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Abstract 

In recent years, coordinate measuring machines (CMMs) have been widely used for precision 
measurement of workpieces in various fields. As a result of the miniaturisation trends, the 
measuring demands on these machines have been scaled down to nanometre region. Tomeet 
these demands, new prohing systems are developed with higher accuracy and multiple 
interface possibilities with the workpieces. Within the context of this research, the 
development of a high precision prohing system was started in the Precision Engineering, 
section of the department of mechanica! engineering, in TU e. The new 3 D prohing system 
employs an opticallaser-measuring system and it was designed for contact measurements 
with a ball-ended stylus. In the framework of this research, S.Cosijns designed a new optica! 
principlebasedon the transformation ofthe spatial displacements ofthe stylus into laser
beam displacements. The laser beams fall onto photodetectors, which generate measuring 
signals. The research was continued by J.Dekkers, who designed and realised the stylus and 
the stylus suspension, investigated the prohing system further and determined the 
requirements ofthe photodetectors. The specifications used, were referring to the CMM of 
T.Ruijl: compact housing, long stylus (30 mm), high natura! frequency (greater than 200Hz), 
measurement uncertainty lower than 15 nm and resolution equal of smaller than 5nm. 

During this graduation project, the housing for this prohing system was designed, while the 
electrical system was redesigned. The housing has dimensions 4 7 mm x 4 7 mm x 50 mm and 
lowest natura! frequency 220 Hz. The electrical system uses PIN quadrant photodetectors 
with a gap region of 0.05 mm, without proteetion housing, operating in zero-bias mode for 
low noise current generation. 

Also, during this graduation project the theoretica! measuring model for the conversion ofthe 
laser-spot displacements into output voltage signals was investigated. lt was mathematically 
proved that the linearisation error for measurements within a range of 4.2% ofthe spot 
diameter is 3 .4 % of the measuring range. This error is systematic and can he compensated, 
only ifthe spot displacements on one or two axes ofthe quadrant photodetector are of 
interest. 
In other words, the linearisation error can he compensated for unidirectional spot
displacements, whereas for 2D-measurements the linearisation error cannot he compensated 
because of the interdependency of the errors in the two measuring directions (X, Y) 

Practicallimitations, during this project, inhibited the testing ofthe stylus-tip for 
displacements below 0.5 f..!m. Some of these limitations were the dices' non-uniform 
responsivity and the electrical noise generation. For the realised prototype the electrical noise 
corresponds to a maximum positional uncertainty of 0.1 Jlm with respect to the zero-position, 
ofthe laser spot. There are a number ofways to reduce this noise depending on the available 
budget. The achievable result can he estimated only by using specialised computer programs 
to simulate the electrical component interaction. This was out ofthe scope for the present 
work and therefore the resolution ofthe entire prohing system is not evaluated. 

In condusion ofthis study, the requested measuring resolution of 5 nm is possible to he 
achieved with this prototype, by improving the electrical circuit, only if the measuring range 
is maximum ±4.2% ofthe beam radius, provided that the measuring range is confined in one 
or two axes reduced to the photodetector plane. For the requested uncertainty of 15 nm these 
prerequisites are not sufficient. This uncertainty sets higher demands on the dices conceming 
their response characteristics. 

The detection range ofthe photodetectors is 0.6 mm but due to the stylus-suspension 
allowable overtravel, the prototype detection-range is 0.5 mm. 



Samenvatting 
In de afgelopenjaren zijn er coördinaten meetmachines (CMM) gebruikt voor het meten van 
de geometrie van producten. De CMM's voor contact metingen gebruiken een taster als 
interface tussen de machine en het te meten object. Vanwege de miniaturisatie trend is er 
vraag naar een hoge nauwkeurigheid van deze metingen en derhalve een hoge 
nauwkeurigheid van de tastsysteem. Binnen dit kader is binnen de sectie Precision 
Engineering van de faculteit werktuigbouwkunde aan de TU Eindhoven een onderzoek gestart 
naar het ontwikkelen van een taster met een zeer hoge nauwkeurigheid. 
Het nieuwe 3D tastsysteem dat ontwikkeld is in het kader van dit onderzoek maak gebruik 
van een optisch laser meetsysteem en is bedoeld voor contact metingen door middel van een 
stylus met een kogel. Het meetsysteem is gebaseerd op het meetprincipe van S. Cosijns en 
werkt op het principe van conversie van de verplaatsingen de styluskogel naar laser bundels 
verplaatsingen. De laser bundels vallen op de oppervlakte van de fotodetectoren die 
meetsignalen genereren. Het onderzoek was voortgezet door J. Dekkers die de stylus en 
stylus-ophanging ontworpen heeft. Hij heeft ook de specificaties van de te gebruiken foto 
detectoren bepaald. 

De gebruikte specificaties voor het prototype van het tastsysteem hadden betrekking op de 
CMM, ontwikkeld door T. Ruijl: compacte houder, 30 mm stylus lengte, hoge 
eigenfrequenties (>200Hz), onzekerheid kleiner dan 15 nm en een resolutie van kleiner of 
gelijk aan 5 nm. 

Tijdens dit afstudeerproject werd de houder van het tastsysteem gerealiseerd. Ook werd het 
elektrisch systeem opnieuw ontworpen. De houder heeft afmetingen 4 7 mm x 4 7 mm x 50 
mm en een laagste eigenfrequentie van 220 Hz. Het eclectisch systeem maakt gebruik van 
PIN vier kwadranten fotodetectoren die geen behuizing hebben. De afstand tussen de 
kwadraten is 50 Jlm. Bovendien opereren ze in een zero-bias schakeling voor lage ruis 
generatie. 

Verder is er tijdens het afstudeert project het theoretisch meetmodel voor de omzetting van 
een laser spot verplaatsing naar spanning onderzocht. Het is bewezen dat de linearisatie fout 
voor metingen binnen 4.2% van de spot diameter, 3.4% van de meetbereik is. Deze fout is 
systematisch en kan alleen gecompenseerd worden als de spot in een of twee richtingen 
beweegt. Met andere woorden, de linearisatie fout kan gecompenseerd worden voor 
uniedirectionele metingen vanwege de afhankelijkheid van de fouten in twee richtingen. 

Er waren een aantal praktische beperkingen tijdens dit project voor het testen van het 
prototype is gedaan voor verplaatsingen gelijk aan 0.5 Jlm. Een van deze beperkingen was het 
kwadrant' s non-uniforme responsiviteit en de elektrische ruis. V oor het gerealiseerde 
prototype correspondeer het elektrische ruis met een positionerings onzekerheid van 0.1Jlm 
ten opzichte van de nul-positie van de laser spot. Er zijn veel manieren om deze ruis te 
verminderen, afhankelijk van het budget. Het resultaat kan alleen geschat worden na een 
computer simulatie over de interactie van de componenten. Dit viel buiten de scope van dit 
afstudeer project en daarom is de resolutie van het tastsysteem niet geëvalueerd. 

Uit dit onderzoek kan geconcludeerd worden dat een meetresolutie van 5 nm met het 
gerealiseerde prototype alleen mogelijk is als het elektrische systeem verbeterd wordt. Ook 
het meetbereik moet beperkt worden tot maximaal ± 4.2 % van de laser radius. De metingen 
moeten plaats vinden in een of twee richtingen op het oppervlakte van de fotodetector.De 
hierboven genoemde eisen zijn niet voldoende voor het bereiken van een gewenste 
onzekerheid van 15 nm. Dit is omdat de fotodetectoren aan hogere eisen moeten voldoen. 
Het detectie bereik van de fotodetectoren is 0.6 mmmaar vanwege de stylus-ophanging is 
deze beperkt tot 0.5 mm. 



Contents 
List of figures ............................................................................................................................ 3 
List of tables ............................................................................................................................. 4 
List of symbols and abbreviations .......................................................................................... 5 
1. Introduction ...................................................................................................................... 7 

1.1 Coordinate Measuring Machines & prohing systems ................................................ 7 
1.2 Contents ofthis graduation project .......................................................................... 10 
1.3 Design requirements ................................................................................................ 11 

1.3.1 Optica! system .................................................................................................. 11 
1.3.2 Photodetectors .................................................................................................. 13 

1.4 Mechanica! system considerations ........................................................................... 15 
1.4.1 Dynamic behaviour .......................................................................................... 15 
1.4.2 Determination ofnecessary adjustments .......................................................... 16 

2. Probe housing construction ........................................................................................... l8 
2.1 General description .................................................................................................. 18 
2.2 Material selection ..................................................................................................... 19 
2.3 Housing frame .......................................................................................................... 21 
2.4 Stylus suspension assembly ..................................................................................... 23 
2.5 Detectors' positioning .............................................................................................. 25 

2.5 .1 Adjustment concepts for x and y ..................................................................... 25 
2.5.2 The implemented x-y manipulator ................................................................... 27 
2.5.3 Implementation of x and y adjustments & natura! frequencies ........................ 29 

2.6 Fiber jacket: fixation and adjustments ..................................................................... 32 
2.7 Evaluation and recommendations on the housing construction ............................... 39 

3. Electronics for the probe measuring system ................................................................ 42 
3.1 General discus si on ................................................................................................... 4 2 
3.2 Pre-amplification circuit .......................................................................................... 47 
3.3 Electronics for quadrant photodetectors .................................................................. 49 
3.4 Measurement results ................................................................................................ 51 

4. Theoretical measuring model ........................................................................................ 54 
4.1 Introduction .............................................................................................................. 54 
4.2 Laser -power division .............................................................................................. 58 
4.3 x&y stylus-tip displacements ................................................................................... 64 
4.4 Discussion ................................................................................................................ 67 

5. Experimental results ...................................................................................................... 68 
5.1 Conditions and assumptions for the experiments .................................................... 68 
5.2 Circuit measurements .............................................................................................. 70 

5.2.1 Zero-position .................................................................................................... 71 
5.2.2 Prescribed displacements on x-axis ................................................................. 75 
5.2.3 Prescribed displacements on y-axis ................................................................. 76 

6. Conclusions & recommendations ................................................................................ 80 
6.1 Conclusions .............................................................................................................. 80 
6.2 Recommendations .................................................................................................... 81 

References ............................................................................................................................... 82 

1 



2 



List of figures 

Figure 1-1 Moving-bridge type coordinate measuring machine ................................................ 7 
Figure 1-2 Optica} measuring principle ..................................................................................... 9 
Figure 1-3 The probe designed by J.Dekkers .......................................................................... 10 
Figure 1-4 The dimensions (in mm) ofthe optica} set up ........................................................ 11 
Figure 1-5 Definition of skew angles (q>,o) ofthe detector plane ............................................ 12 
Figure 1-6 Gaussian beam propagation aftera lens.40 

............................................................. 13 
Figure 1-7 Dice dimensions (in mm) ....................................................................................... 14 
Figure 1-8 Dice glued on a PCB .............................................................................................. 14 
Figure 1-9 Prohing velocity profile of CMM .......................................................................... 15 
Figure 1-10 Positional errors ofthe reflected beam due to fiber misplacement from 

manufacturing inaccuracies ............................................................................................. 16 
Figure 2-1 3D solid model ofthe probe housing construction ................................................ 18 
Figure 2-2 Photo ofthe frame .................................................................................................. 21 
Figure 2-3 Section- cut view ofthe frame ............................................................................... 21 
Figure 2-4 FEA model for natura} frequencies analysis: here the displacement ofthe frame in 

the 1 st natura}- mode is shown ( in mm) ........................................................................... 22 
Figure 2-5 Standardized fit of tapered interfaced ( exaggerated) ............................................. 23 
Figure 2-6 Revolved section-eut ofthe assembied probe suspension to the frame ................ 24 

Figure 2-7 Quasi-parallel mechanism Figure 2-8 Watt mechanism ................. 25 
Figure 2-9 Dimensions of the reinforeed leaf springs used for the mini-mechanism .............. 26 
Figure 2-10 Cross section ofthe x-y manipulator .................................................................... 27 
Figure 2-11 The realized x-y manipulator ............................................................................... 28 
Figure 2-12 Proposed holder for the electronic circuit. ........................................................... 28 
Figure 2-13 Dimensions (mm) of the membranes formed in the x-y manipulator .................. 29 
Figure 2-14 Mass-spring model ofthe mini-stage ................................................................... 31 
Figure 2-15 Fibre jacket cross section ..................................................................................... 32 
Figure 2-16 Telescopic adjustment ofthe fibre jacket and parasitic motion (exaggerated) ... 33 
Figure 2-17 Trimetric view ofthe assembied mechanism for the fiber fixation ..................... 34 
Figure 2-18 Cross section ofthe intermediate body ................................................................ 35 
Figure 2-19 Asymmetrical flexure ofthe coupling .................................................................. 35 
Figure 2-20Probe main frame with the flexible coupling on the top ( the arrows indicate 

conneetion points) ........................................................................................................... 36 
Figure 2-21 Tripod components .............................................................................................. 37 
Figure 2-22 Stress level (N/mm2

) on the tripod due to max possible adjustment in the x 
direction (RA =0.02 rad) ................................................................................................... 38 

Figure 2-23 Stress level (N/mm2
) on the tripod due to max possible adjustment in the y 

direction (RA =0.02 rad) ................................................................................................... 38 
Figure 2-24 The realized holder without the stylus ................................................................. 39 
Figure 2-25 Cross section ofthe probe housing construction .................................................. 40 
Figure 2-26 Top view ofthe assembied probe housing .......................................................... .41 
Figure 3-1 Small-signal photodiode model... ........................................................................... 43 
Figure 3-2 A photodiode operatingin unbiased mode connected toa 1-V converter .............. 47 
Figure 3-3 Typical sum/difference circuit used with segmented photodiodes ........................ 49 
Figure 3-4 The utilized measuring circuit with the quadrant photodetectors .......................... 50 
Figure 3-5 Offset/noise measurements voltage of quad segments in absence of light ............ 51 
Figure 4-1 Nomina} motion ofthe probe (exaggerated), resulted from a -x stylus 

displacement ................................................................................................................... 55 
Figure 4-2 Detector's numbering ofthe experimental set up (top view) ................................. 56 
Figure 4-3 Detector's segments numbering & axis defmition ................................................. 58 
Figure 4-4 Comparison of exact solution with linearisation mode Is for 2L1x:=O ..................... 62 
Figure 4-5 Comparison of exact solution with linear mode Is for gap width 50J..Lm and 

maximum on axis spot displacement 0.025 mm .............................................................. 63 
Figure 4-6 Spot displacement as result of dx stylus-tip displacement.. ................................... 65 

3 



Figure 4-7 Linearisation errors for different offset values Xa (in mm) .................................... 66 
Figure 4-8 The actual spot displacement as result of dy stylus-tip displacements .................. 66 
Figure 5-1 x-y mini-manipulator and PVC holder before glued together ................................ 68 
Figure 5-2 Experimental set-up on the 2D CMM .................................................................... 69 
Figure 5-3 The assembied prohing system on the 2-D CMM .................................................. 69 
Figure 5-4 Detector set up and the sign convention used for the experiments ........................ 70 
Figure 5-5 Output voltage justafter detector placement on the PVC. ..................................... 71 
Figure 5-6 Output voltages during detector artachment on the PVC ....................................... 72 
Figure 5-7 Diee's out-of-plane errors: due to arbitrary rotation Rxy, rotation about axis X ( 

Rx) and about axis Y (Ry) ............................................................................................... 72 
Figure 5-8 Output voltage versus stylus tip displacementsin the -x direction ....................... 75 
Figure 5-9 Nominal spot motion in detector nol for dx tip displacements ............................. 75 
Figure 5-10 Output voltage versus stylus tip displacementsin the -y direction (detector 1) .. 77 
Figure 5-11 Nominal spot motion in detector nol for dy tip displacements ........................... 77 
Figure 5-12 Output voltage versus stylus tip displacements in the -y direction.( detector 2) .. 78 
Figure 5-13 Nominal spot motion in detector no 2 for dy tip displacements for the predicted 

zero-position .................................................................................................................... 78 

List of tables 
Table 2-1 Mechanica! properties of common-used metals. ..................................................... 19 
Table 2-2 Thermal properties of common used metals ............................................................ 20 
Table 2-3 Max parasitic rotation ofthe mini-stage .................................................................. 26 
Table 2-4 Stiffness ofthe mini-stage ....................................................................................... 27 
Table 2-5 Stiffness calculations ofthe drive flexures .............................................................. 30 
Table 2-6 Stiffness calculations for the mini-manipulator membranes ................................... 30 
Table 2-7 Rotational stiffness about point A ........................................................................... 3 8 
Table 3-1 Indicative values for the offset and noise ofthe implemented circuit.. ................... 52 
Table 3-2 Indicative values ofthe output voltage for the zero- position ofthe spot. .............. 52 
Table 5-1 Mean value and standard deviation ofthe signals offigure 5-5 .............................. 71 
Table 5-2 Mean value and standard deviation ofthe signals offigure 5-6 .............................. 72 

4 



List of symbols and abbreviations 
Symbol Definition Dimeosion 

A cross sectionat area /active area of a photodiode m2 

a semimajor axis of ellipse m 
b semiminor axis of ellipse m 
c capacitance F 
ei translational stiffness in i direction, i=x,y,z N/m 
c speed oflight (2.998xl 08

) m/s 
Cp specific heat J/kgK 
dx,dy,dz displacement in x,y and z direction m 
E modulus of elasticity N/m 
E, effective modulus of elasticity N/m 
e electron charge ,1.602 xl0-19 c 
in natura} frequency Hz 
G shear modulus Pa 
Ho flux density W/mm2 

h Planck's constant ( 6.625xl0-34) Js 
h width m 
I Laser light intensity W/mm2 

I; moment of inertia of an area around the i axis m4 

I electrical current A 
ip average photocurrent A 
ia photodiode dark current A 
.!; moment of inertia of a mass around the i axis kgr·m2 

kb Boltzmann constant (1.38xl 0 -23) JIK 
K stiffness matrix N/mNm/rad 

K rotational stiffness around i axis or point Nm/rad 
L link length /totallength of flexure m 

L inductance H 
Lij length from point i point j m 
I length of flexible part of a reinforeed flexure m 
M mass matrix kgr 
m mass kgr 
M moment Nm 
p incident optical power w 
p displacement matrix m ,rad 

Q coordinate transformation matrix m ,rad 
q generalized coordinate morrad 
R responsivity of a photodiode NW 
Rsh shunt resistance n 
RJ feedback resistance n 
Ri rotation around the i axis or point rad 
Rs maximum curvature sum m 
r radius m 
rs minimum curvature sum m 
s length coordinate measured along the length of a flexure m 
T temperature K 
T kinetic energy J 
Ti translation inthei direction (i=x,y,z) m 
t thickness m 
u potential energy J 
U a accuracy m 
u deformation of a flexure perpendicular to its longitude m 

5 



x,y,z stylus or manipulator coordinates 
X,Y,Z photodetector coordinates 
V deformation of a flexure parallel to its longitude m 
V voltage V 
vb reverse bias voltage V 
w laser beam radius m 
Wo laser waist radius m 

a coefficient of linear expansion 1/K 

a acceleration m/s2 

D parameter for line/plane representation 

r parameter for line/plane representation 
17 the ratio of electrons tophotons ( quanturn efficiency) 
(}i angle of rotation , i= 1 about y and i=2 about x axis rad 

À coefficient of thermal conductivity W/mK 

Àp freespace wavelength ofthe pboton m 

J.L(CO) contact parameter 
v(co) contact parameter 

V Poisson's constant 

~ integration auxiliary variabie 
D 3.141592 
p density kg/m3 

(j material normal stress Pa 
T material shear stress Pa 

<pi angle of rotation around point i rad 

(/JB build-involtage (for silicon 0.6 V) V 
co radius ratio 

me cycle frequency rad/sec 

AID Analogue to Digital converter 
BJT Bipolar Junction Transistor 
BW Band Width 
CMM Coordinate Measuring Machine 
CNC Computer Numerical Control 
DOF Degree Of Preedom 
EDM Electrical Discharge Machining 
EPDM Ethylene Propylene (rubber) 
FEA Finite Element Analysis 
FET Field Effect Transistor 
FSR Pull Scale Range 
NA Numerical Aperture 
NBW Noise measurement bandwidth 
M 1, 2 e.c.t Metric thread 
OpAmp Operational Amplifier 
OPL Optica! path length 
PCB Printed Circuit Board 
Std Standard deviation 

6 



1. Introduetion 

In recent years three dimensional inspeetion and measuring of products within the sub-micron 
range have become necessary because of the high technological advances in various fields 
such as in microelectronics and in 30 micro-fabrication methods. Depending on the 
application type, different measurement systems are used. The most widely used machine for 
precision measurement ofproducts (workpieces) is the coordinate measuring machine 
(CMM). 

