in a room, specially 

designed for precision measurements. The goal is to isolate the CMM from any 

cause which can introduce maasurement inaccuracies in order to use the maximum 

accuracy potential of the machine. Protective measures taken are e.g. temperature 

and humidity control, vibration isolation, and a decrease of airborne particles in 

the air. 

An illustration of applied research forshop-tloor hardening techniques for CMMs is 

the application of aluminum links in the structuralloop, instead of granite or steel 

parts. Aluminum is relatively immune for changes in geometry due to thermal 

distortions in comparison with granite and steel. An additional advantage is that 

dynamic distortions, introduced by acealerating links, are reduced due to the low 

specific mass of aluminum and, consequently, its low moment of inertia in relation 

to comparable parts of other materials. This also reduces required servo power and 

hence of power and heat dissipated at the CMM. Another example is the 

application of reai-time software error compensation developed for multi-axis 

machines (see e.g. Soons 1993, Spaan 1995). Although initially developed for the 

improverneut of machine tooi accuracy, the developed mathematica! model is able 

to describe geometrie and finite stiffuess errors of an arbitrary machine, consisting 

of revolute and prismatic elements (Schellekens 1993). 

A second general trend with respect to CMM research can be recognized as a 

demand for shorter cycle times for maasurement tasks. This trend is, moreover, 

reinforeed by the trend discussed earlier. The increasing enforcement to produce in 

small batches with tight tolerances, thus forcing manufacturers to optimize and 

intensifY their process control, stimulates the demand for faster moving and 

measuring CMMs. This will cut down cycle times of inevitable maasurement tasks 

and will, consequently, save time. 

Unfortunately, maasurement accuracy and speed are commonly conflicting 

requirements. As the measuring speed increases (and more likely the accelerations 

to which the CMM is subjected are increased) the dynamic effects also become 
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more significant. Especially when intended measuring points are located close to 

each other, higher accelerations rather than higher veloeities will contribute to 

smaller cycle times of measurements tasks. Inevitable the conditions for accurate 

measurements deteriorate dramatically. Due to accelerations acting on links and 

joints of the structural loop and on the probe system of the CMM during probing, 

fini te stiffuess effects can exceed the effects of both geometrie and therm al errors 

on the measurement accuracy. As a matter of fact accelerations and higher speeds 

does not only affect the structural loop of the CMM, but also worsens prohing 

conditions and, consequently, the accuracy of the probe system. Measurement 

errors are e.g. induced by acceleration dependent deformation of CMM components 

due to part movements and vibrations, both self-induced and forced. These 

dynamic errors depend on the CMMs structural properties, like mass distribution, 

component stiffness and damping characteristics, as well as on control- and 

disturbing forces (see e.g. Butherland 1987, Weekers 1995). 

Increase of the traveling speed of CMMs in general does not automatically imply 

the increase of prohing speed. Most probe systems are not able to measure at 

higher speeds (typically > 10 mm/s), because the mechanica! design does not allow 

higher speeds to prevent damage of the probe, the workpiece, and the CMM. Or the 

maasurement system of the probe is not able to take measurement points under 

these circumstances. If the mechanica! design does not constrain a certain 

measuring speed, a severe loss ofmeasurement accuracy must be accepted in many 

cases. Therefore manufacturers produce CMMs with high acceleration and 

deceleration capabilities, so the machine can move very fast from one 

(programmed) measurement position to another. Only a small traveling distance 

just before the maasurement point (the so-called probe approach distance) is 

covered with the low prohing speed, so structural oscillations are expected to be 

damped out prior to probe triggering. The probe approach distance is mainly 

determined by the ability of the machine to damp vibrations to an acceptable level 

to keep CMM measurement inaccuracy within specifications. Although this mode 

of operation meets the manufacturer-recommended prohing speed at the expense of 

cycle time profit, the conditions of prohing are still not ideal to achleve maximum 

measurement accuracy. E.g. Phillips 1993 has shown that the probe approach 

distance can largely affect the measurement result, primarily due to machine 

structure oscillations caused by deceleration of the CMM. 
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A different approach to further reduction of cycle times of measurement tasks and 

a decrease of measurement errors due to dynamic disturban ces, is to increase the 

prohing speed and to measure before the CMM decelerates to a standstilL If the 

moment of maximum deceleration of the CMM is shifted from just before the 

moment of prohing to just thereafter, the decelerating induced machine structure 

vibrations in principle don't affect the measurement result anymore. This gives an 

opportunity to increase the deceleration capability of the CMM to bring the 

machine much faster toa stop which contributes toa final shorter cycle time ofthe 

measurement task. 

An important condition in order to improve prohing speed with respect to the probe 

itself, is more fundamental knowledge about the factors which affect the prohing 

process and which, consequently, affect the measurement accuracy of the probe 

system. Until now only little attention has been paid to improve probe performance 

(see e.g. Yee 1990, Jones 1993) in termsof speed and acceleration, the vast majority 

of research on probe topics has been focused on the impravement of accuracy. It is 

likely that also the market situation with respect to probe systems, doesn't 

stimulate the development of new fast probe systems for the commercial market, 

because it is highly dominated by only a very few manufacturers who have heavily 

protected their products by numerous patents. 

The performed research, concentrated on factors affecting the probe performance 

and measurement accuracy when prohing at higher (measuring) speeds, is 

described in Chapter 2. 

1.2 Probe error classification 

As already described, the probe system operatea as an interface between the 

workpiece and the CMM, by which the measurement points are generated. An 

elementary function of a probe system is to determine whether a stimulus applied 

must be accepted as a correct measurement point or rejected. So the probe system 

must test the integrity of the stimulus. It must be emphasized that only probe 

systems based on generation of measurement points via mechanica! contact 
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between probe and workpiece will he discussed here. Other principles, like optica! 

probe systems, are beyoud the scope of this thesis. 

Another important task is to determine, or control, both the position and 

orientation of the tiny link which is brought into contact with the workpiece (see 

Figure 1.1). This link is mostly referred to as the stylus. Normally a sphere made of 

ruby or steel is a part of the stylus, but a variety of other geometrie elements may 

he used for partienlar applications. The sensing mechanism of the probe system is 

builtinto the probe house. Frequently the term 'probe' is used to describe the whole 

prohing device, consisting the probe house, the stylus and stylus tip, and the 

interface which takes care of the communication with the machine and possibly 

signal post-processing. An inevitable ability of all types of mechanica! probes is 

that they must allow the stylus to deflect after contact with the workpiece. This 

deflection is required to allow the CMM to come to a stop after taking the 

measurement, without darnaging the probe, the workpiece, or the CMM. 

The location ofthe stylus tip (or stylus hall) relative to the end ofthe CMM's ram is 

unknown and not relevant. The ram is the link of the CMM that carries the pro he. 

The principle of measurement of all probe systems in use on CMMs and machine 

tools, is based on the fact that the relative location of the probe tip at the moment 

of contact with the workpiece is known in relation to a certain reference position. 

The position of the probe tip with respect to the machine's coordinate frame is 

normally determined by the process of probe datuming or calibration. The 

calibration process involves the prohing of a known reference feature, normally a 

sphere of about 20-30 mm in diameter that is accurately spherical in form to well 

below 1 ~· Because the diameter of this calibration sphere is accurately known to 

the CMM, the center of the stylus tip in relation to the position of the reference 

point can he determined, and the effective working diameter of the stylus tip can 

he calculated. 

If deviations in the reference position of the probe tip occur without notice, they 

become measurement errors. For example, a measurement error occurs when the 

reference position of the probe tip, to which all measurement points taken are 

referred to, floats due to thermal effects. In general the effects which are 

responsible for probe errors are partial the same for CMMs. lt must be emphasized 
that the error enumeration and discussion given below form a cross-section of 
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potential errors which can be determined for the two main classes of probe systems 
which can be distinguished (see Chapter 2). 

• Geometrie errors. These errors are commonly an inevitable result of the 

manufacturing and assembly process of probe parts. Due to the limited 

accuracy of manufacturing processes, the probe can show some inaccuracy. 

Examples of limited accuracy due to manufacturing processes are deviations in 

straightness of guideways (if present) and sphericity of probe tips. Assembly 

errors can affect e.g. squareness accuracy of guideways, and misalignment of 
transducers (see e.g. Duf/ie 1987). 

• Finite stiffness effects. Due to the compliance of components of the structural 

loop, considerable deviations in the probe reference position (i.e. the stylus tip 

location) can occur as a result of a certain load. As already depicted, the first 

contact with a feature to be inspected, is made with the stylus tip. Because a 

certain measurement force is required for a correct measurement point, some 

components of the structural loop of the probe will bend, until this user

predefined measurement force (for quasi-static operation) has been reached. 

The travel of the CMM prior to the very moment at which the measurement 

point is taken, is known as probe pre-traveL A major constituent of pre-travel is 

stylus bending, because ofthe compliance ofthis tiny link, especially in relation 

to other components of the structural loop. Due to the probe design, the pre

travel can be direction dependent, which is frequently called the lobing effect of 

a probe. Although it is argued by many manufactures that the probe 

information is software compensated for its pre-travel based on information 

obtained with probe datuming, and is, therefore, not an error source, this 

argument must be handled with care and reservation. 

• Thermal errors. Due to internal and environmental influences, the thermal 

stability and accuracy of the probe can be affected. E.g. displacement sensors 

can be affected by thermal distortions, which can result in a change of accuracy 

and zero point drift. But also the stylus tip location can be seriously affected 

due to thermal expansion of the stylus. 

• Electronically induced errors. This term refers to all errors due to 

electronically generated probe-related information which influences the probe 

tip position with respect to its reference position. The most significant error in 

relation to probe systems is the occurrence of time delay effects in electronic 

circuits. This effect can be observed as a phase difference between input and 
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output signal(s). Especially for the so-called touch-trigger probes (see also 

Chapter 2) the moment of measurement is critica], e.g. a small time delay 

between the initial contact between probe tip and workpiece and the latehing of 

the scales ofthe CMM results in an error in the probe offset vector. The effect of 

this type of errors on the measurand evidently increases with changes in 

prohing speed. 

• Hysteresis errors. These errors are the residual errors that occur when a lo<3.d 

acting on structural loop components is increased and decreased in a cyclic 

pattern. When a certain pattern of Ioading and unloading has been established, 

hysteresis is highly reproducible, but it must be noticed that hysteresis errors 

are direction dependent. Hysteresis is caused by friction between components of 

the structural loop. lts effect increases with increasing forces on components of 

the structural loop and with increasing stylus length. Because the load (the 

force due to a measurement taken) on a probe cannot supposed to be cyclic, 

hysteresis always should be avoided. 

The errors described above are in principle parametrie errors and can be 

determined rather accurate, although always an uncertainty in the determination 

of the parametrie values will be present. This uncertainty is the part of the error 

which cannot be determined and must be considered to be a random error. The 

uncertainty in the measurement valnes produced by the measuring device is called 

the repeatability error of the instrument and can be used to characterize the 

quality of the measuring instrument, together with its measurement resolution. 

The repeatability of a measurement instrument is the ability of that instrument to 

produce the same indication (or measured value) when sequentially sensing the 

same quantity under similar measurement conditions (ANSI 1990). Therefore, 

repeatability specifications must always be accompanied with sufficient 

information about the measurement setup. 

The vast majority of error sourees for probes have been identified and described in 

many publications (see e.g. Herzog 1979, Pfeifer 1979a, Pfeifer 1979b, 

Bamback 1980, Butler 1990). Nearly all known research on probes is concentrated 

on effects affecting the accuracy of the probe system at moderate low and constant 

prohing speeds, ranging approximately between 2 and 10 mm/s, depending on the 

type of probe under investigation. Error sourees are normally determined for just 

one constant measurement speed. This implies that many error sourees remain 
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constant under these prohing conditions, which enable e.g. manufacturers to 

optimize their design and compensate for several error sourees which are 

responsible for a constituent contribution to the mensurement result. Difficulties 

must be expected when prohing speeds and accelerations are increased and might 

vary within a certain range. Probe error sourees now shall vary, due to the fact 

that the structuralloop of the probe will be subjected to dynamic effects, caused by 

higher accelerations and higher prohing forces. 

1.3 Research objectives and content thesis 

The main goal of the research presented in this thesis is the development of a 

probe system for use on CMMs and suitable to be used for fast prohing 

applications. Because the project is partially financed by an important 

manufacturer of mensurement equipment, the objective of the research was 

preferably not to improve current methods for probe systems, but to develop a new 

principle suitable to be applied to a probe system which is capable of fast prohing 

with sufficient accuracy (upto 50 mm/s, and a accuracy better than 1 J.UU). 

This goal required an extensive investigation of existing probe systems described 

in literature, especially focused on the techniques applied to determine or measure 

a correct mensurement point, and on the testing of the integrity of a maasurement 

point. Because the vast majority of probes is developed by manufacturers of CMMs, 

the most worthwhile souree of information with respect to probe systems and 

applied techniques was patents. Based on the results of this literature 

investigation, attention has been paid to the so-called kinematic coupling, an 

important design construction and frequently used for precision applications. 

A fast accelerating and moving CMM introduces undesired dynamic effects into the 

structural loop of the probe. These dynamic effects are getting even more serious 

when the probe engages the workpiece with high speeds or when it is still subject 

of accelerations. Because relatively little is known about high speed prohing and its 

effects, research has mainly been focused on dynamically induced effects, which 

threatens the measurement accuracy ofthe probe. Not only an inventory is made of 
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the dynamic effects of the prohing process on the structural loop of the pro he, but 

also of the effects on the workpiece. This will be presented in Chapter 2. 

A new probe system is developed, based on a newly developed measurement 

system. This measurement system is able to measure contactless and fast the six 

degrees of freedom of the stylus of the probe, so the position and orientation of the 

stylus tip can be determined with respect to the coordinate frame of the CMM. The 

mathematica} model of this measurement system is given in Chapter 3. The 

measurement system developed can in principle be scaled to any size, without loss 

of relative accuracy. Furthermore, an evaluation criterion is described to test the 

integrity of data points obtained during the probe - workpiece contact. 

In Chapter 4, the realization of a prototype of a new probe, based on the newly 

developed measurement system, will be described. Design considerations will be 

presented, and the actually developed probe parts will be described. Although the 

actual realized measurement system has a limited range, it is able to measure 

sufficiently the position and orientation of the stylus tip just after dynamic effects 

at the contact interface due to prohing have been faded away. 

Chapter 5 covers the evaluation and the verification of the capahility of the 

realized prototype, with respect to its static and dynamic accuracy. lts dynamic 

hehavior with respect to the demands for high speed prohing is tested as well. 

Finally, the research is summarized in Chapter 6. Conclusions are presented 

together with recommendations for future research and improvements of the 

prototype. 
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2 

Probe operation analysis 

Two major effects are discussed in this chapter which can complicate the process of 

increasing prohing speed with respect to both the workpiece and the mechanica! 

probe system. Literature research showed that not much was publisbed about the 

dynamic effects of probing. Therefore, much effort has been spent to obtain more 

information about the process of (fast) prohing and (dynamic) effects affecting the 

prohing conditions. First it is shown that the initial force acting on workpieces due 

to fast prohing mainly can be directed to the design principle of the probe. In some 

cases these impact forces can lead to serious damage of the workpiece surface. 

Second it is proved that the impulse acting on the probe parts due toa fast arisen 

contact between workpiece and probe causes an undesired bouncing of probe parts 

which can result in inaccuracte maasurement results and can slow down cycle 

times (see Vliet 1996). The results obtained from the performed research are used 

to formulate some design features for the developed probe, and which will be 

discussed in next chapters. 

2.1 Introduetion to mechanica! probe systems 

A probe system is a device which is attached to the last link of a CMM or machine 

tooi and which is able to detect the surface of a workpiece with high accuracy. The 

only probe systems discussed here are those which detect the surface by means of a 

mechanica! contact (see also Appendix A). Non-contact probe systems are beyond 
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the scope of this thesis. The primary task of the probe is to measure discrete points 

on surfaces and to generate the signal(s) which instruct the CMM to take readings 

from its scales and from this information to calculate the surface position. So the 

mechanica! probe system operates as an interface between the workpiece and the 

CMM. 

In this thesis it is assumed that the surface is touched with a very accurate sphere, 

although for certain purposes special stylus tips have been developed. If a contact 

occurs, the position of the center of the stylus tip (which position is known in 

relation to the coordinate system of the CMM) is recorded as a measurement point 

Because the location of the contact point at the sphere is not known a priori, this 

contact vector (or normal vector with respect to the workpiece surface) must he 

calculated afterwards, so the coordinates of the actual contact point can he 

reconstructed, see e.g. Janocha 1990. 

The idea of prohing is that the position of the stylus tip can he accurately 

determined when the tip has engaged the workpiece surface (see Appendix A). The 

difficulties which arise when this task has to he realized can he summarized in a 

nutshell to he : 

• how to determine accurately the position of the probe tip; 

• how to determine a contact between tip and workpiece; 

• how to prevent damage when the probe tip collides with the workpiece and the 

CMM has to come to a stop. 

A reasonable solution can be found when the probe tip location (position and 

orientation) or movement is determined (or constrained) by geometrical design. 

This principle for probe design holds that degrees of freedom of the probe tip are 

constrained, or when they are not constrained they can be measured. The position 

of a single rigid body is completely described by six degrees of freedom, normally 

described in terms of three translational and three rotational movements. When a 

certain movement of the body is required, say one translation, a mechanically 

correct solution can he obtained by constraining three rotational and two 

translational degrees of freedom. When the only possible translation of the body is 
measured in relation to a certain reference point in space, the position of the body 

is completely described. This principle can be extended to a controlled movement of 
a rigid body for more than one degree of freedom. An excellent example of 

constrained design is the CMM itself. When the three translations ofthe X-, Y- and 
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Z-axis (see Figure 1.1) are measured, the nominal position of the end of the ram to 

which the probe is attached, is exactly described. 

Gonstraining one degree of freedom requires a very proper design of the guideways 

and drives. Even when the design is correct, parasitic movement can be present, 

e.g. due to limited accuracy of manufacturing processes. Although in principle it is 

arbitrary whether rotational or translational degrees of freedom are constrained, 

probe manufacturers prefer to constrain the rotational ones, because displacements 

in general can be measured more accurate wîth respect to the probe tip position, 

especially when long stylus lengths are used. 

Constrained design can also be used to prevent movements of a rigîd body. For 

measurements it is important to k.now the position ofthe probe tip with respect to 

the global coordinate system of the CMM. In principle this is guaranteed when all 

degrees of freedom of the probe tip are constrained, so the position of the probe tip 

is always k.nown. When the initia! moment of deflection of the probe tip due to a 

distortion applied on the stylus tip (with a certain force) can he recorded in 

combination with the readings of the scale of the CMM, also a measurement point 

can be obtained. After being deflected, the new tip position must be guaranteed to 

he the same as the tip position prior to the deflection. In this case, constrained 

design is used to obtain a reliable reference point to which each maasurement point 

is referred to. 

A complication with respect to prohing is that the probe system must be able to 

distinct correct measurement samples from false measurement samples. Without 

an evaluation criterion, any disturbance ofthe probe tip position can be recorded as 

a correct measurement point, although the change in tip position can be caused by 

an alien distortion, nothing to do with the workpiece to he measured. Examples of 

distortions which can cause false maasurement points are vibrations induced in the 

machines fundaments, acoustic phenomena or accelerations of the machine acting 

on the probe mechanism. Actually two general validation criteria are used to test 

the integrity of a trigger signal. The first one is based on the magnitude of the 

distortion : was the distortion strong enough to exceed a certain threshold value? 

The secoud one is based on an elapsed time evaluation : did the distortion persist 

fora specified time period? A special situation occurs when the probe itselfactively 

applies a prohing force on the workpiece, e.g. by means of actuators. Then an 
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integrity test can be omitted because the measurement point is only taken when 

the specified force is applied. 

Due to the chosen principle of mechanica! probing, it is inevitable to probe with a 

certain force. Although frequently a zero-force is desirable, e.g. in case of 

measuring soft or flexible products, in practice this is hard to achieve. Only one 

commercially available mechanica! probe for use on CMMs is known 

(DE 9115 942) with a prohing force of about 1-10-6N and a measurement accuracy 

of approximately 2.5-5 J.llil ( direction dependent), but cannot be used for all kinds of 

measurement tasks. An advantage of a zero-prohing force is that probe parts are 

not loaded with a certain force, so less factors influencing the measurement result 

have to he corrected. For general purposes the elastic indentation of the workpiece 

will be implicitly accepted by the user or will be out-calibrated, although in 

practice this implies only a least-squares averaging of this error. Some probe 

systems offer the possibility to measure a point with different forces, so an 

extrapolation to a zero-prohing force can be performed. 

Many researchers have reported effects caused by the inevitable prohing force. 

Well known effects are stylus bending (see e.g. Pfeifer 1979a, Pfeifer 1979b, 

Weckenmann 1979, Pfeifer 1990, Butler 1991, Phillips 1993) and elastic indentation 

of the workpiece surface (see e.g. Lüdicke 1983). One opportunity to avoid prohing 

forces is the application of optica! techniques for the determination of geometrical 
information about the workpiece. But, in general optica! probes available are 

limited in use and measurement results are sensitive to misinterpretation (see e.g. 

De Chiffre 1995). Because the discussion of optical probes is beyond the scope of 

this thesis, this will not be further discussed here. Some relevant information 

about optical coordinate measuring probes and techniques can he found in 

Weisig 1989, BCR 1991, and Yamazaki 1993. 

Although for simple cases measurement results can he corrected for prohing force 
differences, this is nota trivial problem (Janocha 1990, Mayer 1995). The prohing 

force is not only determined by the stylus carrier located inside the prohing house, 

but also dependent on the measuring speed, the direction of the prohing vector in 

relation to the normal vector of the workpiece surface, and the mode of operation of 

the probe. E.g. the variation of friction between workpiece surface and stylus tip 

( which results in stylus bending) with single point measurements is in general 
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smaller than the variations in friction with scanning, when the probe tip (of the 

analog probe system) is dragged along the workpiece surface, see e.g. Lotze 1993. 

An important feature of probe design, and not directly related to the measuring 

accuracy, is the ability of the probe to allow the stylus to deflect after contact with 

the workpiece. This deflection is required to allow the CMM to come to a stop after 

(or before) taking the maasurement sample, without darnaging the probe, the 

workpiece, or the CMM. For this feature rotational degrees of freedom are more 

attractive than translational ones, because the arm (i.e. the stylus length) to which 

the rotation is applied, determines the overtravel distance : the longer the stylus, 

the bigger the maximum overtravel distance. This in contrary to translational 

degrees of freedom materialized by guideways, which allow the same overtravel at 

the stylus tip position as their own displacement ability. Related to this topic is the 

need for a sufficient damping of the movements of the stylus carrier. When the 

probe tip has contacted the workpiece and a measurement point is taken, the probe 

tip should return to its initia! position when the probe disengages the workpiece, so 

the CMM can be driven to the next position to take another maasurement point. 

The ability to damp this return-movement of the stylus carrier generally 

determines the throughput ofthe probe system: i.e. the competence ofthe probe to 

realize a certain number of maasurement points within a time interval when a 

workpiece is touched in a cyclic pattern. 

The two main prohing principles distinguished in literature are (see e.g. 

Herzog 1979, Pfeifer 1979, Jarman 1990, Butler 1991, Appendix A) : 

• measurement of the displacement of the probe tip after stabilization of the 

workpiece-probe tip contact. Those probes are frequently referred to as analog 

or measuring probes. Here the moment of generating the signal to instruct the 

CMM (the so-called trigger signa!) is not critica!, because the position of the 

probe tip is continuously monitored after a realization of probe tip-workpiece 

contact has been determined. A measurement point is taken when a defined 

contact force has been reached. 

• detection of the distortion of the probe tip position at the moment of contact 

between workpiece and stylus tip. Probes based on this principle are called 

touch-trigger probes. This principle requires a sensitive sensor system in order 

to detect the beginning of a contact between stylus tip and workpiece as fast as 

possible, so a trigger signal can be generated. The trigger signal latehes the 
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readings of the scales of the CMM and a measurement point is taken. The 

measurement force in fact cannot he accurately determined and controlled, 

because it is determined by the contact force which is a rapidly changing force. 

Due to modern developments in prohing techniques this classification cannot he 

handled very strictly anymore. Some touch-trigger probes uses additional sensors 

to measure the error of the relocation of the prohe tip after heing deflected and 

supply information to correct the measurement result for this error (see e.g. 

EP 0 423 307, and EP 0 415 579 Al). However, they still generatea trigger signal 

at or near the instant of surface impact, and therefore are "classified" as touch

trigger probes. 

2.2 Dynamic prohing forces 

Based on literature research and patent descriptions (see also Appendix A) it must 

be concluded that 25 years of development resulted in more and more complex 

prohe systems, but in general all are still based on the same principles of 

(constrained) design. The patent research hriefly discussed in Appendix A indicates 

the existence of numerous claims of manufacturers and researchers on the use and 

application of specific kinematic design (see Appendix C}, sensors and sensing 

principles for prohe design. Zürn 1988 gives a more extensive and detailed 

overview of (patented) probe constructions, although restricted to 1988. 

Both the concepts of touch-triggering and measuring have their advantages and 

disadvantages in all aspects of the measurement task, and yet it is not quite clear 

which concept is preferabie for high-speed prohing to cut down cycle times. This 

preferenee mainly depends on the required measurement strategy to obtain 

geometrical information ahout the workpiece : scanning or single point 

measurements. This choice is fundamentally determined hy the principle of 

prohing of the probe. The touch-trigger concept needs an external dynamic 

stimulus to generate a trigger signal for the CMM to take a measurement. 

Therefore a renewed contact between stylus tip and workpiece is required, which 

can provoke dynamic disturbances in the structural loop of the CMM resulting in 

measurement errors. The measuring probe concept can measure at a much higher 
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frequency when the contact between stylus tip and workpiece once is established. 

Taking measurement points implicates only a synchronization between the 

sampling-rate of the probe and CMM scales. 

Although a vast number of papers is published on specific pro he systems, prohing 

errors, and attempts to reduce them, little is published on the fundamentals of fast 

prohing with respect to (the design of) probe systems. Janocha 1973 has presented 

an elementary model for the description of the prohing force as function of the 

prohing speed based on Hertz's equations (see e.g. Szabo 1960, Johnson 1985). This 

model implicitly presupposes elastic behavior between the stylus tip and 

workpiece. A verification of the model derived was not performed, although the 

model was used to determine certain design parameters. A brief discussion on 

dynamic prohing forces is also given in Nawara 1984, but here also a verification 

fails. Gelles 1981 presented a dynamic description to model the interaction between 

the stylus tip of a measuring probe system (as described in Appendix A) and a 

workpiece. Though developed for a deterministic system like the measuring probe 

with three guideways, it was claimed that the model could easily he converted to a 

system with rotational axes. This model was validated U:p to a measuring speed of 

10 mm/s and found to describe the interaction sufficient. No experiments were 

performed todetermine the behavior of a probe with rotational axes, nor with a 

touch-trigger probe withits more complex dynamic behavior. 

For the design of a probe system, able to measure at higher speeds than common 

probes without loss of accuracy, it is important to know which factors in probe 

design can limit or complicate the speeding up of the meehamcal prohing process. 

A severe limitation of the maximum prohing velocity can he introduced by the 

dynamic prohing force, caused by the impact process between probe tip and 

workpiece. Both the properties of the workpiece itself as well as the dynamic 

behavior of the probe can restriet the maximum speed at which the workpiece can 

he probed. This condition can severely limit the concept of high speed prohing with 

renewed cantacts between probe and workpiece. 

It should be noted that the prohing processitself can he disturbed by the dynamic 

behavior of the probe itself. Faster prohing causes a higher dynamic load of the 
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probe components and requires special attention to he paid to the measurement 

point generation. 

2.2.1 Impact forces 

An elastic collision between a moving stylus tip with mass m and speed v and a 

fixed workpiece can be described in principle by a change in momenturn of the 

moving body : 

t 

fFdt =2mv 
0 

(2.1) 

This equation describes the contact force acting on both bodies, but it is of more 

interest is the level of contact force for which one of the contact partners will be 

deformed plastically. To detertnine this, Equation 2.1 is less useful, because the 

contact time t and the force F as function of the time is not known a priori. Based 

on Hertz's theory and the maximum admissible contact pressure (determined by 

the maximum shear stress), an equation for the maximum load on a plane surface 

applied by a stylus tip at which first initia! yield will occur can he derived (see e.g. 
Johnson 1985). The maximum admissible contact pressure p

0 
is directly related to 

the maximum shear stress which can be expressed as a factor of the tensile yield 

strength Y: 

p
0 

= 16Y (2.2) 

The maximum admissible contact preesure p
0 

between a plane and a sphere can 

also he described as : 

(2.3) 

(2.4) 
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In this equation a represents the radius of the circular contact area between the 

sphere and the plane. The symbol Y represents the tensile yield strength of the 
workpiece (in practical situations comparable to cr0.2 , which can be obtained from 

the stress-strain curve), R the radius ofthe sphere, while v. and E., respectively, 
t L 

repreaent Poisson's ratio and Young's modulus ofthe contact partners 1 and 2, i.e. 

the stylus tip and the workpiece. Combining Equations 2.2, 2.3 and 2.4 results in 
an expression for the load Fy at initia! yield : 

[N] (2.5) 

Although Equation 2.5 gives the force at which initial yield will occur for a given 

contact situation, it is unlikely that with these loads surface defects can already be 

observed which will affect measurements of the workpiece geometry, because 

residual plastic deformations are very small. Most engineering structures have 

three ranges of toading : purely elastic, elastic-plastic and fully plastic. In practice 

the shape and the size of the elastic-plastic boundary is not known a priori, while 

the amount of plastic deformation in the range of elastic-plastic loading is 

increasing. It is arbitrary which level of plastic deformation is still acceptable and 

which must be rejected. This depends on the purpose of the workpiece. However, 

from the point of view of the measurement technique, plastic deformation is 

undesirable. Tabor 1951 has shown that for an 'ideal' plastic body full plastic 

yielding initially occurs (in first approximation) for a wide range of experimental 

load conditions when : 

Pm"" 2.6 ... 3Y (2.6) 

In this criterion the symbol Pm represents the mean contact pressure (the 

maximum contact pressure p
0 

here is given by 1.5 pm). So Pm increases from a 

value of about llY (using Equation 2.2) to a value of about 2.6 ... 3Y as the 

deformation passes from the onset of plastic deformation to a 'fully' plastic state. 