1. 1 Coordinate Measuring Machines & probing systems 

The CMM is basically a precise robot 21
• Most CMMs consist of a series of mechanica! links 

connected with actuated joints. Their end-effector (ram) is able to reach a eertaio volume in 
space (measurement volume) by moving in the direction ofthree independent directionsin 
space. The most common used CMMs , the cartesian type, are able to move their ram in the 
direction ofthree independentaxis (x,y,z) which are perpendicular toeach other. 
The CMMs for contact measurements employ at their ram a prohing system, as interface 
between the workpiece and the machine. Usually, mechanica! prohing systems consist oftwo 
main parts: housing and a ball-ended stylus (probe ). 
The probe, under control ofthe servomotors ofthe machine slides, touches a sequence of 
points ofthe surface ofthe workpiece and the CMM generates the x,y,z coordinates ofthe 
contact points with respect to the machine coordinate system. From these coordinates, the 
machine software reconstructs the form and measures the dimensions of the workpiece. An 
example of a commercial available three -axis CMM with mechanica! prohing system is 
shown in figure 1-1. 

ram 

----------
measuring scale 

bridge 

prohing system 

workpiece 

base 
'"-._ 

---........ _ 

x-slide 

Figure 1-1 Moving-bridge type coordinate measuring machine 
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The most accurate commercially available CMMs have a volumetrie measuring uncertainty of 
about 1 fJ.m in a measuring volume of less than 1 m3

• A lot of effort has been done in order to 
reduce the measuring uncertainty ofthese machines, in expense ofthe measuring volume. 
Referring to the design of cartesian CMMs within the Mechanica} Engineering department of 
TUe, M.Vermeulen designed a CMM with measuring volume of 1 dm3 and volumetrie 
uncertainty of approximately 0.08 fJ.m 30 and van J.Seggelen is now developing a CMM with 
measuring volume 50 mm x 50 mm x 4 mm, which aims at a volumetrie uncertainty of 25 nm 
27 

Also, T. Ruijl developed a coordinate measuring machine with a measuring volume of 100 
mm x100 mm x 40 mm (where the plane 100 mm x 100 mm corresponds with the horizontal 
plane), which aims at a volumetrie uncertainty of 50 nm 26

• This machine needs a mechanica} 
prohing system with high accuracy and long stylus; these demands are quite high for the 
commercial precision prohing systems, which have, typically, an uncertainty of a few tentbs 
of a micron. This prohing system should have a resolution of maximum 10 nm, in order to 
perform its main ft.mction (that is the detection ofthe workpiece's surface) well. In addition, 
sweeping of the whole measurement volume for measuring of complex shapes and relatively 
deep cavities requires a rather long stylus (about 30 mm long). 

Today, there are two main kinds of passive (no actuating device in the prohing housing) 
mechanica} (contact) prohing systems: the touch trigger and the analogue. The active prohing 
systems and the other kinds of passive prohing systems (for example non-contact laser 
scanning probes, electrical probes etc.) were out of consideration in this thesis. 
The touch trigger prohing systems are essentially a very precise micro-switch, which responds 
to displacements ofthe order of 1 fJ.m or less 5

• The electronic interface monitors the probe 
contacts by detecting a change in resistance. The trigger event is registered which signals the 
CMM to latch its scale readings. Since there is only one trigger for each measurement 
continuous scan is not possible. The advantages of this prohing system are the relative simple 
detection system and its low mass. 
Analogue prohing systems measure the position ofthe stylus tip continuously 5'

24
• With these 

systems the measuring accuracy can he improved further by compensation for the stylus 
deflection. The disadvantages of these systems are the system complexity and the relative 
long measuring time but their great advantage is the possibility for continuous scanning and 
for quasi-static measurements. Iin genera}, the analogue probes are more accurate but the 
detection process is more time consuming than with the touch trigger probes 24

'
32

• 

Van Vliet developed a fast analogue probe 32 with optica! measuring system, which performs 
triangulation measurements and uses three laser diodes. Each laser beam points to its own 
mirror that is attached, via a membrane, on the top of the stylus and it is reflected onto a 
position-sensing detector (PSD). This prohing system has a displacement resolution of 
approximately 0.1 fJ.m. Within the frameworkof improving this prohing system, Cosijns 
designed a new optica! measuring system that makes u se of one laser source, in order to 
improve the optica} stability and to reduce the heat sources6

• This new optica} measuring 
system is depicted in figure 1-2. According to this measuring principle the displacements of 
the stylus tip are measured as displacements ofthe reflected laser beams that fall onto the 
pyramid mirror, which is attached on the top of the stylus. The position determination of the 
pyramid is as follows: through a fibre the laser beam is transported to the probe housing. The 
collimated beam, after passing through a lens, falls onto a 2D-phase grating. The 1 st order 
generated laser beams leave the phase gratingunder an angle of8°, fall onto a four-sided 
pyramid mirror and after their reflection from the mirror, fall onto photodetectors6

• During 
measuring the pyramid mirror follows the displacements of the stylus, thus every 
displacement ofthe stylus tip results into displacement ofthe laser spot on the detector plane. 
The laser spot displacements generate the measuring signals of the prohing system. 
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lens 
laser be(Jm 

r-71~--quadrant 
photodeiecwr . 

P.Vramid mil·r<w 

stylus 

stylus tip 

Figure 1-2 Optical measuring principle. 

Van Vliet used PSD photodetectors and the resolution was approximately 0.1 )lm, mainly, 
due to the non-linearityin response and relative high noise level ofthe photodetectors. In 
order to reduce the resolution to nanometer level, the reptacement ofthe PSD withother kind 
of photo detection devices was considered. The quadrant photodetectors appeared to be the 
best option. 
J. Dekkers, during his internship, investigated the resolution of quadrant photodetectors7

• For 
his experiments, he used PIN photodetectors purchased from Laser Components GmbH, 
which were operating in reverse bias mode and used a standard current to voltage conversion 
circuit. These experiments showed a resolution of approximately 0.14 )lm first because of 
problems that originated from the electranies and secondly because the utilised laser beam 
had larger diameter than it was initially specified. However, from this theoretica! investigation 
it was concluded that it is possible to obtain 5nm resolution with the quadrant photodetectors 
if the laser beam has a diameter of 0. 7 mm ( or smaller) and the electranies for the further 
signa! processing result in a sufficient low noise level. 

Aiming at the development of a prohing system suitable for the CMM of T.Ruijl, J.Dekkers 
developed a part of a prohing system, which is suitable for making use ofthe new optica! 
principle of S.Cosijns 6

• Namely, he designed another stylus (30 mm long) with a double 
membrane suspension and an eddy -current damping, so that the stylus mechanics comply 
with the prohing demands ofthe CMM (that is maximum prohing speed lmms-1 and 
maximum acceleration O.lms-2

) . This design is depicted in tigure 1-3 where on the top ofthe 
stylus was, temporary, mounted a cube insteadof a pyramid mirror totest the dynamic 
behaviour ofthe stylus and the stylus suspension. The membrane suspension was also 
temporary mounted with three leaf springs for the evaluation of the dynamics of the stylus. 
Furthermore, J. Dekkers re-dimensioned the optica! set- up of Cosijns to result in a compact 
probe housing, derived a linear transformation matrix model for the transformation of the 
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stylus-tip data in reflected beam displacements and suggested the use of quadrant photo 
detectors without the standard proteetion cover for impravement of the their performance. 

Figure 1-3 The probe designed by J .Dekkers. 

This new probe design aims to a 3D sensing range of 0.5 mm, a measuring range of 0.05 mm, 
uncertainty smaller than 15 nm and resolution equal or smaller than 5 nm. The probe- housing 
dimensions are expected, approximately, 40 mm x 40 mm x 40 mm (length x width x height). 
The height may be up to 70 mm but the horizontal dimensions may not be more than a few 
mm larger. 
These were the specifications for the J.Dekkers graduation project and they remain the same 
for this graduation project as well. 

1.2 Contentsof this graduation project 

This MSc thesis is the continuation of the work done hy J. Dekkers for the design and 
development of the three-dimensional prohing system. Since the stylus and the suspension of 
the sensor 8 will not he discussed in this report, for the sake of clarity, some statements and 
conclusions from the previous work will he repeated during this thesis. 
During this graduation project the optical design was reviewed for two main reasons: 

• Verification ofthe matching ofthe commercial availahle laser with the requirements 
of the redesigned optical set-up. 

• Examination of eventually extra necessary components. 

The following paragraphs of this chapter descri he the ahove named aspects and the 
requirements of the prohe-system design. 
A great part ofthis work was devoted hy the design and implementation of a suitahle prohe 
holder ( chapter 2) after an investigation of the necessary positioning accuracy of the overall 
components. 
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Furthermore, the electronics were re-examined in the aspect of: 

• Implementation of an electrical circuit with lower noise level ( chapter 3) 
• lnvestigation ofthe relationship between the reflected laser beam displacements and the 

electrical signal output variations (chapter 4). 

The prototype of this prohing system was tested by imposing pre-described displacements on 
the stylus tip. The experiments and the results are discussed in chapter 5 , foliowed by 
suggestions for impravement of the prototype ( chapter 6). 

1.3 Design requirements 

In this chapter the theoretica] background of the project is discussed briefly together with the 
functional and design requirements of the prohing system. The requirements of the probe 
system emerge from the demands on the resolution, the accuracy, the size and the optica] 
system configuration. The measurement range (0.05 mm); the 30 uncertainty (< 15 nm) and 
the resolution ( < 5 nm) are characteristics that result from the integration of the mechanica], 
electrical and optica] system ofthe sensor. Each one must fulfil different requirements in 
order to give the desired result; these will be discussed separately in the following 
subparagraphs. 

1.3.1 Optical system 

Figure 1-4 shows the relative position, in mm, ofthe optica] components, as resulted from the 
Matlab simulation 8

, after re-dimensioning. This tigure also shows a pinhole that must be 
placed after the grating. This pinhole absorbs most of the higher order diffracted laser beams, 
which emerge from the grating. These higher orders diffracted beams, although they have 
much less intensity 6, can disturb the measurements. 

quad1·ant 7f«tor 
15 

x 

Figure 1-4 The dimensions (in mm) of the optical set up 
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The optica! system requires that the 1 st order beams, after being reflected from the pyramid 
mirror, fall perpendicular onto the photodetectors. Otherwise, the displacements of the laser 
spot on the detector plane (L1.s) are registered as non-linear function ofthe skew angles ofthe 
detector plane as: !:ls /(cos cp ·cos 8) , where the angles ifJ and 9 denote rotations about the X 

and the Y axis ofthe photodetector respectively according to the drawing offigure 1-5 . 
y 

Figure 1-5 Definition ofskew augles (<p,à) ofthe detector plane. 

F or very small angles (a few micro radians) the eosine product can be always approximated to 
one without the approximation error to exceed the 1.5 nm. Thus in this case the angles ~ and 
S will not influence the measurements. 

To obtain a compact housing, a diode laser was purchased with an incorporated lens in the 
fibre-end jacket (see appendix A). This collimated output beam can be used directly for the 
probe system. Besides, the fibre jacket is suitable for mounting the grating on it tagether with 
the pinhole so that all these components: lens, grating and pinhole are finally integrated in one 
component ( cylindrical jacket). 
As already mentioned (§ 1.1 ), 5 nm resolution on the stylus tip the laser spot size (the laser 
spot size is defined according to the 1/e2 criterion) requires a laser spot diameter smaller than 
0.7 mm on the photo detector surface7 (the spot size is reversaly proportional to the spot
displacement resolution and this value resulted from the requirement on the resolution). 
Additionally, the variations ofthe spot diameter in the measurement range must betheleast 
possible. To ensure the spot-size requirement, the purchased laser beam has an output 
diameter of0.6 mm. 
In the rest of this paragraph, the consequences of the above-mentioned constructive 
simplification tagether with the influence ofthe optica! path lengthare discussed. 

For the calculations ofthe opties the laser beam ofwavelength "A and power P, is considered 
to be perfectly gaussian, thus the intensity distribution within a radius r of the beam is 
described by the equation 1.1, were w is the radius of the lle2 contour. The beam di verges 
during propagation and the contour radius ofthe beam waist W 0 changes with the travelled 
distance (denoted by z) according to the equation 1.2 22

'
40

• 

(1.1) 

[ 
2]1/2 

w(z)=w. l+(:;J (1.2) 

Since the manufacturer does nat specify the utilised lens and the distance between the fibre 
output and the focal point of the lens, the focallength of the lens was estimated from equation 
1.3 15 . 
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2NA 
(1.3) 

The numerical aperture (NA) for this single mode tibre is approximately 0.1 and the beam 
diameter (d) is 0.6 mm thus the focal distance ofthe lens is estimated 3 mm. 

The optica} path length (OPL) from the lens to the photo detector's surface (tig.l-2) is 
approximately 31.6 mm. This value lays far below the Raleigh length ( 421 mm) and beyond 
the focal length of the lens so the incident laser spot beam size can be calculated with the 
equation 1.2 from the point z=O as shown in tigure 1-6. 

z 

j .... F ... j 

Figure 1-6 Gaussian beam propagation aftera lens.40 

With the above-mentioned considerations, the laser spot diameter on the detector's surface, 
when the pyramid mirror is at the zero position (does not contact any workpiece ), is 1.4 J..lm 
larger than the output diameter of the laser ( denoted as D in tigure 1-6). That is, the diameter 
ofthe measuring laser-spot is about 6.0014 mm. 
Within the measurement range ofthe probe (± 25 J..lm) the spot's diameter exhibits a 
maximum enlargement of approximately 2.4 nm. Th is en largement of the laser beam will not 
affect the resolution or the accuracy ofthe measuring system, because the sensitivity ofthe 
prohing system lies over this value. 

1.3.2 Photodetectors 

The utilised quadrant photo detectors are common- substrate PIN silicon photodiodes divided 
in four segments and separated by a gap region 50J..1.m wide. They were purchased as 'naked' 
dices from Advanced Photonix (tigure 1-7) and they were wire-bonded on a PCB with four 
anodes and one common cathode. The bonding was done in Philips where the PCBs where 
sawn out ofanother standard PCB. One ofthese hand-made samples is shown in tigure 1-8. 
The advantage of this solution is the elimination of the standard proteetion housing, applied to 
the ready-for-use commercial quadrant photodetectors, which disturbs the intensity 
distribution ofthe laser beam 8

. 
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dice 

PCB trace 

proteetion glue 

4anodes ---

0.05 
1.19 

Figure 1-7 Dice dimensions (in mm) Figure 1-8 Dice glued on a PCB 

Each quad segment generates a photocurrent proportional to the incident laser power on it. A 
laser spot with perfect Gaussian intensity distribution causes equal current generation in all 
segments, ifpositioned at the centre (zero position) ofthe photodetector, and overlaps equally 
the four segments. Main prerequisite for equal current generation and thus great centring 
sensitivity is that the laser beam falls perpendicular to the detector plane. 
Since it is very difficult to implement perfect perpendicularity, the allowable limits ofnon
perpendicular incidence of the laser beam are investigated. 

The photodetector generates current (photocurrent ip) that is proportional to the incident laser 
power P and the photodiode responsivity R ( equation 1.4) 

i =P·R p (1.4) 

Typically, a variatien of 1% to 2% from the nominal value can be expected, provided the 
detector' s active area is underfilled, (i.e., the incoming radiation does not completely cover 
the device's entire active area) 40

• The parameters that influence the responsivity are discussed 
in paragraph 3 .1. 

The photocurrent generated from a collimated laser beam (as occurs in the certain application) 
depends on the angle of_incidence 4

'
40

• If all the dimensions are taken into account, the 
dependency ofthe responsivity with the angle ofincidence is given by equation 1.5. 

R<p/J = Rcos(q>)cos(9) (1.5) 

Wh ere R is the responsivity at normal incidence and 9 , q> are the rotational deviations of the 
detector surface with respect to the X and Y coordinate system, according to the notation of 
tigure 1-5. 
As explained in paragraph 1.3 .1, the angle of incidence will be perpendicular within micro 
radians. Thus, regarding to the angle of incidence, the responsivity can be considered constant 
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because the introduced change in responsivity (equation 1.5) will give current changes 
( equation 1.4), far below the detectable range 

Since the photocurrent' s order of magnitude is J.LA (for the denvation see § 3.2), a precision 
low current to voltage amplification circuit is necessary. The quads operate in unbiased mode, 
which is the mode that generates the minimum noise level 4'

13
•
40

'
41

'
42

, therefore low current 
levels can be measured. In chapter 3 the components of the electrical circuit are discussed in 
detail and in chapter 4 the relationship between the laser intensity and the spot displacement is 
expressed, in terms of voltage changes, by using the fundamental relationship 1.4. 