The situation of fully plastic deformation can be well-compared with the situation 

of a hardness measurement withits resulting indentation. Meyer (see Tabor 1951) 
showed that the mean pressure Pm between the surface of the indenter and the 
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indentatlon surface is equal to the ratio between the load and the projected area of 

the indentation. This quantity, as a measure of the hardness, is nowadays referred 

to as the Meyer hardness number (MHN) : 

MHN 
4W 

rrd 2 (2.7) 

In this equation d represents the measured chordal diameter of the indentation, 

and W the load. Consequently, when the indentation diameter d and the hardness 

MHN of a specimen are known, the load W can he calculated. But the condition of 

'full' plasticity must he satisfied. 

Calculations (based on Equation 2.5) show that the maximum admissible forces, 

before initial plastic deformation will occur, are surprisingly low for some of the 

prohing situations. Table 2.1 shows the maximum admissible forces for two 

materials frequently used for precision applications when touched with common 

probe tip diameters. Therefore, surface damage must he expected in some cases 

due to inertia effects of probe parts (resulting in higher forces), arising when the 

probe touches the workpiece at a certain maasurement velocity. 

This condusion can highly frustrate the development of probe systems for high 

speed probing. Not froin the point of view ofthe probe and the required accuracy, 

but from the point of view ofthe workpiece, which shouldn't he damaged. To verify 

the hypothesis that workpieces can he easily damaged by probing, experiments 

have been carried out. 

I 

· stylus~ip [mm] 01.0 01.5 02.0 03.0 04.0 
I Fy (Al) INI 0.03 0.06 0.11 0.24 0.42 
I Fy(St) [NI 0.15 0.35 0.62 1.39 2.46 

Table 2.1 : Maximum admissible forces [N] before initial plastic yield occurs for an 
alnminurn (Y 280 N/ m2 ) and a steel specimen (Y = 885 N/ m2 ) as a function of 

the diameter D ofthe indentor. 
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2.2.2 Prohing force ex:periments 

For the experiments, two different but representative materials have been selected. 

One material used is steel C45, the other material is the refined aluminum alloy 

AIMgSil (see Table 2.2). 

The first probe system used is a very accurate analog (measuring) probe, based on 

the principle of three orthogonally oriented guideways, each built up of 2 parallel 

springs (see Figure A.l). The measurement force after the contact between stylus 

tip and workpiece has been stabilized is set at 0.2 N, although this parameter 

actually is not relevant. The speed of the computer controlled measurement 

operation for the used CMM is 3 mm/s only. 

The second probe system used is a well-known touch-trigger probe (see Figure A.2). 

This touch-trigger probewas used at prohing speeds ranging from 3-60 mm/s. The 

(quasi-statie) prohing force is specified to he 0.07-0.08 N applied at the probe tip 

perpendicular to the stylus, and with a stylus length.of 10 rum. 

Both probe systems were used to sequentially touch steeland aluminum specimens 

with different speeds and ruby stylus diameters (referred to as D), and with 

different stylus orientations in relation to the probe head. This implies that the 

moments of inertia of the probe head involved during prohing are varled and that 

the stiffuess of the stylus involved is changed. 

The styli used were all equipped with an artificial ruby tip with a Young's modulus 
of 430 kN/ mm2 and a hardness number far beyond those of the specimens. All 

E (N/mm2] Y[N/mm2] Ra [f.lll1] Rt [J.Lm] MHN[N/mm2] 

Aluminum 70.000 280 0.04 0.25 1170 

• Steel 210.000 885 0.04 0.12 2815 

Table 2.2 : Material characteristics of the used specimens. The symbol MHN 

represents the Meyer hardness number. Actually the hardness was determined as 

(micro-) Vickers hardness but for these specimens it can he interpreted as a Meyer 

hardness number as well 
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experiments have been carried out with computer controlled CMMs, so any direct 

influence of an operator can he excluded. 

2.2.3 Discussion 

The results presented are based on experiments which were repeated 9 times for 

each maasurement setup, to ensure the repeatability of the results. The direction of 

prohing is denoted in the figures as Y, or Z, and the direction of the load on the 

stylus is referred to as L (lateral), or A (axial). Figure 2.3 shows some 

interferogrammes of the indentations made in the steel and aluminum specimens 

with the analog pro he. Figure 2.4 shows a recording of a surface of one indentation 

made by an Atomie Force Microscope (AFM). Based on the measured chordal 

diameters of the indentations (referred to as d), it must he concluded that the 
ratio d/ D ranges from approximately 0.02 to 0.11 as an upper limit. This implies 

that the validity of Equation 2. 7 may he disputable for the experimental data 

obtained. These ratios may indicate that some indentations are not large enough to 
reach the stage of 'full' plasticity. Consequently, the yield pressure pm does not 

reach the full value of about 2.6 ... 3Y for which Equation 2.7 is valid (as present 

with hardness measurements), but lies between llY and 2.6 ... 3Y. The calculated 

prohing forces are based on Equation 2. 7, but in cases where the stage of 'full' 

plasticity apparently is not reached, the calculated forces have been corrected, as a 
function of the ratio d/ D, with correction factors obtained in static load situations. 

A possible complicating factor in this analysis seems to he the fact that the used 

Meyer equation is based on a static load situation of specimens and not on a 

dynamic one. To verifY whether the static and the dynamic hardness are 

comparable under given circumstances, the specimens used were subjected to 

dynamic hardness measurements as well. The hardness numbers found in this way 

were less than 15% higher than those found with a more conventional metbod 

basedon a static load situation (e.g. Vickers hardness measurement). These results 

are in accordance with results mentioned in literature (see e.g. Tabor 1948, 

Tabor 1951) and are responsible for an under-estimation of the estimated impact 

forces. Under usual experimental conditions, when the speed of impact is not too 

large, the dynamic yield pressure is roughly the same as the static yield pressure. 
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Figure 2.3: Some interferogrammes of prohing experiments on the steel (upper row) 

and aluminum specimens with the measuring probe. One fringe distance represents 

a depth of0.27 ).lm, the diameter D ofthe probe tip is depicted in the figure. 
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Figure 2.4 : AFM-recording of an indentation made in a steel specimen by the 

measuring probe with 01.0 mm stylus tip by an axial load of the stylus (ZA), see 

also Figure 2.3. Notice the nearly unaffected scratches caused by machining. 
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Figure 2.5 and 2.6 show the calculated contact forces for respectively the analog 

probe and the touch-trigger probe. These figures show that the contact forces are 

much higher than the pre-defined measurement forces of the probes. The 

uncertainty (2S-value) of the calculated prohing forces was found to be 

approximately 15% (based on Equation 2. 7). This total uncertainty is based on an 

uncertainty in the measurements of d of about 10%, a deviation in the Meyer 

hardness number determination of 5%, differences between the dynamic and static 

hardness of 15%, and an uncertainty in the determination of the correction factors 

of20%. 

In these figures the contact force is depicted rather than the contact pressure, 

because in metrology always the prohing force is specified and not the (maximum 

allowed) contact pressure. The specimens showed that especially for prohing with 

an axial load of the stylus (which implies a maximal stiffuess of the structural 

loop), and with a small stylus tip diameter, the surface is damaged so severely, 

that indentations could be observed with the naked eye. The indentation depths 

ranges from 0.1-1.1 !ffi1 and 0.5-2.2 !ffi1 for respectively steeland aluminum (analog 

probe, 3 mm/s) to resp. 0.1-1.1 !liD and 0.3-0.5 !ffi1 (touch-trigger probe, 3-60 mm/s, 

ZA), see also Tables B.1- B.4. Sometimes expected indentations could not be 

observed, probably due to a large radius of curvature of the indentation, and 

consequently (for this experiment) very small depths of indentation. The depths of 

the indentations presented, are based on measurements with a surface 
interfarometer with a resolution of 0.27 !liD· For all the figures in this section, it 

holds that when a force is presented, damage of the surface was observed. 

As a matter of fact, the depths of the indentations are included in the final 

maasurement results of the analog probe, because it takes its maasurement point 

after the contact between stylus tip and workpiece has been established. Figure 2.5 

shows that the estimated forces for an axial load of the stylus depends on the 

direction of probing. This significant difference can be explained from the 

mechanica! design of the probe. The Z-guideway is loaded with the X- and Y

guideway, while the Y-guideway is only loaded with the X-guideway. Consequently 

the mass of the Y -guideway can be expected to be between half and one third of the 

mass ofthe Z-guideway ("" 130 gr.). This factor can also be observed in Figure 2.5, 

taking into account the uncertainty ofthe estimations. Because, with increasing tip 

diameter, the depths of the observed indentations decreases, an increase of the 
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Figure 2.5: Estimated prohing forces (uncertainty 15%, 2S-value) caused hy 

prohing with an analog prohe, hased on damage ohservation. Used styli tips are 

1.0, 1.5, 3.0, and 4.0 mm. The lines indicated outside the figure frame depiet the 
initial plastic state (llY) and the full plastic state (2.6Y), related to the stylus tip 

diameter and the contact pressure. 

7 « «> , ; , ,, , ; < <<<<<<< 

PROBING DIRECTION: ZA 

Figure 2.6: Estimated prohing forces caused hy prohing with the touch-trigger 

probe. Used styli tip diameters are 1.0, 2.0, and 4.0 mm. The stylus was axially 

loaded. 
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maximum force was expected, due to the consequently higher decelerations acting 

on the probe. 

But only a slight increase of the maximum prohing force can be observed in 

Figure 2.5. Probably these deviations are mainly due to experimental 

imperfections and deviations in the determination of correction factors for a proper 

use of Equation 2.7. Figure 2.5 also shows that forces are smaller when the stylus 

is loaded laterally. It is evident that this is caused by the lateral stiffuess of the 

stylus, which is much smaller than the axial stiffuess. During the contact process 

and the deceleration of the probe head, a dynamic equilibrium is present between 

stylus deflection, and contact force between workpiece and stylus tip. The 

deflection of the stylus results in a larger time interval in which an acceleration 

acts on the probe head, which fortunately results in smaller contact forces and less 

surface damage. 

Figure 2.6 shows the relation between prohing speed, the calculated prohing force, 

and the diameter of the stylus tip for axial prohing with the touch-trigger probe. As 

expected, the collision force increases with increasing speed and with increasing 

stylus tip diameter. The latter can be explained by the fact that with a bigger 

stylus tip diameter the depth ofthe indentation due to impact will be smaller, and 

consequently the deceleration of the probe head must be higher (and thus the 

prohing force is bigger). The estimated forces at a prohing speed of 3 mm/s are 

considerably smaller than the forces calculated for the analog probe when prohing 

under similar circumstances, so the same force is reached at a much higher prohing 

speed. This effect can be completely explained by the smaller inertia effects of the 

touch-trigger probe, due to the small mass of the detachable part of the kinematic 

coupling, and the mass of the stylus, and the relative small preload force acting on 

the kinematic coupling. Although no indentation damage ofthe specimens could be 

observed for prohing situations with lateral loads of the stylus, scratches were 

found due to an oblique deflection ofthe probe stylus. 

The elastic prohing process between stylus tip and workpiece can be symbolized as 

the collision of two spheres. To a first approximation the influence of the stylus, to 

which the stylus tip is attached, will be neglected. Basedon Newton's Second Law 

and Hertz's equations for elastic compression, an equation can be derived for the 
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maximum force, when one of the spheres is supposed to have an infinite 

radius (Tabor 1951, Szabo 1960, and Johnson 1985): 

r 2V/5 

F _l5mv J 
max 4a 

with: 

r 9 lv3 

a :;::l16E*2Rj 

[N] (2.8) 

(2.9) 

Here v represents the prohing speed, m the mass involved in the prohing process, 

and R the radius of the stylus tip. Suhstituting Equation 2.8 and Equation 2.9 in 

Equation 2.5, results in an expression for the maximum prohing speed before onset 

of plastic yield will occur : 

r Ji3y5l1f2 

vy ~l106 mE*4 J (mis] (2.10) 

Figure 2.7: The maximum allowed calculated prohing speed for the analog probe 

(AP) and the touch-trigger probe (TTP). 
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This equation is used to predict the maximum allowable prohing speed in case of 

the analog probe and the touch-trigger probe used in our experiments, see 

Figure 2. 7. The results of this figure matches the experimental results presented in 

Figure 2.5 and Figure 2.6 fairly good. Remember that the only possihle prohing 

speed at which the analog probe could he used was 3 mm/s, and that only 

specimen-darnaging prohing circumstances are presented by Figure 2.5 and 

Figure 2.6. Equation 2.10 shows that the maximum prohing velocity is mainly 

governed by the factor ~.83/m, because in practical situations the yield strength Y, 

and the reduced Young's modulus E* cannot he chosen freely. With respect to the 

desire to speed up the prohing process, it must he concluded from Equation 2.8 that 

the mass of the probe components involved must he kept as low as possible, and 

that the workpiece must always he probed with the largest possihle probe tip 

diameter. Unfortunately this last wish conilicts the first one. 

Though Equation 2.8 addresses the influence factors on the prohing force, it is not 

an expression that is directly useful for use in probe design. Since the goal of probe 

design is to minimize prohing forces acting on a workpiece, the influence of the 

probe parts and their momentsof inertia involved into the prohing process (with 

respect to the prohing force) must he minimized. This influence can he affected by a 

constrained movement of the collision-involved probe parts during prohing. This 

influence can he quantified by the change in kinatic energy of the system. The 

smaller the change in energy of the probe (parts), the less energy is transferred to 

the workpiece and, consequently, the less energy is availahle for workpiece 

deformation. Supposing that the stylus and stylus carrier behave as a rigid body 

during the prohing process, a comparison between a translating and rotating stylus 

carrier can he made, based on the kinetic energy added to the system during the 

prohing process (see Figure 2.8). The change in kinetic energy oE due to the force F 

acting on a body along a given path s is given by : 

s 

1 ~.·.2 -mux 
2 

[J] (2.11) 

The momentane increase in kinetic energy of the system with the translational 

stylus carrier can he described with : 
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Figure 2.8: Translational or rotational movement ofthe stylus carrier. 
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2 
[J] 

and for the probe head with the rotational stylus carrier with : 

oE= 1 J'fy(J.2 
2 

[J] 
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(2.12) 

(2.13) 

In these equations M represents the masses of the probe parts directly involved 

into the prohing process, and J the inertial moment of these parts about the fixed 

rotation axis. These parameters can be computed when the masses of the different 

probe parts are known : 

(2.14) 

M=m . +m l +m. carner sty us up 
[kg] (2.15) 

The factor /...2 represents a geometry factor of the stylus carrier and is, in general, 

much smaller than unity. For small angles of V, the angular velocity in 
Equation 2.13 can be written as -& = xjl. When the geometrical dimensions of the 

probe parts (similar for the two different probe head types) and the density of these 

parts are used to determine the parametersMand J, it must be concluded that the 

ratio MIJ>> 1. However, in practice this ratio will increase, since the mass of a 
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rotational stylus carrier, in genera!, can he lower than the mass of a translational 

stylus carrier. This analysis results in the condusion that the change of kinetic 

energy per unit of time during prohing of the probe head with the rotational stylus 

is much smaller than for the head with the translational stylus carrier. Thus the 

prohing force is evidently smaller. 

This evaluation shows that with respect to the prohing force acting on the 

workpiece, it is more attractive to use a probe with a rotational stylus carrier 

rather than a head with a translational. one. Especially when speed is important 

and the rotational capability ofthe probe (during probing) is used. 

2.3 Prohing dynamics 

Prohing a workpiece with a certain speed can he considered as a change of 

momenturn of the stylus and stylus tip, see Section 2.2. As will he shown in next 

section the duration ofthe contact time is very short, which implies the occurrence 

of surprisingly high forces are developed during probing, as shown in previous 

section. For a proper operation of a touch-trigger probe it must in principle he 

ensured that the trigger is recorded before contact between stylus tip and 

workpiece is lost, since only contact between probe and workpiece guarantees 
correct position information. For (fast) analog probes, it is important that the 

contact is established before the maasurement point is determined. As an 

extension of the derivation of Equation 2.8, an equation can he derived for the 
elastic collision time te between a sphere and a surface (see e.g. Tabor 1951, 

Szabo 1960, andJohnson 1985): 

r ,.;. v;s 
2.86l~J vE R 

[s] (2.16) 

Again the determination of the mass m is a complicating factor in case of a 

colliding stylus tip with an attached stylus, because in some cases the mass 

involved in the collision process is difficult to determine. For higher prohing speeds 

it may he expected that multiple-bouncing will occur, which deteriorates prohing 

circumstances for touch-trigger probes as well as for analog probe systems. 



Probe operation analysis 33 

The bouncing behavior of the analog probe described in Appendix A already has 

been given in e.g. Gelles 1981, and can he considered to he more deterministic than 

the touch~trigger probe equipped with a kinematic coupling (see Appendix C). In 

the next section, the most important factors affecting the bouncing behavior of the 
touch~trigger probe are investigated. 

2.3.1 Stylus tip-bouncing experiments 

To determine the factors which affect the dynamic behavior of the components 

involved in the prohing process, the stylus length (30, 50, and 70 mm), the stylus 

tip diameter (3 and 4 mm), the prohing speed (3, 10, 20 ... 70 mm/s) and the preload 

at the kinematic coupling have been varied during the prohing experiments. The 
damping of the probe system was not varied, but it is expected that for the involved 

high stiffuess of the probe suspension of the touch~trigger probe this parameter 

may be neglected. For these experiments the collisions can be considered to he 

elastic. To determine whether a contact situation exists between workpiece (i.e. 

endgauge) and stylus tip (steel), both have been wired in series and are connected 

to a constant voltage source. A breakage or establishing of the contact can be 

determined by a sudden change in voltage over a resistor. Also the signal of the 

probe trigger circuit has been measured, so the moment of triggering can be 

compared with the voltage change. 

2.3.2 Discussion 

Figure 2.9 shows a partial set of signals, obtained with this setup. The figure 

contains two types of signals, the binary contact signal (a high signal represents 

contact between workpiece and probe tip), and the trigger signal of the probe itself. 
Verification measurements have been performed in order to exclude the dynamic 

behavior or the computer controlled stop of the CMM used, vibrations, and the 
dimensions of the workpiece used on the results of the experiments. Figure 2.10 

shows that the bouncing process and the trigger process are repeatable. Common 
standard deviations of signal~flank positions generally were found to he several 
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TIME[MS] 

Figure 2.9 : Example of a (partial) data set consisting 5 pairs of contact and 

trigger signals of the touch trigger probe with a 30 mm stylus and 4 mm tip 

diameter. 

microseconds. Note that the total bouncing periods for the analog probe were 

typically a few tenths of a second. During this period obviously no measurement 

point(s) can he taken (see also Figure 2.11). This figure shows the contact periods of 

the stylus tip (when the contact signal equals zero) and separately the oscillations 

of the stylus carrier in terros of displacements (f.Ull), to which the maasurement 

equipment was attached. Discrepancies between movements of the stylus tip and 

the stylus carrier are mainly due to the flexibility of the used stylus. A 

measurement point can he taken when the oscillations of the stylus carrier are 

damped out. 

A remarkable phenomenon is that bouncing of the stylus tip already occurs at a 

considerable low prohing speed of 3 mm/s, regardless of the stylus length used. For 

practical prohing situations this implies that this bouncing effect in general is 

always present. Equation 2.16 also suggests that the contact time of an (ideal) 

elastic collision is limited (which is confirmed by e.g. the results presented in 

Figure 2.9), although in practical situations always a prohing speed can he found at 

which no bouncing will occur (see Gelles 1981). 
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Figure 2.10: A demonstration of the repeatability of the bouncing process for 2 

different measurements setups. The stylus tip diameter is 4 mm. 

TIME[S] 

Figure 2.11: Vibration of the analog probe head when prohing at 3 mm/s with a 

laterallaad ofthe stylu.s. 
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From the contact signal, especially the first few periods have been studied, because 

at high speed prohing here the trigger will he generated (see e.g. Figure 2.9), while 

the stylus tip is expected to have a stabilized contact with the workpiece. It is 

found that the bouncing effect initially did not disturb the position ofthe kinematic 

coupling, while the contact periods of the first two pulses were independent of the 

coupling and the stylus length, characterized by stiffness k and mass m. Therefore 

it may he concluded that the bouncing effect initially is not affected by the preload, 

the coupling itself and the stylus geometry. The first contact period is well 

described by Equation 2.16, although at the lowest prohing speed (3 mm/s) an 

(inertia) effect of the stylus must he taken into account. Substituting these contact 

times into Equation 2.1 also confirms the occurrence ofhigh forces during the onset 

of contact between stylus tip and workpiece. At higher prohing speeds the styli 

used seem to have a minor influence on the first two contact periods. The elapsed 

time between the two pulses seems to he governed only by the radius R of the 

stylus tip. Remarkably the initial 'pulse-train' due to contact is not significantly 

affected by an increase of preload on the kinematic coupling, which was verified by 

experiments. 

Based on the performed experiments no direct relation could he found between the 

(lowest) eigenfrequency of the styli used (""' 1...3.5 kHz) and the contact periods. 

Probably the results are also affected by the flexural waves of the endgauge caused 

by the impact ofthe stylus tip. 

For the development of a fast analog probe system, the elapsed time to a stabilized 

contact is important, because only after a stabilized contact measurement points 

may he taken. The total bouncing period is determined by a few parameters. The 

most apparent one is the influence of the prohing speed. An increase of the prohing 

speed results in a higher kinetic energy of the probe tip to be dissipated, and, 

therefore, results in a longer bouncing period. Also a bigger stylus tip contributes 

to the extension of this period. An increase of preload on the kinematic coupling 

and an increase of the ratio kIm decreases the duration of the bouncing period. 

Both effects probably cause a higher elastic deformation (after the initia! contact 

pulses) at the contact interface, which results in a higher dissipation of kinetic 

energy. Regrettably this also affects the static prohing force, while the trigger delay 

time is increased as well, but mainly at low prohing speeds. 
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Notice that most of these conclusions are valid for any probe type, irrespective of 

its design of the stylus suspension and prohing principle. 

2.4 Conclusions 

The theoretica! and experimental results presented in the previous sections are 

important for the development of a probe system able to measure at high speeds. 

High speed prohing does not only seriously affect the prohing forces (especially for 

touch-trigger probes), but also causes a deterioration ofthe prohing circumstances. 

The contact time between stylus tip and workpiece decreases when prohing speed 

is increased, while the stabilization time before a stabie contact between stylus tip 

and workpiece occurs increases rapidly. The higher the prohing speed, the longer 

the time interval in which bouncing of the stylus tip occurs. During this bouncing 

process the stylus tip position in principle cannot be determined unambiguously at 

any time, and therefore the relation between stylus tip position and measurement 

point position is lost. 

The dynamic effects, occurring due to high speed prohing can be minimized when 

special precantions are taken. The degrees of freedom of the stylus carrier should 

be preferably of a rotational form, rather than translational. This will result in 

prohing forces which are as small as possible. Furthermore, the masses of the 

probe parts involved in the prohing process (i.e. the stylus carrier, the stylus and 

the possible measurement system) must be kept as low as possible, to minimize 

mass-forces. 

The experiments described in Section 2.3 made it clear that bouncing of the stylus 

tip can cause serious probieros with respect to fast probing. Therefore it is 

recommended that the probe head parts, concerning the stylus carrier suspension, 

have a high internal dampingor provide damping to the components involved. 

For analog probes this implies that the time interval in which bouncing occurs will 

be minimized and thus the time delay before measurement point(s) can he taken is 

reduced. This gives the possibility to measure more easy 'on the fly' at high speeds, 
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before exceeding the range of the measurement system, because the measurement 

task can he started earlier after stylus tip-workpiece contact. 

In the probe actually developed, and described in next chapters, attention is paid to 

these aspects to prevent high prohing forces and bouncing. 
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3 

A new probe design 

This chapter describes a new measurement system for use on a probe system, 

potentially capable of performing maasurement tasks at high speeds. The probe 

system is based on the application of three single triangulation measurements, so 

the position and orientation of the stylus carrier can be measured contactless. 

Assuming that the stylus behaves as a rigid body when dynamic effects due to 

impact have been damped out sufficiently, the position of the stylus tip can be 

calculated, based on the known location (i.e. the position and orientation) of the 

stylus carrier. The developed maasurement system allowed a considerable 

reduction ofthe mass ofthe stylus carrier, so possible damage ofthe workpiece due 

totheimpact can be expected to be minimized. Furthermore, a new evaluation 

criterion to test the integrity of potential measurement points will be discussed. 

3.1 Introduetion 

In Chapter 2 it has been proved that workpiece damage can easily occur due to 

probe part masses and inertia moments involved in the prohing process. With 

respect to this problem, it is preferabie to develop a light weight stylus carrier 

combined with a measurement system capable of monitoring continuously the 

location of the stylus carrier. Preferably this carrier should perform rotational 

movements, rather than translational ones. This gives the opportunity to use the 
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probe for high speed single point measurements and for scanning purposes without 

high prohing forces. 

When a maasurement system is used to measure the position and orientation of 

the stylus carrier, certain conditions must be met to determine unambiguously the 

tip position of the probe. Degrees of freedom which cannot be measured, must be 

constrained. This simplifies the maasurement task considerably, but in most cases 

the masses and relevant moments of inertia of the probe parts involved in the 

prohing process increases. Unfortunately, each extra degree offreedom constrained 

· limits the functionality of the probe system. 

Basically, the salution of constrained design as a metbod to change the position 

and orientation of an object in a controlled matter is relatively simple. In practice, 

however, many things can (and do) go wrong, because of imperfections of single 

movements. Although an elegant methad for precision applications, frequently 

constrained design can also be a cumhersome and/or space consuming methad to 

achleve certain goals with respect to the functionality of a device. Especially the 

requirement to determine a displacement or rotation of a moving link can 

complicate designs considerably, since some kind of maasurement system must be 

attached to a joint or to a link. For probe systems this is even more complicated, 

because the moving link (the stylus carrier) requires a certain overtravel distance 

in any direction after engagement of the workpiece. So a maasurement system in 

the probe head must allow for this kind of movement. As already discussed in the 

farmer chapter it is preferabie to keep the mass of the stylus carrier for a high 

speed probe as low as possible, so the attachment of a (mechanical) maasurement 

system should be omitted, if possible. 

The location of a single rigid body (i.e. its six degrees of freedom) is completely 

described by its position and orientation. The position of the body can be 

represented by the coordinates of an arbitrary point on the rigid body. These 

coordinates relate the position of the body to a global coordinate frame. The 

orientation of the rigid body is known when the orientation of a local coordinate 

frame attached to the rigid body is known in relation to the global coordinate 

frame. Normally, the change in location of the body is described in terms of a 

displacement and a rotation. When a Cartesian coordinate frame is assumed as 

reference, the location of a body is frequently represented by three displacement 
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and three rotation components. To obtain the location of the rigid body it is not 

necessary to measure these parameters directly, but they can e.g. he derived from 

object-images made by cameras (photogrammetry, see e.g. Tsai 1987, and 

Antonsson 1989), orbasedon direct reflection oflight beams (trianglilation, see e.g. 

Cielo 1988). 

Triangulation is an important technique to measure a change in distance or an 

angle deviation with aid of a detector, a light source, and a reflecting surface. A 

collimated or focused light beam is emitted to a surface, while the detector is 

monitoring the image point of the reflected beam. When the reflecting body only 

has just one degree of freedom, the displacement of the spot with respect to the 

reference spot position on the detector indicates the change in location ofthe body. 

In the following sections of this chapter, a new method will he proposed to measure 

the position and orientation of a rigid object in space without contact, based on a 

multiple application of the triangulation principle, i.e. six independent parameters 

(translation components) are measured which are unambiguously related to the 

movements of the object by means of the reflection oflight beams. An advantage of 

the principle developed is that the body to he measured can in principle move 

unconstrained in any direction within the measurement range of the maasurement 

system. This implies that no construction is required to constrain degrees of 

freedom of the stylus carrier, in contrast to most camman probe systems. The 

mathematica! backgrounds of the principle developed will he explained. 

lnextricable bound up with the use of such a maasurement system is its 

calibration, so a theoretica! treatment of this issue is presented in this chapter as 

well. Furthermore, a criterion is presented to test the integrity of the maasurement 

signals with respect to "true" and "false" maasurement points. This is essential, 

since no indications are available to the probe system to distinct a correct 

measurement from an ordinary distortion. 
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3.2 The measurement system 

3.2.1 System setup 

Basically the developed measuring system requires three sets of components, each 

set comprises a light source, a mirror, and a detector. The light sourees and the 

detectors are mounted on a rigid frame, and the three mirrors are mounted on a 

rigid free body in space. This free body can rota te about any arbitrary axis in space 

and is able to translate in any direction (see Figure 3.1). The position and 

orientation of the emitted beam of each light souree is known, as well as the 

position and orientation of each detector. The positions and orientations are 

measured in an orthogonal coordinate system (the system coordinates). The 

position and orientation of the mirrors are known in local coordinates, 

corresponding to the free body (the free body coordinates). Because a free rigid body 

inspace has six degrees offreedom, its position and orientation can be determined 

when six independent parameters are measured. Normally, these parameters are 

light souree 

mirror 

Figure 3.1 . A random configuration of 3 light sources, 3 mirrors and 3 detectors. 

The normal veetors ofthe mirror planes must be linear independent. 
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represented by three independent translation components and three independent 

rotation components. But, in fact, these six independent parameters descrihing the 

position and orientation of the rigid body can also be determined when six 

independent translations are measured. However, this requires a method to 
extract the location of the rigid body from the measured translations. 

Measuring six independent translations, based on the movement of the rigid body, 

requires a special setup of the components. The most important condition is that 

the orientation veetors of the mirrors must be linearly independent. Furthermore, 

each of the mirrors should reflect only one light beam onto a detector. The 

orientation of the detectors must be chosen in such a manner, that the 

displacement of the incident light beams can be measured in two independent 

directions in relative coordinates. Implicitly it is put here that the mirrors are 

mounted on the moving body. However, the alternative setup with the light sourees 

and detectors on the moving rigid body is completely similar. In Chapter 4, the 

chosen configuration for the developed prototype will be discussed. 

When the rigid body to which the mirrors are attached moves, this movement can 
be observed by monitoring the light spots traveling along the detector planes. The 

three spot moveroeuts are recorded as six translations, since each detector 

measures two displacements. To determine the new location (i.e. position and 

orientation) of the rigid body the movement must be described with respect to a 

certain coordinate frame. This movement can be described with a rotation matrix 

and a translation matrix according to : 

(3.1) 

In this equation p1 and p2 are respectively the initial and final position vector of (a 

point) on a body, and R and 'Ï' are respectively the rotation matrix and the 

translation vector applied on the body. The problem is to determine the rotation 

matrix R and the translation vector 'Ï', based on the six measured displacement 

components. 
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3.2.2 Symbols and conventions 

As already mentioned in the previous section, the maasurement system is built up 

of three sets; each set comprises a light source, a mirror and a detector. The 
detectors and the mirrois will he described here as planes and, therefore, can be 

characterized with an orientation vector or normal vector and a position vector. 

The light sourees can he characterized with a position vector and an orientation 

vector which describe respectively the position and direction of the emitted light 
beam. Each set is given an index i (i = 1, 2, 3), so we have three sets i of position 
and orientation veetors {PLSi, OÊBi, PMRi, OMRRi, PÏ>'Ç, OÏ>'Ç}. These 

abbreviations and their descriptions are depicted in Table 3.1, while the component 

setup of one set is presented in Figure 3.2. 

The veetors OMRRi, i = 1, 2, 3 repreaent the initia! orientation veetors of the 

mirrors when the system coordinates and the free body coordinates coincide; the 

only situation in which this can occur is when the system is at rest. When the free 

abbreviations description type 

PLS Position of the Light Souree fixed 

OÊB Orientation ofthe Emitted Beam fixed 

PiVIR Position of MirroR variabie 

ioMRR Orientation of the MirroR at Rest fiXed 

P:ÖT Position of DeTector fixed 

O:ÖT Orientation of the DeTector fixed 

IÊBM loterseetion point of the Emitted variabie 

Beam and Mirror 

i ORB Orientation ofthe Reflected Beam variabie 
: 
IRBD loterseetion point reflected Beam variabie 

and Detector i 

NPCR Normal of the Plane to Calculate variabie 

the Rotation 

IPS Intersection Point of component fixed 

Set 

Table 3.1: Definition ofthe system vectors. The indices i= 1, 2, 3 are omitted. 
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PDT 

PLS 

light 
souree 

OEB 
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Figure 3.2 : Component setup of one set of the measurement system. The local 

coordinate frame relates the components to the frame of the CMM (not shown). 

body moves, the orientation veetors of the mirrors in relation to the system 

coordinates will change, of course. The change in orientation is described by the 
matrix Rand the rotated orientation veetors will he depicted as R( OMRR.). z 

To simplify expressions, all the orientation veetors are treated as unit vectors, thus 

with length one. Either for the system coordinate frame, as well as the free body 

coordinate frame, a right-handed Cartesian coordinate frame with the 
corresponding unit axes ~· ë2, and ë3 will he used. The corresponding coordinates 

are respectively given by X, Y, and Z. In its initial position, the system coordinate 

frame and the local coordinate frame coincide. 

Two expressions will he used frequently in next sections. The expression a x b 
symbolizes the cross product between the veetors a and b, while the expression 

a. b represents their inner product. 
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3.3 Determination of the body location 

To determine the position and orientation of the free moving rigid body, a rotation 

matrix R and a translation vector T must be determined, based on the translation 

components measured by the three detector planes. Based on this rotation matrix 

and the translation vector, the new position and orientation of the free rigid body 

can be reconstructed in relation to its initial position, according to Equation 3.1. 

The method described here is based on the calculation of the rotation matrix before 

the translation vector can he calculated. 

3.3.1 The rotation matrix 

The rotation matrix R yields an orthogonal linear transformation, so the column 

veetors are unit veetors and are orthogonal. The orthogonality properties of the 

rotation matrix result in 6 equations, while the rotation matrix R contains 9 

unknown components. So 3 other independent equations have to be composed to 

solve the rotation matrix. The three additional equations can be derived from 

relational information between the emitted and reflected beam and the location of 
the beam spot on the detector. The fixed orientation veetors OËBi , the fixed 

position veetors PLSi, and the measured detector points IRBDi form together the 

planes PCRi which are invariant to translations of the mirrors, see Figure 3.3. 

Translating the free body in any direction causes a sliding of the points IRBD. 
~ 

along lines on the detectors. The translation of the free body does not change the 
orientation of the veetors R(OMRRi ), which are always part of the planes 

described here and are, consequently, perpendicular to the normal veetors NPCRi 

of those planes. Also the veetors OËBi are always perpendicular to the normal 

veetors NPCRi, while the position veetors PLsi are always included in the 

description ofthe planes PCRï The equations ofthe three planesPCRi (i= 1, 2, 3) 

together with the earlier mentioned equations based on the orthogonality

properties of the rotation matrix R are sufficient to solve the coefficients of the 

rotation matrix. 
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The normal veetors of the planes PCRi are easily to compute when the cross 

product ofthe rotated veetors OMRRi and the veetors OÊBi are determined: 

NPCR. =R(OMRR.)xOËB. 
l l l 

i= 1, 2, 3 (3.2) 

It is quite clear that the normal veetors NPCRi depend only on the rotation 

matrix R. The linear equations descrihing the planes PCRi can now be written 

with the aid of NPCRi : 

NPCR · (IRBD. - PLS.) = 0 
l l l 

i:;;:: 1, 2, 3 (3.3) 

Substituting Equation 3.2 into Equation 3.3 results in 3 equations in which the 

rotation matrix R participates. Unfortunately, these 3 equations are non-linear in 

the coefficients of the rotation matrix R. Equation 3.3 describes the orientation of 
the mirrors in relation to the unit axis ~' ë2, and ë3 of the system coordinate 

frame. To solve Equation 3.3, the veetors descrihing the intersection point of the 

NPCR 

PDT 

PLS 

A\ -
C'...p \ OEB 

~1 
------- light souree 

Figure 3.3: The translation invariant plane PCR, used todetermine the rotation 

matrix R. 
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reflected beams and detectors i (defined as IRBDi, and which eau he measured by 

the detectors) must he substituted, so the coefficients of matrix R are left as 

unknowns. These matrix veetors are subject to the conditions of unity and 

orthogonality which result in six more equations. A rather straightforward method 

to solve this set of nine equations numerically is the so-called Newton-Raphson 

method, which iterates quite fast to its salution with the aid ofthe Jacobian matrix 

derived from these equations. The salution contains the nine coefficients of the 

matrixR. 

3.3.2 The translation vector 

The determination of the translation vector 'Ï' is based on the description of the 

emitted and thè reflected beams of the three sets. It must he noted here that the 

translation vector 'Ï' of the rigid body is a linear combination of the measured 
displacements at the detectors. Since the orientation veetors R(OMRR.) of the 

L 

mirrors are known (the rotation matrix R is known now), also the orientation 
veetors ORB. of the reflected heams eau he determined. Based on the positions of 

L 

these reflection points, the translation vector eau he calculated. The emitted and 

the reflected light beams each are written as intersections of two well-chosen 

planes (see also Tahle 3.2), since this simplifies expressions considerahly. Both 
planes contain the ( translation invariant) plane PCRi. 

abbreviations description type 

PCR Piane to Caicuiate the Rotation fixed 

NPCR N ormai of the Piane to Calcuiate variabie 

the Rotation 

PCRB Piane to Caicuiate the Reflected variabie 

Beam 

PCEB Piane to Caicuiate the Emitted flxed 

Beam 

Tahle 3.2 : Definition of system planes. The indices i = 1, 2, 3 are omitted. 
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These planes PCRi can he rewritten as : 

(OER x ORB.)· (x- PLS.) = 0 
t ~ t 

1, 2, 3 (3.4) 

The vector x represents an arbitrary vector of the defined plane of set i. Note that 

each of these (translation invariant) planes contain the emitted beam and the 
reflected beam as well. The orientation veetors ORB. of the reflected beams 

t 

contain the rotatien matrix R and can he rewritten as : 

(3.5) 

The normal veetors of the planes PCRi are called NPCRi (= OEBi x ORB), see 

Figure 3.4. 

Now a second plane must he composed which intersects the plane PCR. to obtain 
l 

the equation of the emitted beam of set i. This plane is called PCER and can he 
l 

described with the equation : 

(OER x NPCR.) ·(x- PLS.) = o 
l l l 

i= 1, 2, 3 (3.6) 

The third plane, neerled to construct the reflected beam, is called PCRBi and can 

he represented as : 

1, 2, 3 (3.7) 

Intersecting the three planes PCRi, PCEBiand PCRBi (Equations 3.4, 3.5, 3.6 

and 3.7) results in the reflection points IEBMi of the emitted beams on the 

mirrors, see Figure 3.4. When the points IEBMi are known the equations which 

descri he the position and orientation of the mirror planes can he composed : 

i= 1, 2, 3 (3.8) 
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R(OMRR) ,---_-, 
ORB I NPCR I 

PMR I 

PDT 

Figure 3.4: Definition ofthe planes to calculate the translation vector T. 

The position vector PMRi of mirror i must satisfy Equation 3.8 of the rotated and 

translated mirror i, for i= 1, 2, and 3. The equations to calculate the translation 

vector T can be represented as : 

i= 1, 2, 3 (3.9) 

In these equations are known the rotation matrix R, the veetors R(OMRR), 

PMRi, and IËBMi. These three equations are linear in the three translation 

components of T and are, therefore, easy to solve. 

Note that the veetors IRBDi are initially measured in an orthogonal local 

coordinate frame with unit axes ~i and ~i (2 dimensions) of the detectors (see 

also Figure 3.3), while for the determination of the rotation matrix and the 

translation vector these veetors must be known in relation to the global coordinate 
frame (3 dimensions). In order to relate the veetors IRBDi to the global coordinate 

frame (\, ë2, and nine veetors in relation to this frame must be known : the 

detector position veetors P:ÖT, the detector orientation veetors O:ÖT and one of 
l L 

the two local axes of the detectors themselves, say x1i. The second axis x2i of the 



A new probe design 51 

detector can he obtained from the following equation, supposing that x2i is chosen 

to he perpendicular to xli : 

x
2

. = o:öT. x x
1

. 
~ l l 

1, 2, 3 (3.10) 

The global veetors lRBDi can he determined by using: 

IRBDi = P:Ö'\ + (IRBDi,measured. ~i)* xli + (IRBDi,measured. ~i)* x2i (S.ll) 

These veetors IRBDi are used as input to solve the equations given by 

Equation 3.3. 

3.4 System eaUbration 

In the previous sections it has been shown how a position and orientation of a free 

rigid body in space can he determined. In order to determine this information, first 

the system constants must he determined, i.e. the position and orientation veetors 

ofthe light sources, the detectors, and the mirrors. These system constants must he 

known first in relation to the system coordinate frame ~. ~' and ë3, before 

information can he obtained about the position and orientation of the free body in 

space in relation to this system coordinate frame. The determination of these 

system constants is frequently called calibration, and will he described in following 

sections. Because the position and orientation of the stylus carrier are measured 

and not the stylus tip position, also the stylus length must he determined. In next 

sections, methods will he presented to determine these systems constants 

separately from each other. 

3.4.1 The mirror 

The mirror orientation vector 

The calibration method to determine the orientation vector OMRRi of the mirror, 
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is based on the detennination of two independent veetors parallel to the mirror 

plane. The nonnal veetors of the three mirror planes are found together in one 

procedure and without any knowledge about the position and orientation of the 

light sourees and the detectors. The basic principle of the calibration procedure can 

be described as follows. First, the free body with the mirrors is displaced along a 

closed trajectory in a plane about a certain axis r in space, without a change of 

orientation, see Figure 3.5. 

The trajectory must be known in relation to the system coordinate frame. During 

the displacement of the free body along the trajectory, both the tangent of the 
trajectory as well as the light spot positions IRBDi must be monitored. The goal is 

to detennine a specific displacement direction which is part of the trajectory, say 
d1i (i = 1, 2, 3), at which the light spot position on detector i does not change. To 

obtain the second independent vector of the mirror planes, the plane in which the 

trajectory is defined must be rotated, so a second trajectory, independent to the 
prior one, is obtained. The transfonnation matrix Rm, descrihing this rotation, 

must be known. Now the free body is again displaced along the new trajectory, 

while the orientation of the free body must be kept identical to its prior orientation. 

light 
souree 

trajectory 

Figure 3.5 : Displacement of the free body along a closed trajectory about an axis in 

space to determine the mirror orientation vector OMRR. 
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Based on observations of the light spots on the detectors, the second displacement 
veetors d2 i (i = 1, 2, 3) parallel to the mirror planes are obtained. To obtain the 

normal vector OMRR. of the mirror plane i, the second displacement vector d
2

. 
~ ! 

must he subjected to the inverse matrix operation R~ of the transformation 

matrix earlier applied on the trajectory. The normal veetors OMRR. now can he 
~ 

obtained according to : 

1,2,3 (3.12) 

It must he noticed that it is not relevant whether either the free body or the frame 

to which the light sourees and the detectors are attached, is rotated. 

3.4.2 The detector 

The detector orientation vector 

The calibration method presented here is based on the relation between a known 
displacement ~ ofmirror plane i with a known orientation vector OMRRi, and the 

resulting displacement vector \7i of the light spot on the detector plane i, see 

Figure 3.6. The direction of the displacement vector Vi on the detector plane i 

(measured only in local detector coordinates) is compared to a known displacement 
vector l and known orientation vector ORB. of the reflected beam. Known in this 

t ~ 

case means that the veetors are known with respect to the system coordinate 
frame. The displacement vector \ represents the vector component parallel to the 

vector ORB. of the real displacement vector. The relation between the veetors l 
t l 

and vi can he expressed as : 

l -'A. ORB. = V. 
t t t t 

i= 1, 2, 3 (3.13) 

Herein \ represents a scalar. Because only the length of vector Vi is known 

(depicted as 11 vi 11 ), this relation must he converted to: 
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Figure 3.6 : The displacement t of the mirror plane results in a displacement V of 

the light spot on the detector plane. 

i= 1, 2, 3 (3.14) 

Substituting Equation 3.13 in Equation 3.14 results in the following second order 

equation which can be solved : 

i= 1, 2, 3 (3.15) 

The second order Equation 3.15 normally results in two solutions for the unknown 
parameter Î-y Substitution of this parameter\ into Equation 3.13 results, 

consequently, in two vectors. Because no criterion has been found yet to make a 

proper distinction between the correct solution and the incorrect one, the selection 

must be based on the interpretation of the solution veetors obtained and the actual 

component setup in relation to the system coordinate frame. 

For the construction of the orientation vector O:Ö'lj (i = 1, 2, 3) of the detector 

plane i two independent veetors Vki (k = 1, 2) are required. Then the vector O:Ö'lj 

can be obtained with : 
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OÖT. = V.1. xV.2 . 
t t t 

i= 1, 2, 3 (3.16) 

Note that for this calibration method no information is neededabout the positions 

of the light sourees and the mirror planes. 

The detector position vector 

From Equation 3.9, and preceding equations, it can he concluded that the lengtbs 
of the veetors IRBDi IËBMi (the distance between the position of the light spot 

on the detector and the reflection point of the emitted beam on the mirror plane of 

set i) is important for the calculation of the translation T and rotation matrix R of 

the free rigid body. When one mirror plane i is displaced, only perpendicular to its 
normal vector, this shift will not affect the value of the detector point IRBD .. 

t 

Another interesting property of the system is that "lines" consisting a number of 

light spot positions, sequentially created by arbitrary displacements of the mirror 

plane of set i but with different orientations, together form a fan of lines which 

interseet in a certain point. This point will he called the Intersection Point of 
component Set i (IPSi), see also Figure 3.7. 

Based on those two properties of the system, the position of the detector can he 

determined in relation to the mirror position vector. First, the intersection point 
I'PS. of the component set i must he determined. This can he done based on two 

l 

arbitrary displacements \i and ~i, but with different mirror plane orientations. 

This results in two lines I1i and l2 i on each detector plane i (see Figure 3.7), which 

have in common the intersection point IPSi. These position veetors are known in 

relation to the coordinate frames xli' x2i of the detector plane i, because the 

position and orientation of the two lines are only known in those detector 
coordinates. So each of the veetors IPSi is not only a point of the detector plane i, 

but is also located at the line PLSi + J.l.i OËBi, which position and orientation is 

known to the (global) system coordinate frame. 

Once the veetors IPSi are known, the following equation can he defined and solved, 

based on the ratio oflengths : 
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IPS 

Figure 3. 7 : The determination of the detector position vector PÖT in relation to 

the reflection point IËBM on the mirror plane of the emitted beam. 

i= 1, 2, 3 (3.17) 

The lengtbs to be found are the distances between the intersection points IPSi and 

the initial reflection point depicted by \i' see Figure 3.7. The displacement \i \i 
represents the vector component of the original displacement vector parallel to the 
vector OËB.. Now the position vector ofthe detector PÖT. can be expressedas: 

l t 

i= 1, 2, 3 (3.18) 

Note that the veetors OËBi are unit vectors. The veetors P:Ö'Ii in Equation 3.18 do 

not have to he a physical point of the detector plane. In fact the position vector of 
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the detector PDT is known relative to the mirror reflection point t ., because the z l.z 

position of the vector ~i is unknown in relation to the system coordinate frame. 

3.4.3 The light souree 

The light souree orientation vector 

Because the other components of the maasurement system (mirror and detector) 

are referred to the light source, the three light sourees must he referred to each 

other. Therefore, the light sourees are preferably attached to one rigid frame. If the 

orientation vector OËB of one set is determined, the orientation veetors of the 

other two light sourees must he related to the first one. All orientation veetors must 

he measured in relation to the system coordinate frame. These orientation veetors 

can e.g. he determined by an accurate CMM, equipped with some kind of detector 

to track the veetors with respect to the coordinate frame of this CMM. 

The light souree position vector 

Together with the determination of orientation veetors OEBi, the position of those 

vectors, with respect to a global coordinate frame, can he determined. Then the 
veetors PLS. ean he arbitrarily ehosen on eaeh of these orientation veetors OEB .. 

L l 

In order todetermine the position veetors PLSi and the orientation veetors OEBi 

suffi.eiently, these veetors must he measured in relation to an external eoordinate 

frame. It is evident that the aceuraey of this raferenee eoordinate system must he 
adequate enough to guarantee a suffi.eient determination of the veetors PLSi and 

OEBi' 

3.4.4 The stylus 

Before a measurement can he started, the software of the CMM needs to know the 

"effeetive" working diameter of the stylus tip. Commonly, a known referenee 

feature is probed from whieh the "effeetive" tip diameter is derived. With this 

procedure the effect of stylus bending and the elastic indentation due to tip-
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workpiece contact is calibrated in a least-squares sense, so these errors· are 

(partially) compensated. Most coordinate measuring machines are supplied with 

such a calibration sphere. Using a precise sphere, it is possible to derive the 

apparent X, Y, and Z coordinate positions by contacting the probe against the 

sphere in a number of different directions. Because the diameter of the calibration 

sphere is accurately known, the complete set of data point should represents a 

sphere with a diameter which equals the diameter of the calibration sphere plus 

the stylus tip diameter. With a data fitting procedure, a (least-squares) sphere can 

be calculated from the measurement points, and the tip diameter can be obtained 

after subtracting the diameter of the calibration sphere from the diameter of the 

calculated one. 

For all commercially available probe systems, this procedure is rather straight 

forward, because the orientation of the probe stylus remains the same during the 

measurement task, and consequently the stylus ·length, is nat relevant. For the 

newly probe system developed, the stylus length is important because the stylus 

tip position is based on the determination of the translation and rotation of the 

stylus carrier, to which the stylus is rigidly attached. Therefore, the stylus length 

must be determined accurately, which can fortunately be combined with the stylus 

tip calibration. 

The calibration setup for a probe system is presented in Figure 3.8. The (global) 
coordinate frame of the CMM is depicted with the unit axes (\, ë2, and ë3, while 

the (local) coordinate frame of the probe is depicted with the unit axes '\p• ë2,p, 

and ê:J,p· The position ofthe ram ofthe CMM, with respect to the global coordinate 

frame, is represented by vector t. This vector is always known, because it is 

completely described by the X, Y, and Z-coordinates of the CMM. The vector ö 

represents an offset vector between the position of the CMM and the local probe 

coordinate frame. This vector is unknown but invariable (unless this part of the 

ram is thermally affected), and is actually not relevant. The vector s is also 

unknown, but is composed from the known rotation matrix R, the translation 

vector T, and the stylus unit vector Ï, according to: 

(3.19) 
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The parameter À must be determined in order to obtain the effective stylus length. 
The initially unknown stylus tip radius is depicted by rt, while the known radius of 

the calibration sphere with the unknown center m is depicted by re. 

When the eaUbration sphere is measured with the probe, the total set of n data 
points pi (i = 1,2, ... , n) should descri he the geometry of the calibration sphere, or in 

mathematica! terms : 

i= 1, 2, ... , n (3.20) 

Herein the vector Pi is defined as : 

p. 1 .+ o+ s. 
~ ~ ~ 

i= 1, 2, ... , n (3.21) 

In this equation vector ö can be omitted because it is a constant term, not affecting 

the final result. Substituting Equation 3.19 into Equation 3.20 results in a set of n 

ramofCMM 

probe 

calibration 
sphere 

Figure 3.8 : Calibration setup with definition of the probe calibration veetors and 

coordinate frames. 
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non-linear equations with the parameter A-, the stylus tip radius It and the 

vector m as unknowns, which can he solved. 

3.5 Measurement signal evaluation 

The maasurement system, as presented in previous sections, is not appropriate for 

use in a probe system without an accurate evaluation criterion to test the integrity 

of the detector signals for correct maasurement points (stylus tip - workpiece 

contact) or incorrect ones (alien stimuli of the stylus tip). Many environmental 

occurrences can affect the behavior of a probe system and can, therefore, lead to 

misinterpretation of the origin of the rustortion of the probe tip position. Most 

common causes of unwanted stylus tip distortions are a result of CMM 

accelerations, acoustic vibrations, and external vibrations transferred into the 

CMM by its fundaments. In this section an evaluation criterion for the newly 

developed fast probe system to support the determination of proper maasurement 

points is discussed. 

3.5.1 Tasks of an evaluation criterion 

The main task of the hard- and/or software which must process the output signals 

of the detectors observing the probe stylus movements, is to determine which 

stylus movements must he classified as a maasurement point and which must he 

rejected. Unfortunately, probe tip position distortions can occur for many different 

reasons, beside the normal deflections to he expected because of normal 

maasurement operations. These distortions severely complicate the process of 

proper determination of information gathered by the probe head stylus. A 

complicating factor in the prohing process is that the prohing velocity can vary 

within a certain range. This affects the dynamic performance of the probe stylus. 

Another condition which must be met by the evaluation criterion is that it must he 

able to accept maasurement points when the prohing process is not performed as 

ideal as it should be, e.g. when the probe performs a scanning operation it is 
unlikely that the workpiece is approached in a perpendicular way and that no slip 

will occur between workpiece surface and stylus tip. It must he understood, 
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however, that it is the CMM operator who is always responsible for a correct 

executing of the maasurement task (and thus the prohing process) and not the 

evaluation criterion in use, although the criterion should he as tolerant as possible. 

An important task of the evaluation criterion is to determine emergency situations. 

Either unwanted or unexpected occurrences like collisions between workpiece and 

probe head stylus should preferably not result in damage of the probe head, the 

CMM, or the workpiece. Dateetion of this kind of situations should occur as fast as 

possible after the incident took place, because the overtravel capability of most 
stylus carriers in the probe head is limited. 

3.5.2 A new probe-signal evaluation criterion 

The developed evaluation criteria are until now all based on the evaluation of 

predictabie output signals of the dateetion mechanisms used in probe heads. Most 

are typical appropriate for touch-trigger probes, only one is developed for use on 

analog probe systems. Unfortunately, these criteria are not sufficient for the probe 

maasurement system actually developed. 

Each of the six individual signals (each detector emits two signals) does not 

necessarily correspond with a movement of the stylus carrier from which the 
signals are deri:ved. E.g. when one of the mirrors displaces in a direction parallel to 

its orientation, the two signals generated by the reflection of the light beam by this 

mirror do not show any variation. As shown in Beetion 3.2, only after processing 

the six signals together information can be obtained about the position of the probe 

tip. 

For a proper oparation of the probe, the availability of the detector signals must he 
guaranteed under all conditions. This implies that, during acceleration and 
deceleration of the CMM and during travel operations, the change in location of the 

mirrors must be restricted in such a manner that the light beams remain on the 
detectors. This condition can he met by a proper design of the stylus carrier 

suspension, and will he discussed in next chapter. When the probe tip engages the 
surface of the workpiece, its velocity will abruptly change from CMM-traveling 

speed down to a value very close to zero within a few milliseconds. This 
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information can be used to formulate a velocity-criterion to distinct a correct 
measurement point from an incorrect one. Based on this criterion a true 

measurement point is obtained when the next equation is satisfied : 

(3.22) 

The velocity v tip' as depicted in Equation 3.22, must be determined with respect to 

the local coordinate frame of the probe system, so v tip represents the velocity 

deviations with respect to the velocity of the ram of the CMM. Because the stylus 

carrier can be subjected to small oscillations due to CMM accelerations or 
decelerations, this criterion must be found true for a certain number of data points. 

Otherwise oscillations of the probe tip during CMM traveling can cause a 

momentarily fuifiBment of the criterion and deelare a data point to be a true 

measurement point, while in fact it was not a correct one. The correct number of 

evaluations which must be found true to minimize the probability that a set of data 
points is found to be correct measurement points while they aren't, can only be 

determined in an experimental setup. It is likely that this will depend on the 

traveling speed of the CMM. 

The velocity criterion has the advantage that the prohing direction information is 
made available immediately, which should (nearly) coincide with the direction of 

the movement of the CMM. This gives the opportunity to test the "correctness" of 
the engagement between the stylus tip and the workpiece, i.e. the slip of the stylus 

tip along the workpiece surface in another direction than the direction of traveling 
(e.g. scanning) ofthe CMM can easily be detected and, ifrequired, data pointscan 
be rejected. 

A problem with the suggested criterion can arise when the CMM traveling speed is 
close to zero, which may complicate the evaluation of the proposed criterion. 
Mathematica! instahilities can occur when evaluating the (velocity) criterion with 
respect to the uncertainty included herein, if differences in v tip and v CMM are 

smalL This effect can be improved by normalizing the veloeities of the CMM and 

the probe tip to the velocity ofthe CMM: 
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1\ vCMM *- Ö (3.23) 

Another criterion, to evaluate the validity of taken data points, can hebasedon the 

detector signals themselves. During traveling ofthe CMM it must he expected that 

the signals will oscillate with a relative small amplitude and period. When the 

probe tip engages a workpiece surface, at least some of the signals will show a 

sudden change in value. After engaging the workpiece surface, the change in signal 

value will last for a certain time, because the CMM first has to come to a stop. It 

may he assumed that this change is proportional to the change in position of the 
probe tip, since the stylus carrier suspension will preferably perform a main 

rotation or a main translation, rather than a combination of both (see also 

Chapter 4). Therefore, the change in signal value shall he proportional to the 

CMMs' velocity which is known a priori, and thus this information can he used to 

determine correct measurement points. 

One important criterion, the fail-safe fimction of the probe system, can he 

integrated into the hardware of the probe system. In reality, the size of the 

detectors is limited in its geometrical measurement range, which automatically 

results in a limited 3D-space in which the movements of the probe stylus can he 

measured. So, when the stylus carrier is going to move outside this 3D-space, a 

procedure should he started to bring the CMM to a stop. It must he understood 

that the usefulness of this criterion highly depends on the capability of the stylus 

tip suspension to keep the stylus carrier within the measurement range of the 

probe heads' measurement system during accelerations of the machine. 

The criterion described in this section must he considered as an important tooi to 
determine correct measurement points. Functionality of this criterion highly 

depends on the frequency with which the information provided by the probe system 

can he processed. Furthermore, it depends on the amount of noise superposed on 
the signals provided by the probe system. Consequently, the efficiency of the 

criterion can only he verified by experiments. 
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4 

Realization 

In this chapter the realization of the probe head is discussed, based on the 

measurement principle described in Chapter 3. The chosen configuration of the 

measurement components of the system is argued, while the specifications of the 

light sources, mirrors and detectors are derived from the measurement accuracy 

required at the stylus tip. Furthermore, the frame to which the components are 

attached is discussed with regard to its meehamcal and thermal behavior. The 

functionality ofthe developed probe head suspension with respect to its application 

for probe heads is discussed and compared with the conclusions drawn in 

Chapter 2. Finally an error budget will he presented to determine the accuracy and 

repeatability of the developed probe head. 

4.1 Measurement system configuration 

The most important design condition to he met for the construction of the 

measurement system is that the orientation of the normal veetors of the detectors 

must be chosen in such a way that they are linearly independent with respect to 

each other. Implicitly it has been put in Chapter 3 that only three detectors are 

used, which are able to measure each two independent translations, the so-called 

2D-detectors. Instead of using three 2D-detectors, also six lD-detectors can he 

used. This is mathematically equivalent to the use of three 2D-detectors because 

still six independent distauces can he measured, but some aspects of this version 
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are more complicated or undesired. Therefore, the use of six lD-detectors is not 
considered. 

In Chapter 2 it is shown that damage to the workpiece due to prohing can be 

prevented (or at least minimized) by minimizing the masses of the stylus carrier 

and stylus involved into the collision. Therefore it is preferabie to attach the 

mirrors to the free rigid body of the measurement system, i.e. the stylus carrier. 

They do not need e.g. power supply cables (which can put a force on the moving 

body) or a complex fixation and the masses ofthe mirrors can be kept very low. 

In order to obtain a well-balanced maasurement resolution (at the stylus tip) ofthe 

whole system, it is preferabie to locate the three detectors and three light sourees 

symmetrically with respect to the orientation of the mirrors. The individual 

configurations of the three sets (light source, mirror and detector) must be chosen 

identical, so the angle of incidence of the light beams is the same for all mirrors 

and detectors when the stylus carrier is at rest. Symmetry of the component 

locations is not only necessary for a well balanced spatial measurement resolution 

and capability, it is also preferabie with respect to the thermo-mechanical behavior 

of the system. Thermal influences are nearly inevitable, even in well-conditioned 

maasurement laboratories, and then a (constrained) symmetrical change in 

component location is more desired than a non-symmetrical one. 

For a proper location of the components also other factors must be considered. 