1.4 Mechanica/ system considerations 
The probe housing except of accommodating the optical and electrical components it must 
allow adjustments oftheir relative position. lts dimensions are approximately dimensions 
40 mm x 40 mm x 40 mm with the restrictions described at the end of the paragraph 1.1. In 
addition, the holder must have optima! dynamic behaviour. These aspects will be discussed in 
the following subparagraphs. 

1.4.1 Dynamic behaviour 

The considered prohing velocity profile ofthe CMM is shown in tigure 1-9 8
•
26

• At t=O the 
probe registers a callision with the workpiece with velocity of 1mm/s. After 2 ms (reaction 
time ofthe machine) the machine begins to decelerate with a=O.l m/s2

• The measurement 
takes place when then the machine stands still. 
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Figure 1-9 Probing velocity profile of CMM 
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If the measurement moment would coincide with the still standing of the machine, that is 
12 ms after the callision registration, the probe housing should have natural frequencies {[,, ) 
higher than 1006Hz if an accuracy (ua) of 5 run is required. This value is calculated with the 
equation 2.19 18

, where a in the machine acceleration. 

!,, = -
1 ~ Hz 

27r ~--;;: 

However this value is not realisable and the probe suspension has much lower natural 
frequencies. Therefore the lowest natural frequency of the probe housing should be 
comparable to the one ofthe probe suspension (220Hz) and the machine (250Hz). 

( 1.16) 
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Here has to be mentioned that the reaction time of the prohing system was not explicitly 
specitied but it was taken into account that the total measurement speed (probing system and 
reading ofthe machine scales) must be no more than a few seconds24

• 

1 .4.2 Determination of necessary adjustments 

The optical components contiguration ( tigure 1-4), demands very high manufacturing 
tolerances, especially if is going to be assembied after manufacturing without any additional 
manipulation. Since many angles are involved, exact numerical distance calculations are not 
possible due to the propagating calculation error that result from the successive trigonometrie 
calculations. 
Besides, the necessary positioning accuracy of the laser beam spot with respect to the 
photdetector's centreis approximated 5 fJ.m. This value ofthe positional accuracy was derived 
initially from the required measuring range ofthe prohing system (± 25 fJ.m). In chapter 4, the 
measurement range and its relation with the spot size on each segment will be more 
rigorously justitied. 
In order to estimate which components must be able to be manipulated, and how, some ofthe 
possible errors due to manufacturing inaccuracies were simulated in Matlab. The effect of 
such errors on the tibre- jacket (here the pyramid mirror is considered to stay in the correct 
position) is shown in tigure 1-10. In tigure 1-10 only one quarter ofthe optical system (on the 
x-z vertical plane) is depicted. The samekind of errors would result ifthe pyramid mirror 
would be misplaced -in the same way -instead of the tibre-jacket. 

18,------,------.-----~------~----~------.-----~------. 

14 ~----~------~----~------+------+------+------+------4 

12 ~----~------~----~------+------+------+------+------4 

--- rot. error 0. 04 rad 
---- idea/ OPL 

Ir.error 0.1 mm 
-- Ir 0.2mm -E 

E·~M---~------~----~------+------+------+--=~~----~ 
N 

10 12 14 
x(mm) 

Figure 1-10 Positional errors of the reflected beam due to fiber misplacement from 
man ufacturing inaccuracies 

18 

In tigure 1-10, the effect of possible misplacements of the tibre jacket is shown for: 0.04 rad 
rotation, 0.1 mm lateral displacement (or equivalently for 0.7 mm vertical misplacement) and 
for 0.2 mm lateral displacement ( or equivalently for 1.4 mm vertical displacement). 
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F orm this analysis it is derived that the angular errors cause more pronounced effects than the 
translational errors, so the angular adjustments of the fihre jacket with respect to the vertical 
axis (denoted as z) are necessary. Also, as shown in figure 1-10 the translational errors do not 
influence the perpendicular incidence ofthe laser heam at the detector surface. Thus these 
errors can he corrected if the detector is ahle to move on its own plane provided that this plane 
has the correct inclination. 

Due to the four-fold symmetry of the optical set up the sametype of errors result if the ahove
mentioned errors would occur in the out-of-plane y-direction instead ofthe x direction shown 
in figure 1-10. 

As it will he explained in detail in chapter 2, it was chosen to have the possihility to adjust the 
detectors in two directions and the fihre in two rotations. Also small rotations and height 
adjustments are possihle for the pyramid mirror during assemhly. The form ofthe mainframe 
of the housing provides sufficient alignment accuracy of the fihre centre and the memhrane 
suspension centre. 
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2. Probe housing construction 

2. 1 General description 
The construction of the probe housing aims at a modular layout where most of the 
components of the prohing system can be removed and replaced separately in case it is 
necessary. The probe housing construction is shown in tigure 2-1. 
The main part (frame) of the probe housing is a frusturn of a four-sided pyramid. This part is 
the reference frame for positioning of all the components of the prohing system. 
As it will be described in paragraph 2.3, the frame is four-fold symmetrie -as required from 
the optical set up - and provides to the photodetectors the correct spatial inclination with 
respect to the horizontal (x-y) plane with sufficient accuracy (as derived in § 1.3 .1). 
At the bottom, the stylus suspension is fastened between two metal plates (§ 2.4) to the frame. 
On each side ofthe frame, planar mini-manipulators are bolted, which allow adjustments of 
the photodetectors in two directions (§ 2.5). 
On the top of the frame, another mechanism is attached for the fixation and adjustment of the 
fibre jacket. This mechanism defines in space the three translationals and one rotational 
degree offreerlom (around the z-axis) ofthe fibrejacket by means of a tripod and a flexible 
coupling. Two screws, perpendicular toeach other, allow telescopic adjustments ofthe fibre 
jacket with respect to the stylus suspension (§ 2.6). 
The entire holder is made of aluminium alloy as discussed in the following paragraph. 

Figure 2-1 3D solid model of the probe housing construction 
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2.2 Material selection 

In this paragraph the mechanica! and thermal properties of common-used metals are 
discussed. Other materials except of metals (for example ceramics or composites) were not 
considered as an option for the construction of the probe housing because they exhibit 
difficult machinability and they are quite expensive. 
Based on the material properties and the manufacturing characteristics the final choice is 
discussed. In the table 2-1, the mechanica! properties ofthe most common-used metals are 
listed 25,29,30. 

Table 2-1 Mechanica) properties of common-used metals. 

Material (J' 0.2% E p Elp 
inN/mm2 inGPa in kg/m3 

in Pa/kg/m3 
• 

Aluminium 280 70 2710 26 106 

AlMgSi1 
Steel 600 200 7850 25.5 106 

X45CrNiMo4 
Titanium 1030 115 4430 26 106 

Ti6Al4V 
In var 483 140 8100 17.3 106 

FeNi36 
Bronze 420 100 8900 11.2 100 
90Cu10Sn 

The specific stiffness (the ratio ofthe E- modulus to the density p ofthe material) is one of 
the most important material selection criteria for the design of components. (For the certain 
application, the construction is not invalving large impact loads and the necessity of 
vibrational energy-absorption did not arise, that's why the specific damping capacity ofthe 
materials wasnottaken into account). 
Conceming the mechanica! properties of the structure, high specific stiffness means light and 
stiff construction and consequently high values of natura! frequencies. The natura! frequencies 
of the construction are proportional to the square root of the specific stiffness25

'
28

• 

Regarding this criterion, aluminium and titanium are the most suitable materials. 

Also, the elimination of adhesive connections is, generally, preferabie because the quality of 
the bond depends on parameters that are not always accurately controllable such as the height 
of the bond layer. Other disadvantages of adhesive bonding are the low stiffens of the bond 
camparing to the metals and the stress generation that accompanies the temperature 
variations. Regarding these criteria, titanium is the more suitable construction material than 
aluminium conceming small constructions. Especially the most common- used titanium alloy 
Ti6Al4V has excellent weldability 9 and can he easily laser-spot welded while aluminium is 
not suitable for laser welding. Besides titanium can be easier machined with electrical 
discharge machining (EDM) and smaller dimensions can he easier obtained due to its high 
yield stress. 

Conceming the thermal properties, the most important material selection parameters are the 
material sensitivity for gradients (a I À) and the thermal diffusivity (À! {Xp). The thermal 
properties of some common metals are listed in table 2-2 25

•
26

•
29

•
30

• 

The first parameter (al À) is the quotient of the coefficient of thermal expansion a to the 
coefficient of thermal conductivity À. This parameter is a measure of the ability of the 
structure to transfer heat and it concerns static or quasi-static temperature differences. As it is 
explained in more detail by T.Ruije6 and M.Vermeulen 30

, the sensitivity for temperature 
gradients of a machine component depends on the geometry (length and cross section) and 
this quotient al À. 
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The second important parameter is the ratio of the thermal conductivity À to the product of the 
density and specific heat ofthe material (JJpcp)- This parameter is a measure ofthe speed of 
the heat flow in the construction. A high diffusivity means that a transient heat distortion is 
quickly spread out to a uniform temperature distributio30

• 

From the table 2-2, aluminium seems to have the best thermal properties although it has a 
large coefficient ofthermal expansion (a). 

Table 2-2 Thermal properties of common used metals. 

Material a À a! À Cp À/pep 
liK ·10"6 W/mK m/W ·10"6 J/KgK-103 m2/s·l0·6 

Aluminium 23 200 0.115 0.96 76 
AlMgSi1 
Titanium 7.6 7.2 1.05 0.56 3 
Ti6Al4V 
Steal 12.9 28 0.46 0.46 7.7 
X45CrNiM4 
In var 1.1 10.5 0.10 0.51 2.5 
FeNi36 
Bronze 17 180 0.09 0.37 54 
90Cu10Sn 

From the previous discussion the titanium appears superior to aluminum concerning the 
mechanica} properties and visa-versa concerning the thermal properties. 
The problems that can arise from the use of titanium -referring to its thermal behavior -can he 
overcome with proper mechanica} design (provided that the probe will function in controlled 
measurement rooms where the temperature variations do not exceed the ± 0.1 °C). 

The structure ofthe probe holder-as it will bedescribed in the following sections- is 
symmetrie and it has small dimensions. The construction has a thermal centre, which lies on 
the centreline ofthe frame. The stylus suspension has also a thermal centre, which lies in this 
centreline. Thus if all the components were made from titanium the optica} system stays well 
centred by temperature variations. 
Finally, the aluminium alloy AIMgSi was chosen because the whole stylus suspension was 
made of AIMgSi and the eddy current damping of the stylus was designed and tested for this 
material (for material properties datasheet see appendix D). 
Here has to be mentioned that the damping ofthe probe suspension requires non-magnetic 
material and especially the elastic elements of the suspension must be manufactured from 
material with high conductivity. The suspension damping depends on the dimensions ofthe 
magnetic elements and it is inversely proportional to the specific resistivity). 
Titanium is an alternative, because it is a non-magnetic material 9

'
38

, if aredesign ofthe 
suspension is an option. (For comparison, the specific resistance of aluminium is 2. 7 )..1.0· cm 
and that of titanium alloy is 50)..t.O·cm. Thus, the difference must be compensated with change 
in dimensions and with enhancement ofthe magnetic field) 
Another alternative is utilisation ofboth materials. Since the stylus suspension and the holder 
have the same thermal centreline, both materials can be used if compensation for the 
difference in the linear thermal expansion is applied at the bottorn ofthe holder. This solution 
was not further investigated because milling of titanium in TUle required purchasing of 
special milling tools that would raise the cost ofthe prototype. For this reason, also, the entire 
holder was made ofthe aluminium alloy AlMgSi. 
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2.3 Housing frame 

The frame of the probe housing functions as a reference frame for the positioning of the other 
components, therefore, the positioning accuracy of these components (referring to their non
manipulation DOF) depends, mainly, on the design ofthis frame. 

First, it was taken into account that this component was going to be manufactured with a 5-
axis CNC machine. This machine removes material at an inclined direction quite accurately 
(maximum angular tolerance: 1 o-20

) while the uncertainty in shape dimensions is 0.05 mm for 
simple shapes. For more complex shapes the machining uncertainty for inclined surfaces 
remains the samebut the dimensional tolerances become greater. That's why the angular 
positioning that offers the frame will be a non-manipulation parameter for the detector' s 
position. 
Also it was aimed to a monolithic structure with rotational symmetry with a suitable shape to 
interface via an auxiliary component with the machine. 
The above-mentioned factors led to the choice of the form of the frame as: a frusturn of a 
four-sided pyramid with extended sides from the outer side and as conical frusturn from the 
inner side (see figures 2-2& 2-3). 
The optica) system (as depicted in figure 1-4) requires positioning ofthe detectors under 58° 
with respect to the horizontal (x-y) plane for perpendicular laser beam incidence. The frame is 
designed to accommodate the photodetectors under this angle together with their adjustment 
mechanisms. The dimensions ofthe frame were measured with the CMM Zeiss Prismo in the 
precision engineering laboratory and the angle, for every side was found (58±.05)0

• Each side 
ofthe pyramid offersaspace of29.1x 29.5 mm2 for the placement ofthe x-y mini adjustment 
mechanisms (manipulators). These manipulators are fastened to the frame with three screws. 
Holes were milled at the place where the laser beams have to reach the active surface of the 
detectors. 
During manufacturing, the frame was interfaced with the CNC machine with a conical 
auxiliary body that was fitted to the inner side. 

Figure 2-2 Photo of the frame Figure 2-3 Section- cut view of the frame 
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The base angles of the pyramid and the required inner diameter of the cone of the frame 
determined the dimensions ofthe frame: 47 mm x 47 mm x 25 mm. The lengthand the width 
are 7 mm larger than initially specified while the height is within the specified limits. 
The natura} frequencies ofthe frame were calculated with a FEA program. In tigure 2-3 the 
eigenmode for the lowest frequency (3550Hz) is shown. 
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Figure 2-4 FEA model for natoral frequencies a na lysis : bere the displacement of the frame in the 
151 natural- mode is shown (in mm) 
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2.4 Sty/us suspension assembly 
In this section the artachment ofthe previous -designed stylus suspension 8 (figure 1-3) to the 
frame is described. 
The round stylus suspension ( 40 mm in diameter) is clamped between two square plates and 
an 0-ring as shown in figure 2-6. The two plates are pressed tagether and are fastened to the 
mainframe with four screws. The upper plate (no 4) has an outer shape of a conical frusturn 
so that it forms a conical fit with the inner side ofthe frame. Ifthese two components (frame 
and upper plate) have the standard (ISO) tolerances for tapered interfaces 3 the resulting 
maximum axial error (height error) will he 15 J.!m 3

'
25

, while the radial deformation 
(interference) will result in a radial error of a few microns. In figure 2-5 the effect of tapered 
fittings is shown. 
Milling a groove at the base of the conical surface eliminates the effect of non-contact 
between the base ofthe frame and the plate but the axial error (dz) is not eliminated 
(This axial error causes a translational error to the optica} system positioning that can he 
corrected by adjusting the photodetectors on the housing sides and/ or the suspension height). 
This structure only, eentres the suspension with the frame. The outer 0-ring (no 3) that fits in 
the groove is meant for take up extra space that may he created from manufacturing 
inaccuracies. 

Figure 2-5 Standardized fit of tapered interfaced (exaggerated) 

The 0-ring between the two plates (no 2) locks the clamped suspension. Small height (max 
0.15 mm) and/or tilting adjustments are possible by campressing this 0-ring (with dimensions 
34.65 mm x 1.78 mm: inner diameter x cross section diameter) with the bottorn (M2) screws. 
However, such adjustments are rather coarse, mainly because the E-modulus of rubber 
materialsis notconstant and their value is not given accurately. 
The 0-rings were chosen from theEriks catalogue (EPDM material with hardness 70°, Shore 
A) 36

• In small quantities less hard 0-rings are not delivered- if not in stock- but for this 
application, it would he better to use a bit softer (for example 50° shore A) 0-rings because 
that would reduce the magnitude ofthe necessary adjusting force and the constant loading of 
the screws after assembly. Here it must he noted that the hardness property was used as 
measure of compression and stiffness, because for the polymer materials the hardness and the 
modulus of elasticity are related 36

•
46

. From the manufacturer's datasheet it is shown that the 
E-modulus has lower val u es if the hardness is reduced and the required data are obtained from 
the E-modulus-hardness curves, which are plotted from empirica} data. 
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1 mainframe 
2 inner 0-ring 
3 outer 0-ring 
4 upper plate 
5 lower plate 
6 stylus membrane 
7 stylus 
8 pyramid mirror (on 
the top a glass tube) 

Figure 2-6 Revolved section-eut of the assembied probe suspension to the frame 

Before full fastening, the suspension is able to rotate between these plates, so that the sides of 
the pyramidal mirror (no 8) become parallel to the frame sides. 
This solution was chosen because it was relatively easily executable and reduced the 
manufacturing costs. However it is an over-determined 17

'
25 solution and it may result in out-of 

-budget angular (tilting) errors (Rx, Ry) ofthe mirror. 
Provided that the components no 4 and 5 are manufactured with high tolerances, this solution 
is still applicable if: 

• The possibility of height adjustments is excluded 
• The 0-ring choice is based on the required hardness in order to avoid the stick effect 

during rotation of the suspension between the plates 

Additionally, an elastic fit 25 that would conneet the suspension with the inner side ofthe 
frame (instead ofusing the upper plate no 4) would be a better approach to the problem of 
centring the probe suspension to the frame. The main reasoos are the elimination of the height 
error dz and the lower stress level at the interface during assemblage 
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2.5 Detectors' positioning 

A planar manipulator on each side ofthe mainframe aligns the detector's centre with centre 
of the reflected laser spot. Each photodetector is glued to the manipulator through a PVC 
holder in order to ensure isolation of the electronics from the metallic components. 
In the following paragraphs, some alternatives for a 2D-translational planar adjustment will 
he discussed and the final choice will he worked out. The adjustments, in the x and y direction 
are denoted as dx and dy respectively according to figures 2-7 & 2-8. 

2.5.1 Adjustment concepts tor x and y 
The four bar mechanisms is a relative easy way to realize adjustments in two directions that 
lie on the same plane. Two commonly used four bar guiding mechanisms are the quasi -
parallel mechanism and the watt mechanism shown in figures 2-7 and 2-8 respectively. 
The first gives a kinematica] parasitic displacement dy perpendicular to the direction of 
motion according to the equation 2.1 and the second gives parasitic rotation around its centre 
according to the equation 2.217

. 

dx2 
dy =- (2.1) 

2·1 

dx2 
R =-

z d ·l 
(2.2) 

Foor-bar guiding mechanisms represented by links: 

I 
I 

I 
I 

dx 

Figure 2-7 Quasi-parallel mechanism 

dy 

Figure 2-8 Watt mechanism 

These mechanisms, ifimplemented as double 17
, they give the minimum parasitic motions. 

But these solutions are rather complicated and occupy much space. 

Since the centring ofthe laser beam is more important than the orientation ofthe detectors, 
the solution with two simple watt mechanisms was chosen. Namely, the measurement errors 
due to disorientation of the detectors can he software compensated but the measurement range 
loss due out of centre position ofthe beam cannot he restored in a later stadium. The realised 
assembly ofthe mechanism is shown in figure 2-10 (the two watt-mechanisms are formed in 
the metallic plate, no 9). 
Also in this construction we are dealing with smali-scale mechanism. Consequently, these 
mechanisms can he implemented only by flexures. Two types of flexures that can he 
implemented for this purpose are the notch binges and the leaf springs 17

•
28

•
29

. From 
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dimensioning calculations, it appeared that the implementation with notch binges requires 
more space31 than the second one so the leaf springs were chosen for the x-y mini-mechanism. 
However, when the four bar mechanisms are implemented by flexures, the parasitic motion 
that results from the de formation of the flexures is different from the kinematica! parasitic 
displacements described in equations 2.1 and 2.2. For the watt mechanism the parasitic 
rotation is given by the equation 2.3 ifthe flexures are simple leaf springs (in other words, 
thin plates). 

dx2 
Rz =1.2-

d ·I 
(2.3) 

For the mini-mechanism reinforeed leaf springs were used insteadof simple ones because 
they result in stiffer construction. However for reinforeed leaf springs equation 2.3 is 
somewhat different10 (namely, a factor related to the reinforeed part ofthe spring in added in 
these equations) and for this reason FEA simulations were used to estimate the cross talk of 
the mechanism. 
The dimensions of the leaf springs are shown in tigure 2-9. The maximum parasitic rotations 
ofthe mini-stage are listed in table 2-3 are for the maximum possible adjustment range 
(0.5mm). 
The realized mechanism is a monolithic construction (manufactured by wire, Electrical-wire 
Discharge Machining, EDM), that forms two-Watt mechanisms, connected in series with an 
intermediate square shaped -body as shown in tigure 2-9. In the centre of the mechanism is 
formed a mini- stage where the photodetector's holder will be placed. In the next paragraph, 
the construction is described in more detail. 

Table 2-3 Ma x parasitic rota ti on of the mini-stage 

Adjustment Maximum parasitic 
direction rotation in rad 
X (for 0,5 mm stroke) 0.0013 
Y(for 0.5 mm stroke) 0.0009 ç 2 

0.21 • .....--1 

\ 

10 .. 

~'~ 

" , _________ 

2 

----

Figure 2-9 Dimensions of tbe reinforeed leaf springs used for tbe mini-mechanism 
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Figure 2-10 Cross section ofthe x-y manipulator 

2.5.2 The implemented x-y manipulator 

The implemented x-y mini manipulator (figures 2-10 & 2-11) consists of: 

x 

9 x-y mechanism 
10 x-flexure drive 
11 x-nut 
12 y-flexure drive 
13 y-nut 
14 space for x-spring 
15 soace for v-sorinl! 

• A monolithic plate material (no 9), 4mm thick, wherein the two watt-mechanisms are 
formed. In this plate two more flexures are formed (at the side bottorn and left side of 
the plate, as viewed in figure 2-1 0), that are explained in the next paragraph 2.5.3) 

• Two threaded drive flexures (no 10 and no 12 in figure 2-9) for the x and y 
adjustments of the mini-stage. 

• Two nuts (no 11 and no 13) for the realization ofthe x and y adjustments. 
• Two by compression springs (not shown bere) which provide the necessary pre

toading and they are placed in positions no 14 and no 15. 

The necessary driving force and the natural frequencies are characteristics that depend on the 
stiffness of the mini-stage, which in turn depends on the stiffness of the leaf springs. In 
appendix E.1.1 the important stiffness- val u es of the leaf springs are calculated. 

In table 2-4 the stiffness val u es of the mini-stage are listed. During the design phase, the 
"f:c. c h I f . . d c. h . . 1o 17 33 d st1 1ness 10r t e ea spnngs was esttmate 1rom t e stress-stram equatwns ' ' an 

afterwards the results were verified with a FEA program. In the table 2-4 the lowest value 
from these calculations is mentioned. 

Table 2-4 Stiffness of the mini-stage. 

Cx Cy cz Kx Ky Kz 
inN/mm inN/mm inN/mm inNmm inNmm inNmm 

/rad /rad /rad 
3.36 3.36 423 2.25 104 2.25 104 4.8 105 
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Figure 2-11 The realized x-y manipulator 

The stiffness of the mini-stage in the x and y direction ( denoted as Cx, Cy in table 2-4) was 
measured, before assembling the other parts and it was found 3.3 N/mm. 

The mini-stage offersaspace of 16 mm x 10 mm where a PVC holder can be attached to it. 
This PVC holder can accommodate a PCB with the necessary pre-amplification circuit and 
the photodetector dice integrated in it. The right "window" ofthe mini-stage (as viewed in 
figures 2-10 and 2.11) is the place ofthe detector's active surface. The initially designed PVC 
holder is shown in figure 2-12. 

Figure 2-12 Proposed holder for the electrooie circuit. 
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2.5.3 lmplementation of x and y adjustments & natural frequencies 

As already mentioned, the mini-stage moves in the x and y direction by rotating the nuts no 
11 and no 13 (see fig. 2-10). The drive flexures (- reinforeed stender rods-), denoted by 10 
and 12 in figure 2-10, convert the rotation of these nuts into translation of the mini-stage. The 
one end of these flexures is threaded with M 1.2 (appendix E 1.2). The nuts have threaded 
inner si de (M 1.2), while at their circumference they have holes, which are drilled at 60 o. 

Dimensioning the drive flexure was difficult because they had to occupy the least possible 
space, they must have appropriate axial and the lateral stiffness and they must have Jow stress 
level when deflected. 
Due to space limitations the reinforeed flexures were build with flexibility, just enough to 

fulfil the function of actuating the mini stage. Only the y flexure (no 12) is neerled to deflect 
through the full adjustment range while the x-flexure (no 10) it is not forced to participate in 
the y adjustment. Thus the x-flexure may be less compliant, since it is going to accommodate 
only eventually misalignments from manufacturing and assembly tolerances. 
In table 2-5 the tensile stiffuess and the stiffness in the compliant direction ( direction of 
motion) are mentioned. However, the stress level in the y-flexure is critica} (275 N/mm2

) for 
0.5mm displacement (for more details see appendix El.2), this was one ofthe reasons that the 
x-adjustment range was set ± 0.4 mm. 
The drive flexures had to be constrained only against rotation around the axis of direction of 
motion in order to avoid over-determination of the mini stage. Only one rotation could be 
defmed by connecting a bellow at the one end of the flexures. However this solution was not 
chosen because it would be quite expensive and the bellows would stick out ofthe main 
frame. In addition the resulting natura} frequencies would be very low because the total 
stiffness ofthe manipulator in the x and y direction would be very low (the bellows have no 
stiffness contribution in other directions), as it will be discussed at the end ofthis paragraph. 
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Figure 2-13 Dimensions (mm) ofthe membranes formed in the x-y manipulator 

29 



Table 2-5 Stiffness calculations of the drive flexures 

FEA results CmotionN/mm Ctensile N/mm 
X direction 2.51 3000 
Y direction 0.78 2250 

Therefore, it was chosen for two leaf springs in series that form a sort of membrane with a 
thickened middle part, as shown in tigure 2-13. These leaf springs form a monolithic 
construction with the two watt- mechanisms described in§ 2.5.2. 
This way, the rotation of these stender rods is prevented from the membranes and the rotation 
of the nut is transformed into their translation. 

Table 2-6 Stiffness calculations for the mini-manipulator membranes 

membranes Cmotion N/mm Kx1y 

FEA results Nmm/rad 
X motion 1.56 11250 
Y direction 1.32 9423 

The one end of each reinforeed rod is glued to the membrane and the other to the mini-stage. 
Since all these parts were from aluminium, gluing was the only option to conneet them. The 
rods have end-parts moditied ( cylindrical-) end for the glue connections (in appendix E 1.2, 
tigures E-3 & E-4 theses flexures are depicted with their dimensions).With this construction 
the glue layer is loaded in shear, as reaction ofthe loading from the nut rotation. The glue 
thickness is about 10 J.l.m and it is evenly distributed around the circumference so that the glue 
connections provide enough stiffness17 and stress level in the glue conneetion is low. In 
appendix G the stiffness of these connections and the stress level, due to force application and 
the temperature differences are estimated. 

From the (-in series-) spring elements of the mini-manipulator ( tables 2-4,2-5 and 2-6 ) the 
maximum necessary adjusting force is derived : for adjustments of +/- 0.5 mm, 2.8 N force 
is necessary in the x direction and 2.31 N in the y direction. 

The necessary pre-load springs were placed in line with the actuation elements in places no 14 
and 15 of tigure 2-9. They were chosen from TEVEMA catalogues and they were the stiffest 
possible to get with this size (C=1.38 N/mm). However the maximum force they can exert is 
2.57 N, thus the adjustment range ofthe mini-manipulator is± 0.4 mm for the x direction and 
±0.5 mm for the y direction. 

The lowest natural frequency (fn) of the mini-stage was estimated by rnadeling the mini-stage 
as an equivalent rnass-spring ( tigure 2-13) 18

• The calculated value off" was almost the same 
with the one obtained with the FEA calculation: 220Hz. The mode ofthe lowest frequency 
occurs in the y direction (with the directional convention of tigure 2-10). 
The moving mass of the manipulator m101 was designed to be about 3 grams. F or the 

equivalent stiffness ofthe system (Cequivatent) it was substituted the lowest in series stiffness of 
the mini-manipulator as calculated from equation 2.5. 
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Figure 2-14 Mass-spring model ofthe mini-stage 

(2.4) 

(2.5) 
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2. 6 Fiber jacket: fixation and adjustments 
As discussed in the fi.rst chapter the laser was purchased with an incorporated lens in the fibre 
end-jacket. To facilitate the holder assembly, the grating and the pinhole were integrated with 
the fiber end-jacket in a secondjacket (outer- jacket) as shown in figure 2-15. 

fibre end-jacket 

outer jacket 

2D grating 

0-ring 

pinhole 

Figure 2-15 Fibre jacket cross section 

The jacket depicted above, where the optica} components (fibre, grating and pinhole) are 
located, must be positioned relative to the reference frame. All its DOF are important for the 
functionality ofthe optica} system but the solution of a very compact 6 DOF manipulator is 
not practicable. For this reason the more compact and light solution was chosen, which offers 
a good possibility to the probe housing to interface with the CMM. 

Furthermore, the results from the Matlab analysis ( chapter 1) and the mini-manipulator 
adjustment range were taken into account: 

Translational errors on the x-y plane cause larger errors to the positioning ofthe reflected 
laser beam than the vertical ones (in the z direction, see also figure 1.9). 
All the rotational errors influence the perpendicular incidence of the beam. 
The translational errorscan be corrected from the detector's mini-manipulator ifthey not 
exceed in total the 0.5 mm. 

Because ofthe above-mentioned reasons, the construction ofthe fibre jacket fixation was 
chosen to allow rotational adjustments. A 3R or 2R manipulator for non-interdependent 
adjustments would not be realizable for the remaining construction space ( 40 mm x40 mm x 
25 mm). 
Finally it was chosen fora construction that allows telescopic adjustments (Rx and Ry) with 
respecttoa fictitious point A that lies on the centre z-axis ofthe frame (figure 2.16). 
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Figure 2-16 Telescopic adjustment ofthe fibre jacket and parasitic motion (exaggerated). 

The z-axis is also the central axis ofthe probe suspension and the pyramid mirror). With this 
construction all the beams coming out ofthe grating can he directed to the mirror. Deviations 
from their required angle of incidence regarding the mirror can occur due to tilting angular 
errors of: 

• The outer jacket with respect to the frame. 
• The grating with respect to the outer jacket. 
• The fibre end-jacket with respect to the grating. 

The height and the Rz ofthe outer jacket were adjusted during the final assembly. The final 
position ofthe fibre jacket was found after iterative adjustments and it was secured by 
glueing. 
The realized construction is shown in figure 2-17. 
The construction for the fibre jacket fixation and adjustment is connected to the frame via an 
intermediate body (no 17). The jacket is constraint against rotations by means of a flexible 
coupling (no 18). The tripod that is placed on the top ofthe coupling determines the 
translational DOF. This tripod allows telescopic adjustments, which are accomplished by the 
screws (no 16) located in the intermediate body. In the next sections ofthis chapter these parts 
will he discussed separately. 
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16 adjustment screw 
17 intermediate body 
18 flexib1e coup1ing 
19 tripod base 
20 tripod flexure 
21 conneetion ring 
22 a1ignment tube 

Figure 2-17 Trimetric view ofthe assembied mechanism for the fiber fixation. 

Intermediate body 

In the top ofthe mainframe an octagonal shaped intermediate body (no 17) is fitted with a 
wringing fit (h6/J7) and secured with glue. It is the base for the other components for the fiber 
fixation and manipulation. It is indented to he the interface between the machine and the 
sensor housing via damping or screwing its free sides to the machine ram. 

In this part three holes were drilled: two under 90° with M3 thread for the screws (no 16) and 
one with 4.5 mm diameter for the pre-loading spring (see figure 2-18). The spring was chosen 
from the TEVEMA catalogues (no D11190, group A), and preloads both screws by exerting 5 
N force. The screws and the spring have a spherical steel end and together with the steel fiber 
jacket they forma quite stiff contact. For the stiffness calculations the contact was assumed a 
cylinder-spbere Herzian contact. The stiffness of each contact was calculated with equation 
2.5, were Fis the preload force corresponding toeach direction, Er is the effective elasticity 
modulus, Rs is the maximum curvature sum, r5 is the minimum curvature sum and /-l,V are 
dimensionless constants that depend on the radius ofthe contacting bodies 14

• In appendix F 
these parameters are defined and the equation 2.5 is derived. 

(2.5) 
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The fibre jacket and the screw ends are made of steel (Esteeei ~=230 GPa). The fibre outer
jacket radius is 6 mm and the ball-end has a radius of 1.5 mm. From equation 2.5 the contact 
stiffness is calculated as 7110 N/mm. 

Figure 2-18 Cross section ofthe intermediate body 

The flexible coupling (no 18) defines the rotational, Rz, DOF of the outer fibre jacket. This 
part was manufactured with EDM from lmm sheet materiaL This thickness wasnotadequate 
for the reinforeed stender rods ofthe coupling. That's why the flexible sections ofthe rods 
were made, locally, thinner in order to form reinforeed flexure rods. 
Due to the small plate thickness it was not possible to remove material from both sides but 
only from the one si de. Consequently, the flexure elements of the coupling are not 
symmetrical regarding their centreline (see figure 2-19). 

-N 

m 

Figure 2-19 Asymmetrical flexure ofthe coupling 
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A lso their tensile stiffness differs from the tensile stiffness of the symmetrical ("classical") 
ones 10

. That's why the flexures were calculated with a FEA program (appendix E 2.2). 
Due to the extra bending that occurs at the reinforeed part 9 the rotational stiffness of the 
coupling is approximately four times less than ifthe flexures were symmetrical. 
FEA calculations show that the obtained rotational stiffness of the coupling (Kz=32 Nm/rad) 
was enough tomeet the dynamic requirements (see appendix H for the dynamic modeHing of 
the outer fiber-jacket) . 
The coupling can be either glued on the octagon base or screwed in it with three M2 screws. 
Below, in tigure 2-20 these three conneetion holes are pointed out with arrows. 

Figure 2-20Probe main frame with the flexible coupling on the top ( the arrows indicate 
conneetion points ) 
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Tripod 

As shown in figure 2-21, the tripod consists ofthree parts: the base-ring no 19, the alignment
tube no 21 and the upper ring no 22, glued together. 
The lower side ofthe tube (no21) is fitted in the hole ofthe middle part ofthe coupling (see 
figures 2-19) and glued with it; while the upper side is connected tot the inner side ofthe 
upper ring (no 22) ofthe tripod. 
The outer fibre jacket snug fits (h6/H7 fitting) in the alignment tube so that after the iterative 
adjustment of its position it can be glued to it. 

Figure 2-21 Tripod components 

19 base 
20 tripod rod 
21 alignment tube 
22 conneetion ring 

The fibre jacket is adjusted with respect to the virtual point A (see figure 2-16) , which is 
located at the virtual intersection of the three square cross -sectioned reinforeed slender rods 
(no 20). These rods are placed in a circular arrangement with 120° angular distances from 
each other and under an angle of 45° degrees with respect to the x-y plane. This construction 
result into a symmetrie construction and the stiffness is equal in all directions on the x-y plane 
(see appendix E.2.1). 

The relation between the adjusting screw -displacement (figure 2-16 and in figure 2-20 no 16) 
and the fibre jacket rotation is given by the equation 2.6, where dx denotes the screw- end 
displacement (the adjustment screws have standard thread M3), and the distance LAB 
(=26.5mm) is defined in figure 2-16. 

R = dxscrew 

a L 
AB 

[rad] (2.6) 

The tripod construction of the fibre jacket was modelled as entity with the tripod ring and the 
alignment tube for the FEA calculations. 
The figures 2-21 and 2-22 show the maximum stress that occurs at a maximum rotation ofthe 
fiber jacket around the point A (0.02 rad). The necessary force is 0.64 N. 
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Von Mises 

Figure 2-22 Stress level (N/mm2
) on the tripod due to max possible adjustment in the x direction 

(RA =0.02 rad) 
Von Mises 

1
270.08 
231.5 
192.91 
154.33 
115.75 
77.169 
38.587 
0.00473 

Figure 2-23 Stress level (N/mm2
) on the tripod due to max possible adjustment in the y direction 

(RA =0.02 rad). 