Because in the real world detectors are limited in size and maasurement 

resolution, the distance between the mirror and the detector is the governing factor 

light souree 

detector 

mirror 

Figure 4.1 : Relation between rotation of the mirror about a fixed axis and the 

displacement ofthe beam spot on the detector. 
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with respect to the system measurement range and resolution (see Figure 4.1). The 

distance s can be expressed as : 

s l tan(2<p) (4.1) 

in which l represents the distance between the mirror and the detector, and <p the 

rota ti on of the mirror. For the actually developed probe the situation is somewhat 

different, because none of the mirrors has a fixed rotation axis. But still the 

relation between the length l and s as clearly expressed by Equation 4.1, though 

the exact relation is of a non-linear form, due to the absence of a fixed rota ti on axis. 

For a well-balanced choice of the parameter l (the distance between mirror and 

detector) the next considerations mustbetaken into account: 

1. An increase of length l increases the sensitivity with which the rotation of the 

mirror(s) can be measured, but inversely this increases the travel distance s of 

the light spot on the detector, so the effective measurement range decreases. 

2. Increase of l immediately affects the diameter of the probe house, so this 

distance must be chosen not too large, because a large probe head is 

unattractive for commercial purposes. However, a lower bound of l is given by 

the minimal required overtravel distance to prevent the occurrence of damage 

to probe head components due to prohing ( overtravel capability). 

Beside these considerations with respect to the parameter l, also the angle of 

incidence between the light beam and the normal vector of the detector plane must 

properly be chosen. Above a certain angle of incidence (approximately 50 degrees) 

the reflection coefficient (see e.g. O'Shea 1985, Hecht 1990) ofthe detector's surface 

increases rapidly which results in a lower efficiency of the detector. As a result of 

this reflection the signal to noise ratio of the detector can decrease, and the proper 

action of the other two detectors can probably also be disturbed, due to stray light. 

Based on these considerations, a basic components setup has been selected (see 

Figure 4.2) which has been analyzed and optimized. The local coordinate frame of 

the probe head is located at the center of the stylus carrier, and the X-Y plane 

intersects the mirrors at their geometrie mid-point. The figure shows that all the 

components are 3-fold symmetrically oriented about the Z-axis of the coordinate 

frame. The position of each component now can easily be described with cylindrical 
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Figure 4.2 : Basic setup of the developed measurement system for application in 

a probe head. 

coordinates, i.e. a radius, an angle (with respect to the X-axis) and a Z-coordinate. 

The orientation of a light souree and a mirror can he described by two angles, i.e. a 

rotation about a horizontal and a vertical axis. The detector orientation is 

described by three angles, because the detector can also he rotated in its own plane 

oflocation, which results in a change of orientation ofthe local detector axes. 

The orientation veetors of the light beams are located in the X-Y plane of the local 

coordinate frame of the probe. The normal veetors of the mirrors interseet each 

other at the Z-axis, which gives the most efficient use of space with respect to a 

maximization of the distance between the mirror and the detector, and a 

minimization of the probe head diameter. 

The choice to locate the orientation veetors ofthe light beams in the X-Yplane was 

initiated by the desire tobuilt an "easy-to-adjust" prototype system. In the actually 
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developed prototype therefore the only adjustable parts are the fixtures of the light 

sources. 

In later sections of this chapter the complete measurement system will he 

discussed. This includes not only the specifications of the light sources, the mirrors 

and the detectors, but also the specification of the A/D-conversion unit. 

Furthermore the meehallies of the frame (also called probe house) to which the 

components are attached will he analyzed as well as its thermal behavior. Also 

attention will he paid to the developed suspension of the stylus carrier. This probe 

part mainly determines the dynamic behavior of the stylus carrier, to which the 

measurement system should response. It also determines the measurement force. 

Finally, an error budget will be presented to give an indication of the achievable 

accuracy of the actual developed probe system. 

4.2 The measurement system components 

4.2.1 The detector 

In order to make a proper detector selection, a few criteria must be taken into 

account. The measurement resolution and accuracy of the detector must he 

sufficient to guarantee an accurate determination of the stylus tip position. 

Because the system behaves linear for displacements of the stylus carrier, the 

measurement accuracy of displacements is directly determined by the detector's 

measurement accuracy. When the angle of incidence of the light beam on the 

detector is not perpendicular, a slight improverneut of the "system sensitivity" can 

he expected, but will he neglected here in first instance. The relation between 

measurement accuracy of the detector and the ability of the system to measure 

rotations ofthe stylus carrier is obviously nonlinear. In this case the ratio between 

the mirror- detector distance and the stylus length is a qualifY:ing factor. When the 

stylus length is increased, the resolution is decreased with respect to the stylus tip 

position determination. However, this is inherent to position determination with 

the aid of angle measurements. 
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To determine the influence of several design parameters, and more specifically the 

required resolution of the detectors, a software package has been developed (in 

386 Matlab™, see Matlab 1990), to simulate the measurement behavior of the 

maasurement system. In this package the displacements and the rotations of the 

stylus carrier can he simulated, and the resulting spot displacements on the 

detectors are calculated. The geometrie dimensions of the measurement system's 

model have been estimated, based on design considerations mentioned in 

Section 4. L The principle of assessment of the required resolution is respectively 

derived from numerous displacements of the stylus carrier performed along an 

axis t and from rotations about a rotation axis r, both defined by the angles <p and 

'i} (see Figure 4.3). 

Both Figure 4.4 and Figure 4.5 show the response signal of one axis of an arbitrary 

detector due to a stimulus as function of the displacement or rotation direction. The 

signals of the other 5 detector axes are similar in shape, but are shifted for both 
angles q> and 'i}. Figure 4.4 and 4.5 show that the response of the detector due to a 

movement of the stylus carrier is strongly nonlinear. This is quite reasonable, 

because the corresponding mirror can make movements which cannot he detected 

by the detector. This occurs when this mirror e.g. performs translational 

movements within its own plane. These figures further show that the maximum 

response (for this setup) is approximately 1.3 J.UlliJ.Un for stylus carrier 

displacements, and 0.18 J.Ulllarcsec for stylus carrier rotations. With a stylus length 

+z 

-y 

Figure 4.3: Definition ofthe orientation ofthe translation vector 1 and the rota

tion axis r. The coordinate frame is chosen similar to the coordinate frame in 

Figure 4.2. 
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Figure 4.4 : Required displacement resolution to measure a displacement of the 

stylus carrier of 1 !1Jll as function ofthe direction of displacement. 

of 30 mm and a required stylus tip position determination resolution of 0.5 !1Jll, an 

angle measurement resolution of approximately 3.5" is required, which requires a 

detector measurement resolution of roughly 0.5 !1Jll. Figure 4.5 shows that this 

demand of0.14 ~arcsec is satisfied. 

The required maasurement range of the detectors has been determined with the 

use of the same software package. This range is mainly determined by the desired 

measurement time t and the desired measurement range in which the tip position 

must be determined. Dependent on the measurement speed of the CMM, the light 

spots of the probe's maasurement system travel with a certain speed u across the 

detector surfaces. Because the sîze of the detectors is limited, the product v · t is 

constant for any measurement speed. The maximum measurement speed for the 

developed prototype is set on 50 mm/s, which is considerably higher than 

achievable with commercially available maasurement systems. As explained in 

Chapter 2, correct maasurement samples can only be taken when the bouncing 

process between the stylus tip and the workpiece has been damped out. This 

emphasizes the importance of a small bouncing period, because this increases the 

period in which usabie maasurement points can be taken. 
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Figure 4.5 : Required rotation resolution to measure a rotation of 1" of the stylus 

carrier as function of the direction of rotation. 

In the case of an analog detector, the detector's size is also restricted by the 

discretization process. Since the detector signals need to be converled by a complex 

algorithm to obtain the rotation matrix and translation vector, the signals must be 

converled to digital values. The 16-bit A/D-conversion (with a sufficient input 

range) is actually the maximum achievable discretization accuracy, so to obtain a 

measurement resolution of about 0.11JID, the size of the detector is restricted to 

216 · 0.0001"' 6.5 mm. 

For a sufficient measurement accuracy, the response time of the detector needs to 

be high. This means that the detector signals, indicating the spot position on the 

detector, must reach their final value very fast. Supposing a travel speed of the 

light spot of 300 mm/s and a spot position determination accuracy of 0.11JID, the 

response time is limited to 3 · 10-7 s. 

Based on these considerations Position Sensing Detectors (PSDs) have been 

chosen, able to measure spot displacements in two perpendicular directions. A PSD 

is a photo-electronic device which converts an incident light spot in continuous 

position information. For selection criteria of the detector and an extensive 

explanation see Appendix F. A reasanabie campromise with respect to the design 
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considerations, is found with a detector of 4x4 mm (SiTek 1990). Based on a 16-bit 
A/D-conversion a maximum resolution of 4/216 ""0.06 IJln is obtained. The typical 

rise time is specified at 44 ns and the thermal drift at 20 ppm/K. In Appendix F it 

is shown that fora (theoretical) resolution of 10 ppm (0.04 Jlm) with a bandwidth of 

50 kHz an optical power of at least 300 Jl W is required. Because in practice 

measurement conditions are always harsher than in theory, requirements or 

expectations must frequently be adjusted. Consequently, a safety factor should be 

taken into account when specifYing the components. 

4.2.2 The mirror 

The function of the planar mirror is to reflect the light on the detector, without 

affecting the intensity distribution of the light spot, and regardless (within 

reasonable limits) the angle of incidence of the light beam. Because of this 

condition the mirror must be specified for its flatness and roughness to prevent the 

occurrence of unwanted interference patterns on the detector. In order to meet 

these requirements, its mechanica! and thermal stability is important. To prevent 

wavefront distortions it is required that the flatness of the mirror only varies 

smoothly, so only flatness distortions with a low frequency are allowed. The 

wavelength of the distortions must at least be twice the beam diameter at the 
mirror. A common flatness specification for mirrors is A/10, in which Ä. represents 

the wavelength of the light beam reflected by the mirror. This implies that the 
wavefront distortions of the reflected beam are approximately A./5 ("' 130 nm). This 

cannot be detected by the PSD. 

The reflection ability of the mirror is not of the utmost importance, unless the light 

souree is only scarcely able to deliver the required optica! power to obtain the 

desired resolution. Otherwise a protective layer with a relative high hardness is 

desired which covers the reflective layer. This simplifies cleaning of the mirrors 

with a reduced risk to damage the mirror. 

The diameter of the three identical mirrors has been determined with the software 

package with which the measurement behavior of the system has been simulated. 

Since the chosen dimensions of the detectors constrain the measurement range, the 

dimensions of the mirrors can be derived from simulated movements of the mirror 
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carrier. A diameter of 4 mm was found to be sufficient. Experiments showed that a 

thickness of 1 mm provided enough stiffness to keep the mirror within its flatness 

specification. With these small dimensions, temperature effects affecting the 

flatness of the mirrors themselves can be neglected. The (first-surface) mirrors are 

made of quartz glass and are coated with a reflective aluminum layer. This layer 

provides a reflectance of approximately 90% at 670 nm (Hecht 1990). A hard 

coating of silicon monoxide is layered over the aluminum layer for protection, 

although this reduces the reflectance toabout 75%. 

4.2.3 The light souree 

With respect to the selection of a proper light souree to stimulate the response of 

the detectors, three criteria are of major concern : 

1. The available optica! power. The need for sufficient optica! power is evident, 

because the SIN-ratio of the detectors is directly correlated to the generated 

photo current, according to Equation F.5. Therefore it is attractive to emit the 

maximum allowed optica! power to the detectors. 

2. The stability of the emitted light intensity distribution (pointing stability). 

Since the currents generated by the detectors are an indication of the center of 

the light intensity distribution of the incident light beam on the detector 

surface, the measurement accuracy depends on the spot stability. A "whirling" 

of the center of the light distribution (instability) is always included in the 

measurement result, unless deviations are within the system resolution. 

3. The heat production. A light souree which is operating continuously may 

provide a constant heat souree and, in turn, set up a stabie thermal gradient 

between souree and sink. If the instrument is not specifically provided with a 

heat sink, then isolation form the environment (the only available heat sink) 

results in langer thermal constants. Long thermal time constauts (in the 

presence of stabie thermal gradients) mean long soak times between runs to 

achieve repeatability (Teague 1992). 

An important issue with respect to the measurement system is the stability of the 

light distri bution of the light sources. When the light intensity distribution of the 
beam changes during operation of the probe system, in theory also the measured 

spot position (the centroid) on the detector changes, while the beam position as a 
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whole does not change. The light intensity distribution of the emitted beam can be 

affected by e.g. the light source, the lens, and the environment between the lens 

and the detector. Therefore precautions must he taken to prevent serious 

disturban ces. The intrinsic stability of the light souree is very high, changes in the 

light intensity distribution have a very low frequency (Pril1996). When the effect 

of changes in light intensity distribution does not exceed the theoretica} resolution 

ofthe maasurement system (measured after the A/D-converler, i.e."" 0.06 jlm), the 

uncerlainty of the optical center of the spot is of irrelevant. 

Supposing that the beam intensity at the detector surface fluctuates, the absolute 

effect of the instability on the measuring accuracy can he reduced by a 

minimization of the spot diameter on the detector, i.e. the beam is focused on the 

detector surface. Unfortunately this spot minimization is subject to physicallimits, 

and not at least by the conflicting requirement of a maximum optical output for a 

good SIN-ratio of the detector signals and the maximum allowed optica} power of 

30 kW I m2 on the detector surface. Furthermore, it must he mentioned here that a 

minimization of the spot diameter at the detector location results in an increase of 

the effectîve maasurement range ofthe detector. 

In principle two different light sourees can he used, the Light Emitting Diode 

(LED) and the Laser Diode (LD). The fundamental difference between LEDs and 

LDs is that in a LD the photons are mostly generated by stimulated emission, 

whereas a LED operates by spontaneous emission. However, of more practical use 

are the difference in emitted optical power and size of the emitting area of the light 

source. 

The maximum obtainable optical power emitted by LEDs ranges from 

approximately 0.5 to 2 m W, while the emitted optical power for LDs ranges from 1 

up to several hundreds of mW. Both types of light sourees cope with a very poor 

efficiency, only a few percent of the consumed electrical power is converled into 

optical power, while the surplus is converled into heat. A charaderistic difference 

between LEDs and LDs is the relation between the driving current and the optical 

power (see Figure 4.11). The behavior between the LED and LD with respect to the 

emitted optical power is similar, until a cerlain threshold current is reached for the 

LD. At this point the LD starts to lase and astrong linear increase of optical power 

can he observed. A disadvantage of LDs is that they are very sensitive to current 
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Figure 4.11 : Typical difference of optica! power- driving current characteristic 

between a LED and a LD. 

overloads, spikes, and electro static discharge. LDs therefore can only be operated 

by drivers especially designed for this purpose, i.e. power supplies with slow start 

circuits, current transient suppression and current limit facilities. The oparating 

lifetimes ofLEDs and LDs generally exceed 100,000 hours, so reliability should not 

be a serious problem. 

Because the quality of the response of the detectors strongly depends on the 

emitted optical power of the light source(s), the LDs have been chosen for the 

realization of the prototype. A disadvantage of LDs is that (at current prices) they 

are more expensive than LEDs, although this is not a decisive factor for the 

application in a prototype. An advantage of a LD is that the light emitting area, in 

general, is much smaller than the emitting area of a typical LED. This implies 

automatically that, when the beam is reshaped by a lens, the attainable new spot 

of a LD can besmaller than the spot from a LED. For reasons of simplicity in the 

first prototype three LDs are applied, instead of using one LD combined with 

beam-splitting techniques, based on the use of semi-reflective mirrors andlor 

prisms (which also must be made adjustable) to obtain three beams. 

The emitted beam of both a LD and a LED is strongly divergent, and thus the 

optica! power density decreases rapidly with increasing distance to the emitting 

source. This behavior is undesirable, so a beam shaping technique must be applied. 
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Figure 4.12: The optica} fiber holder with an axially adjustable lens holder. The 

actual diameter ofthe holder is 7 mm, and the totallength is 20 mm. 

Because of the poor optica! efficiency of LDs with respect to their power 

consumption, for the prototype optica} fibers have been used to guide the emitted 

light beams ofthe LDs into the probe house (see Appendix D). This implies that no 

heat sourees are present in the probe house, since the LDs now can he located 

outside the probe house. 

Application of optical fibers displaces the beam shaping from the front of the LDs 

to the end of the optical fibers. At the end of each optical fiber a condensing lens is 

positioned to collimate or focus the beam on the detector, see Figure 4.12 (see also 

Appendix E). 

4.2.4 Analog-to-Digital conversion 

In order to convert the detector signals in location information ofthe stylus carrier, 

they need to he converled into digital information, so they can he processed. With 

respect to the required detector resolution (< 0.1 J.Un) only a 16-bit AID-converter 
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satisfies this requirement. Talring into account the detector's length of 4 mm and 

the resolution of the A/D-converter, a theoretica! signal resolution of 0.06 J.Ul1 is 

obtained. Because the information of the measurement system is based on the six 

supplied detector signals, these signals must be collected within a certain time 

interval. The best solution is obtained when all signals are sampled 

simultaneously. This is possible with commercially available data-acquisition 

computer boards. 

The minimal required sampling frequency of the data-acquisition board is in 

principle constrained by the time interval in which the light spot travels off the 

detector when the stylus tip engages a workpiece. During this time interval a 

sufficient number of data samples must be collected to determine a reliable 

measurement point. This time interval is determined by the maximum travel 

speed of the light spot (which dependsin turn on the measurement speed of the 

CMM, and the actual movement of the stylus carrier), the effective size of the 

detector, the initia! position of the light spot on the detector, and the bouncing 

period of the stylus tip. Because the effective sampling period depends on so many 

variables from which is not yet known what their actual valnes are, the required 

sampling frequency for one channel is estimated at 10kHz. 

Fast data-acquisition boards can suffer from many systematic and random error 

sources, which can easily spoil the system accuracy (see e.g. Daugherty 1994). Due 

to their nature random errors cannot be calibrated, so the contribution of those 

errors must be kept small by a proper selection of the data-acquisition board. To 

exploit the full accuracy potential of the measurement system, the PSDs need to be 

calibrated against a sufficiently accurate known grid (e.g. provided by an accurate 

X-Y table), tagether with the system data acquisition board. With this approach 

the systematic errors present with the (quasi-)static operation of the data 

acquisition board is eliminated, because each PSD (grid) point is unambiguously 

referred to by two (digitized) voltages, and two accurately known coordinates 

provided from the reference. The systematic errors due to a dynamic operation of 

the board will remain, but can partially be estimated when a known harmonie 

input signal with a frequency close to the full power bandwidth is compared with 

the produced output signal. The total inaccuracy due to random errors of the AID

board (based on its specifications) is estimated at ±2 LSB, which equals ±0.12 J.Ull. 
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4.2.5 The probe house 

Mechanical properties 

Beside the components themselves, the stiffness of the frame to which the 

individual components of the measurement system are attached determines the 

reliability of the measurement system during fast probing. The probe house acts as 

a carrier of the light sourees and the detectors (see Figure 4.13), while the stylus 

carrier supports the three mirrors. The main task of both the probe house and the 

stylus carrier is to provide a stabie frame which ensures the position and 

orientation of the components. The stylus carrier is subject to high accelerations 

during probing, in the initia! phase of the callision process between stylus tip and 

workpiece. But in this phase there is no need to take accurate measurement 

samples, so the dynamic behavior of the pàrt to which the mirrors are attached is 

of no concern during this interval. Directly after the bouncing period, a good 

dynamic behavior is guaranteed by the very low mass of the stylus carrier (in the 

actual design 0. 75 g, including the mirrors), and its high stiffness. 

A part which also belongs to the measurement frame is the stylus. This part has 

been made of titanium, which has a low density (comparable to aluminum) and a 

relative high Young's modulus. This guarantees a relative high stiffness of the 

stylus, which contributes combined with a low mass (in the actual design less than 

2 g) to a good dynamic behavior during prohing and low prohing forces. 

Because the stylus carrier is connected to the probe house by a suspension with a 

relative high compliance, it is not expected that high accelerations will be induced 

into the probe house by the suspension. Out of necessity, the si de of the eylindrical 

probe house is thick (9 mm, outside diameter ofthe house is 40 mm), so its stiffness 

is definitely guaranteed. Special attention has been paid to the attachment of the 

light sourees to the probe house. Because of the need to adjust the light sourees, 

eaeh light souree fixture possesses two elastie hinges, perpendicular oriented to 

each other. These hinges are preloaded to provide a high stiffness for a stabie 

location ofthe light sourees (see Figure 4.13). 
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Figure 4.13: The housing ofthe probe (left) and the light souree fixture (right) with 

two perpendicular oriented rotation axes (drawings not to scale). 

Thermal behavior 

The thermal stability ofthe mechanica! construction ofthe probe system is mainly 

determined by the materials selection. Thermal effects can be expected to be 

relatively small due to the small structuralloop of the probe house (i.e. the shortest 

path through the probe house between light souree and corresponding detector). 

This is a main reason to keep distances between key components as small as 

possible, and consequently also absolute changes of component locations will be 

small due to temperature effects. The perfect 3-fold symmetry about the Z-axis of 

the prototype contribute to a symmetrical temperature distribution within the 

probe house. This design excludes asymmetrical temperature gradients which can 

seriously distort the accuracy of the probe, as long as internal heat sourees are 

absent. 

A proper selection of the material of the probe house and stylus carrier can further 

reduce thermal effects. One appropriate material is InvarrM, a steel- nickel (36%) 

alloy with a thermal expansion coefficient of approximately 1 ppm/K. This is an 

attractive feature, because a maasurement frame made of this material maintains 

the positions of the components. An adverse property of this material is that the 

thermal conductivity of the material is bad. This can cause the development of 

unwanted and unequal internal stresses, which disturb the orientation of the 

components. Another popular material for precision applications is aluminum. This 
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has a therm al expansion coefficient of 22 ppm/K, which is considerably higher than 

Invar, but its thermal conductivity is excellent, so thermal gradients do nothave to 
be expected, especially in a small construction like the probe house. A further 

advantage of aluminum, with respect to the stylus carrier, is that the specified 

density of aluminum is less than half the value of Invar (a very extensive and 

useful discussion about the selection of materials for precision engineering 

applications is given by Smith 1992). 

The thermal behavior of the maasurement system has been analyzed with the aid 

of the developed software package, based on the application of aluminum or Invar 

or a combination of both, and on the effects of linear expansion of the total 

measurement frame and estimated angular deviations of key components. These 
angular deviations are supposed to occur due to internal stresses (caused by 

thermal expansion) of the probe house. 

As might be expected the thermal behavior of an Invar probe system (frame and 

stylus carrier with the mirrors attached to it) is excellent, with respect to linear 

expansion of the frame. The maasurement errors at the detector due to the linear 

thermal behavior of the Invar probe house are limited to a few nanometers, based 

on an increase in temperature of2 K For an aluminum probe house the maximum 

measurement errors due to linear expansion are limited to 0.15 flill on the detector. 

Nottaken into account in this analysis is the thermal behavio:r,: of the detectors 

themselves. Simulated rotational errors of the components up to 3" contribute to 

the measurement error, but not very seriously. For an aluminum house the 

maximum maasurement error is limited to approximately 0.2 f.Ull, in contrary to an 
Invar house which errors are restricted to 0.04 f.Ull. No significantly accuracy 
improvement can be obtained when the stylus carrier with the mirrors is made of 
Invar. The major contribution to a maasurement error due to thermal expansion 

and changes in geometry is obviously made by the probe house because of its larger 

geometrical dimensions. 

The decision to use aluminum for both the probe house and the stylus carrier was 

based on several considerations. One important criterion was the 
manufacturability and, consequently, the period of time which had to be reserved 

for the realization of the prototype. In contrast to aluminum, the machinability of 
Invar is poor, so machining time for part production increases rapidly. Another 
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criterion is the excellent thermal conductivity of aluminum, which nearly excludes 

the origination of thermal gradients (and thus unwanted stresses) in the probe 

house. For the stylus carrier the decisive factor was the specific density of 

aluminum, so the total mass of the stylus carrier is reduced to a minimum. 

The maasurement errors introduced by the thermal drift of the detectors 

themselves can be estimated from their specifications. The thermal drift is 

typically 20 pprniK according to the specifications, so based on a 4x4 mm detector 

and its zero point located in the center of the detector a maximum maasurement 

error ofthe spot position can be expected ofO.lO J.llll. 

4.3 The stylus carrier suspension 

The suspension is the part of the probe systei.n which connects the stylus carrier to 

the probe house, see also Figure 4.2. Because the maasurement system of the probe 

is able to measure six degrees of freedom and therefore doesn't require certain 

constrained movements of the carrier, a very flexible suspension may be applied. 

The suspension must meet 3 different fields of specifications : 

1. Because ofthe limited range ofthe maasurement system, it must be guaranteed 

that the stylus carrier returns closely to its rest position, in which the light 

spots are located near the center of the detectors, in order to guarantee a 

maximum maasurement range. Further it is compulsory required that the light 

spots remain on their detectors during accelerations and decelerations of the 

CMM. Otherwise obviously no maasurement samples can be taken during the 

prohing process. 

2. A certain stiffness and damping of the suspension is recommended to provide 

good prohing conditions. The stiffness is required, because a suffi.cient prohing 

force must be provided to ensure a good initial contact between stylus tip and 

workpiece. The damping should contri hu te to a reduction of the total bouncing 

period of the stylus tip and the workpiece. Furthermore, the damping should 

suppress unwanted oscillations of the stylus carrier to a minimum, to keep 

veloeities of the stylus tip at the moment of contact with the workpiece as low 

as possihle (for a justification see Chapter 2). 



Realization 83 

3. An important property of more practical nature is that the stylus suspension in 

principle must allow rather large deflections (several millimeters) of the stylus 

tip in any direction. This overtravel capability is required to prevent damage to 

the probe, CMM, and workpiece. Further this overtravel is necessary to allow 
the CMM to come to a stop after having engaged the workpiece. 

This versatile list of demands of the stylus carrier suspension is difficult to satisfy 
within one design. Especially because in principle both translational and rotational 

movements of the carrier are allowed, the requirement of a certain defined prohing 

force (irrespective the stylus length) at the stylus tip is difficult to meet. 

The necessary (overtravel) deflections can he realized by means of rotations or 
translations of the stylus carrier. Though, rotational deflections are preferred with 

respect to a minimization of the probability of darnaging the workpiece (see 

Chapter 2). However, the exact movement carried out by the stylus carrier is 
determined by several factors, e.g. the direction of probing, the friction between 

workpiece and stylus tip, the stiffness of the suspension, the prohing speed, 

et cetera. But the preferred direction of deflection of the stylus can he stimulated 

by a proper selection of stiffness of the suspension for different (probing) directions. 

The actually developed stylus carrier suspension is made of high strength spring 

steel. A possibly serious problem is the lack of damping provided by the steel 
suspension, although this must he verified by experiments. To solve this problem 

an additional layer made of a polymer with high damping capabilities can he 

attached to this steel suspension to provide damping to the system. Polymers as 

construction material only have been rejected, mainly because of a lack of design 
experience, although this group of materials can provide attractive combinations 

with respect to damping and stiffness. 

The design of the suspension is derived from a design described by Pril1995, and 

modified to satisfy special requirements. The geometry of the suspension (built up 

with simple rectangular beams) and the static as well as the dynamic properties 
have been determined with a software package (developed in 386 Matlab™, see 
Matlab 1990) based on the Finite Element Method. The actually developed 

suspension (see Figure 4.14) has an inner diameter of 28.0 mm and a thickness of 
0.25 mm. In first instance, this design looks very odd, but its actual appearance 
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has several reasons. The outside diameter and the height of the suspension were 
constrained by the already earlier designed (and manufactured) probe house and 

stylus carrier. This restricted severely the design possibilities ofthe suspension. As 

Figure 4.14 shows, the shape of the elastic hinges is somewhat strange, and their 

lengths are relative large. This length was required to obtain a large (elastic) 

deflection capability in the direction perpendicular to the plane of the suspension 

(Z-direction). The shape of the hinges is enforced by the limited diameter of the 

probe house to which the suspension is attached. 

Due to the shape of the elastic hinges, in fact the stylus carrier has six degrees of 
freedom. In practice, pure displacements (without parasitic rotations) ofthe carrier 

in X, and Y-directions can be nearly neglected, because of the high differences in 
stiffness compared with the rotational stiffnesses about the X-, and Y-axis (factor 
1500, measured at the stylus tip). 

The suspension provides an overtravel in vertical direction of nearly 5 mm and an 

angular overtravel about a horizontal axis of approximately 30 degrees. Another 

attractive property of this design is that the angular stiffness of the suspension is 
equal for any rotation about a horizontal axis. Unfortunately (but inevitable) the 

displacement stiffness in the vertical direction is approximately a factor twenty 

z 

l:y 
x 

elastic hinge 

---- mirror 
+------- stylus carrier 

gap 

suspension 

Figure 4.14 : Stylus carrier suspension with stylus and stylus carrier. The three 
gaps are applied to obtain a closed contour for easier manufacturing. 



Realization 85 

higher (given a certain stylus length), but still sufficiently low (< 0.7 N/mm) for 

prohing operations. The angular eigenfrequency of the suspension is nearly 55 Hz, 

while the vertical eigenfrequency is almost 150 Hz. 

To reduce oscillations of the stylus tip due to accelerations of the CMM or due to 

disengagement between the stylus tip and the workpiece after probing, two 

methods can he applied : 

1. Application of a material to the suspension with a very low stiffness and a high 

internal damping. Three criteria are relevant in this case. The totally added 

mass to the suspension, the ability of the material to reduce the bouncing 

period between stylus tip and workpiece and the added stiffness to the 

suspension. 

2. Application of a counter halance weight to position the (vertical) center of 

gravity of the stylus and stylus carrier together, exactly at the plane in which 

the suspension is located. For rotational movements ahout a horizontal axis the 

suspension system can he modeled as a pendulum. Reduction of the effective 

distance between the center of gravity and the rota ti on axis always reduces the 

total period of time required hy the system to return to its rest position. 

Experiments conducted with the actual con:figuration of the suspension will show 

the need for additional measures to he taken to prevent oscillations. 

4.4 Accuracy analysis 

To determine the system accuracy of the developed prohe, an estimation has been 

made of the contrihution of the individual components to the total measurement 

inaccuracy. These inaccuracies can he caused hy the operating environment and/or 

deviations of the applied individual components. These deviations can he of 

systematic or random nature, and are affected hy changes ofthe environment (e.g. 

temperature), or are intrinsic present. Because the prohe is supposed to he 

operated in first instanee in a measurement room, environmental fluctuations can 

he assumed to he small. It is assumed that deviations during the measurement 

task are limited to ±0.5 K All present errors are considered to he random and 

normally distrihuted. Furthermore it is assumed that relevant systematic errors, 

which can contrihute significantly to the inaccuracy of the prohe system, are 
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reduced to an acceptable level of uncertainty (the residue) by means of 

compensation. This uncertainty is mentioned below for the relevant components. 
All errors mentioned in the error budget are assumed to be 28-values (see e.g. 

Chatfield 1989), so the probability that a certain value is within the estimated 

error-range equals 95%. Based on the estimated errors an analysis has been 
performed to determine the attainable accuracy of the system. 

Parts that contribute to the probe's maasurement inaccuracy are : 

• the probe house 

• the light sourees 

• the mirrors 
• the PSDs 
• the PSD processing electronics 
• the AID conversion board 

• stylus location algorithm 

• the stylus 
The total contribution of these error sourees to the final inaccuracy of the 

developed probe system is presentedat the end ofthis section in Table 4.1. 

The probe house 

For the contribution of the probe house to the system inaccuracy, only linear 
expansion due to temperature changes has been taken into account. In Section 

4.2.5 an estimation has been made for this error. The measurement error at the 
PSD for each measurement direction due to temperature effects of the alnminurn 

probe house is approximately 0.05 lffil. 

The light sourees 

Because the light sourees drive the signals of the detectors, their stability (with 
respect to the intensity distribution and pointing instability) affect the output of 

the detectors. This stability is estimated at 0.03 lffil. 
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Themirrors 

The mirrors can affect the quality and direction of the reflected beam, when 

flatness deviations are present. Maasurement errors due to these mirror defects 

are expected to maximal 0.04 llill· 

ThePSDs 

Relevant factors with respect to their inaccuracy are the repeatability of the PSDs, 

and their thermal drift. Non-linearities of the detectors are assumed to be 

calibrated, so for this error the measurement results can be corrected for, if 

required. From the calibration data also a repeatability error can be derived. 

Unfortunately, a bare repeatability error of the PSDs is difficult to estimate, 

because the signals of the PSDs are always conditioned and processed. Therefore, a 

derived repeatability error is a system repeatability, rather than a PSD 

repeatability error. The repeatability error of the PSD itself is estimated at 

±0.2 !lill, basedon preliminary maasurement results. The thermal drift ofthe PSDs 

is manufacturer-specified at typical 40 ppm/K, so this results in a contribution of 

0.08 llill· 

PSD processing electronics 

The thermal drift of the PSD processing electranies is not specified by the 

manufacturer, but is estimated at 10 pprniK of the FSR (Full Scale Range) of the 

board. Based on a FSR of ±10 V this results in a thermal drift of 200 J .. tV/K, which 

equals 0.04 !lillfK at the detector. The normalization accuracy of the processing 

electronica is specified to be accurate within 0.05% of the prior value, after being 

excitated by a sudden change of the input signal. Because the PSDs are driven by 

stabilized light sourees (which are stabie within 1 %), the error caused by the 

normalization circuit is approximately 50 ~-tV. This results in an apparent 

displacement error on the PSDs of0.01 llill· 

A/D-conversion board 

The A/D-conversion board is subject to a large number of errors, but fortunately 

most of them are systematic. Since a calibration of an AID-board cannot supposed 
to be perfect, a residual error of the board of ±1/2 LSB (Least Significant Bit) is 

assumed. This residual error of 0.03 !lill will be treated in this analysis as a 
random one. Inherent to the digitizing process is the always present quantizing 
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error, which equals by definition ±1/2 L8B and is equal to ±0.03 J.l.IIl. According to 
its specifications, the zero drift of the AID-board is typical ±1/2 L8B/K, which 

results in a contribution of ±0.02 J.l.IIl. Also a gain drift of the board must be taken 

into account, specified to be 20 pprniK of the F8R (±10 V). Related to the 

dimensions ofthe detectors, this error can be calculated to be 0.04 J.l.IIl. Other errors 
(e.g. due to the dynamic use of the board, distortions) are also estimated at 

±1/2 L8B, which equal 0.03 J.l.IIl. 

When these errors are all treated as being independent, the squared sum can be 

taken to estimate the total inaccuracy of each system signa!. This results in a 

deviation (28-value) in the displacement signal of the proceseed and digitized 

detector signals of approximately 0.25 J.l.IIl. 

Stylus carrier location algorithm 

The 28-value found for the displacement signals can be used as input values for the 

algorithm that is utilized to determine the rotation matrix R and the displacement 

vector T to determine the position of the stylus carrier. When the rotation matrix 
R and the translation vector T of the stylus carrier are known, the position of the 
stylus tip p (based on stylus length l) can be calculated according to : 

{4.2) 

The rotation matrix R is built up of nine coefficients, and the translation vector T 
of three components. Each of these values is subject to an uncertainty. These 

uncertainties are determined with the Monte Carlo method, based on randomly 

and normally distributed input uncertainties of the detector signals of 0.25 J.liil 

(95% interval). Basedon this method ofvariation calculation a set of equations can 

be derived which describe the 28-values of the probe tip position vector as a 

function of the respective stylus length(s) and a constant value : 

[mm] (4.3) 
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In this estimated relationship, oi (i= x, y, z) represents the value ofthe error vector 

of the stylus tip in the corresponding coordinate system direction. The parameters 
li (i =x, y, z) represent the length of the stylus in the corresponding direction. The 

final (28-)value o, representing the 95% interval of the probe tip error vector, can 

be obtained according to : 

[mm] (4.4) 

E.g. a stylus oriented parallel to the Z-axis (as depicted in Figure 4.2) and with a 
lengthof 35 mm (= lz, lx = ly = 0) results in an error of approximately 0.40 !JID. So 

95% of the measurement values (i.e. the tip positions) are within 0.40 !JID of their 

true value. 

The stylus 

Due to temperature deviations the stylus will show linear expansion. This thermal 

expansion is governed by the thermal expansion coefficient, the stylus length land 

the change in temperature. In fact this behavior is not only a property of the 

designed prototype, but is inherent to all probe systems basedon the principle of 

mechanica! prohing by means of a stylus. However, the applied measurement 

principle adds an extra potential error souree to the process ofdetermination ofthe 

stylus tip position, because the stylus tip position is partially derived from the 

rotation ofthe stylus carrier. 

Basedon a linear expansion coefficient of 7 pprniKfora titanium stylus of 35 mm 

length, this results in an elongation ofthe stylus length of0.12 !JID. 

Assuming a dependency of the last two values, fora stylus length of 35 mm and 

temperature deviations of ±0.5 Kan absolute system inaccuracy must be expected 

in the order of magnitude of0.5 !JID. 

An additional error (which is never mentioned by manufacturers) is the 

contribution in the measurement uncertainty of the probe system due to the linear 

expansion of the probe house between the adapter and the zero-point of the 

detectors. In fact this error does not contribute to the measurement inaccuracy of 

the probe's measurement system, but it does contribute to the final uncertainty of 
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the produced maasurement value. The distance involved with the prototype is 

approximately 15 mm, so a maximum contribution to the maasurement 

uncertainty of 0.17 J.llil for the Z-direction of the probe values in fact must be 

included. 

The final result of 0.5!J.m describes the estimated (quasi-) static accuracy of the 

developed probe system. This is summarized in Table 4.2. In Chapter 5 verification 

measurements will be discussed which can illustrate the static and dynamic 

accuracy of the developed prototype. 

Inaccuracy contributions error hun] 

Thermal effects of the probe house 0.05 

Instability of the light sourees 0.03 

Flatness errors of the mirrors 0.03 

Inaccuracy and thermal effects of the PSDs 0.22 

PSD processing electrollies 0.04 

AID conversion board 0.07 

(treat independently and normally distributed) 

Total component errors 0.25 

Stylus carrier location algorithm 0.40 

Thermal effect ofthe stylus 0.12 

(treat dependently) 

Total system error 0.5 

Table 4.1 : Summary of error contributions to the total system inaccuracy of the 

probe system. 
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4.5 The realized prototype 

In this section a drawing and some photographs of the actually built probe will be 

presented. 

Figure 4.15 shows an exploded view of the built prototype. Notice that the light 

sourees are omitted, these are already presented in Figure 4.12. Also the pull relief 

of the detector cables is not drawn, but is mounted on top of the probe house. 

Figure 4.16 shows a view of the disassembied prototype. This figure clearly shows 

the locations of the light sources, which are attached to the probe house by means 

of a flexible and adjustable mounting. The optical fiber holders are clamped in the 

flexible mounting by means of a conical tube and a ring equipped with screw 

thread. 

In Figure 4.17 is shown the developed probe head mounted to the ram of the CMM. 

This si de view shows clearly the mounting of one of the light sourees and one of the 

detectors. Here also the pull relief of the detector cables is mounted on top of the 

probe housing to prevent forces acting on the detectors due to movements of the 

CMM. 

Figure 4.18, Figure 4.19 and Figure 4.20 show some details of the probe head. 

Figure 4.18 shows the bottorn view of the probe house with the cover plate 

removed. This view shows the oblique mounting of the detectors and also shows 

that the inside diameter of the probe house is mainly determined by the diameter 

ofthe detector housings. Figure 4.19 gives a view ofthe inside ofthe probe house. 

Here one detector has been removed. This picture gives a nice view of the stylus 

carrier with the three mirrors attached to it. Finally, Figure 4.20 shows the probe 

components which are directly involved into the prohing process : the stylus, the 

stylus carrier with the mirrors and the steel suspension. 
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Figure 4.15 : Exploded view of the realized probe head (light sourees are omitted). 
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Figure 4.16: Top view ofthe disassembied prototype. Notall parts are shown here. 
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Figure 4.17 : The prototype mounted to the ram of the CMM. 
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Figure 4.18 : Bottom view of the pro he house. 

Figure 4.19 : Inside view of the probe house. The diameter of the detector's hole is 

approximately 15 mm. 
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Figure 4.20: The suspension with the stylus carrier with the three mirrors and the 

stylus. The maximum diameter of the stylus carrier is 16 mm, the diameter of the 

mirrors equals 4 mm. The total mass (including the suspension) is less than 3 g. 
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5 

Verification 

In order to verify if the developed prototype probe system meets its specifications, 

some first measurements have been conducted. These verification experiments and 

their results are described in this chapter. The conducted experiments can he 

divided in three groups, according to their characteristics : measurements of 

components or sub-assemblies of components in order to determine their ultimate 

accuracy, quasi-static experiments to test the accuracy of the probe under well 

controlled prohing conditions, and dynamic measurements to verify the probe's 

capability to maasure at high prohing speeds. Furthermore, the usefulness of the 

developed prohing criterion is demonstrated by means of numerical results, based 

on the latter experiments. Finally, the behavior of the developed stylus carrier 

suspension is evaluated. 

5.1 Component measurements 

Detector drift 

In ordertotest the long-term behavior ofthe detector, some experiments have been 

performed to determine the properties of the detectors over a certain time intP-rval. 

This proparty is important, sirree one maasurement task frequently takes one hour 

or more. The experimental setup used for these measurements is presented in 

Figure 5.1. IntheInvar holder both the detector and the light souree are positioned 

across each other, so that the light souree can drive the detector. The temperature 
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Figure 5.1: Measurement setup used for the determination ofthe drift and the 

intrinsic noise of the probe system. 

of the holder was monitored by a sensor closely mounted to the detector. The 

thermal expansion coefficient of the Invar holder is 1 ppm/K, so changes in the 

structuralloop due to thermal effects between the detector and the light souree are 

small. The detector and the temperature sensor (a thermistor) were monitored by 

the AID-board and by a 6.5 digit reference voltmeter. This setup was chosen in 

order to compare the AID-board output values with the output of a known reliable 

and more accurate reference voltmeter. The output values of the AID-board are 

averaged values, based on a large number of samples. The reference voltmeter was 

interfaced according to the IEEE-488 protocol by the computer which also 

contained the plug-in AID-board. A thermal stabilization of the electrical 

equipment was guaranteed by a switch-on of the devices, several hours before the 

measurements were started. 

Figure 5.2 shows that the difference between the output of the reference voltmeter 

and the AID-board for one PSD-axis in terms of displacements is very small and 

effectively not significant. For a proper comparison of the signals, the offset in the 

signals (in fact the first value) was subtracted from the other values of the signal. 
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Figure 5.2 : Difference between the reference voltmeter and the AID-board 

(converted to displacement errors) as function ofthe time. 
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Figure 5.3 : Drift of the PSD axes and the temperature deviation (denoted by dT) 

as function of the time. 
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This is allowed, because not the absolute voltage is relevant, but only the absolute 

deviations between the subsequent valnes of both signals. The results presented in 

Figure 5.2 confirm that regarding the drift, the used AID board is sufficiently 

accurate, because the differences between the reference voltmeter and the AID

board are small, i.e. the maximum observed difference within 6 hours is 

approximately 0.02 Jllll (= 1/3 LSB), and therefore not significant. 

Figure 5.3 shows that the long-term behavior of the detector (measured with the 

raferenee voltmeter) is quite reasonable, given a stabie environment. The behavior 

of the reference voltmeter and the AID-board was similar, and their behavior 

cannot be correlated with the observed displacement of the spot at the detector. 

The observed spot displacement can have a few origins. When the laser is switched 

on, currents are generated by the detector. AE. a reaction to these currents, the 

post-processing board can show some drift. Another origin can be the handling of 

the detector just before the measurement was started. The handling caused an 

intlux of heat in the detector's case which disappears with a time delay. 

To determine if the laser souree driving the optical fiber was subject to oscillations, 

after a few hours the light souree was rotated 90 degrees about its own axis. The 

behavior of both detector axes was found to be similar, so disturbing oscillations of 

this (particular) light souree can be excluded. 

System noise 

The position of the probe tip is determined by the six signals obtained from the 

three detectors. Therefore the noise of the measured signals limits the maximum 

accuracy with which the positions of the light spots can be determined. For high 

speed applications, also the data acquisition of the six signals must be performed 

very fast, since the tip position must be available as fast as possible for processing 

applications. Thereupon, the position of the probe tip changes continuously due to 

the nature of the stylus carrier suspension, so the procedure of averaging data 

samples (for each channel) to improve the accuracy is of limited employability. So, 

to obtain accurate probe tip positions, the noise level of each detector signal 

(channel) must be excellent. Preferably the amplitude of the noise should not 
exceed the value of a 1/2 LSB (for single shot measurements the peak-to-peak value 

is relevant), which equals 150 ll V for the build prototype. This is very small and 

difficult to attain. In practice it is nevertheless nearly always possible to average 
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over at least a few samples, which immediately increases the reliability of the 

obtained mean values. More specific, when n determines the number of samples 

and s represents an estimate of the standard deviation of the noise level, the 
standard deviation ofthe expression s/.Tn provides an estimate ofthe experimental 

standard deviation of the arithmetic mean of the samples. 

With a memory oscilloscope the six signals of the detectors (mounted in the probe 

house and thus protected from enviromnental influences) have been recorded with 

a sample frequency of 100kHz. The two signals ·of each detector (with alocal X

and Y-axis) are both post-processed by one post-processing board. So each detector 

has its own post-processing board. The power supply of the light sourees and the 

post-processing boards is shielded from the electric rnains by means of a power 

supply filter. The results of this maasurement are presented in Figure 5.4. The X

and Y-signals correspond respectively with the local X- and Y-axis of the detectors. 

This figure shows two important properties of the noise of the signals. The most 

remarkable property is that only three out of six signals (the Y-signals) are subject 

to a constant oscillation of 200 Hz, and that these oscillations are in phase. Efforts 

are being made to solve this problem, so it is expected that this problem will he 

solved soon, and therefore will not affect the attainable accuracy of the probe 

system anymore. Figure 5.4 further shows that the peak-to-peak values of the 

(undistorted) X-signals are limited to approximately O.l~Jm ("" 1.5 LSB). This is 

close to the maximum attainable resolution ofthe system (0.061JID). 

In principle these noise values of the complete system limits the sensitivity and 

accuracy of the prototype when measuring at high speeds and the number of 

samples is restricted, out of necessity. However, based on the noise values and 

assuming that the 200 Hz oscillation frequency can he removed from the channels, 

the displacement resolution of the probe system is approximately O.l~Jm, and the 

rotational resolution about 0.5" (see also Figure 4.4 and Figure 4.5). 
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Figure 5.4 : The recorded noise of the six detector signals in terms of displacement 

errors. The error indication along the ordinate axis must he interpreted as relative 

values for each channel. 

Detector accuracy 

Since the conversion from light spot displacements into a probe tip position is 

based on six linear spot displacements at the detector surfaces, the real 

displacements must approximate to this ideal (i.e. predictable) behavior as close as 

possible. Unfortunately, in practice such detectors do not exist, especially due to 

non-linearities. The selected PSDs (see Appendix F) show a typical non-linearity of 

± 0.3% within 80% of their single axis length, according to the specifications of the 

manufacturer. For a 4x4 mm sized detector this specification implies a non

linearity of± 12 !liD· This is not acceptable for the actual application, so these non

linearity errors need to he corrected. This is possible as far as the non-linearities 

are reproducible, i.e. a certain position of the spot at the detector must generate 

every time the same detector values. 

Todetermine the repeatability behavior and the absolute measurement accuracy, 

one of the three detectors has been calibrated. For this calibration, the light souree 

was mounted on a fixed reference, because the bending of the optical fiber affected 
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the position stahility of the light spot on the detector. The detector was attached to 

the CMM and moved along a rectangular grid parallel to its the detector plane. 
The grid size was approximately 3.5x 3.5 mm, and the step-size 0.15 mm. After a 

displacement of the detector, the coordinates of the CMM were read by the probe's 

computer, as were the values of the detector. This experimental setup was similar 
to the setup depicted in Figure 5.10. 

The corresponding detector values have been fitted to the obtained CMM values in 

a least squares sense. The images which have been made of the non-linearity 

behavior of the X- and the Y-axis of the measured detector are depicted in 

Figure 5.5 and Figure 5.6. Note that the two detector axes are independent, so the 

X-values are subject to non-linearities in the X-direction ofthe detector, and the Y

values are subject to non-linearities in the Y-direction of the detector. These 

images show (for this partienlar detector) that the non-linearity behavior for both 

the X-direction and Y-direction of the PSD is rather complex and, consequently, 

requires a detailed and complex mathematica! description in order to correct 

measured detector values for present non-linearities. It is not known if this 

behavior is representative for all PSDs. Figure 5.7 and Figure 5.8 show the 

distribution of the residues of the detector measurements. These detector 

measurements have been corrected with the corresponding algorithm which 

corrects the measured values for the non-linearity behavior along the relevant 

detector axis. These normally distrihuted residues represent the final errors for the 

subsequent detector directions. The standard deviations for X- and Y-direction of 

the detector were found to he respectively 0.19 j.lm and 0.23 j.lm. Included in these 

results are the errors of the CMM itself. Typical errors included in the 

measurements are interpolation errors of the CMM's scales. Thermal drift and 

hysteresis effects are largely removed from the data by an independent treatment 

op the grid-lines. It is estimated that the CMM also contributes in the order of 

magnitude of0.2 j.lm to the total inaccuracy ofthe PSD calibration results. 
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Figure 5.5 : Visualization of the non-linearity of the X-direction of one PSD as 

function of the grid position. 
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Figure 5.6: Visualization ofthe non-linearity ofthe Y-direction ofthe same PSD as 

function of the grid position. 
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Figure 5. 7 : Residue distribution for the X-direction of the measured detector 

values after mapping of the non-linearities. The standard deviation equals 

0.23 !liD. 
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Figure 5.8 : Residue distribution for the Y-direction of the measured detector 

values after mapping of the non-linearities. The standard deviation equals 

0.19 J..Lm. 
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System drift 

To determine the long-term behavior of the complete probe system in a stabie 

environment, some experiments have been carried out. Therefore the probe was 

fixed into a holder which was mounted on the table ofthe CMM. The movements of 

the stylus tip were not constrained. During the maasurement the probe was 

isolated from the environment by a box, and the temperature of the probe house 

was monitored. Every minute the temperature sensor and the detector values were 

read. Based on the measured detector values the rotations and translations of the 

stylus carrier have been calculated and finally the total position error of the stylus 

tip has been determined. The result ofthis measurement is depicted in Figure 5.9. 

Interpretation of Figure 5.9 is complicated, because it is difficult to determine 

exactly which probe parts or devices show significant drift behavior. The change in 

temperature during the experiment showed a non-linear behavior with a 

bandwidth of 0.1 K. The whole measurement loop consists of the stylus, the 

suspension, the stylus carrier, the probe house, the detectors, the post-processing 

boards of the detectors, and the A/D-converter. All these parts contribute 

somewhat to the final observed drift of the system, but it is complicated to assign 

specific values to the different parts. Furthermore, it is hard to determine which 

Time[h] 

Figure 5.9 : Absolute position error of the stylus tip due to a non-linear 

environmental temperature deviation with a bandwidth ofO.l K. 
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part of the calculated stylus tip error in fact is just measured (caused by 

uncontrolled expansion or change in geometry of the suspension) and therefore is 

not a system error, and which part is out of control and represents the real drift of 

the complete system. E.g. also the post-processing boards and the AID-board can 

show some drift, which result in (apparent) changes of the voltages (representing 

the spot positions) ofthe detectors. However, these changes cannot he assigned toa 

change in stylus tip position, although they seem to be. In order to make a proper 

distinction between probe part effects and drift of the post-processing boards and 

the AID-board, a messurement should he performed to determine the long-term 

stability of these electrical devices. 

But as can he concluded from Figure 5.9 the measured system drift per hour is 

small (i.e. 0.15 J.llD/h), so a regular reset of the maasurement system should he 

sufficient to exclude serious drift errors in the maasurement results. 

5.2 Quasi-static prohing measurements 

Until now the most important characteristics of the individual components and 

assembly have been discussed, but not the potential of the prototype with respect 

to its measuring capabilities. For this, a distinction must he made between static 

and dynamic measurements. Actually, the static messurement accuracy cannot he 

demonstrated without precautions, because the prototype is not yet calibrated. 

Due to manufacturing tolerances the exact position and orientation veetors of the 

light sources, the mirrors and the detectors are not known, but only their nomina! 

manufacturing values. These nomina! values are used to determine Equation 3.3, 

and Equation 3.9 (see Chapter 3) which are used to solve the rotation matrix R and 

the translation vector 'Ï' to calculate the probe tip position, based on the six 

detector values. So, each deviation of the nominal values results in an (systematic) 

error at the stylus tip. In the prototype the six detector values are affected by the 

protective windows of sapphire, covering the detector chips to prevent damage. 

These protective windows introduce extra non-linearities to the maasurement 

system, because the angle of incidence of the light beams at the windows varies, 

due to movements of the stylus carrier, and thus the index of refraction, the 
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Figure 5.10 : Measurement setup used for the verification of the quasi-static ac

curacy of the probe system. 

thickness (variations) and the flatness of the windows are relevant. Fora future 

probe system detectors must be used without protective windows, but actually 

their presence is still desired, due to the frequent assembly and disassembly of the 

prototype during the experimental phase of this project. 

To determine the quasi-static accuracy of the maasurement system of the 

prototype, the stylus tip was displaced repeatedly along an accurately known grid. 

The prototype was rigidly mounted on the table of a CMM, while the probe tip of 

the prototype was clamped by the probe head of the CMM itself and temporarily 

equipped with a kinematic coupling and a preload, the latter provided by the 

elastic suspension of the prototype (see Figure 5.10). The kinematic coupling was 

made of a base plate and three halls, providing an accurately defined position of 

the stylus tip. So in this experimental setup the CMM was used as a manipulator 

of the probe tip of the prototype. The host computer of the CMM was instructed by 

the probe computer by means of a RS-232 connection. After completing the 
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displacement, the CMM's scales were read by the probe computer and multiple 
values of the detectors of the prototype were read and averaged. 

In Figure 5.11 the results of a measurement of a horizontal grid are represented. 

The center of the grid corresponds with the neutral X- and Y-position of the probe 

tip. Because the probe is not yet calibrated, the algorithm which couverts the 

detector values into probe tip values does not give the correct results due to the use 

of"incorrect" (better: not calibrated)·probe geometry values (incorrect position and 

orientation veetors for the light sources, mirrors and detectors, no non-linearity 

correction for the PSDs, et cetera). The presented residues are a result of a fitting 

procedure, performed on the raw maasurement data. This procedure removes 

systematic deviations, which otherwise were likely removed by the calibration. The 

actual CMM coordinates are compared with the calculated probe tip coordinates 
and their absolute difference is determined. Each of the grid lines within a XY

plane is treated independently, because the CMM showed some hysteresis and 

drift, which cannot he assigned to inaccuracy of the probe system. So the obtained 

maasurement results contain a fraction of some non-repeatability behavior of the 

CMM. It is estimated that the CMM contributes in the order of magnitude of 

0.2 !IDl to the total inaccuracy ofthe obtained results. 

X[mm] 

Figure 5.11: The total error at the stylus tip as function ofthe grid position. The 

gray spots depiet error veetors larger than 2 !Jlll. 
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As can he concluded from Figure 5.11 the total error at the stylus tip increases 

when the stylus tip is displaced more out of its neutral position (this position 

corresponds with the middle of the grid). This can he explained by the fact that the 

force applied on the stylus tip ofthe prototype by the CMM's probe head (along the 

Z-axis) equals 0.4 N. Together with the probe head's suspension which urges the 

stylus tip into the kinematic coupling, an (inevitable) bending moment is applied 

on the 45 mm long stylus. The magnitude of this bending moment increases when 

the probe tip is forced to displace further from its neutral position. This bending 

moment is responsible for an elastic deformation of the stylus in the order of 

magnitude of several micrometers at the stylus tip position (and, consequently, a 

positioning error of the stylus tip) which is not observed by the maasurement 

system. However, in the analysis these tip positions appear as an "error" of the 

maasurement system, although this is definitely not correct. Therefore, better test 

results will definitely be obtained when the manipulator does not apply a force on 

the stylus tip, but unfortunately our CMM which was used as manipulator did not 

allow this. 

5.3 Dynamic prohing measurements 

Since the probe system is developed for high speed prohing purposes, the accuracy 

and the repeatability of the probe is also tested at different prohing speeds. For 

these experiment the setup depicted in Figure 5.12 has been used. In order to 

exclude any disturbances of the measurements by moving the probe head (e.g. 

bending of the optical fibers), the probe is mounted on the CMM's table, whilst the 

workpiece (a gauge block) is attached to the ram of the CMM. So in this case the 

workpiece is moving and the probe remains in position, but the relative movement 

between probe and workpiece is identical to real maasurement situations. The 

displacement ofthe gaugeblockis measured with a laser interferometer, according 

to Abbe's principle (i.e. the line of motion and the effective axis of the displacement 

maasurement are the same). As explained in Chapter 3, the evaluation criterion 

used to determine a correct maasurement point is based on the comparison 

between the speed of the CMM and the speed of the probe tip. For a continuous 

evaluation of this criterion the speed of the CMM must continuously be available. 
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Figure 5.12 : Setup to test the accuracy and the repeatability of the probe system 

at different prohing speeds. 

Especially for this reason the readings of the relevant scale of the CMM are 

measured with a counter card, plugged in the CMM's host computer which can 

measure the displacement ofthe CMM with a high frequency. In order to relate the 

laser readings with the CMM's scale readings and the probe tip positions, the 

sampling of these three devicesis synchronized at the highest possible frequency. 

Because in this setup the sampling frequency of the laser interfarometer was 

limited to 5 kHz, this device was used to trigger the counter card and on turn this 

computer triggered an AID-board plugged in the probe computer. The AID-board 
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was mounted in another computer, because it uses DMA (Direct Memory Access) to 

transfer its collected data samples at high speed to the memory ofthe computer. So 

with this computer no other devices could be serviced during a high speed 

measurement. The data obtained with the laser and the counter card can 

unambiguously he referred to the zero point of the CMM. Measurement speeds for 

which the probe was tested were 3, 8, 15, 30, 40, ... , 70 mm/s. The measurement 

results obtained with these prohing speeds should give a good indication of the 

dynamic measurement capabilities of the probe system. For each speed the 

measurements have been repeated three times, in order to prove the repeatability 

of the obtained results. 

For a correct comparison of the data, the (local) coordinate frame of the pro he had 

to he aligned with the CMM's coordinate frame, so a transformation matrix to align 

the coordinate frames of the CMM and the probe was determined. lmplicitly it is 

supposed that the tip moves along a trajectory parallel to the direction of 

movement of the CMM. The movements of the stylus tip in directions 

perpendicular to the prohing direction are projected on the direction of probing. 

This alignment was done for just one data set with a CMM speed of 3 mm/s. The 

obtained alignment parameters (i.e. a transformation matrix) were used to "align" 

the other data sets. After this alignment a (1-dimensional) calibration curve was 

derived from the first 9 data sets (measurement speeds of 3, 8, and 15 mm/s). For 

this calibration the laser system was used as a reference device. This calibration 

was necessary because the actual geometry of the measurement system of the 

probe house, the effect of the PSD's protective windows, and their non-linearities 

are not yet available, as already mentioned. A mathematica! calibration of the 

probe system at these low speeds guarantees that serious dynamic effects affecting 

the measurement results are absent from the calibration. 

With the obtained calibration parameters all available data sets have been 

corrected. Finally, with these data sets the trajectories of the probe tip during the 

time interval of contact between the probe tip and the gauge block have been 

determined as fimction of the prohing speed. These probe tip trajectories are 

compared with the displacement of the CMM at the probe tip position (laser 

measurements) and the displacement of the CMM at scale position (counter card 

measurements) that does definitely not satisfY Abbe's principle. 
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A typical example of the CMM displacement and the probe tip movement is given 
by Figure 5.13. At t 0.6 sec the contact between gauge block and probe tip is 

realized (depicted by the symbol 'S'). Directly after the callision the CMM is forced 

to stop because it travels against an emergency switch, which finally prevents 

darnaging of the probe system. Then the CMM returns to a distance just a few 

millimeters befare the probe tip and starts waiting for the next maasurement run. 