As shown in tigures 2-22and 2-23, the stress level is critical. In order to avoid a further 
increase of the stress level, the dimensions of the intermediate body are oot allow the tibre 
outer-jacket to rotate more than 0.02 radians around the point A. 
In the table 2-7 the rotational stiffness of the tripod around the point A in the direction x and y 
as resulted from the FEA calculations is shown. In addition the FEA calculations were used to 
estimate the cross talk of the tripod. As shown in tigure 2-16, the point A is an instant pole for 
the tripod mechanism. Thus in every rotational adjustment the point A is displaced to another 
point A'. The maximum cross talk of the mechanism according to the FEA calculations is 40 
Jlm in the vertical direction (this value is also estimated with the flexure calculations in 
appendix E.2.1 from tigure E.6) 

Table 2-7 Rotational stiffness about point A 

Adjustment direction KANrnrnlrad 

x 881.75 
y 868.5 

For the calculat10n ofthe natural frequenc1es, the whole tibre construction was modelled as an 
equivalent mass- spring system. The dynamic analysis is found in Appendix H. The lowest 
natural frequency is estimated 788Hz. 
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2. 7 Evaluation and recommendations on the housing construction 

In figures 2-23 and 2-24 and 2-25 the implemented housing is depicted. On the top the optica! 
fibre protrucles from the tripod construction while the fibre outer jacket is totally inserted in 
the tube (no 21). On two opposite sides ofthe frame the x-y mini-manipulators (no 9) are 
bolted for the first evaluation ofthe construction. On the manipulator' s stage a test- PVC 
holder is for the attachment of the first samples. 

Figure 2-24 The realized holder without the stylus 

As shown in tigure 2-24, the PVC holder has a hole (of3 mm diameter) through which the 
first order reflected beams (0.6 mm in diameter) have to pass. In order to have a direct visual 
inspeetion ofthe laser- beams position, the fiber outer-jacket was assembied with the laser
light on by the following iterative adjustments: 

• Vertical motion ofthe fiber jacket and rotations (Rz) around its own axis 
• Rotations and small height adjustments ofthe probe suspension 
• Tripod (telescopic) adjustments 

After the visual inspection, the detector' s PCB was moved along the PVC holder (on the side 
ofthe PVC, a two-component glue was lying on) while the four anodes via a current to 
voltage converter were connected with an oscilloscope. The PCB was left to cure at the 
position, where the four outputs were equal. During this last assembly- step additional 
corrections ofthe detectors' position were carried out by the x-y manipulators. 
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fiber 

tripad construction 

fiber outer jacke 

fiber end-jacket 

space for: grating, 
0-ring and pinhole 

detector 's position 

Figure 2-25 Cross section of the probe housing construction 

' 
' 
0 

The most cumhersome assembly-step has been the Rz adjustment ofthe fibre outer- jacket. 
The difficulties arise from the weakness of the tripod regarding Rz rotations and the limited 
accuracy of manual adjusting. Also, if the Rz-error results in an out- of- budget positioning 
error of the reflected laser beam, then it would not be possible to be corrected by the 
manipulators or by the interface ofthe probe suspension. The alternative solution of 
incorporating the grating in the main frame, so that the Rz DOF of the fibre would become 
unimportant, has a number of drawbacks. The main one is the required position of the grating 
itself and the (square) pinhole in front ofthe grating in the inner si de of the frame ( see tigure 
2-25). According to the required optica! dimensions (§ 1.3) the position ofthe grating together 
with the pinhole is 7.5 mm above the mirror top. Due to this dimension it would be difficult in 
that high to place them accurately with respect to the pyramid mirror without the inner 
construction inhibiting the reflected beams. In that case, the required accurate positioning of 
the pinhole-gratingas entity would be for the following 6 DOF' s (below the mainframe is 
mentioned instead of the mirror because this is the reference component for the positioning of 
all the remaining components) 

• 
• 
• 
• 

Rx and Ry ofthe fibre outer-jacket with respect to the grating . 
Tz, that is height adjustment with respect to themain-frame base 
Rx and Ry with respect to the frame base 
Rz with respect to the frame base (in fact this refers to the alignment of the grating 
si des with the mirror si des) 

Here it has to be mentioned that with this solution appears the necessity of accurate 
positioning in 2 extra DOFs (the first two from the above list). Namely, these two rotational 
DOFs would become manipulation parameters during assembly ifthe grating were not 
incorporated in the outer-jacket. These DOFs, which are defining the angular position ifthe 
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fibre end-jacket relative to the grating, are controlled and checked easier when the assembly 
fibre- gratingis done independently from the holder assembly. 

Another more effective but space consuming and mass increasing salution is the complete 
separation ofthe present fibre-jacket adjustment-mechanism (that is tripod, the flexible
coupling (no 18) and the screws (no 16), see figure 2-16) from the intermediate body (no 17). 
The fibre adjustment mechanism could be placed on an auxiliary body that would be placed 
on the top ofthe intermediate body. This "new-introduced" auxiliary body could be able to 
rotate around the z-axis with respect to the intermediate body and maybe also able to facilitate 
the height adjustments ofthe entire fibre construction. This option was not worked-out further 
due to time and budget limitations. 

Here the assembly ofthe stylus suspension is not discussed more because the construction 
aspects were mentioned already in § 2.4. However an additional remark on the stylus length 
must be made: initially the available stylus length for measurements was designed to be 30 
mm but due to the thickness ofthe interfacing plates (see figure 2-6) the final available stylus 
length is 25mm. Thus the measuring volume of the prohing system is reduced by 5 mm3 

In spite of the assembly difficulties the positioning accuracy of the holder seemed to be very 
good. By visual inspection, all the reflected beams were coming out of the hol der. The 
positional accuracy oftwo, opposite toeach other, laser beams was able to be tested after the 
implementation ofthe holder- assembly. According to the theory (chapter 3) and the 
theoretica! signal-interpretation model (chapter 4), the oscilloscope outputs (which were 
re gistered just aft er the placing of the photodetector on the bolder, an example is shown in 
figure 5-6) indicate that the positioning ofthe detector' s centre with respect to the laser spot 
centreis approximately 1 ).lm. This value is five times better than initially aimed (5 ).lm) ,as 
mentioned in § 1.4.2 .. 
Because of practical reasons, it was not possible to test the dynamic behaviour of the holder 
during this graduation project. The lowest natura! frequency resulted from simulations and the 
equivalent dynamic modeHing ofthe structure is 220Hz, a value that is comparable to that of 
the suspension and the CMM itself. 

Figure 2-26 Top view of the assembied probe housing 
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3. Electranies tor the probe measuring system 

The major part ofthis chapter is a literature survey on the characteristics ofthe silicon 
photodetectors and their amplification circuits. Basedon the elementary equations, the 
components for the photodetectors' circuit were chosen and the performance characteristics of 
the electronic measuring circuit were theoretically determined. 

The probes' measuring system uses PIN silicon quadrant photodiodes, which function similar 
to the classica! P-N diodes. The main difference is that they use an extra high-resistance I 
(intrinsic) layer between the P (positively doped) and N (negatively doped) layers to improve 
the speetral response time (max 90 ns) and they are designed to have a low leakage current 
and a high breakdown voltage 11

•
41

. 

3. 1 General discussion 

Silicon photodiodes are semiconductor devices, sensitive to light in the wide speetral range of 
200-1200nm. Wh en a radiation falls on to the photodiode' s active surface causes areverse 
current flow across the photodiode junction that depends on the incident optica! power. In 
general the total current in the circuit is the sum of the dark current ie~ and the generated 
photocurrent ip (equation 3.1). In theory11

'
20

, the generated current may be calculated from 
equation 3.2 ifthe quanturn efficiency 7J , the incident power flux Ho and the photodetectors' 
active area A are known. 
In practice, the photo-generated current is estimated from the responsivity curve (in appendix 
I a typical responsivity curve is shown for silicon photodiodes, figure 1-1), as function ofthe 
operating wavelength 41

'
43 

• 

eÀ 
ip = 17H A-p 

o he 

Where: e is the electron charge 1.602 xl0-19 C 
Àp is the free space pboton wavelength 
c is the speed of light (3x108 m/s) 
h is the Planck' s constant (6.625x10-34 Js) 

(3.1) 

(3 .2) 

A photodiode can be operated in three modes: forward biased, reverse biased and short
circuited (unbiased mode). The mode of operation ofthe photodiode determines the current
volt relationship and its performance characteristics11

'
2040

'
41 .For low frequency applications 

(up to 350kHz) and low light level applications, the unbiased mode of operation (or 
photovoltaic mode) is preferred, because there is no dark current and herree the noise level is 
low and !ow-level intensities can be measured. Additionally the generated photocurrents are 
less sensitive to temperature variations 40

•
42

. 

Equivalent photodiode circuit 

The electrical characteristics of the photodiode circuit can be calculated if the photodiode is 
modelled as an electronic circuit. For low frequency signals (below 350 kHz) the equivalent 
model circuit is that of figure 3-1. 
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Figure 3-1 Smali-sigoal photodiode model 

This model consists offour components: a current generator, a capacitor, aresistor in parallel 
and a series resistance. Below, these components are discussed separately. 

Referring to the purchased di ces, the value of each component of the equivalent model is 
quotedon the datasheet ofthe photo detectors (appendix I) or it is calculated from the 
performance specifications, except of the series resistance (R5 ). The R_s represents the lead 
connections ofthe diode with the electronic circuit, thus can he quoted only for ready 
products. Usually has low value (for example 2 Ohm) and therefore it may he neglected for 
rise-time and noise calculations. 

Current generator and responsivity 

The current generator represents the current generated by the incident radiation (photocurrent, 
ip). lt is calculated from equation 3.3 where Ris the reponsivity ofthe photodiode and P the 
total incident power on the photodetector' s active surface. 

i =R·P p A (3.3) 

The responsivity (R) value depends on the operating wavelength (here À= 671.5 nm) and for 
some wavelengths; it is given in the datasheet For the À used, the manufacturer does not 
specify the detectors' R-value, therefore its value was estirnated as 0.44 AJW, from the typical 
responsivity curve for silicon photodiodes (appendix 1). Because PIN photodiodes may 
exhibita small deviation 4 conceming the responsivity value this estimated value will he 
reviewed experimentally. 

The power of each first-order diffracted beam is 0.66 m W, as measured with a power meter 
placed in front ofthe grating. A first estimate ofthe each segment's output, when all the 
segments are equally illuminated is (for zero-bias the total current i101 equals to the photo -
generated current ip) : 

This value was a guiding order of magnitude for the choice of the electrical components for 
the pre-amplification circuit. For the final choice of these components the following were 
taken into account: 

• The required detection range and resolution ofthe prohing system 
• The generated circuit noise. 
• The operating range of the precision Op Amp. 
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The most important parameter for the circuit design is the responsivity ofthe photodetectors. 
Usually the responsivity is assumed to be constant over the operating range and the output 
current is considered to be linear with the incident power P, but there is a number of factors 
that influence the theoretica! R-value and the linearity ofthe output photocurrent4

'
41

•
42

: 

1. Responsivity changes with the temperature 
2. Responsivity non-uniformity over the device active area 
3. Optica! properties of coupling the light into the sensor 
4. Saturation flux density 

The first factor is not applicable bere because the pbotodiade operates without bias and in a 
temperature-controlled room (for 0.1 oe temperature variation this factor is negligible ). 

The non-uniform responsivity ofthe detector's active area is a factor that depends on the 
manufacturer of the pbotodiade because it depends on the junction profile. Th is value was 
termed for the purchased, "naked ', dices as uniformity per segment ofthe dice. Since the 
dices were not tested by the manufacturer on a pbotodiade circuit, the uniformity value, which 
is quoted (8 %) in the datasheet, is an indicative value. Also it is not referring to a specific 
operating length whereas in practice the responsivity non-uniformity is related to the 
operating wavelength. 

Regarding the third above-mentioned factor, the reflectivity of the pbotodiade should be 
mentioned here: The reflectivity for an uncoated silicon pbotodiade varies from 4 7% 
(À=400nm) to 32% (À= 900 nm). This fact influences the quanturn efficiency 17 (equation 
3.1) and thus red u ces directly the generated photocurrent. A lso, another aspect is the non
uniformity ofthe reflectivity, which is the diode, is nat absorbing the light evenly tbraughout 
its surface, causing ( -additional to the above mentioned factors-) photocurrent variations. 

Conceming the fourth factor, bere it bas to be mentioned tbat the bebaviour of tbe Si
photodiodes during the transition from the non-saturated to saturated region of operation (and 
visa-versa) is non-linear. As found in literature4

, the responsivity decreases rapidly in tbe 
saturated region but detection measurements well in the saturation region are possible40

. 

Referring to the purchased dices, no maximum incident laser flux (H0 ) was specified. 
However from datasheet for tbe ready-for -use photodiodes ofthe same company 43

, the 
maximum light density for ' correct' use is stated equal to 0.1 m W/mm2 (minimum indicative 
value) but in samecases (for example short circuited diodes) can be even 10 times more. 

The flux density of the frrst order generaled beams is : 

H = P.. sr order =? 2 mW/mm2 
0 

A spot 

Camparing the maximum allowable light density on the pbotodiade with the flux density of 
the first order generated beams we can say that the flux density ofthe laser beams is 2 or even 
20 times more. 
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Because of the following reasons: 

• The actual flux density reaching the photodetectors will be somewhat less due to power 
loss from the mirror reflection ( there is no equation to quantify this loss) 

• Light will be reflected from the diee's surface. 

• Direct (trustworthy) measurements ofthe power ofthe reflected beam could not be 
realised during this project: correct measurement of the incident power on the 
photodetector would require a set up for the placement of the power-meter (in a dark 
room) under an angle of 58° with respect to the horizontal plane. (Analogous to the 
prohing measurement set up of figure 1-4) 

The conclusions about the region of operation will be drawn from the generated photocurrent 
by experiments and the responsivity value ofthe purchased dices will be discussed inthelast 
section of this chapter and afterwards together with the measurement results of chapter 5. 

Junction capacitance 

The capacitor~· ofthe small signal circuit model represents the junction capacitance of each 
photodiode's segment. In the datasheet ofthe dices, the junction capacitance is given fora 
reverse biased diode (V0 bias =10 V). The value ofthe unbiasedjunction capacitance is related 
to the applied voltage with the relationship 3.4 13 where CfJB is the buildinvoltage (for silicon 
equals to 0.6 V). The unbiased capacitance Co 1 ofthe each segment was calculated 24.5 pF. 
This value will be used later(§ 3.2) fortime-response calculations. 

(3.4) 

Shunt resistance and photodiodes' current noise 

The resistor Rsh of the small model circuit represents the shunt or current souree resistance of 
the photodiode and for the "naked" di ces, is 1 00 Mn. 
It will be neglected for rise time calculations, because it is over four orders of magnitude 
larger than he overall resistors of the photodetectors' circuit. However is taken into account 
forthermal (or Johnson) noise calculations. 
The Johnson noseis given by equation 3.5 where kBdenotes the Bolzman constant 
(1.38.10"23 J/K). 

A 

JHz 
(3.5) 

In fact, three sourees of noise can be identified in semiconductor detectors: the Shot, the 
Johnson and the Flicker noise. 

In general, the Shot noise is related to the statistica! fluctuation in both the photocurrent ip and 
the dark current id. Here only the ip exists because the photodiode operates in unbiased mode, 
thus the magnitude of the shot noise is given by 3.6 where the e denotes the electron charge 
(1.6·10 "19 C) . 
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A 

Jllz 
(3.6) 

The Flicker noise is not particularly well understood 4'
40

'
44.1t is related to the surface properties 

of the photodiode material and its calculation is based on empirica! equations. If an i deal 
Flicker noise is considered (that is, the noise current is proportional to the frequency 
reciprocal: 1/f), an approximation ofthe flicker noise current is given by equation 3.7 34

: 

A 

.[Hz 
where B = 10-11 

The present types of noise are statistically independent thus, the rms value of the 
photodetectors' noises (equation 3.8) was employed for the estimation ofthe total 
photocurrent-noise (ip- totn) in termsof photocurrent speetral densities. 

(3 .7) 

(3.8) 

lf the required prohing frequency is considered to be 50 Hz then the total photocurrent noise 
amounts to 2.4·1 04 flA. 

From equations 3.5, 3.6 and 3.7 we can see that fora de circuit that the dominant noise souree 
for low measuring frequencies is the Flicker noise. 

In addition, concerning the photodiode characteristics, the 1/f noise is the limiting factor in a 
de circuit. This can be explained as follows: the shot noise and the thermal noise are" white" 
noises and if white noise is present in a de circuit the signa! to noise ratio (SNR) can be 
improved by increasing the measuring time because this is equivalent to a reduction of 
bandwidth. However, if 1/fnoise (" pink" noise) is the limiting factor in a de circuit, an 
increase in measuring time does not improve the SNR. 
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3.2 Pre-amplification circuit 

Figure 3-2 shows a standard pre-amplification circuitfora photodiode that operates in zero
bias mode. A compensation resistor between the ground and the non-inverting input of the 
amplifier is notneerled because a precision FET (Field Effect Transistor) OpAmp was used 
(FET Op Amps are ha ving an offset current of 1 o-12 A , while BJT (Bi po lar Junction 
Transistor) amplifiers have a typical offset current of order 1 o-9 A) 

As the photodetectors consist of four segments, which are in fact four separate diodes, four 
identical pre-amplification circuits are necessary. In order to reduce the number of 
components of the circuit board and thus the number of wire connections, it was chosen to use 
precision Op Amp with four amplifiers integrated in one chip. (TLC 1079, appendix C) 

c, 

Figure 3-2 A photodiode operatingin unbiased mode connected toa I-V converter 

The output of the pre-amplification circuit is proportional to the feedback resistance ( equation 
3.9). 

(3.9) 

The choice of the re sistor depends on the operating range of the OpAmp and on the SNR. 
It was chosen fora feedback resistor R1 of30 kn because it gives a sufficient output voltage 
range (for the initially estimated ip= 75 f.lA) and the amplifier feedback noise is kept in 
relative low level (according to the equation 3.14 explained below) 
In the remaining part ofthis paragraph, a simple analysis is carried out on the performance 
characteristics of the pre-amplification circuit, where the photodiode was substituted for its 
equivalent circuit. With this analysis a general idea can be obtained about the characteristics 
ofthe circuit but trustworthy results can be obtained only aftera signal integrity test ofthe 
entire circuit. 

Rise/ Fall time and frequency response 

The pre-amplification circuit can be considered as a first order system with time constant 'tRc, 

given from equation 3.10 

(3.10) 

Assuming no series resistance (Rs) and a phase compensation capacitor (Cr) of2 nF, the time 

constant is calculated as r Re = R1C1 that gives a time constant of 60 J.lSec. 

Regarding the virtual ground 23
, in frequency domain, the system bas a zero atjj =2.62 kHz 

and a pole at.fi=2.65 kHz (equations 3.11 and 3.12). Thus, the system reduced to the virtual 
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ground, has sufficient bandwidth and there is no possibility to become unstable (possible 
instability at higher frequencies is compensated by the feedback capacitor C1 ). 

(3 .11) 

(3.12) 

Pre-amplification & total circuit noise 

The noise of each pre amplification circuit - in terms of speetral noise densities - can be 
estimated from the following rms summation8

: 

~ 2 2 2 
en _tot = en _f +en _iamp +en - vamp 

V 

JHz 
(3 .13) 

In equation 3.13 the terms enJ. en_iamp and en_vamp represent the output noise produced by the 
feedback resistor the amplifiers' input bias current noise and the input voltage noise 
respectively. 
The first two terms can be estimated from the equations 3.14 and 3.15 where the bias current 
is is quotated in the datasheet (600 pA). The third term of3.13 is given in the amplifier's 
datasheet c~ 68 nvf.._)Hz). 

en_f =~4ks·T·R1 
en_iamp = R! ~2. e. is 

(3 .14) 

(3 .15) 

The total pre-amplification noise is calculated from the equation 3.16 where the first term is 
the amplifier's output noise voltage and the second term is the photodiode' s output noise 
voltage after amplification. 

(3.16) 

Thus the total theoretica! noise for every segment output voltage for the measuring frequency 
of50 Hz is calculated 0.05 mV. A first estimate ofthe theoretica/ circuit performance is 
obtained by camparing this value with the expected generated voltage at the initial centre 
position ofthe laser-spot (which is 2.25 V). We see that the SNR is sufficient to detect 
nanometers (according to the specifications ofthe prohing system) provided that measuring 
range is limited to microns. However the measuring range depends only on the beam radius 
which was already investigated atthe previous work 7 (must be less than 0.7 mm) thus the 
designed circuit had the prerequisites to achieve the requirements, as described in the first 
chapter. 
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3.3 Electranies for quadrant photodetectors 

The signal outputs from each quadrant can be read from each quadrant and nuther software 
processed to be interpreted as position information. This approach introduces many variables 
and requires an interface lab-card with sixteen inputs ( -since in the prohing system there are 
four photodetectors). Performing a part ofthe necessary signal processing electronically 
reduces the measuring channels. This choice requires: 

• Careful circuit design for noise limitation 
• Full knowledge ofthe detectors' parameters (responsivity, cross talk between the 

segments) and amplifier's circuit characteristics (bias current, noise etc). 
• Elimination ofthe extra non-linearity ofthe output signal with proper measuring axes 

selection (chapter 4) 

Complete readout systems are commercially available to perform the task of computing the 
laser spot centre relative to the photodetector' s centre by subtracting the quadrant signals. 
In figure 3-3 such commercial system is shown. The manufacturer claims O.lJlm spot centring 
resolution. This system uses a network of analogue amplifiers and dividers, the first stage is 
operated in the transimpedance modetoboost the photodetector's current and to convert it to 
voltage and the second stage is performing the summation and differentiation ofthe quadrant 
signals. 

Figure 3-3 Typical sum/difference circuit used with segmented photodiodes 

The X,Y position ofthe spot as characterised by the circuit offigure 3-3 can be written as: 

X= (Va+ Vd)-(Vb+ Vc) 
Va+Vb+Vc+Vd 

Y= (Va+Vb)-(Vc+Vd) 

Va+Vb+Vc+Vd 

(3.17) 

(3.18) 
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Dividing the sum/difference signals by the total source- generated voltage, cancels out the 
effects ofvarying souree intensity. 

A similar circuit to that of tigure 3-3, which was operatingin zero-bias mode, was 
implemented during this graduation project. Because the laser souree has high stability (see 
appendix A & Reference no 44) and the dividers were not standard available electronic 
component, they were not used (figure 3-4). The X and Y positions ofthe laser spot, 
according to the measuring strategy ofthe circuit depicted in tigure 3-3 are given in termsof 
voltages as: 

X= (Va+ Vd)- (Vb + Vc) (3 .19) 

Y = (Va + Vb) - (Vc + V d) (3 .20) 

In practice, from the oscilloscope readouts, appeared that the sum/difference circuits (tig 3-3) 
introduce a lot of noise and manufacturing differences between the amplitication sub- circuits 
are more pronounced. 
For this reason the measurements were done with from the circuit depicted in tigure 3-4 and 
the spot displacements were software computed. 
As it will be proved in the next chapter, the above- mentioned measuring strategy of equations 
3.17 and 3.18 (or 3.19 and 3.20) introduces non-linearties to the relationship: spot 
displacement- voltage output. 

[> 

VA VB 

VD vc 
Figure 3-4 The utilized measuring circuit with the quadrant photodetectors 
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The capacitor denoted by C2 is the power supply bypass capacitor. lts value may be estimated 
theoretically from equation 3.21 , where Lp is the inductance of the power-supply circuit 
(produced by wires ,printed traces and connectors ) and f opAmp is the unity -gain crossover 
frequency ofthe amplifier (for the purchased OpAmp is 85 kHz)12

'
13

• 

1 
C2 >> 2 [FJ (3.21) 

4LP { 7l' • f opAmp ) 

Ifthe typical value of 300 nH is taken for the variabie Lp, then the value of bypass capacitor 
is approximately 10 ).!F. This high capacitance value indicates that extra care must be taken 
conceming the power supply circuit. 

3.4 Maasurement results 

The purpose of the first sets of measurement data was to determine the circuit noise and to 
give a first estimate ofthe detector behaviour. 
Initially, the output voltage of each pre-amplification circuit ofthe detector' s segments was 
measured in absence of light, in order to get an estimation of the circuit offset and noise. 
Figure 3-5 displays one set of these measurement results (measuring frequency 25kHz) and 
the numerical values are listed in table 3-1. 

-1 o~L-~-,--o"... o...,..1 ----=-o_,._.o1-=-5 ----::--':-::---' 

time[s] 

0.5 

-1 '--~~~-~-~:-' 
0 0.01 0.015 0.02 

time [s] 

JfuJ~~u ,lf',. ~ 
.. ..... .. ..... . : . .l .... ..... ... ~l ... . 

j 

l ime[s] 

Figure 3-5 Offset/noise measurements voltage of quad segmentsin absence of light 

The power spectrum of these signals is distributed throughout the frequency range without 
any dominating frequency. Thus the presence ofwhite noise can be concluded, most probably 
due to the thermal noise and the amplifier noise (Since in absence of photocurrent ip =0, there 
is noShot and Flicker noise, in equations 3.8 & 3.16) 
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Table 3-1 Indicative values for the offset and noise of the implemented circuit 

Segment Mean Standard 
10·3 V deviation 10-3 

V 
VA 0.124 0.149 
Vs -0.099 0.134 
Vc -0.292 0.119 
Vo -0.161 0.127 

F orm the table 3-1, the random noise of the circuit appears is much higher than theoretically 
is calculated from equations 3.13 and 3 .16. The AID conversion error of the oscilloscope can 
only partially explain this difference. This equals to: 

V = FSR (3 .22) 
q 2n 

Where nis the number of bits ofthe AID converterand FSR the Full Scale Range ofthe read 
out system ( oscilloscope ). 
An estimate for the quantization uncertainty (95%) is in termsof voltage is Y2 Vq: 
The total noise is estimated by taking the RMS val u es of equations 3.18 and 3 .22. An 
additional explanation for the experimental measured noise is the extra resistance, introduced 
by the soldered connections. 

The next sets of measurement data were taken while the laser light was illuminating all the 
four quadrants and all the channels were giving almost the sameoutput (zero-position ofthe 
laser spot). A more detailed discussion on the conditions ofthe experiment and the 
interpretation of these output-voltage differences between the measuring channels is found in 
chapter 5. 
The remarkable point from these first measurement results is the order of magnitude of the 
output voltage. The output voltage of each segment for zero position of the laser spot is listed 
in table 3-2. 

Table 3-2 Indicative val u es of the output voltage for the zero- position of the spot. 

Mean/V SdtN 
VA -0.7629 0.0043 
Vs -0.7986 0.0039 
Vc -0.8458 0.0040 
Vo -0.8459 0.0039 

From equations 3.3 & 3.9 the zero-position output voltage was expected around -2.25 V, but 
the experimental values are± 30% ofthis value. Justification of these results, only from the 
power loss from the pyramid mirror is not logica} thus the region of operation is concluded in 
terms of proportionality of the output signa} for incident current variations. 

At first instance, from the discussion of the § 3.1 about the responsivity and the maximum 
allowable incident power on the photodiodes it can be concluded that: or the reflectivity of 
the uncoated, "naked", dices is quite high or the diodes (photodetector segment) are operating 
in the near saturation region (transition region between linearand non-linear response) or 
even both cases are valid. 
Actually three of the five tested di ces did not function after the continuons illumination but 
the other two they do responded proportional to the spot displacements. This indicates that the 
dices used for the experiments on the assembied housing were operating in the near-saturation 
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region and that the reflectivity is different from dice to dice ( or maybe the surface properties 
were affected by environmental conditions). Thus for safety reasons the incident power 
should have been red u eed by a filter in front of the laser output. 

Summarising, two main reasons leadtoa poor performance ofthe electronic circuit: 

1. The laser-dice interaction 
2. The noise generation from the implemented circuit. 

The first factor is related to an overestimation ofthe power loss from the grating, the mirror 
and from reileetion from the diee's surface at the initia! design- phase thus inserting a filter 
between the fibre-end and the grating can easily solve it. 
The second factor is related to practical implementation aspects ofthe circuit such as soldered 
connections, the use of long wires and low bit AID converter as read out system 
An impravement would be the use of one integrated circuit for the dices and the pre
amplification circuit instead of ha ving a separate PCB for the di ces and another for the pre
amplification circuit. Also, the possibility of wireless data transmission should be mentioned 
as salution for the signa! transfer from the probe- housing to the readout system. Although 
this is quite expensive solution, reduces the circuit wiring and facilitates the interfacing ifthe 
holder to the CMM- ram. 
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4. Theoretica! measuring model 

4. 1 Introduetion 
In this chapter, the measuring principal ofthe prohing system is examined to obtain a 
measuring model for testing the implemented prototype. 
In this paragraph, frrst the considerations and the results of the previous work are mentioned 
and afterwards they are narrowed for the needs of the performed tests. 
The presented analytica! model interprets directly the stylus tip displacements (for 
displacementsin certain directions) in readout information. Therefore it includes, except of 
spatial transformations ofthe stylus tip into laser spot displacements on the photodetector' s 
plane, also transformations of the laser spot displacements into output signa! voltages. The 
conversion of spot-displacementsin voltage signals will be discussed in the paragraph 4.2. 

According to the previous work 7'
9 the stylus tip displacements (which in vector-matrix form 

are denoted here as P stytus and refers to the spatial displacements ofthe stylus tip centre) are 
transformed into rotations about an arbitrary axis laying in the horizontal plane passing from 
the pointPand translations ofthe pointPin the vertical ( z) direction. 

Basedon the workof J. Dekkers (who optimised the suspension stiffness), during the entire 
workon this project, the stylus tip (that is the centre ofthe spherical stylus end) is assumed to 
be able to rotate about an arbitrary axis lying in the horizontal plane passing from the point P 
(the point is located on the z -axis between the two membranes ofthe stylus suspension) and 
totranslate only in the z direction (the notational convention is according to tigure 4-1). 
Thus for every 3D collision ofthe stylus tip with an object the following transformation hold: 

Pp = Q1 ~tyfus (4.1) 
(3xl) (3x3) (Jxl) 

Wh ere: ~tyfus = [ dx dy dz t and Pp = [el e2 dz t 
The angles e1 and e2 denote rotations ofthe point P about the x and y axis respectively. 
In equation 4.1 the matrix Q1 results from coordinate transformations between two coordinate 
systems (the one located in the center ofthe stylus tip and the other located at the point P). 
Here, the calculations the reference coordinate system is the one located in point P as shown 
in tigure 4-1 

If every rotation on the x& y plane, can be given as a composition of rotations about the axis 
x and y ( Rx & Ry) , then the linearised form of the matrix Q1 is: 

0 
1 

0 
L stylus 

Q1 = 
1 

0 0 (4.2) ---
L stylus 

0 0 1 

Figure 4-1 shows with intermitted Jin es, the nomina] behaviour of the prohing system when 
the tip is displaced in the (negative) x- direction. The pointPis rotated about the y-axis,~ 
radians. From equation 4.1 and 4.2, the maximum rotation angle for the required 
measurement range (25 Jlm) is 0.833 mrad thus the angle approximation: sine ::::: e and 
cos e ::::: 1 applies with a maximum approximation error 2.9 x 1 0"9 mm. 
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Figure 4-1 Nomina) motion ofthe probe (exaggerated), resulted from a -x stylus displacement. 

The next transformation ofthe probe measuring system is the transformation ofthe motion of 
the point P into laser spot displacements with respect to the photodetector plane. The 
displacements ofthe point P cause corresponding displacements to the pyramid mirror, and 
therefore the incident beam falls onto the pyramid mirror surface on different points and with 
different angles. Thus the starting point of the reflected beam ( denoted by the letter M in 
tigure 4.1) has, in general 6 DOFs. All these transformations are incorporated in one matrix 
(Q2) in equation 4.3, which is written for the case wherein all the four detectors are taking part 
in the measurements process with the assumption that the superposition principal applies. 
The term Pspot is the vector-matrix representation ofthe displacements ofthe four spots. 

~pot= Q2 · Pp _stylus (4.3) 
(6xl) (6x3) (3xl) 

The above-described matrix Q2 can be determined analytically (ifthe superposition principal 
is considered to apply), but such solution is quite complicated because the matrix Q2 should 
include the non-linear relationship between the pyramid- mirror and the spot position7

• Thus 
the direct application ofthe matrix Q2 in analytica! form is not very practicable. That' s why a 
linearization ofthis matrix was performed 9 by assuming that the DOF ofthe mirror are 
independent. This 3D linear model has -in theory- a maximum uncertainty of 25 nm, reduced 
to the stylus tip. This measuring strategy is possible to be applied only ifthe equilibrium 
position is accurately known. In addition, it has to be mentioned that the accuracy of this 
linear model depends on the accuracy of the equilibrium- position determination. 
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Consequently another measuring model is needed for: 

• Accurate determination of the equilibrium position. 
• For testing and evaluating the prototype with a 2D model with an uncertainty less 

than 25nm. 
• Investigating the already existing and other possible measuring strategies. 

Another aspect ofthe modeHing the prohing system with four photodetectors at the sametime 
is the interdependency of different movements of the pyramid mirror with the four reflected 
beams, as described by S. Cosijns. The linearity ofthe spot displacementsas function ofthe 
stylus displacements, as well as the linearization error, depends on the pair of measuring 
photodetectors. This will be examined more in the rest of this paragraph, as it was necessary 
for the denvation ofthe measuring model in conneetion with the used set-up. 

During this graduation project the prototype was tested in two directions: x and y, with one 
pair photodetectors, numbered according to the notation offigures 4-1,4-2 and 4-3. The 
relationship between the stylus tip displacements forthese directions and the spot 
replacements will be discussed separately for each direction. Here, another coordinate system 
is introduced with capitalletters (X,Y). This coordinate system refers to the photodetectors ' 
plane and it bas its centrein the middle ofthe dice array as shown in figure 4-3 , the laser spot 
is assumed to have its centre at a point (Xa,Ya) on this plane . The purpose of defining two 
coordinate systems on the detector plane is the determination of the actual equilibrium 
position (zero-position) as it will become clearer in the next paragraph 

Axes of pre -described 
displaccmcnts 

Pyramid mirror 

&-- -- -- -~i <-- -----B/odctoc"" 
' 

Figure 4-2 Detector's oombering of the experimental set up (top view). 

When the stylus tip is displaced in the x direction the 1 st order diffracted beams are changing 
their reileetion direction twice the rotation angle of the mirror. Also, according to the previous 
work9

, the OPL was designed to have the least variations during the stylus displacements, that - --
is: jMEj=:jME'I 
Also the initially, with the mirror at rest (or zero position ofthe prohing system), the optical -- --
system is in such a way designed that the veetors P M and ME are aligned (figure 4.1 ): 

(4.4) 
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The spot displacement for the 1 st photodetector can be written as according to the 
considerations ofthe appendix J.l: 

~pot =[:spil ~~pot = [ 0
-] 

Y spl 282 ME 
(4.5) 

According to the equations 4.1, 4.2 and 4.5, the photodetector 'sees' the motion ofthe spot as: 

X X. +dxspl X -[ l [ x. l [ Y] = Y, + dy ~• => [ Y] = Y, + 2 :::.. dx 
(4.6) 

However, the photodetector registers the motion path of the spot-centre as four (incident 
power -) changes as it will be discussed in the following paragraph. Hence, every dice 
segment registers the spot motion as: 

[x.] [ x. ] l - -=+ ME y Y.±2-dx 
(4.7) 

i L stylus 
i=A,B,C,D 

The resulting spot motion for stylus dy displacements ( or equivalently Rx), is based on the 
considerations ofthe appendix J.2.To assess a linear model for this motion, the analytica! 
solution was employed. The model derivation was based on the equation 4.8 because for 
small rotations Rx, it can be assumed that: M' = M as is provedinappendix J. 

PE'=RxP ·PE (4.8) 

The spot displacements with respect to the detector coordinates are: 

(4.9) 

In the relationship 4.9, Ru- is the transformation (rotation) matrix between the pointPand the 
coordinate system x,y of the laser spot with respect to the photodetector plane. 