As the figure shows, after the withdrawing of the CMM with gauge block from the 

probe tip, the stylus starts to asciilate with a (eigen-)frequency of 50-55Hz about a 

horizontal axis of the suspension. This shows clearly the requirement for a 

sufHeient damping of the suspension movements, because a new maasurement can 

only be started when the oscillating speed of the probe tip is reduced close to zero, 
to keep prohing speeds at a considerable low level to prevent damage to the 

workpiece. 

Figure 5.14 shows the residue between the displacement of the CMM's ram at 

probe position minus the displacement measured by the CMM's own scale during 

the prohing cycle with 70 mm/s. The symbol 'S' in this figure denotes the initial 

moment of contact between the gauge block and the stylus tip. At the moment 

denoted in the figure by 'El', the CMM presses the emergency switch and starts 

braking. This event causes the first high peak. The second high peak but with an 

opposite sign is caused by the withdraw action of the CMM. Because the laser 

measures according to Abbe's principle, the main part of the residue must he 
assigned to the dynamic behavior of the CMM (see also Weekers 1996). This figure 

shows clearly that the influence of the CMM on the maasurement result can only 

he excluded within the interval S-El. Only here the error between the end-effector 

of the CMM (i.e. the position at the ram to which the probe is attached) and the 
CMM's scale is zero. So for reliable high speed prohing it is preferabie to collect the 

relevant data samples befare the machine starts braking. 

Bath Figure 5.15 and Figure 5.16 show the difference between the CMM's scale 
readings and the probe tip positions (CMM's scale values minus probe tip values) 

for respectively 3 mm/s and 60 mm/s. These figures are important because bere is 
shown which time interval during the prohing cycle can he used to determine the 

maasurement points, based on the CMM's scale readings. The determination of the 

correct maasurement interval is based on the evaluation of the criterion described 
in Chapter 3 (Equation 3.22) and presented in Figure 5.17 and Figure 5.18: 
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Time[s] 

Figure 5.13 : Displacement of the CMM and the probe tip. The prohing speed is 

3 mm/s. The interval denoted by S-El represents the primary measurement 

interval, the interval S-E2 represents the complete contact period between stylus 

tip and workpiece. 

Time[s] 

Figure 5.14 : The difference between the laser readings and the scale readings of 

the CMM (laser values minus scale values) when prohing at a speed of60 mm/s. 
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vCMM -vtip ""Ö (3.22) 

The intervals which satisfy this prohing criterion are denoted in both figures by the 

symbols '8' and 'El'. Evidently the measurement interval for prohing at 3 mm/s is 

larger than when prohing at 60 mm/s, and the available measurement time 

decreases with a factor 4 from > 200 ms down to 50 ms. This affects the 

measurement accuracy, since less data samples are available to determine the 

probe tip position. Figure 5.15 and 5.16 show that the difference (i.e. error) 

between the displacement of the stylus tip and the CMM displacement equals zero 

in the interval 8-El. This implies that during this interval the dynamic effects of 

the CMM are constant or not significant, because the displacements of the end of 

the ram (here the probe tip measures) and the carriage (were the scale is located) 

are identical. The peaks in the figures after the interval 8-El are caused by the 

emergency braking of the CMM, and disturb the unambiguously position relation 

between the stylus tip and the scale value ofthe CMM. 

Figure 5.16 can be compared with Figure 5.14. The shape ofthe curves is the same, 

but they differ in sign. This difference in sign is caused by the use of another 

reference signal, i.e. in Figure 5.14 the laser has been used as the reference signal 

for the CMM values, while in Figure 5.16 the scale values of the CMM have been 

used as the reference signal for the probe tip positions. 

Figure 5.17 shows the difference between the laser and the stylus tip (displacement 

of the CMM's ram minus stylus tip displacement) during prohing at 60 mm/s. 

Because the laser measures according to Abbe's principle (thus at the stylus tip 

position), this signal represents the displacement error between the gauge block 

and the stylus tip. Also here the measuring interval is depicted by 8-El. This 

figure shows that the mean position error during the interval 8-El equals zero, so 

this interval is suitable for the determination of a measurement point. Figure 5.18 

shows the corresponding probe tip acceleration and the acceleration of the ram of 

the CMM during the contact period. This figure shows the extremely high 

acceleration, acting on the stylus carrier due to the collision between the gauge 

block and the stylus tip. The oscillation which starts at t = 0.65 s is caused by the 

lost of contact between the stylus tip and the gauge block. The frequency equals 

the eigenfrequency of the suspension. 
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Figure 5.15 : The difference between the CMM's scale valnes and the probe tip 

positions, when prohing at 3 mm/s. The interval S-E1 denotes the period of contact 

between stylus tip and gauge block before deeeleration ofthe CMM starts. 
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Figure 5.16 : The differenee between the CMM's scale values and the probe tip 

positions, when prohing at 60 mm/s. The interval S-E1 denotes the period of 

contact between stylus tip and gauge block before deeeleration ofthe CMM starts. 
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Time[s] 

Figure 5.17 : The difference between the displacement of the ram of the CMM at 

probe tip position (measured by the laser interferometer) and the probe tip 

displacement (CMM's ram position minus probe tip position) with a prohing speed 

of60mm/s. 

Time[s] 

Figure 5.18: The acceleration ofthe probe tip (solid line) due toa callision between 

the probe tip and the workpiece with a prohing speed of 60 mrn/s and the 

acceleration of the CMM's ram (dashed line). The interval depicted by S-E1 

represents the primary measurement interval, the interval S-E2 represents the 

complete contact period between stylus tip and workpiece. 
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Figure 5.18 shows the acceleration ofthe probe tip during the prohing cycle, when 

prohing with a speed of 60 mm/s. This figure shows that the acceleration of the 

probe tip during the initia! stage of the prohing process is relatively high ( > 2 

mJ$2). The first acceleration peak in the figure is caused by the onset of contact 

between the stylus tip and the workpiece. Stylus tip bouncing cannot he observed 

here, because the sampling frequency of 5 kHz gives a discretization interval of 

only 200 J.LS, while the typical pulse width of the contact periods during bouncing is 

30 JlS. The second peak occurs due to the emergency stop of the CMM which results 

in bending of the ram of the CMM, and thus also a high acceleration of the gauge 

block. The stylus tip bouncing behavior will he discussed briefly in the sub-section 

about the suspension. 

The acceleration valnes depicted in Figure 5.19 emphasizes the need for a light 

weighted stylus, stylus tip, and stylus carrier when prohing at high(er) speeds. 

Every rednetion of part masses with respect to the masses involved with the 

collision between the probe tip and the workpiece reduces the force which acts on 

the workpiece during the onset of contact (see Chapter 2). 

Because a correct determination of the interval in which the probe tip contacts the 

workpiece is crucial for a correct maasurement oparation of the probe system, this 

criterion has been tested for all tested prohing speeds. Examples of the results of 

this evaluation are depicted in Figure 5.19 and Figure 5.20. In these figures are 

presented the velocity of the CMM and the CMM velocity minus the probe tip 

velocity. These figures show clearly that the results of the criterion evaluation as 

given by Equation 3.22 are close to zero at the interval where the velocity of the 

pro he tip equals the CMM velocity, although the bandwidth of the result is larger 

for a prohing speed of 60 mm/s than for 3 mm!s. This is an indication that the 

scaled evaluation criterion as given by Equation 3.23 is more preferable, because 

this criterion automatically scales the result of the evaluation to a "standard" 

bandwidth, valid for any prohing speed. But the criterion gives a very good 

indication whether contact exists between the stylus tip and the gauge block, and 

when contact is clearly lost. 

The relative high peak in Figure 5.19 at the end of the velocity curve of the probe 

tip is caused by an inertia effect of the stylus tip. After touching the emergency 

switch, the CMM withdraws from the stylus tip. Due to a bending moment applied 
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Figure 5.19: A comparison between the velocity of the CMM (measured at scale 

position) and the relative velocity of the probe tip with respect to the CMM (i.e. 

CMM-velocity minus probe tip velocity) for a considerably low measurement speed 

of3 mm/s. 
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Figure 5.20 : A comparison between the velocity of the CMM (measured at Rcale 

position) and the relative velocity of the probe tip with respect to the CMM (i.e. 

CMM velocity minus probe tip velocity) fora high prohing speed of60 mmls. 
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on the stylus by the stylus carrier suspension, the stylus tip "follows" the traveling 

CMM. But when it passes its neutral position, the moment applied by the 

suspension to the stylus reverses, which causes a sudden change in velocity of the 

probe tip. 

Figure 5.20 shows that when the contact between probe tip and workpiece is lost, 

due to the withdrawn of the CMM after the emergency stop, the maximum 

oscillation speed of the probe tip is approximately 25 mm/s. This speed must he 

reduced befare a next maasurement cycle is started, otherwise in the worst case 

situation this asciilation speed must be fully added to the actual measurement 

speed, and then the maximum prohing speed (with respect to the workpiece) may 

easily he exceeded. Consequently, the workpiece can he irreparable damaged. 

Finally, based on all data sets the positions of contact between the probe tip and 

the gauge block have been determined. First, only the data samples are used which 

are gathered between the time of initia! contact and the moment at which the 

CMM makes an emergency stop. In previous figures, this interval was indicated by 

8-El. The final results obtained with these limited set of data samples are 

represented in Figure 5.21. This figure gives a good indication of the accuracy of 

the probe as function of the prohing speed. At prohing speeds of 60 mm/s and 

70 mm/s the prohing error increases, but this is caused by the limited number of 

data samples (the emergency stop of the CMM came to early). Consiclering these 

results, it must he taken into account that the resolution of the CMM's scales are 

limited to liJm. This implies that a comparison between the scale values of the 

CMM and the probe in principle cannot he determined more accurate than liJm. 

When all data-samples of the prohing cycle are used (depicted as S-E2 in 

Figure 5.13), the general accuracy of the probe system impraves much more. This 

is due to the fact that when the CMM withdraws, the movement of the CMM as 

wellas the probe (tip) is moresmoothand thus less subject to dynamic influences. 

The higher the prohing speed, the more this (positive) effect contributes to the 

measurement accuracy, since the magnitude of the dynamic distortions during the 

initial stage of the prohing process increases with increasing prohing speed. So the 

extra data samples contribute considerably to an increase of the overall accuracy of 

the measurements within the range 3 ... 70 mm/s. The final inaccuracy ofthe probe 

basedon this evaluation is presented in Figure 5.22. Unfortunately, the deviation 
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Figure 5.21 : Inaccuracy of the probe system based on the measurement samples 

obtained at the time interval of initia! contact, i.e. the interval depicted in other 

:figures in this section as 8-El. 
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Figure 5.22 : Inaccuracy of the probe system based on the measurement samples 

obtained within the whole time interval of contact between probe tip and gauge 

block, i.e. the interval depicted in other :figures in this section as S-E2. 
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of the results for the specific prohing speeds increases somewhat. This can he 

explained by the fact that also the high acceleration and deceleration peaks now 

are involved in the determination of the stylus tip position, while these 

accelerations were excluded by the determination of the results as presented in 

Figure 5.21. 

The suspension 

For a proper operation of the pro he head it is required that the light spots remain 

on the detectors during accelerations of the CMM, because any collision with a 

workpiece must he detected by the probe system to prevent darnaging of the CMM, 

the pro he head and the workpiece. To determine the behavior of the stylus carrier 

during acceleration of the CMM, an experiment has been conducted with the pro he 

head attached to the ram of the CMM. The CMM only moves along its X-axis (see 

e.g. Figure 1.1) during acceleration to a certain travel speed, and deceleration to 

standstilL Within a travel distance of 40 mm the probe signals have been recorded 

to determine the response of the probe tip. This has been done for different final 

travel speeds. So the direction of movement was parallel to the plane of the 

suspension, the direction with the smallest (rotational) stiffness. The stylus length 

was approximately 40 mm. The results of this experiment are presented in 

Figure 5.23. 

As the figure shows, for none of the travel speeds the probe exhibits a tendency to 

oscillate with its eigenfrequency during, or after the traveling of the CMM. This 

can he explained by the fact that the center ofgravity ofthe stylus carrier and the 

stylus together is located at a distance of 5.5 mm beneath the plane of the 

suspension itself. This explains why the stylus tip responses to the acceleration of 

the CMM, but also why the responses remain very small, and are limited to an 

amplitude of approximately 0.02 mm. Further the eigenfrequency about any 

horizontal axis of the used suspension (thickness: 0.25 mm) is relatively high 

(calculated 56.2 Hz, measured 55 Hz), and obviously the system is not excitated in 

this frequency. 

As can be concluded from e.g. Figure 5.13 and Figure 5.18, the oscillation of the 

suspension is of more concern after the prohing cycle, and the CMM is withdrawn 
from the workpiece. As long as an asciilation with a considerable amplitude of the 

stylus tip is present, a next measurement cannot be taken because probe tip 
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Figure 5.23 : The displacement of the stylus tip during an acceleration to a certain 

measurement speed and deceleration to standstill of the CMM. 

accelerations can he high at the moment of contact between workpiece and stylus 

tip. Especially the Figures 5.13, 5.18, and 5.20 show that the oscillations remain 

present for more than one second with considerable accelerations, so the damping 

provided by the bare suspension (and the air surrounding the stylus) is insufficient. 

To solve this problem, prototype suspensions have been developed which are 

covered with two layers of (two components) epoxy resin which show a frequency 

dependent damping behavior. Figure 5.24 shows a suspension equipped with two 

"layers" of epoxy resin. The parts made of epoxy resin are fabricated apart and 

thereafter glued to the elastic hinges. Until now, this has to he found the most 

optima} solution to provide damping to the system. Because the epoxy resin also 

adds some stiffness to the construction, the stiffness of the steel suspension must 

he reduced with an equivalent value to maintain the original value. 

Based on experiments performed with these modified suspensions equipped with 

different layers of resin (both the damping and the thickness has been varied), it 

must he concluded that these epoxy resin layers affect two characteristics of the 

suspension (Raymakers 1996): 

L The damping of the oscillations of the stylus carrier system due to CMM 

accelerations and oscillations caused by the withdrawn of the CMM from the 
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suspension 

elastic hinge 

Figure 5.24 : Theelastic suspension provided with two "layers" of epoxy resin to 

imprave the damping behavior ofthe suspension. 

workpiece. The damping provided to the stylus carrier system in general was so 

high, that the lowest eigenfrequency (as measured before) could not be observed 

anymore. 

2. The bouncing period of the stylus tip at the onset of contact with the workpiece 

was reduced to approximately 55% of its original value. So typical bouncing 

periods of 50 ms (for nearly all prohing speeds) were reduced to less than 30 ms, 

which is quite low for measuring probe systems. This gain in time directly 

contributes to the effective measuring interval. With this amount of damping, 

the system was still underdamped. 

Impact behavior 

In order to verify if the prototype causes damage to workpieces when prohing at 

high speeds due to masses and moments of inertia of probe parts involved into the 

collision, one experiment has been conducted. Therefore an aluminum specimen (as 

also used by the prohing experiments described in Chapter 2) has been touched 

with a prohing velocity of 70 mm/s. Hereby the 45 mm long stylus was laterally 

loaded and the diameter of the stylus tip was 3 mm. Fortunately, no indentations 

of the aluminum surface were found, which proves that the masses of the probe 

parts and their moments of inertia are sufficiently reduced to enable prohing at 

higher speeds than commonly are acceptable for commercially available measuring 

probe systems. 
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5.4 Discussion 

The prototype which has been built and tested shows excellent behavior during the 

period of contact, and especially the experiments in which the dynamic 

performance of the probe has been tested gave very good results. The dynamic 

accuracy of the probe system has been tested within a prohing velocity range of 

3 ... 70 mm/s, and resulted in a maximum inaccuracy of 1.5 !Jll1 at the highest 

speed. The repeatability of the probe system seems to he very good (approximately 

a standard deviation of 0.70 !Jlll), taking into account the resolution of the CMM, 

which was 1 !Jlll. 

The static accuracy of the prototype seems to he satisfying as well, although it has 

been shown that testing ofthe accuracy ofthis prototype is somewhat troublesome, 

because of finite stiffness effects of the stylus. However, it is shown that the 

accuracy of the prototype for positions of the stylus tip close to its neutral position 

(where finite stiffness effects of on the stylus are small) is quite good (smaller than 

1 !Jlll) and satisfY the specifications. 

Even at prohing veloeities of 70 mm/s no indentations on the surface of the 

aluminum specimen was observed. This confirms that the prohing behavior of the 

developed probe system with respect to its impact behavior is superior to 

commercially available measuring probe systems. 

The newly developed stylus carrier suspension provided with layers of resin to 

provide damping to the system shows a good dynamic behavior during the whole 

prohing cycle. Based on the obtained experimental results it must he concluded 

that this design offers good opportunities for the application in measuring probe 

systems. It satisfies the condition of being light-weighted, it provides sufficient 

damping to prevent large oscillations during CMM accelerations, andreduces the 

bouncing period of the stylus tip during probing. Furthermore, the (quasi-statie) 

prohing force applied by the suspension to the stylus tip is sufficient low to prevent 

darnaging of the workpiece. 
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During testing the probe system, and especially the stylus carrier suspension, bas 

shown a good resistance to damage. This is an attractive property for a probe 

system, since unwanted collisions with workpieces can happen in normal 

measurement practice. 

The complete probe system offers good opportunities for high speed single-point 

measurements as well as for scanning purposes. The system is suitable for real 

scanning purposes, in contrary to e.g. fast touch-trigger probes. The stylus tip can 

be dragged along a certain surface which bas to be scanned without high prohing 

forces, and the position information of the stylus tip can continuously be made 

available for the CMM. This tip position information, with respect to the 

measurement range ofthe probe system, can be used e.g. to correct the trajectory of 

the CMM by means of a feedback loop in order to keep the probe within its own 

measurement range and to keep prohing forces low. 

Summarizing these attractive properties, it must be concluded that this probe 

design offers a complete new approach to the design of a new generation of 

accurate and fast mechanica! probes for coordinate measuring machines. 
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6 

Conclusions and 

recommendations 

6.1 Conclusions 

This thesis presents the development of a fast and accurate mechanica! probe 

system. The probe system should he able of measuring workpieces with high 

prohing speeds and with a high throughput withoutlossof accuracy, compared to 
commercially available probe systems. The realization of a prototype is described 

and it has been verified whether it meets the requirements. 

A theoretica! analysis of the dynamic prohing process and experimental results are 

presented in order to formulate recommendations for the development of a fast 

mechanica! probe system. Two different commerdally available probe heads have 

been used for the experiments conducted. Measurements proved that, even at 

considerably low measurement speeds (e.g. 3 mm/s), a workpiece can he easily 

damaged. An analysis showed that the masses and the moments of inertia of the 

probe parts involved into the collision are a restrictive factor. Therefore, to speed 

up the prohing speed, the influence of these parameters on the prohing process 

should he kept as small as possible. 

Based on a theoretica! analysis, it is shown that rotational movements (of the 

stylus carrier) for prohing applications are more preferabie than translational ones, 

with respect to the transfer of collision energy to the workpiece. So with the same 
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masses of the pro he parts involved in the prohing process, the maximum allowable 

measurement speed (with respect to the maximum prohing force at the workpiece) 

of a probe system equipped with a stylus carrier performing a rotational 

movement, can he higher than a probe system equipped with a translating stylus 

carner. 

Furthermore, it is experimentally shown that probe tip bouncing (i.e. a repeatedly 

and highly frequent collision between workpiece and stylus tip before stabilization 

of the contact) in all practical prohing situations is present and cannot he avoided. 

For correct measurement points two approaches are , generally accepted for 

mechanica! probe systems. The first one is based on the determination of the 

measurement points at the instant moment of contact between stylus tip and 

workpiece. The second is based on the principle that dynamic effects can he 

excluded when the measurement points are taken when the period of bouncing of 

the stylus tip is passed. Because of reasons of efficiency, the total bouncing period 

should he limited for measuring probe systems. Both prohing approaches assume a 

rigid or predictabie behavior ofthe stylus. 

In order to measure workpieces at higher speeds, a probe system based on a new 

principle has been developed. This unique measurement system is based on a 

combination of three triangulation measurements. The system is equipped with a 

fast, contactless measurement system to determine the position of the stylus tip. 

The developed contactless measurement system is able to determine contactless six 

degrees of freedom of a rigid body. A general principle is presented to calculate the 

position and orientation of a rigid body in space, based on the measurement of six 

linear independent translations. These translations need to he unambiguously 

related to the location of the rigid body. This system has general validity on any 

scale, and a big advantage 'is that the determination of the location of the rigid 

body can he done contactless. Furthermore, a calibration method has been 

developed to determine the geometry of the measurement system. This geometry is 

used to calculate the location of the rigid body to which the stylus is attached. The 

reflecting surfaces (i.e. the mirrors) are mounted on the stylus carrier, while the 

three light sourees and the three detectors (each of them able to measure two 

independent translations of one independent light beam) are mounted on the probe 

house. 
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The developed maasurement system allows the design of a probe system with light 

weighted components (combined with favorable moments of inertia) that are 

involved into the prohing process. These low masses and moments of inertia keep 

prohing forces as low as possible, and therefore allow the highest possible prohing 

speeds with respect to the workpiece. The contactless maasurement system allows 

the realization of a large overtravel distance (in the actual design 

approximately 10 mm), which makes the pro he system adequately damage-proof to 

collisions. 

Founded on the maasurement system developed, a prototype has been built and 

tested. By using this maasurement system, the mass of the stylus carrier (carrying 

the three mirrors) is limited to 0.8 g, which has to he added with the mass of the 

attached stylus ("' 1...3 g, but depends on the exact configuration). The 

displacement resolution of the probe system is proved to he approximately 0.1 !Jlll, 

and the rotational resolutïon about 0.5 ". 

The maasurement system showed a fast response and was highly accurate up to 

high prohing speeds. High speed prohing experiments performed along a straight 

line have shown that the probe system is accurate and repeatable within 1!J1ll up 

to a prohing speed of 70 mm/s, provided that enough data samples are acquired. 

Static measurements show an accuracy with the same order of magnitude. 

Besides for single-point measurements, the probe system is also very suitable for 

scanning purposes, which is a big advantage compared to touch-trigger probe 

systems. The importance of scanning techniques is increasing nowadays, and the 

developed probe system is able to measure continuously at a high speed and with a 

high accuracy, without high prohing force. The stylus tip can he dragged along a 

curvature or surface, whilst the tip coordinates can continuously he recorded. This 

position information can also he made available to the CMM to control its travel by 

means of a feedback loop, in order to keep the measurement system of the probe 

head within its measurement range. 

The developed evaluation criterion, basedon the comparison between the velocity 

of the probe tip and the CMM's velocity, satisfies quite well. This principle is 

founded on the fact that the velocity of the probe tip equals the velocity of the 

CMM when a contact between stylus tip and workpiece occurs. Both for low and 
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high speeds this criterion has proved to be reliable and seems to be very useful to 

test the integrity of candidate maasurement points. 

To meet the versatile requirements which must be met by a stylus carrier 

(controlled maasurement force, overtravel, damping of oscillations), a resilient 

suspension has been developed and manufactured which meets most of these 

requirements. The developed suspension allows large overtravel distauces (several 

millimeters) at the stylus tip in any direction without inducing exceptionally high 

contact forces between stylus tip and workpiece. Furthermore, the behavior during 

acceleration of a CMM seems to be quite acceptable, although its behavior directly 

after probing, when the CMM withdraws from the workpiece, needs some more 

improvement in the field of damping. The time interval in which probe bouncing 

occurs, due to sudden contact between stylus tip and workpiece, can he reduced up 

to 50% by an effective use of materials which provide damping to the bare 

suspension. It is expected that improvement of this rednetion is possible. 

Summarizing these attractive properties, it must be concluded that this probe 

design offers a complete new approach to the design of a new generation of 

accurate and fast mechanica! probes for coordinate measuring machines. 

6.2 Recommendations 

Regarding the results achieved with the actual prototype of the developed probe 

system, research on the following topics is recommended : 

General 

• Until now the quality of the detector signals is sometimes spoiled by noise 

and spikes. Especially in cases for which fast data-acquisition techniques are 

required, and final results cannot be based on large numbers of data 

samples, the achievable resolution and accuracy of the system is restricted. 

Therefore it is recommended to locate and eliminate the most· important 

sourees of system noise (especially internal and self-initiated oscillations) and 

proteet the sensitive electronics to alien noise (electric mains, environment) 

which occasionally disturbs the detector signals. 



Conclusions and recommendations 131 

• In order to obtain a commercially profitable probe system, faster processing 

of the detector signals into probe tip coordinates is recommended. At a 486-

computer with a 50 MHz processor an evaluation frequency of approximately 

200 Hz has been achieved with a program written in Turbo Pascal and/or 

Fortran. For some post-processing purposes this might he sufficient, but a 

faster post-processing gives more opportunities with respect to pattem 

evaluation and data reduction. With respect to this, an opportunity for 

speeding up the initia! data-processing and acquiring, it is recommended to 

investigate the application of a fast data-acquisition board combined with a 

Digital Signa! Processor (DSP). 

• Out of necessity, during dynamic testing of the prototype an additional 

emergency switch mounted on the guideway of the CMM has been used to 

prevent darnaging of the prototype after probing. During the conducted 

experiments there was no possibility to continuously observe the detector 

signals and to apply the criterion developed for the determination of a 

contact between probe and workpiece. Besides the prohing criterion 

developed, a hardware collision proteetion must always he present to 

minimize darnaging of the probe, CMM or workpiece, e.g. in cases when 

software fails. In order to obtain a commercial probe system (real-time) 

collision detection is required. Therefore several approaches can be applied. 

Based on the continuous observation of the voltage level of the detector 

signals, the CMM can he urged to a stop when a certain threshold level is 

reached. Another approach is based on the observation of the derivatives of 

the detector signals. Fast, but constant changes of the detector signals 

lasting a certain time interval can only be caused by contact between stylus 

tip and workpiece. This information can be used to decide when a CMM has 

to stop. 

Testing 

• To obtain a more thorough understanding of the capabilities of the currently 

built probe system, more static and dynamic tests should be carried out, 

especially to determine the repeatability of the complete probe system. Until 
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now, only one dynamic experiment with single-point measurements has been 

performed for one direction. The results of this experiment gave a good 

impreesion of the capabilities of the probe head. Also its scanning opportunities 

should he tested, because of the increasing importance of this maasurement 

technique. 

Calibration 

• A calibration procedure should he carried out to determine the exact location of 

the maasurement system components. These known locations can he used to 

modify the actual mathematica! model of the probe, so the realized 

maasurement points will better match the real maasurement values. 

• The calibration method presented in Chapter 3 is somewhat laborious and 

sensitive to maasurement errors. Another drawback of this method is that 

systematic errors caused by other factors than the systematic errors which 

remain after the determination of the maasurement components (light sources, 

mirrors, and detectors) cannot he eliminated. Consequently, another calibration 

method is more preferable. For this method a so-called "brute force" method is 

recommended, in which the probe parameters are estimated, based on a 

sufficient number of known displacements (e.g. generated by a CMM) of the 

stylus tip. However, because the maasurement system contains many 

independent parameters, an adequate model for estimation should he developed 

for a successful implementation. 

• In order to eliminate non-linearities of the detector, a calibration should he 

performed to map these, errors. When these errors are mapped, an intrinsic 

accurate maasurement system is obtained, and other errors present in the 

probe system can he directed to location errors of the components and errors 

caused by the post-processing ofthe detector signals. 

Probe design 

• It is recommended to reduce the number oflight sources. A possibility to reduce 

the number oflight sourees is to apply one light souree oriented along the Z-axis 
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and a prism for beam splitting purposes, but this requires more (miniaturized) 

adjustment possibilities and probably more optical power. Advantages are a 

more fail-safe design (only one light souree which can fail, instead of three), a 

more compact probe head design which is more preferably for commercial 

purposes, and probably the manufacturing expenses are smaller. Also the 

possibilities to locate components in the probe house increase somewhat. 

Furthermore it is recommended to investigate the replacement of laser diodes 

by LEDs. These devices are less sensitive to damage, they do not need a special 

power supply, and can he purchased at much lower prices. 

• Since the measurement range of the developed probe system is quite large, it 

can he attractive to apply detectors with a smaller measurement range. PSD's 

with a smaller range show probably smaller and less complicated non-linearity 

behavior, and can probably he modeled with less effort. Another opportunity is 

to study the application of quadrant photodiodes. These devices are ideally 

suited for nulling and eentering applications, and when the measurement range 

of the probe system is kept small, probably also quadrant photodiodes m 

combination with a sufficient large light beam diameter can he applied. 

• If possible, the application of optical fibers should he omitted for this probe 

application, unless the complete fiber can he fixed and is not subject to bending. 

This also reduces the risk of damage to the fiber(s), since handling and 

application require many precautions. 

• Improverneut of the attachment of the stylus and stylus camer to the 

suspension should he investigated. Until now (for reasons of simplicity) the 

stylus and the stylus carrier are attached to the suspension by means of a screw 

thread connection, so both components clamp each other. This is not an elegant 

construction with respect to the required interchangeability of the stylus. 

Probably this assembly does not behave as rigid as assumed when subjected to 

external forces, but rigidity is a strict condition for a proper operation of the 

measuring probe system. 

• It is advised to further optimize the suspension with respect to measurement 

forces, damping and overtravel capability. Also the sensitivity ofthe suspension 

to fatique needs attention. 
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• To prevent the introduetion of unnecessary extra non-linearities in the system, 

detectors must be applied without protective windows in front of their sensitive 

surface. In the current probe assembly these windows are still present, to 

prevent darnaging of the detectors due to handling. The application of detectors 

without protective windows and detector cases also allow the construction of a 

smaller probe house. 
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A 

Probe systems 

In this appendix two different commercially available and well-known probe 

systems are described. Both the described measuring probe head as well as the 

touch-trigger probe are frequently referred to in literature, because the vast 

majority of newly developed probe systems are based on those two probe heads, 

and therefore fulfill an important role in "probing literature". Furthermore, actual 

research concerning the improvement of prohing techniques is described. 

A.l The measuring probe 

A clear example of a measuring probeis depicted in Figure Al (see e.g. patents 

DT 2 242 355, DT 2 207 270 and US 3,869,799). Although this prohing mechanism 

was already patented in 1973, it is still an excellent example of the operating 

principle of a measuring probe system. It is still in use in many laboratorles and 

work shops and has a good performance in terms of measurement accuracy and 

scanning purposes. A major disadvantage of this particular probe is its speed 
(typical s 3 mm/s) which severely slows down cycle times of CMMs. Many 

contemporary measuring probes are derived from this principle, although modern 

(control) techniques are used to speed up the probe and to scale down the three 

guideways. 
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Figure A.l shows that the probe is based on three orthogonally oriented torsionally 

stiff guideways, each built up of spring parallelograms. This ensures a friction-free 

and play-free tracking response to a maasurement contact. 