The linearised relationship with respect to an arbitrary initial position of the laser spot ( x., 
Y.) becomes: 

[X] =[X· + dxspi] ~ [X] =[X· + z~et ecror dy1 
Y y dy Y sty/us (4.10) 

a+ spl Y 
a 

In equation 4.10, Zctetector is the vertical distance from the point P to the detector centre. 
Here also, analogous to the 4.7, each the dice- segments registerthespot motion with 
different signs. 
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Figure 4-3 Detector's segments oombering & axis definition 

4.2 Laser -power division 

x 

The equations 4.1-4.10 are descrihing the spot motion on the detector surface without 
relating it to the signa! outputs ofthe quadrant photodetectors. That is the reason for being 
insuftkient for direct interpretation of the measuring signals. 
Actually every segment of the photodetector receives a part of the incident light intensity of 
the laser spot. Therefore, the laser power is considered to be divided between these four 
segments. Hence a new transformation matrix is needed to convert the spot centre coordinates 
befare the spot power di vision in output signals aft er this division. 

vout = Q3 . ~pot ( 4.11) 
(nxl) (nx8) (8xl) 

In the equation above this new transformation matrix is denoted by Q3• Ifthe prohing system 
has four photodetectors, the matrix size is n x 8. The number of rows (n) depends on the 
number of channels ofthe electrical circuit: Ifthe outputs are obtained directly from the pre
amplification circuits then the matrix Q3 is 16 x 8, and results into a large amount of data for 
every measured point in space. 
Ifthe circuit performs additions and subtractions, like the circuit offigure 3-3 then the matrix 
Q3 is an 8 x 8 matrix. Except of the disadvantages of this choice that mentioned in chapter 3 
another drawback of this measuring strategy is loss of information of the individual behaviour 
of the photodiode segments. Especially for this prototype prohing system, where some of the 
detectors' parameters had to be verified via experiments, it was better to obtain the output 
signals directly from the pre-amplification circuits. 
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The rest of this paragraph deals with: 

• Investigation on the matrix Q3 • 

• Linearisation of relationship between the spot-displacement versus output voltage. 
• Error analysis of the linearised-measuring model. 

As already mentioned, for the rnathematic model derivation, another coordinate system (x,y) 
is assigned to the laser spot centre before the laser-power division\ and the laser spot is 
placed in an arbitrary point on the photodetector. The modeHing scheme is shown in figure 
4.3. The coordinate system with capitals (X,Y) refers to the photodetector plane and it is fixed 
to the photodetector centre. The spot- coordinate system (x,y) is floating on the detector's 
surface. 
The intensity distribution in a wave front of the laser beam just before its incidence on the 
quadrant photo detector may be written in cartesian coordinates as: 

(4.12) 

In equation 4.12 the term /(x,y) is the intensity at a point ofthe laser spot that is described by 
the rectangular coordinates (x,y) and it is centred on the middle ofthe spot (0,0). There the 
intensity is / 0 • Wh en the laser spot of radius w is falling onto a quadrant detector, then the 
energy P falling on each quadrant can be calculated from the equations 4.14-4.16 ifthe gap 
region is nottaken into account (see figure 4-3). And the intensity 10 is related to the laser 
incident power with the equation 4.17 40

• 

where the maximum intensity is : 

/ = 2~aser 
o JZ"W2 

(4.13) 

(4.14) 

(4.15) 

(4.16) 

(4.17) 

In practice, the gap between the segments of the photodetector cannot be neglected because it 
leads to significant power loss and the linearization error becomes greater. 
Referring to the theoretical model of the power distribution on each photodetector segment, 
the integration limits have to be modified, to include the effects ofthe gap (or dead region/. 
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When the gapspace is centred on the line x= X and y=Y (figure 4-3) and has a width 2LlX and 
2~ Y the power falling on each segment will be calcu1ated as: 

(4.18) 

(4.19) 

(4.20) 

(4.21) 

The equations 4.18- 4.21 can be written in a relatively more practical form (for the derivation 
see appendix B) as follows: 

PA ~ P~o [-erf[ (X- ~)-/z }rf[ (Y + ~Y)-/z) +erf[ (X-~Hz)- erf[ (Y + ~Y)-/z) +IJ 
(4.22) 

P, ~ P:o [erf( (X +~>Fz}erf( (Y +~YNZ)-erf( (X +~>-'1)-erf( (Y +~YNZ)+ 1) 
(4.23) 

Pc~ P~o [-erf[ (X +~Hz}rt[ (Y -~>Fz)-erf[ (X +~)-/z)+erf[ (Y -~)-/z)+ IJ 
(4.24) 

PD ~ p: (erf( (X -~)-/2}rf( (Y -~,Y)-/2)+erf( (X -~)-/2)+erf( (Y -~)-/2)+1] 
(4.25) 

The error function (erf) is defined by equation 4.26, where ~is integration auxiliary variable: 

(x.Ji) 2 / x./2) z 
erf -- =-1\ w e-ç dl;, 

w .[; 
(4.26) 

Equations 4.21 -4.25 reveal that direct application ofthe inverse error function cannot be 
applied for finding directly the displacements (X and Y), because the right side ofthe 
equations consists of product and of surnl difference terms of error functions. So another 
measuring metbod must be applied. 
If the measurement axes are the X and Y and the spot is positioned initially in the detector' s 
centerthen any displacement ofthe laser spot centre (0, 0), in x and y direction, with respect 
to the X,Y coordinate system (-in termsof incident- power changes-), is expressed by the 
equations 4.27 and 4.28 in analogy to the equations 3.19 and 3.20 ( see §3.3). 
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~=(PA +PD)-(PB +Pc) 

py =(PA +PB)-(Pc +PD) 

(4.27) 

(4.28) 

Substitution ofthe equations 4.22-4.25 in 4.27 and 4.28 (using equations 3.3 and 3.9 ofthe 
previous chapter) results into equations 4.29 and 4.30: 

f; = R1~·- (erf( (X +:x)hJ+erf( (X -:xWzJ )(erf( (Y -~Y),/2]-erf( (Y +~Y),/2]+ 2 J 
(4.29) 

V,= R1~"'" (erf( (Y +~Y),/2J+erf( (Y -~Y),/2] ](erf( (X -:x),/2]-erf( (X +:x),/2]+2 J 
(4.30) 

Wh ere, R1 is the feedback resistance of the electronic circuit and R the responsivity of the 
photodetector' s dice. 

Equations 4.29 and 4.30 give the relationship between the output voltage variations and the 
spot displacements, either the additions and subtractions are been done electronically or by 
software calculations. In both cases, application ofthe equations 4.29 and 4.30, presumes that 
totallaser incident power P1aser is equally divided between the segments by the axes X and Y 
and that the responsivity R is uniform throughout the photodiode dice. 
Additionally, equations 4.29 and 4.30 show that ifthe measuring axes are X and Y, the 
measured signalis non-linear because it depends on the product ofthe displacement in x and 
y direction. Only ifthe measuring axes (è;,T]) are at 45° to the detector axis X,Y 1' 

19
( see figure 

4-3) the energy variations can he expressedas sum of erjfunctions and therefore it can he 
linearised for every set of (X, Y), with the minimum linearisation error of the erf function. 
The two linearisation methods are compared in the rest of this paragraph. 

By using the first term ofthe series approximation (assuming x <<1) for the error function 
(4.31) the linear equations for each ofthe above-mentioned measuring methods are derived. 

() 2[ 13 1s J erf x = 1 x--x +-x - .... 
vn 3 10 

The resulting linear equations from 4.29 and 4.30 are: 

~ =RJRP,~.,{( ~H·X H-~H~Y+2 J} 

vy =R1RP,..,{( ~H·Y }(-~HM +2 J} 

( 4.31) 

(4.32) 

(4.33) 
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Wh en the measuring axes are at 45° to the cell boundaries, frrst, the transformation- equations 
4.34 must be applied: 

Ç-ry 
X=--

J2 
Y= Ç+ry 

J2 
(4.34) 

By taking in to account that the two gaps ofthe detector are equal (that is M = ~y ), the 
voltage spot relationships are given by equations the following equations: 

V: =4R RP. (4M -J2wJ";J(~) 
ç f laser w2 7r J2 (4.35) 

A 

V = 4R RP. (-4M +J2wJ";J(_3!1_) 
'1 f laser w2 7r J2 (4.36) 

B 

In figures 4-4 and 4-5, the above- discussed linearization methods are compared with the 
analytica! salution of equations 4.29 and 4.30 for on-axis spot displacements. 

For the first comparison (figure 4-4) the gap region was nat taken into account and the spot 
was considered to move along the x-axis (this happens, e.g., ifthe stylus is rnaving in the y 
direction) 

"ts 
> - 0.1 

5 

0.005 

5 ............... ......... ' .. 

4 

2 

Y=O , UX =0, spot radius= 0.3 mm 

0.01 0.015 0.02 0.025 
spot displacement in X direction [mm] 

0~--------~==~----~----------~--------~--------~ 
0 0.005 0.01 0.015 0.02 0.025 

spot displacement in X direction [mm] 

Figure 4-4 Comparison of exact solution with linearisation roodels for 2.!\X=O. 

For this special case the two models give the same result and the maximum linearisation error 
is 0.46 % over the measurement region, which corresponds to 0.1 Jlm. 
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Substituting in equations 4.18-4.35 the value of gap region ofthe purchased detectors the 
following results are obtained: 

ê5 
5 -. 
>< 

0.1 

> 0.05 

0.03 

g 0.02 
Gl 

~ 

0.01 

0 --
0 

---

Comparison of linearisation methods:Y=O , 2AX =50 Jlm 

0.005 0.01 0.015 0.02 0.025 

--
0.005 0.01 0.015 0.02 0.025 

spot displacement in X direction 

Figure 4-5 Comparison of exact solution with linear roodels for gap width 50J..Lm and maximum 
on axis spot displacement 0.025 mm. 

In tigure 4-5 the two linear models are compared with the analytica! solution (that is 
equations 4.32 and 4. 35 are compared with the equation 4.29) fora laser-spot diameter of 0.6 
mm and a photodetector gap of0.05 mm. The linearisation error, for maximum spot 
displacement (0.025 mm), is 33% and 3.4% respectively or reduced to the measurement 
region: 8.25Jlm and 0.85 Jlm. 

Referring to the matrix Q3 ofthe equation 4.11, the bestoption for interpreting directly the 
voltage differences into spot displacements is the following transformation, which results 
from the equations 4.35 and 4.36, and the coordinate transformation according to the equation 
4.34: 

(4.37) 

Q3 

From the preceding analysis, it was shown that the measuring error is quite high for all the 
linear models. That is in accordance with the conclusions of Bennettt & Gates 1 who 
experimented with two-segment photodiode arrays. According to their work' a linear-related 
output voltage can be obtained within a range of 2% of the beam diameter with 1% accuracy. 
That is also the reason forsome manufacturer's datasheet 42 to suggest the usage of quadrant 
photodetectors only as 'zeroing' devices Furthermore, the equations 4.22-4.30 reveal that the 
spot displacements (X,Y) cannot be found by applying directly the inverse error function in 
any transformation step, thus the experimental results cannot compared directly to the 
analytica! solution. On the contrary, the inverse error function can be employed iftwo
segment photodetector is used (in that case only one direction, which is parallel to one 
photodetector boundaries can he measured) 
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4.3 x&y stylus-tip displacements 

At the first stadium of testing the prototype, the above-mentioned analysis could not be 
applied. If conclusions had to be drawn, about the re lation of spot- position with voltage 
output, from equations 4.29 and 4.30 or 4.32 and 4.35 and 4.36, all the other system 
parameters must be accurately known and they must remain constant during the 
measurements. These conditions were not valid for this prototype probe-system because the 
responsivity and the behaviour ofthe dice on the hand-made PCB had to he tested. 
Measuring and examining the output of each detector' s segment separately gives more 
information about the system parameters. For this reason the relationship between the spot
displacement with the output voltage was linearised for each segment separately by using 
equations 4.38-4.41: 

VA = VAa [-erf((X- M)Ji) · erf((Y + !Y.Y)Ji) + erf((X- M)Ji)- erf((Y + ~Y.Y)Ji) + 1] 
w w w w 

(4.38) 

VB =VBo [erf((X + M)Ji) · erf((Y + !Y.Y)Ji)- erf((X + M)Ji)- erf((Y + !Y.Y)Ji) + 1] 
w w w w 

(4.39) 

Vc = Vca (-erf((X + M)Ji) · erf((Y- !Y.Y)Ji)- erf((X + M)Ji) + erf((Y- !Y.Y)Ji) + 1] 
w w w w 

( 4.40) 

VD =V 
00 

[erf((X- M)Ji) · erf((Y- !Y.Y)Ji) + erf((X- M)Ji) + erf((Y- !Y.Y)Ji) + 1] 
w w w w 

(4.41) 

In equations 4.3 8 till 4.41 the voltages VAo, VBo, V co and V00 are the voltages that would he 
obtained when the spot is perfectly centred and there are no gaps between the detector 
segments, that is : 

(4.42) 

According to equations 4.6 and 4.7, a dx stylus motion is seen from the photodetectors as 
shown in tigure 4-6: 
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Figure 4-6 Spot displacement as result of dx stylus-tip displacement 

The linearised form of equations 4.38 -4.41 is given by equations 4.43-4.46 Where the 
linearisation was done with respecttoa constant Xa ( the offset in the X direction). 

(4.43) 

(4.44) 

(4.45) 

(4.46) 

Wherein the constants C1 and C2 are respectively: 

In order to investigate the effect of such approach, the linearisation error was calculated for 
different values ofXa (in mm). The results are plotted in figure 4-7 for the first segment 
(denoted by A in figure 4-6) ofthe photo detector. 
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linearisation errors .X=constant and gap width = 50 f.1ITl 

0.005 0.01 0.015 0.02 0.025 
spot displacement in Y direction 

Figure 4-7 Linearisation errors for different offset values Xa (in mm) 

As shown in figure 4-7 the (normalised) linearisation error is large and depends on the Xa. In 
other words the linearisation error and the spot position are totally correlated. Therefore, the 
linear equations 4.43-4.46 will be used for qualitative description ofthe prototype behaviour. 
In the measurement plots where the offset is suspected to be large the exact -solution curve 
will be plotted as well for the interpretation of the measurement results as it will be discussed 
more in chapter 5. 

Analogously, the measurement model for the dy stylus displacement is derived. As explained 
in the first paragraph ofthis chapter (and in appendix J.2) the elliptic motion ofthe laser spot 
can be approximated with a linear one, parallel to the x axis, according to the equation 4.10. 
Thus, in this case the equations 4.38-4.41 were linearised with respect to the variabie X and 
the same observations about the linearisation errors are valid. The real spot motion is shown 
in figure 4.8. 

y • ' 

y 

x 
-- .. 

Figure 4-8 The actual spot displacement as result of dy stylus-tip displacements 
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4.4 Discussion 

First the pronounced effect ofthe gap must be mentioned. For example, for thesetof 
equations 4.38 -4.41 ifthe Xa=O and the gap equals to 50 J..tm the measuring error is 2.7% 
(reduced to the stylus tip =0.67 J..tm). Ifthe gap is nat taken into account the maximum 
linearisation error is 0.06 %, which is 15nm over the entire measuring range. Thus 
simplifications with neglecting the gap width are misleading. 

Also, from the preceded analysis the interdependence of the 2D spot position on the 
photodetector surface was explained. 

The quadrant photodetectors can be used for accurate measurements only ifthe measurements 
are performed along pre-determined axes that are centred to the dice axes because only in this 
case the linearisation error can be predicted and therefore compensated. The accuracy of these 
on-axes measurements, according to the linearised measuring models discussed in this 
chapter, depends on the accuracy of determining the zero-position ofthe spot. For this reason 
and also because: 

• The circuit noise should be attributed to the model as positioning (in-) accuracy thus the 
relation voltage-displacements must be in modelled 

• Measuring and compensating for arbitrary, out-of- centre errors ( < 1 J..tm), ofthe spot is 
necessary since drifts ( for example due to temperature changes) will inhibit obtaining the 
aimed nanometer resolution from this passive prohing system 

A model for the accurate determination ofthe zero-position was studied in this chapter. 
According to this study if all the dice-segments are used during the measuring process the 
aimed zero-position must coincide with the centre of the photodetector ( equal illumination of 
the quadrants). The best approximation is obtained is the measuring axes are at 45° to the dice 
boundaries. For this prototype a laser spot is 0.6 mm in diameter and the dice gap is 0.05 mm 
wide. With these parameters the estimation (modelling) error is maximum 3% for centring 
errors of maximum 0.1 J..tm, that is, maximum 3 nm are added to the error budget. 

Using dices with smaller gap will reduce the linearisation error but according to the datasheets 
of commercially available dices this was nat possible. The design parameters become clearer 
by writing the equations 4.35 and 4.36 as follows: 

V, = 4R1RH, ( 411X- ,/2w.J,;" >(A-) 
v;, =4R1RH,(-411X +v'2w~l(A) 

(4.47) 

(4.48) 

We see that for the opto-electronic measuring system, the design parameters are only the 
feedback resistance R1 and the beam radius w, because the power flux density, the 
responsivity are fixed characteristics of the silicon photodiodes. The R1 determines the 
measuring voltage range and its choice is basedon noise calculations (see chapter 3) and the 
w determines the spot measuring range and the resolution. 
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5. Experimental results 

This chapter describes the experiments for testing the prohing system foliowed by the frrst 
conclusions about its performance. The primary purpose of the experiments is a first 
estimation about the system behaviour. Because, as already mentioned in chapter 3, important 
information about the photodetector dices was not accurately known. Within this information 
fall the value of the responsivity and the reflectivity of the di ces. Also, the power reaching the 
photodiodes was not known accurately, while, the uniformity of response ofthe dices had to 
be investigated as well. 
The first set of measurements involved measuring of the output voltage of a four-port 
oscilloscope that was connected to the photodiode' s circuit (as shown in figure 3-4) withand 
without illumination. After this set of measurements the maximum output voltage and noise 
were know. Afterwards, the mechanica] prohing system was tested in terms of mechanica] 
behaviour. For this purpose, pre- described displacements were imposed to the stylus and the 
results were compared to the ones that were obtained from the theoretica] model (chapter 4). 
F or the sake of clarity, most sets of measurements are accompanied directly by comments and 
calculations according to the available information. 

5. 1 Conditions and assumptions for the experiments 

In order to draw statistically correct values for the photodetectors, a large amount of dice
samples should be tested. Due to the limited available dices, five photodetectors were made 
and were tested with a circuit board. However, results concerning the spot-displacements 
versus output-voltage could be drawn only for two of them due to damages that occurred 
during testing. 
In addition, due to the use of PCBs from the standard production batch, the initia] design of 
the PVC holder (which was intended for the attachment ofthe photodetectors to the x-y 
manipulator shown in figure 2-12) had to be modified. In figure 5-1, the modified PVC-holder 
is shown next to the mini-manipulator, before it was glued on the mini-stage. lts size is large 
for the realised x-y manipulator. This solution allows a first quasi-static testing ofthe 
prototype, but it may influence the dynamic behaviour of the manipulator because of the extra 
and unequally distributed weight on the mini stage. Also, the gluing of the photodetector on 
this PVC holder after the assembly completion became more problematic. The main difficulty 
arose from the fact that the photodetector has to be connected at the same time to an 
externally located circuit board (pre-amplification circuit) in ordertotest its position before 
the is fu cured. 