Although not depicted in the figure, each of the guideways is equipped with a 

measuring system which measures the displacement of one part of the guideway in 

relation to the other part. Because this probe is equipped with three single pairs of 

parallel springs, a movement of one guideway always causes a parasitic 

displacement perpendicular to that direction. Therefore an active feedback control 

system guarantees that the measuring systems of the guideways are always 

located back at their zero points before a maasurement point is taken. To simplify 

this task, the probe is also equipped with three precision locking mechanisms for 

adjustment ofthe correspondence ofthe position ofthe coordinate zero points ofthe 

signal transmitters (scales). This simplifies the use ofthis probe for measuring and 

scanning purposes because it is very easy to constrain one degree of freedom of the 

probe mechanism. When the probe tip is dragged along a workpiece surface, the 

probe mechanism is deflected in only one particular direction, which can simplify 

the scanning of e.g. concave or convex surfaces. The upper part of the sensing head 

houses three moving coil systems, for independent generation of prohe-contact force 

in the respective axis direction. After each contact between stylus tip and 

workpiece one of the three moving coil systems is actuated to genera te a measuring 

force, while the two other guideways are clamped. When the pre-defined measuring 

force is reached and the active guideway maasurement systems equal zero, the 

scales of the CMM are read. Because each spring parallelogram and their 

respective maasurement system have a machanical and electrical zero-point, 

precautions must he taken to keep the z-guideway, loaded by gravitational force, 

into its zero-point. This guideway is automatically weight balanced by a motor

driven lead screw, conneèted to the stylus carrier. Damping of the spring 

parallelogram based guideways is provided by a viscohydraulic damping system, 

realized by a viscous liquid filled into a capillary gap formed by two plates. One of 

these plates is connected to the moving part of the guideway, the other plate is 

connected to an external frame (not shown). 

The measuring probe discussed hitherto allows three degrees of freedom of the 
probe tip, i.e. three translations, which has several advantages from the point of 

view of probe design. For pure translations the data-processing is delightfully 
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Figure A.1 : A schematic example of a commercially available measuring probe 

head. 

simple, since it is only necessary to combine the three coordinates of the probe with 

those of the machine itself. Common limitation are the small displacement ability 

and the relativa high masses of the moving parts of the probe involved in the 

prohing process, which can result in high contact forces (see also Chapter 2). 

Because this type of probe is relatively large and space~consuming, many other 

measuring probes have been developed by other manufactures and research 

institutes. Examples are measuring probes based on 2 rotational dagrees of 

freedom (e.g. DT 2 019 895, and EP 0 423 209) or probes which convert a rotation 

into a translation (e.g. US 4,941,266). 

Current research in the field of measuring probes is focused on the development of 

probes which combine maasurement force control with higher speeds (especially for 

scanning purposes) and a more compact design (EP 0 439 296 A2, DE 44 09 360). 

Some are slightly different from the described probe (due to existing patent rights), 

others are based on new concepts. Most of the described probe systems can he 



144 Appendix. A 

found in patents which include an exhaustive description of the invention, 

although a vecy small number has been publisbed in regular magazines or 

presented at conferences (see e.g. Butler 1992, Janocha 1978, and 

Modjarrad 1990). Interesting probe descriptions can he found in e.g. patents 

DE 28 35 615 C, DT 1184 972, DT 2 019 895, DD 287 993 A5, DE 44 09 360 Al, 

DD 287 993 A5, and US 4,941,266. Although many patents have been publisbed in 

the field of probe systems for use on CMMs, only a few concepts have been adapted 

for commercialization. Most inventions in the fièld of probe systems are patented 

for possible future use or to prevent competitors from applying advantageous ideas. 

A.2 The touch-trigger probe 

A very well-known and popular touch-trigger probe is depicted in Figure A.2. 

Although this probe type was already invented in 1972, it is still in use at many 

industrial and laboratory sites. The popularity ofthe touch-trigger probe in general 

is mainly due to its high performance in relation to its purchasing costs. Also 

important factors responsible for its popularity are its interchangeability, its 

relative insensitivity to damage, and its relative high prohing speed (typically 

8mm/s). 

The stylus is connected to a stylus carrier which includes three halls spaeed at 
120 • intervals around the stylus axis. The seating elements are supported in 

confronting seats, each of which e.g. consists of cylindrical seating elements in the 

form of rods fixed in the housing of the probe. This type of kinematic coupling 

belongs to the group of so-called symmetrie three-groove kinematic couplings (see 

also Section 2.4). This construction defines kinematically a reference position, 

which uniquely defined position is maintained with a light prelaad spring when no 

external forces are applied on the stylus. The three seat constructions are 

electrically wired in series, and a constant current souree is connected. A 

measurement is taken when the stylus is deflected, resulting in a change of 

resistance in the electric circuit, although a contact breakage is not necessacy for a 

reliable trigger. The house of the pro he is filled with an electrically insulating oil to 

prevent sparking at the cantacts which can lead to deterioration thereof. 
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The prohing force is ensured by the preload spring which urges the stylus carrier 

(the detachable part ofthe coupling) into the seatings ofthe coupling (the raferenee 

part). The prohing force is defined at the very moment of contact between tip and 

workpiece at which the probe generatea a trigger signal for the CMM. So when the 

probe tip engages a workpiece surface the stylus bends until a certain (rapidly 

changing) force is reached, sufficient to create a trigger signa! due to an increase of 

resistance exceeding a certain threshold value at one of the contact points of the 

kinematic coupling. Consiclering the location of the seatings of the kinematic 

coupling, and the direction dependent stiffness of the stylus, it can he easily 

concluded that the prohing force is a function of the prohing direction and therefore 

has not a constant value. 

The kinematic coupling is a distinct example of a mechanism which constrains all 
six degrees of freedom. This coupling should unambiguously define the position of 

the stylus tip with respect to the global coordinate system of the CMM. At the 

moment of a distortien of the tip position the scales of the CMM are read and the 

tip can return to its raferenee or zero-position. Therefore it is very important that 

the repeatability of the kinematic coupling (i.e. its relocation ability) is very high 

and insensitive to the direction and velocity of probing, because all maasurement 

points taken are referred to the zero-point of the probe tip. 

trigger circuit 

carrier support 

Figure A.2 : Basic principle of a touch-trigger probe. 

,--- preload spring 

--- probe head 

'--- stylus carrier 
(detachable) 

stylus 

stylus tip 
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An important feature of the kinematic coupling is that it allows deflection after 

contact with the workpiece to allow the CMM to come to a stop without darnaging 

the probe, workpiece, or the CMM. As can be concluded from Figure A.2 the 

kinematic coupling allows movements of the detachable part of the coupling in 

nearly any direction, either by a translational or a rotational movement. Thus 

overtravel capability is automatically included in the construction. The high 

stiffuess of the coupling due to the preload spring and internal damping 

guarantees that oscillations of the stylus carrier are damped out relatively fast, so 

the throughput (i.e. the number of maasurement points which can be realized 

within a certain time interval) can be very high. Therefore this probe type excels in 

single-point measurements, but is less suitable for scanning purposes in contrary 

to measuring probes. 

Because the principle of operation of touch-trigger probes is very simple, current 

research in this field is focused on only a few topics. Many research has been done 

and is still going on to increase the sensitivity of touch-trigger probes to detect 

initial contact with the workpiece, without an increasing sensitivity to false 

triggering. This work already has lead to a decoupling of the sensing function from 

the coupling oparation of the kinematic clamp (EP 0 420 416 A2, EP 0 242 710, 

US 4,177,568, US 5,018,280, and US 4,813,151). The kinematic coupling is used as 

a mechanism to guarantee the position of the probe tip, and as security mechanism 

which allows overtraveL Also some research is focused on the impravement of the 

mechanica! and electrical wear resistance of the kinematic coupling, which 

severely deteriorates the repeatability of the relocation of the probe tip in space 

(see US 5,319,858), and the impravement of the relocation (EP 0 445 945 Al, 

US 5,018,280, Slocum 19BB,Blocum 1992, and Sherrington 1993). This research is 

directly related to attempts to measure the relocation error of the kinematic 

coupling, which highly complicates the design of the probe and increases 

production costs. Until now no (commercially available) probe system is known to 

the author which is able to measure the relocation error, although some inventions 

in this field are patented (see e.g. EP 0 415 579 Al, EP 0 423 307, US 5,018,280). 
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Dynamic prohing forces 

In this appendix the results are summarized obtained from the prohing 

experiments as described in Chapter 2. These results are used to estimate the 

prohing forces due to the collision between stylus tip and workpiece surface. 

Definitions and descriptions ofthe used symbols can he found in Chapter 2. 

material probing D d F(2.6Y) F(M) h-meas. 
specimen direction [mm] bun] [N] [N] b.tm] 

1. Al ZA 1.0 105±1.5 0.4 6.7 2.2 

2. Al ZA 1.5 115.3±1.6 0.9 8.0 1.8 

3. Al ZA 3.0 153.3±2.6 3.5 14.1 1.1 

4. Al ZA 4.0 157.8±3.3 6.2 15.0 0.9 

5. Al YA 1.0 68.8±2.2 0.4 2.9 0.8 

6. Al YA 1.5 68.4±2.3 0.9 2.8 0.5 

7. Al YA 3.0 72.8±5.7 3.5 3.2 -

8. Al YA 4.0 81.7±2.3 6.2 4.0 -

9. Al ZL 1.0 0.4 -

10. Al ZL 1.5 39.4±0.3 0.9 0.9 -
11. Al ZL 3.0 50.0±3.7 3.5 1.5 -

12. Al ZL 4.0 6.2 -

Table B.l : Results of prohing with an analog probe system on aluminum 

specimens. 
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material prohing D d F(2.6Y) F(M) h-meas.: 
specimen direction i [mm] [!Jlll] [N] [N] [!Jlll] 

1. St ZA 1.0 80.7±2.0 2.3 11.1 1.1 ! 

2. St ZA 1.5 80.2±1.3 5.1 7.5 0.6 

3. St ZA 3.0 95.6±5.1 20.2 8.1 0.4 

4. St ZA 4.0 103.9±2.5 36.0 9.6 0.3 

5. St YA 1.0 47.2±2.0 2.3 2.6 0.3 

6. St YA 1.5 48.3±2.6 5.1 2.1 0.1 

7. St YA 3.0 - 20.2 - -
8. St YA 4.0 - 36.0 -

~ St ZL 1.0 - 2.3 -
St ZL 1.5 5.1 -. 

11. St ZL 3.0 20.2 - -

12. St ZL 4.0 - 36.0 -

Tahle B.2: Results of prohing with an analog prohe system on steel specimens. 

prohing D V d F(2.6Y) F(M) h-meas. 
direction [mm] [mm/s] [!Jlll] [N] [N] [!Jlll] 

1. ZA 1.0 3 39.3±3.8 0.4 0.9 0.2 

2. ZA 2.0 3 50.0±5.8 1.5 1.5 -
3. ZA 4.0 3 - 6.2 

4. ZA 1.0 10 41.8±2.2 0.4 1.1 0.3 

5. ZA 2.0 10 47.2±2.0 1.5 1.3 0.15 

6. ZA 4.0 10 - 6.2 - -

7. ZA 1.0 20 52.4±3.0 0.4 1.7 0.4 
I 

8. ZA 2.0 20 60.0±5.0 1.5 2.2 0.2 

9. ZA 4.0 20 - 6.2 -
i 10. ZA 1.0 . 40 61.4±4.4 0.4 2.3 0.6 

11. ZA 2.0 40 72.8±4.6 1.5 3.3 0.4 

i 12. ZA 4.0 40 86.3±5.0 6.2 4.5 0.1 

13. ZA 1.0 60 71.8±2.4 0.4 3.1 1.1 

14. ZA 2.0 60 86.4±3.8 1.5 4.5 0.7 

15. ZA 4.0 60 97.8±7.2 6.2 5.9 

Tahle B.3 : Results of prohing with a touch-trigger prohe on aJuminurn 

specimens. 
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m=il V d F(2.6Y) F(M) h-meas.l 
[mmlsl [l.un] [NJ [NJ 

1. 3 2.3 

2. 3 9.0 -
3. ZA 4.0 3 36.0 -

4. ZA 1.0 10 2.3 -
5. ZA 2.0 10 9.0 

6. ZA 4.0 10 36.0 -
7. ZA 1.0 20 31.7±5.8 2.3 0.9 

• 

8. ZA 2.0 20 9.0 

9. ZA 4.0 20 36.0 -

-irl 10. 

~ 
1.0 40 44.9±2.6 2.3 2.4 

11. 2.0 40 9.0 -

12. 4.0 40 36.0 - -
13. ZA 1.0 60 54.4±3.8 2.3 3.4 0.5 

14. ZA 2.0 60 48.6±9.6 9.0 2.7 0.3 

15. ZA 4.0 60 36.0 - -

Table B.4 : Results of prohing with a touch-trigger probe on steel specimens. 
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The kinematic coupling 

In Chapter 2 it is shown that the prohing force (read : impact force) as well as the 

dynamic disturbances in all aspects are smaller for the touch-trigger probe than for 

the analog probe. Both effects can mainly be explained by the considerably smaller 

masses of the probe parts involved in the callision process. While for the touch

trigger probes in general only the stylus and the stylus carrier with the detachable 

part of the kinematic coupling are involved into the callision process, for the 

measuring probes commonly also parts of guideways are involved, in such a way 

that the moments of inertia are relatively high. 

In this appendix the performance of the kinematic coupling in relation to its 

application for probes (see Figure A.2) will be discussed. The kinematic coupling is 

an important concept in the field of precision engineering and is therefore widely 

used. It just constrains the six degrees offreerlom of a rigid body, so in principle a 

unique position and orientation should he maintained, and therefore seems to he 

an appropriate design feature for probe systems. In Section C.l the kinematic 

coupling and its behavior in relation to its application in probe systems is briefly 

discussed to illustrate actual topics in the field of impravement of touch-trigger 

probe maasurement behavior. In Section C.2 the characteristics of the kinematic 

coupling is discussed more thoroughly with respect to its relocation behavior To 

conclude, in Section C.3 some high accuracy measurements are presented to 

demonstrata the typical hysteresis behavior of the kinematic coupling, which 

fundamentally limits the accuracy ofthis concept. 
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C.l Measurement behavior 

In most touch-trigger probes the three seat constructions of the kinematic coupling 

are electrically wired in series, and a constant current souree is connected to it. 

When a change of resistance in the circuit exceeds a certain (threshold) value a 

signal is generated which is interpreted by the probe interface to give a trigger 

signal. This trigger signal is used by the CMM either to latch its position counters 

to give a coordinate maasurement at or near the instant of surface impact, or it 

operates as a fail-safe signal tostop the traveling ofthe CMM. 

Under normal operation circumstances the detachable part of the coupling to 

which the stylus is attached (i.e. the stylus carrier) is pressed into its seatings by a 

preload spring. Under quasi-static operation conditions the prohing force is 

determined by this preload and by the prohing direction, supposing that the probe 

is used in quasi-static conditions. This analysis, based on force and moment 

equilibriums, and supposing that a trigger is generated when one ofthe six seating 

forces becomes zero, is rather straight forward andresultsin a model with which 

the theoretica! prohing force and the seating forces can be predicted, given a 

certain stylus contiguration and the prohing vector at the stylus tip. An example is 

given in Figure C.l. 

The prohing force deviation effect as presented in Figure C.l, and its resulting 

(typical) measurement error which appears in the measurement results is 

frequently called the 20-lobing effect (see e.g. Kunzmann 1979, Jarman 1990, 

Butler 1991). Although in practice the three angles of the triangle are not very 

acute, but more rounded due to mechanica! instahilities and finite stiffness effects. 

Of course, such a similar effect can also be demonstrated when the probe is used in 

3 dimensions, e.g. when measuring a sphere. Measurements done with modern 

touch-trigger probes equipped with highly sensitive sensors able todetermine the 

onset of contact in a very early stage, are less affected by this behavior of the 

coupling, because the required force for triggering is significantly smaller. 
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Figure C.l: Apolar plot (left) ofthe theoretica! prohing force (at the stylus tip) when 

the direction of prohing (depicted by angle y) is varled within a range of 360° in a 

plane parallel to the kinematic coupling. The prohing situation is depicted in the 

rlght-hand figure. 

This lobing effect adversely affects probe performance, because prohing force 

variations also affect stylus bending before a trlgger is generated. The stylus 

bending effect before trlggerlng occurs (the so-called pre-travel) can easily exceed 

several micrometers for a stylus length of 10 mm when no compensation is used 

(Pfeifer 1979, Butler 1991). This effect evidently increases when longer stylus 

lenghts are used, which is very common in metrology, or when the preload force is 

increased in combination with a longer stylus length, to prevent false trlggerlng 

when the CMM accelerates or decelerates. It deterlorates even more when other 

stylus configurations are used and the load on the kinematic coupling before 

trlggering occurs changes (e.g. a rotational movement about the vertical axis ofthe 

coupling). 

Because this prohing force varlation of the kinematic coupling is inherent in this 

concept, many attempts have been made to compensate for this effect either 

numerlcally (see e.g. Butler 1995, Mayer 1995, Ohya 1993, Pahk 1995, 

Weckenmann 1979), or to eliminate this by an increased system sensitivity to 

contacts between stylus tip and workpiece surface (see also Appendix A). For high 

speed applications a correction of the stylus bending in general is less effective, 
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because all proposed compensation algorithms are developed at just one specific 

(low) maasurement speed. Unfortunately prohing at higher speed deteriorates the 

effect of stylus bending. 

C.2 Relocation behavior 

In literature only a few publications can be found concerning the (relocation) 

accuracy of the kinematic coupling (Sherrington 1993, Slocum 1988, 

Slocum 1992(1), Slocum 1992(2), Teague et al. 1992). These couplings have been 

known to provide an economical and dependable method for attaining high 

repeatability in fixtures. Properly designed kinematic couplings are deterministic : 

they only make contact at a number of points equal to the number of degrees of 

freedom that are to he constrained. Being deterministic makes performance 

predictabie and also helps to reduce design and manufacturing costs 

(Slocum 1992). 

Especially Slocum 1988 describes extensively the design parameters, 

characteristics, and testing ofthree-groove kinematic couplings (a representative of 

this type is depicted in Figure A.2), especially developed for mounting fixtures to 

precision spindles. The presented model for the description of the mechanica! 

characteristics of the kinematic coupling is based on the contact theory of Hertz 

(see fora comprehensive overview e.g. Johnson 1985), combined with a kinematic 

model of the coupling, which describes the position and orientation of the saveral 

components ofthe coupling. Attention is paid to an optimal configuration ofthe V

groove and the confronting element (sphere) with respect to contact stresses, which 

must be well below the yield point of the material, and maintaining a high contact 

stiffness. The relocation accuracy achieved by Slocum (see Slocum 1988, 1992) with 

a 356 mm diameter hardened steel kinematic coupling and three 29 mm ceramic 

halls loaded with a preload of 45 kN was found to be repeatable to ± 0.25 f.UI1 in 

space, measured at the detachable part of the coupling itself. This final relocation 

error can be caused by either a mechanica! shift of the coupling components or by a 

rotational movement of the detachable part of the coupling. An attractive feature of 

the symmetrie three-groove damp is that it can expand or contract with respect to 
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the supporting element without introducing stresses or deformations in either 

piece or in any way degrading the rigidity of the coupling. 

For several reasous the design process and characterization of a kinematic coupling 

for use in high precision touch-trigger probes is not comparable to the kinematic 

coupling which is previously described : 

• For probes the kinematic coupling has to meet requirements in terros of a 

maximum diameter, which is restricted by the maximum allowed probe house 

diameter. In many cases the diameter of the coupling ranges from about 15 mm 

to approximately 45 mm, which makes the coupling more sensitive to rotational 

errors, and consequential an increased chance for relocation failures at the 

stylus tip. 

• The preload acting at the coupling cannot fulfill certain conditions in terros of 

contact stress and maximum contact stiffness. In first instanee the preload is 

determined by the maximum allowed prohing force at the stylus tip. However, 

frequently a probe is "tuned" at a certain prohing force (0.5-1 N) at which its 

accuracy and repeatability is guaranteed. But often situations occur that the 

preload force must be re-adjusted to prevent false triggering of the system, e.g. 

when heavier and longer styli are used or several styli are combined to one 

measurement tooi to perform complex measurement tasks. 

• In contrast with most kinematic couplings in use for precision applications, 

kinematic couplings for probe systems should be designed for a life-time of 

several million relocations combined with a re-seat performance of e.g. over 

1000 relocations per re-seat failure (see e.g. US 5,319,858). Further the 

coupling is used under quasi-static and dynamic circumstances (miscellaneous 

measurement speeds and prohing directions), and an accurate relocation of the 

coupling must be realized under different conditions. 

• An important difference with kinematic fixtures for normal relocation use is 

that the six contact points of the kinematic coupling in a probe system are 

always used as electro-mechanical contacts. As described in Section A.2 the 

kinematic coupling is operated as a micro-switch, connected to a constant 

current source. When one of the six electrical contact points reaches a pre

determined threshold, a trigger signal is emitted to the CMM and a 

measurement point is taken. In this case a relocation failure can also occur 

when the resistance of one or more contacts fails to drop below the pre

determined threshold. In cases that the coupling is not used to generate the 
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measurement trigger, it is always used as an electro-mechanical end-switch to 

genera te a signal to instruct the CMM to stop when the limit of the overtravel 

of the probe is reached. 

Especially the last two items are studied and described more extensively in 

US 5,319,858, publisbed in 1994 by a very well-known touch-trigger probe 

manufacturer. Described are the electrically and mechanically repeatability 

characteristics of a kinematic coupling, and how repeatability in terms of 

triggering and re-seating can be improved by a proper selection of (contact) 

materials, lubrication and supply voltage. 

When the coupling is used as a device to generate trigger signals for the CMM, it is 

a requirement that the characteristic changes in resistance occur during a 

breaking and re-seating cycle are the same over a large number of cycles, such that 

during breaking of the contact, a given value of resistance repeatedly corresponds 

to a given change in distance between the coupling elements. This is known as 

electrical repeatability. The mechanica} relocation repeatability is defined as the 

ability of the coupling to realize the same position and orientation after being 

repeatedly distorted in its position and orientation. 

The choice of a material for an electro-mechanical contact in a touch trigger probe 

has in the past been governed by the perceived requirements for the material to 

have the maximum possible hardness with a smooth surface finish, while 

simultaneously being a conductive materiaL The hardness and surface finish 

requirements were chosen to provide good mechanica! repeatability of the coupling 

and resistance to physical damage of the contacts. 

Especially the electrical phÈmomenon causes several problems. During a contact 

breakage an excessive heat can be developed at the contact patch area (see 

Holm 1967), because the total electrical resistance of the contact increases, while 

the current remains constant. As a result of the excessive heat, deposits from the 

lubricating oils (used in such probes to prevent oxidation of the contact surfaces) 

can appear on the contact surfaces, further increasing the resistance of the 

contacts. The development of excessive heat on the contact area patches also 

deteriorates the contact surface itself and thus affects relocation of the stylus 

carrier. 
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Finally it was claimed (see US 5,319,858) that the contact surfaces should be made 

of substantially pure tungsten to meet the requirements of an accurate touch

trigger probe with a typical relocation error to within 0.2 f.tiD (28-value) over a few 

million triggers. Not mentioned are e.g. the experimental circumstances, the 

measurement setup, the preload force, and the used stylus length, so the exact 

claim with respect to the absolute accuracy is somewhat obscure. It may assumed 

that the relocation accuracy was tested with the probe tip repeatedly deflected in 

the same direction, the so-called uni-directional repeatability, which is the most 

ideal condition of probing. An important effect probably not taken into account is 

the tendency of the kinematie coupling to show hysteresis, which is analogous to 

backlash in other mechanica! systems. The hysteresis effect is a direct consequence 

of the direction of the preceding reseat. This implies that when prohing e.g. a 

sphere with the approach directions chosen in such a way that they are normal to 
the surface (the preferred metbod ofuse), each next prohing direction is different to 
the prior one and thus hysteresis is included in the. final maasurement result. This 

hysteresis effect is difficult to test when the probe is attached to the CMM, because 

it is nearly impossible to make a sharp distinction between CMM errors and 

certain probe errors like pretravel (variation), hysteresis, dynamic prohing 

influences, and repeatability effects. Because the maasurement error caused by the 

hysteresis effect is a fundamentallimitation of the relative maasurement accuracy 

of the kinematic coupling, experiments have been performed to measure this effect. 

C.3 Relocation ability of a kinematic coupling 

In order to test the relocation ability of a popular, commercially available, touch

trigger probe, four probes were tested. The kinematic couplings used in these 

probes can he assumed to be representative for high precision applications. Three 

brand-new probes were tested, and (for reference) one frequently used old probe 

was tested as well. 

Because the stylus tip is always connected to the kinematic coupling by means of a 

stylus, a relocation error of the coupling is always found to be exacerbated at the 

location of the stylus tip. Therefore it is obvious to measure relocation errors of the 
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kinematic coupling at the stylus tip because at this location the measurement error 

occurs, can he measured more easily because possible errors are bigger. Because 

rotational relocation errors of the kinematic coupling more significantly affect the 

position of the stylus tip due to the enlarging effect of the stylus length, it is 

sufficient to measure the resulting errors due to the rotational relocation errors 

together with horizontal displacements (displacements perpendicular to the stylus) 

of the stylus tip with respect to an arbitrary chosen reference position of the tip. 

Vertical displacements ofthe coupling (displacements parallel to the stylus) can he 

considered to have a minor effect on the relocation error in space. This results in 

the condusion that sufficient information about the relocation ability of a 

kinematic coupling can he obtained when the displacements of the stylus tip are 

measured in the X-Y coordinate frame located at the stylus tip, see Figure C.l. 

As already concluded in previous section, depends the (relocation) behavior of the 

coupling on the direction of deflection of the stylus. Therefore the relocation 

behavior of the touch-trigger probes to he tested will he measured as a function of 

the prohing direction. Because it must he expected that relocation errors of the 

kinematic coupling at stylus tip position are significantly smaller than 1 llll, a 

stable stand-alone measurement setup has been developed. To measure accurately 

the relocation error in space, several conditions must he met by the setup. Because 

all successive tip positions must he referred to an initially chosen reference 

position, the stability ofthe measurement setup must he high. 

To measure the relocation error of the stylus tip, in X and Y-direction two optica! 

sensors have been used. These sensors have a resolution of respectively 1.7 and 

0.2 nm (for a comprehensive description of this type of sensor see e.g. 

Visscher 1992), which depends on the focus distance of the sensor. The 

measurement range equals respectively 66 lilll and 13 lilll· The spot diameter of the 

emitted laser beams at the position of the focal point is about 41lll. Both sensor 

housings were made of Invar™, a steel-nickel alloy with a linear expansion 

coefficient of 1 ppm/K, so their mechanica! structure was relatively insensitive to 

thermal changes. Long term measurements done with those sensors (and corrected 

for environmental temperature changes) resulted in a signa! drift of< 0.051lll 

within several hours, which is sufficiently stable to measure relocation errors of the 

stylus tip. 
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Both sensors are stiff positioned into an Invar housing (see Figure C.2), 

perpendicular to each other, and their focal points located at the lapped surface of 

the stylus tip, which had a diameter of 3 mm. The length of the used stylus was 

30 mm and the preload acting on the coupling was about 0.4 N (factory adjusted). 

The kinematic coupling is indirectly excitated by means of an ordinary 

loudspeaker, which is driven by a pulse generator and a controllable signal 

amplifier, so a prohing speed of 10, 30, and 50 mm/s could he simulated. The signal 

generator was controlled by a PC by means of a relay output, and the voltage 

signals of the sensors were converled by a 16-bit AID-board, mounted in the PC. 

N ot computer controlled was the orientation of the ram in the horizontal plane 

(defined as angle y, see Figure C.1) to deflect the kinematic coupling in different 

directions with respect to its seating points. The total range for which the couplings 

could has been tested was 170°. 

Table C.1 summarizes the results obtained with the described experimental setup. 

In this table, first the maximum relocation errors ofthe four probes with respect to 

their initial probe tip position is depicted. Assuming that the relocation error 

signal 
amplifier 

pulse
generator 

sensor 1 

D 

stylus tip 

control unit 
sensor 1 

control unit 
sensor 2 

' j 

I 

~--1 

Figure C.2: Measurement setup to measure relocation errors ofthe stylus tip. 
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1. 2. 3. 4. 

1.4 0.1 0.4 0.2 

0.5 0.1 0.3 0.1 

Table C.l: Two main characteristics of the tested touch-trigger probes. Probe 

number 1. was the old and frequently used one. 

behaves as a random process when the stylus is deflected from an arbitrary 

direction (which happens in a realistic measurement task), it is reasonable to 

assume that this maximum error should have been occur more frequently when 

more measurement samples were taken. 

Secondly, the hysteresis error is presented in this table. This is the error which 

occurs between two successive measurement points when the probe is used for two 

different directions (in the horizontal plane). Although the old probe showed a 

distinct relocation error behavior with respect to the orientation of the seatings of 

the kinematic coupling, this effect could not he proved distinctively for the new 

ones. Probably the poor results of probe 1. are caused by wear effects taken place 

on the contact patches of the kinematic coupling. Although also an increase of the 

relocation error with increasing excitation velocity of the probe stylus was 

expected, no clear relation could he established. 

As already discussed in an earlier section, it is really well possible that relocation 

errors are caused by displacements of the detachable part of the coupling as well as 

rotation of this element. Although both causes are undesirable, orientation errors 

are more serious, because the relocation error is adversely affected by increasing 

stylus length, in contrary to displacements. Supposing that the relocation errors 

observed by the kinematic èouplings are only caused by rotational errors (worst 

case), it must he concluded that the uncertainty of the coupling in terms of 

orientation uncertainty can range up to nearly 3". 
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D 

Optical fibers 

D.l Introduetion 

An optica! fiber suitable for the propagation of a light beam can he imagined as a 

flexible tube of light-guiding materiaL In general the tube is built up with a core 
with refractive index r;_ surrounded by a cladding with refractive index ~· For any 

fiber r;_ > ~ to create a condition on which internal reflection of the light beam 

(which has been coupled into the fiber) can occur. For mechanica} protection, a 

plastic coating surrounds the cladding (see Figure D.l). 

D.2 Properties 

In the field of fibers two fundamental types can he distinguished (Hentschel1989, 

Etten 1991): 

1. the single-mode (or monomode) fiber; 

2. the multi-mode fiber: -step-index fiber; 

- graded-index fiber. 

A mode describes the manner of propagation (of the electric field configuration) of a 

light beam through a fiber. 
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Figure D.l : Refractive index profiles of the single-mode fiber, the step-index and 

the graded-index fiber (from left to right). 

A common mathematica! characterization of a fiber is the V-number, also called 

normalized frequency. The frequency V combines all essential data in a single 

number. The V-number is defined as (Hentschel1989) : 

V 
2

1ta ·NA 
A 

NA= sin(a) = ~n;- r4 

In which: 
a core radius [m] 

A = wavelength [m] 

NA = numerical aperture [-] 

a half acceptance angle [-] 
ni =index ofrefraction of fiber core or cladding [-] 

(D.l) 

(D.2) 

Typical diameters for the core of single-mode fibers are 3.5- 9 IJ.Ill, for multi-mode 

fibers about 50 - 100 IJ.Ill. The numerical aperture is important when a light beam 

must be coupled into the fiber and determines the divergence of the beam when it 

exits the step-index or graded-index fiber. For fibers the numerical aperture is 

defined as the sine of half the maximum angle of acceptance. So light rays 

supposed to he coupled into a fiber with a bigger angle of incidence than the NA of 

the fiber will not he guided. For step-index fibers typical NA numbers are 0.3 - 0.4, 

and 0.2- 0.3 for graded-index fibers. For single-mode fibers a common NA number 

is 0.1. 
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The condition for single-mode operation is (Hentschel1989, Etten 1991): 

V< 2.405 (D.3) 

Îc = Îc 3.7 a 2-l/2 NA cutoff (D.4) 

The single-mode fiber supports only one mode (the fundamental mode), if the 
wavelength is longer than the cutoff wavelength Îc t ff. Below this wavelength 

. CU 0 

more modes may be guided. From Equation D.l and Equation D.3 it can be derived 

that the radius of the core of a single-mode fiber for Îc = 670 nm (the wavelength 

emitted by the chosen light sourees ofthe prototype) mustbesmaller than 2.6 J.llll. 

The main difference between step-index and graded-index fibers are their 

difference in attenuation and bandwidth. Those properties are especially important 

for telecommunication applications, but don't have to be considered for the actual 

application as "ordinary" light souree guidance. 

D.3 The far field 

Because the position ofthe light spot on the detector is determined by the center of 

the irradiance distribution of the light beam (see Appendix F), the far field shape of 

the irradiance distribution perpendicular to the direction of propagation of the 

beam is of concern for the stability ofthe center. The far field of a light souree (i.e. 

the fiber) is the power density measured on the surface of a sphere, with the souree 

located in the center of the sphere. Far field analysis is important e.g. for the 

determination of the numerical aperture of fibers. An international agreement 

defines the numerical aperture .as the sine of the half angle at which the irradiance 

has decreased to 5% ofits maximum. 

The intensity distribution of a multi-mode fibers is mainly determined by the 

refraction index of the core of the fibers. For this reason the step-index fiber gives 

an uniform irradiance distribution along the whole cross-section of the beam, while 

the graded-index fiber gives an irradiance distribution profile which is similar to 

the profile of the refractive index of the fiber core, which is close to a parabalie 
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Figure D.2 : Far field intensity distributions for a step-index (left) and a graded

index multi-mode fiber. 

profile (see Figure D.2). Thus the far field divergence is completely determined by 

the numerical aperture of those fiber types (Hentschel 1989). This property and the 

diameter ofthe fiber core determine the finally achievable spot size. 

In contrary to multi-mode fibers, the light intensity distribution of a single-mode 

fiber is not determined by its refractive index profile but completely governed by 

the diameter of the core. Since the dimension of the fiber core diameter is close to 

the wavelength to be guided, the end of the fiber causes diffraction when the beam 

exits the fiber. The fundamental mode of most single-mode fibers can be 

approximated by a Gaussian field distribution whose radiation is again of 

Gaussian shape (e.g. Marcuse 1981, O'Shea 1985, Appendix E). An essential 

parameterfora complete description of a Gaussian beam emitted by the optical 
fiber is the spot size (see Appendix E). The spot diameter is defined by the 1/ e2 -

power density. For an ideal step-index single-mode fiber, the following equation for 
the dependenee of the spot size radius w0 on the normalized frequency V can be 

used (see e.g. Etten 1991): 

w0 =a (0.65+ 1619/Vq'2 + 2.879/v6) (D.5) 

In this equation represents a the core radius ofthe single-mode fiber. 

In important phenomenon which must he taken into account when choosing the 

combination of fiber and light source, is the occurrence of speekles in a far field. 

This term is used for the typical appearance of randomly distributed light spots in 

the total image of the light source, which is caused by optical interference of 
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different fiber modes. Because the speelde pattem is based on phase relations 

between the different modes, changes in the intensity distribution can already be 

caused by small movements and temperature changes of the optical fiber. In 

general the speelde pattem changes with a low frequency which can imply an ever 

moving center of the light intensity distribution of the light spot. The appearance 

of speekles in the image of the light souree depends on the combination between 

light souree and optical fiber. Apparently a laser diode (LD) in combination with a 

single-mode fiber does not show a speelde behavior, because only one mode is 

guided by this fiber type, while the combination with a multi-mode fiber does. 

Graded-index fibers show more pronounced speelde pattems than step-index fibers, 

due to fewer waveguide modes and lower multi-mode dispersion. A multi-mode 

fiber driven by a LED does not result in a speelde pattem (Hentschel1989). 

D.4 Coupling light souree and fiber 

The process of coupling light from a LD or LED to an optical fiber is called 

"pigtailing" (see Figure D.3). Pigtailing is relatively simple for multi-mode fibers, 

but is much more difficult for single-mode fibers since the alignment toleranee (in 

the plane perpendicular to the output beam) must be better than 1 f.Ull. The 

coupling efficiency depends on the numerical aperture of the fiber and the light 

source, the accuracy of the aligmnent between the light souree and the fiber, and 

the lens which is used to couple the light beam into the fiber. Possible coupling 

efficiencies between LDs and single-mode fibers vary between 10 - 65%, while the 

coupling efficiency of multi-mode fibers and LDs vary between 30 - 90%. The 

coupling efficiency between LEDs and fibers generally is lower, because the NA of 

LEDs is much higher than for LDs. 

The optical power output of a single-mode fiber driven by a LED is typically 20 !l W, 

while a multi-mode fiber driven by a LEDemits typically 100 11W. A single-mode 

fiber driven by a LD emits maximal30 mW, driving a multi-mode-fiber this can be 

increased up to several hundreds of milliwatts. 
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Figure D .3 : Low cost, low efficiency standard pigtail. 

AppendixD 

optical fiber 

The fiber-emitted optica} power was the main reason to chose the LD as light 

souree for the prototype, in order to guarantee a certain resolution of the detectors. 

The single-mode fiber then is obligated, because of the absence of speelde patterns. 
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E 

Optical path design 

E.l Introduetion 

For a good response signal of the detector due to an incident beam, the geometrical 

center of the spot must he stabie defined within the whole measurement range of 

the detector. This requires a careful design of the optical beam path and beam 

shape. Relevant aspects involved with this design will he discussed in this 

appendix. 

E.2 Spot requirements 

It is clear that the principle of operation explained in Chapter 3 requires a stabie 

spot shape when the spot shuffles over the detector surface. In fact only sealing 

effects applied on the spot shape are allowed, because only these effects don't 

change the center of the light intensity distribution. Because of the small size of 

the detector it is important to keep the spot size as small as possible to achieve a 

maximum measurement range. The accuracy of the detector itself is not 
fundamentally affect.ed by the spot size (Dorsch 1994). However, the process of 

down-sealing of the spot size is limited by the detector itself. To prevent the 

detector to he damaged, the maximum light intensity should he limited to 

30 kW I m2. An optimal situation occurs when the maximum currents are 
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generated by the detector with the minimal allowed spot size before saturation of 

the detector occurs. This guarantees (as far as the light souree is concerned) a 

maximal signal-to-noise ratio, but care must he taken to prevent an overrun ofthe 

maximum light intensity limit. Furthermore, a small ideal circular spot results in 

a more stabie center of the Gaussian light intensity distribution than a bigger spot, 

because small non-eireular variations in light intensity within the spot (e.g. due to 

fiber movements or temperature changes) cause a smaller shift of the intensity 

center in relation to the true geometrical center and therefore results in a smaller 

error. 

E.3 Beam shaping 

The light beam is generated by a laser diode, while. the beam is coupled into the 

construction with the aid of an optica! fiber. Since the single-mode fiber ideally 

only guides the fundamental mode, the behavior of this beam can be accurately 

described with the Gaussian beam theory (see e.g. O'Shea 1985, Richter 1994, 

Self 1983). 

The beam divergence 'I} of the fiber-emitted single mode beam can be calculated 

with next equation : 

(E.l) 

Herein À represents the wavelength [m], and d0 the diameter of the emitted beam 

at the fiber-air transition. The diameter is equal to 2w0 (see Equation D.5). 

Substituting real values in this equation shows that the divergence of a fiber 

emitted beam is quite large. Therefore the beam needs to be re-shaped to get a 

suitable spot size at the detector surface at a distance of about 30 mm of the fiber 

end. 

Reshaping of the beam can be performed by use of a lens, located in between the 

fiber and the detector. This situation is depicted in Figure E.l. 
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Figure E.l: Transformation of a Gaussian beam by a thin lens. 

In this figure d0 and d~ represent the so-called beam waists (the region where the 

beam is smallest) before and after the magnification ofthe lens with focallengthf. 

For application in the prototype, the most suitable situation occurs when the beam 

waist coincides with the detector surface. In this situation the spot size variation is 

the smallest. 

The location of the beam waist with diameter d~ is determined by parameter z~ 

which is related with the focal length f of the lens and the magnification factor a 

according to : 

(E.2) 

Figure E.2 shows the relation between z2 as function of the parameters z~ and the 

magnification factor a. This figure shows that small variations in the distance 
between the fiber and the lens (i.e. z2 ) results in large variations of zi and the 

magnification factor. This indicates that an axial adjustment mechanism to 

position the lens accurately is required. 

The extent of the beam waist region is called the Rayleigh range. When the 

diameter of the beam is characterized as : 

(E.3) 
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Figure E.2 : Optical design parameters. 

then the Rayleigh range is defined as the distance from the beam waist where the 
diameter has increased to J2 d0 . Obviously this occurs when the second term under 

the radical is unity, that is, when: 

(E.4) 

An appropriate design ofthe Rayleigh range prevents large fluctuations ofthe spot 

size at the detector surface, due to mirror movements. In the actual design the 
variations in beam length are approximately 2 mm, so 2zR should equal at least 

this distance. The Rayleigh range z~ of the beam after the lens is directly related 

to the Rayleigh range zR of the beam before the lens, i.e. the Rayleigh range of the 

beam emitted by the fiber, according to: 

(E.5) 

The Rayleigh range of the fiber-emitted beam can he calculated with Equation E.4. 

The parameters 1') and d0 characterizing the beam before the lens, are determined 

by the properties of the single mode fiber and the wavelength À of the beam (see 
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magnification H 

Figure E.3 : The Rayleigh range as function of the magnification constant. 

Appendix D). When a lens is selected with a short focallength f (to keep the probe 

house small), then the other parameterscan be determined basedon the required 
Rayleigh range and the elistance z~. 

Based on information provided by Appendix D a selection can be made for an 

appropriate lens. In practice, a choice must be made between two lens-types : the 

symmetrie-convex glass lens and the plano-convex glass lens. The symmetrie

convex glass lens is a common lens with two positive curvatures, while the plano

convex glass lens has one flat surface and one positive curvature. Both lenses are 

able to focus the light beam on the detector. A normal selection criterion is the 

quality of the image. In our application the light intensity distribution stability is 

important, because this determines the stability ofthe centroid ofthe spot. But the 

light intensity distribution cannot he affected by the lens. Therefore, the 

appropriate selection criterion is simply the focal length and the purchasing costs 

ofthe lens. Since both surfaces contribute to the power of symmetrie-convex lenses, 

they have shorter focal lengths than plano-convex lenses of equal diameter and 

surface radius. Furthermore, symmetrie-convex lenses are more easy to produce, 

and therefore are cheaper. An image-quality comparison done with an optical 

design program between the two types of lenses (with similar specifications) based 

on the given object-lens-image distauces setup, favors the symmetrie-convex lens 
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above the plano-convex lens. So, the sum of image errors (spherical aberrations, 

coma, astigmatism, et cetera) due to lens imperfections is smaller with the use of a 

symmetrie-convex lens than with the use of a plano-convex lens. 

For the beam shaping of the prototype the symmetrie-convex lens with a focal 

length of 4.5 mm has been chosen. Due to this short focal length the fiber holder 

(see Figure 4.12) can he kept very small. 



173 

F 

The detector 

For application in the prototype Position Sensing Detectors (PSDs) have been 

chosen, able to measure spot displacements in two perpendicular directions. A PSD 

is a photo-electronic device (a modified photo diode) which converts an incident 

light spot in continuous position information. The duo-lateral two-dimensional 

PSD is able to detect an incident light spot on its rectangular surface hordered by 

four terminals. The photo electric current generated by the incident light flows 

through the device and can he seen as two input currents and two output currents 
(see Figure F.1). The distribution ofthe output currents i . (j = 1, 2) show the light 

aJ 

spot position in one coordinate, and the distribution of the input currents i . 
Cj 

(j = 1, 2) show the light spot position in the other coordinate. The position 

information generated by the detector is determined by the center of the light 

intensity distribution (centroid) ofthe light spot according to: 

. IP c x) 
~ =-· 1+-
al 2 L 

I X 
i = _E.. (1- -) 
a2 2 L 

I y 
i = _E.. (1+-) 
cl 2 L 

I y 
i =_E.·(1--) 
c2 2 L 

(F.1) 

(F.2) 

(F.3) 

(F.4) 
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Figure F.l: Principle ofthe two dimensional PSD. 

In these equations represents L the half-length of one detector side, and I the 
p 

photo current. The resolution ofthe PSD depends on its size, the detector noise, the 

light input intensity, and the bandwidth of the electronic circuits. The detector 

noise has two major contributors which limits the achievable resolution of the 

PSD : the thermal noise generated in the sheet resistance and the shot noise in the 

photo current. The theoretica! and highest achievable resolution based on the 

physics ofthe PSD can he expressedas (Kooijman 1991): 

PSD res. 

In which: 

k = 138. 10-23 [J/K] 

q = 16 ·10-19 [As] 

T = absolute temperature [KJ 

B = bandwidth [Hz] 

(F.5) 
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R = sheet resistance [.Q] 
I = photo current [A] 

p 
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Common sheet resistances are 10 - 30 k.Q. Based on Equation F.5 in Figure F.2 the 
resolution is plotted as function of the photo current I and as function of the p 

bandwidth B. From this figure it can be concluded that the resolution is affected 

positively by a decrease of bandwidth and an increase of photo current. This figure 

also shows that the resolution improverneut is. less than proportional with the 

increase of the photo current. The generated photo current depends on the emitted 

power of the light souree and the wavelength of the incident light beam. 

The wavelength is a dominant factor, because the response of the detector depends 

on the wavelength of the light beam. For standard silicon PSDs the speetral 

response increases from < 0.1 AIW at 400 nm toa maximum of0.7 AIW at 980 nm, 

and falls rapidly offto 0.2 AIW at 1100 nm. So the most optima! SIN-ratio (Signal

to-Noise) of the signals can he created when the wavelength of the light souree is 

chosen between 850 - 1000 nm. The maximum allowed sum of output currents for 

2-dimensional PSDs generated by the incident light beam is 2 mA. Above this limit 

non-linearities will appear in the position signals due to saturation of the light-

101 
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Figure F.2 : The resolution of a PSD as function of the photo current I and the 
p 

bandwidth B. 
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sensitive layers of the PSD. From Equation F.5 and Figure F.2 the condusion can 

he drawn that the resolution of the PSD strongly depends on the generated photo 

current. The generated photo current can he calculated with Equation F.6: 

(F.6) 

The parameter fb represents the optical power of the light beam [W], while the 

parameter S~ [AIW] represents the speetral response of the PSD for the incident 

light beam with wavelength À. Substituting Equation F.6 in Equation F.5 results 

in an expression representing the optical power as function of the resolution, see 

Figure F.3. This figure shows that the differences in attainable resolution for a 

bandwidth of 50 kHz due to the chosen wavelength decreases from 10 ppm in the 
low optica! power range to less than 1 ppm in the higher optical power range. The 

figure also shows that at a bandwidth of 5 kHz the attainable resolution is not 

significantly dependent on the used wavelength. Furthermore the figure clearly 
shows that the attainable resolution decreases with increasing bandwidth, but this 

can partially he restored by an increase of optica! power. The generated noise is 

determined by the numerator of Equation F.5. This expression shows that with 

increasing photo current and/or increasing bandwidth also the noise increases 
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Figure F.3: The required optical power versus the resolution of a PSD and the 

bandwidth. 
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(thus the resolution decreases), but Figure F.4 shows that the SIN-ratio also 

improves. So with increasing optical power the conditions to create the maximum 

achievable resolution improves too, despite the increasing noise (see Equation F.5). 

An important impravement of the SIN ratio of the detector signals can be obtained 

when the detectors are protected against (optical) distortions, like daylight or 

fluorescential light from e.g. laboratories. Therefore it is advisable to seal the 

measurement system hermitically from the environment. 

To prevent darnaging of the PSDs, the maximum light intensity put on the detector 

should be less than 30 kW I m2 (SiTek 1990). This relation can be written as (see 

also Figure F.5) : 

r. < b,min- (F.7) 

Here r.b . represents the minimal required beam radius, given a certain optical ,mm 
power fb of the light beam. 

t.B 15kHz 
80 ·---~-~-~-'---'-------' 
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photo current [ J!A] 

Figure F.4: The SIN-ratio ofthe PSD as function ofthe photo current I p· 



178 AppendixF 

Maximum light intensity [mW] 

Figure F.5: Minimal required beam radius as function ofthe light intensity ofthe 

incident beam. 

The response time or rise time quantifies the time needed by the detector to change 

its output when a step of the input signa! is applied. The rise time is determined by 

the interval in which the output has changed from 10% to 90% of its steady state 

level. The rise time depends on the capacitance and the resistance of the detector, 

according to (see SiTek 1990, UDT 1993): 

t = 2.2RC (F.8) 

In which R and C respectively represents the resistance and the capacity of the 

detector. A typical range for the rise time is 10 ns to 50 ns. Supposing a shuflling 

speed of the light beam over the detector of 300 mm/s, this results in a 

displacement error of approximately 15 nm, which can completely be neglected. 

The bandwidth of the system is related to the rise time : 

B= 0.3&ft (F.9) 

This relation shows that the 3 dB system bandwidth is in the order of magnitude of 

several Mhz. 
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A limiting factor of the absolute position accuracy of the PSDs is caused by their 

non-linearity. Manufacturers (see e.g. SiTek 1990, UDT 1993) specifY the .non

linearity for 60% to 90% of the detector surface at typically 0.3% - 1% of the 

detector length. When the sensor is not corrected for its non-linearities, it is 

important to keep the detector size as small as possible when a high position 

accuracy is required. Otherwise, when a relative big sensor area is required for the 

application with a high position accuracy, it is relative easy to correct the 

measured position on the detector. But this requires a calibration procedure to 

calibrate the sensor for 2 perpendicular directions to obtain an error map of the 

non-linearity of the detector. Furthermore, this error map requires a predictabie 

non-linearity between the calibration points to keep the number of calibration 

points at a moderate rate. 

The thermal behavior of the detector must he related to the reference point of the 

detector to which the measured coordinates are related to. In an ideal situation the 

reference point position will not change when the temperature of the detector 

changes, but this is determined by the mechanica! construction of the mounting of 

base of the detector. The geometrie dimensions of the detectors to he used for our 

application are relative small, so the occurrence of serious temperature gradients 

in these devices are not very likely. The over-all thermal drift of the detector is 

typically 20 pprniK (SiTek 1990), which results in a maximum drift of 0.08 ~ 

for a 4x4 mm sized detector. The absolute drift depends on the location of the 

reference point, preferably chosenat the center ofthe square detector. 

A reasonable compromise with respect to above mentioned considerations, is found 

with a detector of 4x4 mm (SiTek 1990). Based on a 16-bit A/D-conversion this 
results in a maximum achievable resolution of 4/216 = 0.06 ~- The typical rise 

time is specified at 44 ns and the thermal drift 20 ppm/K. Figure F.3 shows that for 

a (theoretica!) resolution of 10 ppm (0.04 ~) and a bandwidth of 50kHz an optical 

power of at least 300 fl Wis required. In practice, however, measurement conditions 

are always more harsh than in theory, so requirements or expectations frequently 

must he adjusted. So a safety factor should he taken into account when specifYing 

components. 
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PSD-processing electronics 
As shown in previous section the generated currents of the detector are dependent 

on the received optical power. When the optical power varles in time, consequently 

also the magnitudes of the currents change and results in measurement errors. 

Hence the detector inforrnation must be norrnalized to obtain position response 

signals independent of the light intensity variations. The relative position X I L of 

a light spot on the X-axis can he calculated with (see also Figure F.1): 

(F.10) 

The calculation of the relative displacement along the Y-axis is similar. Standard 

circuits to achleve this, involve current to voltage converters, addition and 

substraction circuitry, and an analog divider. The processing boards to perforrn this 

task for the six detector channels are buy-in components (Kooijman 1991), so their 

exact layout will not he discussed here and is beyond the scope of this thesis. 

Important specifications of a PSD processing board with respect to the performance 

of the PSD (and thus the measurement system) are the bandwidth, the linearity 

error, the norrnalization accuracy, the slew rate of the output signal, and the 

resolution. A minimum bandwidth of 150Hz is required when a "smooth" spot 

travel speed is expected at a maximurn of 300 mrn/s. Because it is likely that still 

some small dynamic components are present in the spot's travel speed (due to 

accelerations) which must be observed by the measurement systern, the required 

bandwidth is higher, say 5 kHz. The standard bandwidth specification of the board 

is 150 kHz, so this is more than sufficient for the measurement system. The 

maximurn detector resolution is e.g. deterrnined by the resolution of the AID 

converter, used to digitize the analog signals offered by the PSD processing boards. 

The boards have a full scale of 20 V, while the AID converter (see also 

Section 4.2.4) bas a resolution of 16 bit, so the resolution of the AID converter is 
20/216 = 305f.!V. For maximurn accuracy the resolution supplied by the processing 

boards should equal a 1/2 LSB, say 150 f..l V, and this matches a resolution of 8 ppm. 

The processing boards are specified for this resolution at 10kHz when.the surn of 

the input currents equals at least 50 f.!A. This requires approximately 150 f..lW of 
optical power, which can easily he supplied by the laser diodes. The norrnalization 

accuracy of the processing boards is specified to be within 0.05% and a settling 
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time of 10 J.lB at a 50 ~ current level {total sum). The laser diodes used in the 

prototype are driven at a constant monitor current level, so the optical power 

output is only subject to very small changes. Therefore, it is not expected that the 

normalization circuits will contribute seriously to uncertainties of the position 

signals of the detectors, when the detectors are once calibrated at a certain optical 

power. The linearity error is not specified, but is not of serious concern, because the 

PSD also has a linearity error of typically 0.3% of its measurement range 

("=' 12 ~). However, of more concern is the repeatability ofthe static and dynamic 

linearity errors. Once a calibration procedure is performed to map these 

(systematic) errors, the PSD processing board output signals can he corrected. 
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De IAC MASTER SCANNER maakt definitief een einde aan het traditionele 
meten van schroefdraden. Eén MASTER SCANNER vervangt honderden 
kalibers, d.ried.raadsmeetbanken, tweekogel binnemneetinstrumenten, 
spoedmeetinrichtingen, microscopen met meetmesjes, etc. 

EENVOUDIG TE BEDIENEN 
Door onze krachtige technologie kan iedereen direct met één druk op de knop 
inwendige en uitwendige schroefdraden meten met een nauwkeurigheid en 
een snelheid waarmee de meest ervaren meettechnicus niet kan wedijveren, 
zelfs niet met de beste conventionele apparatuur. De hele meting en de 
verwerking van de meetresultaten tot spoed, flankendiameter, tophoeken, 
kerndiameter, buitendiameter en de profielcontrole verlopen volautomatisch. 

TE METEN OBJECTEN 
Inwendige en uitwendige schroefdraden. conisch of cilindrisch. Alle bekende 
soorten: Metrisch, Whitworth, Unified, R, BSP, PG, S, etc. 

MEETBEREIK 
Door een uitgekiend palet van uitwisselbare tasters en een CLICK ON 
systeem, kan de meetmachine binnen enkele seconden worden omgebouwd 
voor een ander inwendig of uitwendig meetbereik. Er is een serie opnames en 
tasters voor inwendige schroefdraad vanafM3 t/rn MlOOen uitwendige 
kalibers vanafM3 t/m M90. 

Neem contact op met de UITVINDERS. 

IAC 
MEET 
BEDRIJF 
VOORDE 
INDUSTRIE 

GEOMETRlSCHE INGENIEURS 
POSTBUS 2115 7801 CC EMMEN HOLLAND 
TEL: 0591-644103 FAX: 0591-610765 



Ze liggen voor u klaar ... 
Landré lntechmij is de specialist in positiegevoelige detectoren. 
Of het nu gaat om toepassingen met één-, twee- of driedimensionale 
bewegingen, Sitek PSD's zijn de standaard in snelle plaatsbepaling. 
In de hierboven afgebeelde mappen vindt u alles over Sitek PSD's. 
Vraag ze snel aan en laat u uitgebreid voorlichten over het gebruik 
van PSD's in iedere gewenste dimensie. 
landré lntechmij helpt u graag verder: 

L!i Landré 
Intechmij bv 

Lange Dreef 10 
4131 NH Vlanell 
Tel. (0347) 329 243 
Fax (0347) 329 250 

E-mail: info 0 landre-intechmij.nl 
Internet http: /lwww. landre-intechmiJ.nl 
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1. Bij het ontwerpen van een mechanisch metend tastsysteem is niet 
alleen de keuze van het meetsysteem van belang, maar ook een 
zorgvuldige dimensionering van bij de aantasting betrokken taster
onderdelen. Dit, om te vermijden dat de meetnauwkeurigheid van 
het meetsysteem teniet wordt gedaan door de hoge botskrachten die 
door de taster op het werkstuk worden uitgeoefend tijdens de initië
le fase van de aantasting. 

Dit proefschrift 

2. "Stylus tip bouncing" ten gevolge van het initiële contact tussen tip 
en werkstuk bij het mechanisch aantasten is praktisch onvermijd
baar. Een juiste keuze van de tasterophanging, in combinatie met 
een geschikte demping, kan dit ongewenste gedrag echter aanmer
kelijk beperken. 

Dit proefschrift 

3. Veruit de belangrijkste voorwaarde voor het nauwkeurig functione
ren van precisie-instrumenten is dat hun gedrag bepaalbaar is en 
dus eenduidig kan worden vastgelegd. Kinematisch bepaald con
strueren is hiervoor vaak een uitstekend middel, maar biedt niet in 
alle gevallen de beste oplossing. 

Dit proefschrift 

4. Voor een efficiënte kalibratie van meerassige machines is het vaak 
zinvol om gebruik te maken van een combinatie van verschillende 
typen meetmiddelen. 

5. In veel technische onderzoeken met een praktisch karakter wordt de 
waarde van publicaties voor wat betreft hun nieuwswaarde vaak 
overschat, terwijl de nieuwswaarde van patenten veelal wordt gene
geerd of verwaarloosd. Dit ondanks het feit dat 90% van de hierin 
geopenbaarde technische .kennis niet op een andere wijze wordt ge
publiceerd. 

PolyTechnisch tijdschrift, 1991 

6. De vanzelfsprekendheid waarmee werknemers van een universiteit 
hun salaris incasseren, zou ook moeten gelden voor de acceptatie 
van een prikklok en een daaraan gekoppeld sanctioneringsbeleid. 



7. Met het oog op de (huidige) druk op de overheidsuitgaven zou het 
wellicht zin hebben om het begrip "kapitaaldienst" weer in te voeren 
op de rijksbegroting, zodat daar weer een duidelijk onderscheid gaat 
ontstaan tussen consumptieve uitgaven en kapitaalsinvesteringen. 

8. In een rechtsstaat als Nederland zou een prioriteitenstelling in de 
taakstelling van regionale politiekorpsen overbodig moeten zijn. 

9. Het verscherpte justitiële beleid om hardrijders op rijkswegen "aan 
te pakken" in plaats van bijvoorbeeld meer agressieve overtreders, is 
eerder ingegeven door het gemak en de kostendekkingsgraad 
waarmee het eerste kan geschieden dan door een verhoogd gevoel 
van veiligheid dat gegeven wordt bij aanpak van het tweede. 

10. Een democratisch bestel (zoals het Nederlandse), gericht op het uit
bouwen van een stabiele maatschappij met toekomstperspectief, is 
vooral gebaat bij politici die zich wat minder gelegen laten liggen 
aan de korte termijn behoeften van het electoraat. 

11. Het verschil in bijzondere beloning tussen vaste universiteitsmede
werkers en onderzoekers aangesteld aan de universiteit voor be
paalde tijd getuigt misschien wel van rationeel denken, maar doet 
afbreuk aan de bijdragen van die laatsten aan een van de bestaans
rechten van diezelfde universiteit. 

12. De manier waarop veelal door (onderwijs-)beleidsmakers naar de 
(rechts-)positie van aio's en promovendi en hun bijdragen aan de 
universitaire structuur wordt gekeken, is tekenend voor het verval 
daarvan. 

13. Een politieke discussie over taboes zoals het toelatingsbeleid voor 
asielzoekers zou niet moeten worden beheerst door de angst om 
"politiek incorrect gedrag" te vertonen. 

14. Interfacing van apparatuur is ondanks standaardisering van proto
collen vaak niet triviaal. 

15. Teveel software vertoont schijnbaar toevallige afwijkingen. 