Figure 5-1 x-y mini-manipulator and PVC holder before glued together 

The testing of the prototype was carried out with only two photodetectors on two opposite 
sides ofthe holder. In theory, for one-dimensional measurements this system provides 
sufficient information for the stylus motion because the one detector verifies the signals ofthe 
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opposite ( due to the symmetry of the optical measurement set up) as it is described in the 
work ofS. Cosijns 6. Also with this set up contiguration the rotations ofthe stylus mirror can 
be distinguished from the translations. All these statements are valid, provided that the stylus 
motion is described by the model of chapter 4. 

Three-dimensional calibration of the prohing system requires at least three photodetectors for 
the determination ofthe 6 DOF ofthe pyramid mirror (see also equations 4.1, 4.2). Also it 
requires imposition of pre-described displacements in at least three spatial directions (x,y,z). 
Within the framework of this graduation project, because of practical reasons, the prohing 
system was tested for pre- described displacementsin two directions on the horizontal (x-y) 
plane. For testing, the probewas placed on the 2D CMM of tigure 5-2 which enables 
implementation of displacement steps of minimum 0.5 J.tm on the horizontal (x-y) plane. The 
probe housing was mounted on the machine by means of an interface- aluminium plate that 
was fastened on the machine ram, as shown in tigures 5-2 and 5-3.The displacements were 
implemented by a metallic piece ( not shown bere) that was bolted to the interface-screw 
which is shown in tigure 5-2. 

Figure 5-2 Experimental set-up on the 2D CMM 

Figure 5-3 The assembied probing system on the 2-D CMM. 
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In the drawing offigure 5-4 the position ofthe reference coordinate system is depicted. Also 
the detector numbering with respect to the set up are defined, in accordance with the 
theoretica} model denvation of chapter 4. 

2 

Axes of pre -dcscribcd ! ?"'amid mirror 
dürpla.cemcnts : / 

: / 
' / phorodctccror 

! 

Figure 5-4 Detector set up and the sign convention used for the experiments 

As shown in the figure 5-4, the probe-system set up used for the experiments exhibits a 
modification at the stylus suspension: A metallic ring had been inserted between the pyramid 
mirror and the stylus membrane because the conneetion between the mirror and the stylus tip 
broke during the assemblage of the suspension with the main frame. The reparation was done 
according to the project budget. This reparation will cause deviations ofthe nominal 
behaviour ofthe stylus concerning the required force because it adds stiffness to the 
membrane. Ho wever, the shape of the obtained curves for displacements versus output 
voltage signals is expected to stay unaffected by this modification for quasi-static 
measurements. In other words the membrane will have the same DOF as before. 

5.2 Circuit measurements 

Initially, the output voltage of each pre-amplification circuit ofthe detector's segments was 
measured in total absence of light. These measurements were done with the first hand-made 
circuit board, in order to get a first estimation ofthe circuit offset and noise. Figure 3-5 
displays these measurement results for one ofthe initially tested samples (the number l,in the 
experimental set up offigure 5-4). This one was also used in all the experiments that are 
described here because the others did nat function after the frrst experiments (this incident 
was also discussed at the end of chapter 3). 

In table 5.1 the meao and the standard deviation of the signals of figure 5-5 are listed. In 
appendix K another set of offset/ noise measurements, which are done with another detector, 
are shown. Camparing these results (table 5-1 and K-1) we see that almast the same results 
are obtained. That is, these measurements were suitable for testing the circuit-offset and for 
estimating the total noise present in the circuit, in terms of order of magnitude. Also these 
measurements were useful for making the first camparisans with the theoretica! calculations. 
However, they are nat sufficient for measuring the total noise of the photodiodes because this 
noise depends on the generated photocurrent as well. 

70 



The power spectrum of these signals is distributed throughout the frequency range without 
any dominating frequency. Thus the presence ofwhite noise can be concluded, most probably 
due to the thermal noise as mentioned in chapter 3. In order to keepthelevel ofthis noise in 
this, level sum and difference circuits (see paragraph 3.3) were not used. 

5.2.1 Zero-position 

With the stylus in rest and laser light illumination on the pyramid mirror the output voltage of 
each segment was measured. This position, wherein the stylus has no contact with other 
objects, is defined as the zero-position ofthe prohing system. In this position the laser spot 
must be in the middle of the photo detector and all the output voltages must be equal. 
Regarding this ideal situation the first conclusions about the prohing system were drawn. 

The oscilloscope output voltages were registered during the curing time ofthe detector PCB 
in the PVC bolder. Because on the one hand, the AID noise depends on the measuring range 
(this noise decreases with reducing the measuring range, see also equation 3.22) but on the 
other hand the signal standard deviation decreases for longer measuring times, the data were 
taken for different measuring times. The voltages of each segment versus the measuring time, 
for the detector no 1, are displayed below. Figure 5-5 shows the results justafter putting the 
detector on the g1ue layer and figure 5-6 a coup Ie of minutes later. The mean value and the 
standard deviation of these signals are listed in tables 5-1 and 5-2 respectively. 
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Figure 5-5 Output voltage justafter detector placement on the PVC. 

Table 5-1 Mean value and standard deviation of the signals of figure 5-5 

VA Vs Vc Vn 
in V in V in V in V 

Mean -0.7889 -0.8111 -0.7971 -0.8098 

Std 0.0097 0.0101 0.0096 0.0103 
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Figure 5-6 Output voltages during detector aftachment on the PVC. 

Table 5-2 Meao value and standard deviation of the signa Is of figure 5-6 

VA Vs Vc Vo 
in V in V in V in V 

Mean [V] -0.7629 -0.7986 -0.8458 -0.8459 

Std 0.0043 0.0039 0.0040 0.0039 

Observing the figures 5-5 and 5-6, a photodetector shift is noticed. In order to draw 
conclusions about this positional error, the possible out-of plane errors were simulated in 
Matlab. 

-2 ·2 

Rxv Rx Rv 

Figure 5-7 Diee' s out-of-plane errors: due to arbitrary rotation Rxv, rotation a bout axis X ( Rx) 
and about axis Y {Ry) 
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Figure 5-7 shows possible out-of-plane positioning errors (according to the axis convention of 
tigures 1-5 and 4-3) ofthe segmented dice tagether with the iso-voltage lines (that is the lines 
on which the spot produces the sameoutput voltages). 
From the data of the tables 5-1 and 5-2 and from the tigure 5-7 it is derived that the shift has 
occurred downwards (that is, towards the segments C and D, see tigure 4-3 for the notational 
convention). This is explained from the equal voltage generation ofthe segment A and B but 
unequal voltage generation ofthe segment C and D in table 5-3. According to the Matlab 
simulation if an out-of plane positional error occurs or all segments have different output 
voltages or they have in pairs the same voltages. This condusion is valid, of course, for 
measurements above of the voltage noise level. If an out-of plane error has occurred that 
corresponds toa voltage variation ofthe noise level, then it cannot be detected and it cannot 
be discussed further. 

From the tirst measurement results (tigures 5-6,5-6) the value ofthe product RR]P1aser (that is 
the virtual total output voltage if the di ces had no gaps between them which is denoted in 
equation 4.42 as V101 ) can be extracted, according to the equations 5.1 and 5.2. This product is 
involved in all the theoretica! measuring-model equations thus it is the tirst variabie that has 
to be calculated for the evaluation of the experimental results. Additionally form this value, 
the actual produced voltage can be compared to the one that would be theoretically obtained, 
leading to conclusions about the reflectivity of the dice and the responsivity R. 

Ideally all the segments would have the same initial output voltage. Obtaining the segment's 
voltage from the table 5-2, the ideal zero-position voltage for each would be: 

V 
l 

(5.1) 
i=A,B,C,D 

Substituting X=O and Y=O in any ofthe equations 4.38--4.41 results into equation 5.2. 
V 

RRJJ1aser = t 2 (5.2) 
1 - (erf ( Mw./2)) 

By substituting the V; voltage from equation 5.1 and the value ofthe half-gap ~X and the 
beam radius w, the product RRjP is calculated to be 3.264 V: 

Now the centring ofthe spot can be estimated from the tables ( here the table 5-2.is used) and 
by making use ofthe linear model of chapter 4 and the tigure 4-5 . 

As already discussed the best approach is the linear model with measuring axis under 45° 
with respect to the detector's boundaries. For this model it holds: 

Assuming that the spot had displaced only in the X direction the graph of tigure 4-5 would 
apply and thus the centring ability ofthe housing construction would be 0.45 )liD. However 
the positional errors are totally correlated (equation 5.3), thus the out- of -centre position is 
estimated to be 0.9 )liD with maximum linearization error 3 %. 

v;ot _error = vx_error ± v y _error (5 .3) 

In the cases, wherein the initial position ( Xa ,Ya) ofthe spot had to be estimated the above 
-described procedure was followed. In summary: 
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• Calculation of V x I ~01 , 

• Graphical estimation ofthe spot displacement (figure 4-5) 
• U se ofthe linear model equations 4.35& 4.36-
• Graphical estimation ofthe linearisation errors (figure 4-5) 

Analogously, the signal standard deviation can be assigned as positional uncertainty ofthe 
spot. Also, the circuit voltage noise can be converted to read- out positional uncertainty. 
Following the same computational steps the measured circuit noise is estimated to correspond 
in less than 0.1 f.!m, thus the smallest step ofthe 2D CMM (0.5 f.!m) is detectable. 
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5.2.2 Prescribed displacements on x-axis 

After full curing ofthe glue (24 hours), the first set ofmeasurements was obtained as stylus 
tip displacements versus voltage variations. The displacements were realised by imposing 
deflections at the stylus tip up to 0.025 mm in the (negative) x direction (figure 4-1) and by 
measuring the output ofthe detector no 1. Figure 5-8 shows the results obtained for each 
photodetector-segment and figure 5-9 shows the expected spot motion. 
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Figure 5-8 Output voltage versus stylus tip displacements in the -x direction. 
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Figure 5-9 Nominal spot motion in detector nol for dx tip displacements 
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In tigure 5-8, we see that the initia! value ofthe output voltages (for x=O) is different from 
the ones discussed in § 5.3.2, which means that the detector had drifted further. 
In order to calculate this drift the theoretica! model was employed by following the same 
steps as previously. The new drift is estimated 20 J.Lm but it involves an out-ofplane drift as 
well, therefore correction by mini-manipulators was not possible. For this reason the 
comparison of these data with the theoretica! measuring model was done after calculating the 
new "zero" position of the detector although it was known that the model-curves cannot he 
compensated for out-of plane errors. 
In tigure 5-8 the glitch effect ofthe membrane reparation is notice by the abrupt changes of 
the obtained data. 
The slops of the best fit lines of the signals of the A and B segments (V A and V B) are equal 
(2.3 V /mm) and differ by from the best fit lines of the signals form the segment C (2.3 V /mm 
and D (2.9 V/mm). The segment C, which had the greatest voltage variations in zero-position 
(figure 5-5), exhibits the lowest sensitivity. 

In order to draw some conclusions the measuring model was revisited and the possible 
positional errors were examined for the certain drifted position. 

According to the theoretica! model of chapter 4 ( equations 4.43-4.46) and the tigure 5-8 , the 
dice had an out-of-plane drift Rx as shown in tigure 5-7, in the Y direction (that is Y=Yaand 
X=O see tigure 5-9). 

According to the measuring model, ifthe frrst two curves (V A and VB) have the same slop, the 
other two should have the same slope as well. Their ditTerenee shows great ditTerenee in the 
responsivity of these two dice-segments (C and D) camparing to the A and B. 
Since the manufacturer specifies a uniformity of response 8% per element, the ditTerenee of 
the best- fit lines can he explained, partially, from diee' s local variations. At this point 
quantitative estimations about the diee's local variations in output voltage cannot he drawn 
because the Rx error cannot he taken into account in the measuring model. Also the possibility 
of transition into the near-saturation region of operation (which also influences the output 
voltage response) cannot he concluded from this measurement data. This last factor was 
already explained at the end ofthe paragraph 3.3, here it has to he added that this transition 
may have occurred during the spot displacements on the photodetector' s dice due to 
unacceptable increase of the incident power. 

5.2.3 Prescribed displacements on y-axis 

For the experimentsin y direction another detector was available for use. Unfortunately, the 
housing had to he dismounted from the CMM because some electrical connections had to he 
re-soldered. In addition some glue was added between the pyramid-ring and the stylus 
membrane because the ring-conneetion had developed a crack. Further a permanent 
deformation of the membrane, or the stylus, was also likely to have happen ed. Consequently 
the set up needed redefinition ofthe spot zero-position. Figure 5-10 and 5-12 show the 
experimental results for the first and the second photodetector respectively, for stylus 
displacements in the y- direction. Figures 5-11 and 5-13 show the expected spot motion. 
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Figure 5-10 Output voltage versus stylus tip displacementsin the -y direction (detector 1). 

Figure 5-11 shows the expected nomina! motion ofthe spot wherein the ' new' zero-position 
was taken into account. 

y 

& 
I 
I 

26X 

x 

Figure 5-11 Nominal spot motion in detector nol for dy tip displacements 

Observing the best-fit lines of tigure 5-10 we see that they have all much different slops 
(maximum difference 50% with respecttoeach other) and the theoretica! model does not 
predict correctly the sensitivity of any segment throughout the measuring range. However, the 
positional error ofthe spot with respect to the detector dice (most probably similar to an Rxy 
error as shown in tigure 5-7), explains partially this deviation. Also the segment C shows 
again bere the greatest difference (50 %) from the rest segments, thus it can be concluded 
again that it is less sensitive than the others. The large linear model error is explained also 
from the estimation error ofthe initial position (Xa, Ya), as already explained in chapter 4. As 
shown in equations 4.43-4.46, this error is introduced in the slope ofthe linear equations. 
Below the results from the second photodetector are shown: 
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Figure 5-13 Nominal spot motion in detector no 2 for dy tip displacements for the predicted zero
position. 

From the results offigure 5-12, it is concluded that the spot is far from the quad centre (due to 
the high initial voltage value of the curves V c and V 0 for y=O, most probably due to drift 
during glue curing). 
Also, the output-voltage level ofthe first two detector segments (V A and VB) differs by an 
order of magnitude 10 -I volts and the order of magnitude ofthe voltage output ofthe segment 
A equals to the order of magnitude of the circuit noise. Obviously the frrst segment is not 
functioning while the second segment cannot register the intensity variations because they are 
of the same order to the signal standard deviation. This condusion can be drawn, also, by 
comparing the range ofthe voltage variation ofthe segment B in figure 5-12 to the signal 
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standard deviation as calculated in table 5-.2 and by comparing the range ofthe voltage 
variation of the segment A to the noise of the circuit 
Since the voltage information from segments A and B was missing; the initial spot position 
(Xa, Ya) could not he estimated from the linear model. For this reason, the experimentally 
obtained curves were compared to the exact error fimction voltage curves ( equations 4.40 and 
4.41 ). As noticed in figure 5-12 the model curves deviate less ( ~ 25%) than the linear curves 
offigure 5-10. 
Referring to the voltage curve from the segment C .it is observed that the, linearisation error 
has almost equal contribution to the error prediction ofthe dice behaviour as the dice 
imperfections or other errors would have. 

For all the measurement data set the theoretica} exact curve deviates from the experimentally
formed curve. This deviation differs during the spot displacements, which means again local 
responsivity-variations. 

After this experiment the ring with the mirror disconnected totally from the membrane and the 
stylus deformed, for this reason more experiments were not possible. 

Also here quantitative comparisons cannot he done because ofthe little amount of obtained 
data. In fact from these experiments, it was aimed to draw conclusions about two separate 
aspects of the prohing system: 

• The photodetectors and their response to the irradiance variations (laser spot 
displacements) 

• The laser spot displacement as nmction ofthe stylus-tip displacements 

These two aspects can he treated as one for the calibration of the prohing system provided 
that: 

• Any great drift during the photodetector artachment on the holder must he excluded 
• The dice characteristic are tested separately from the prohing system 
• No modification has been done to the suspension. 
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6. Conclusions & recommendations 

6. 1 Conclusions 

The sub-systems of the prohing system: the mechanical, the electrical and the optical system 
have been discussed separately in the previous chapters, foliowed by comments and 
suggestions fortheir optimal functioning. Here, the prohing system is discussed globally and 
the main points of this work are highlighted. 

In spite ofthe complexity ofthe optica} measuring system, the realised holder bas a modular 
lay out, can be easily interfaced with the CMM ram and it bas, high natura} frequencies (the 
lowest is 220Hz). Also it provides sufficient positional accuracy ofthe overall components so 
that the centring of the laser spot, which is the positioning accuracy of interest, is at maximum 
1 Jlm, value which is five times better than initially required. 

The weak part ofthe prototype is the electronic measuring system that is the electronic circuit 
including the experimentally- made photodetectors and the electronic read-out system. The 
following factors, rendered the quantitative evaluation ofthe probe measuring system 
impossible: 

• Defects during assembly 

• The numerous unknown factors regarding the electrical characteristics of the photodiodes 
and their interaction with the laser 

• D during their attachment on the holder ofthe prohing system 

Also due to high noise level the measuring resolution that was achieved for testing the 
prototype was 0.5 Jlm. 

Also, during this graduation project the calibration and the measuring model ofthe prohing 
system were stuclied in conneetion and the electrical measuring circuit. The main conclusions 
ofthis study are summarised as: 

• Accurate measurements with the quadrant photodetectors can be performed only on two 
pre-determined axes, which are centred to the dice axes. 

• The accuracy of the measurements of the laser-spot displacements depends on the 
calibration accuracy ofthe zero-position (in other words on the centring accuracy ofthe 
laser spot) 

• To find the spot centring accuracy an iterative algorithm must be employed. An 
indicative value for the prediction error is: 3 % prediction error for out-of--centre 
positioning errors of 5 Jlm. 

• The electrical noise must be attributed -initially- as out-of -centre uncertainty. That is, 
the electrical noise influences the accuracy of the prohing system by: 

~ Lowering the accuracy of the linearised measurement model 
~ Lowering the accuracy of the read-out system. 
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6.2 Recommendations 

For future experimentation and development aftbis prototype, the following must be 
improved: 

o Referring to the mechanical system: an alternative must be found the suspension
fixation 

o Referring to the photodetectors: They shouldn't be glue on the PVC holder as last 
step ofthe assembly. Instead the PVC holder tagether with the photodetectors with 
their pre-amplification circuits should be mounted as entity on the x-y manipulator
stage. 

o Reduction of the wiring and therefore a part of the generated noise and heat. 

o Concerning the electronic read-out system: It should employ an at least 32 bit AID 
converter, without making use of standard probes because the probe capacitance 
limits the detection of voltage variations below voltage of order of magnitude mV. 

In addition the following must be investigated befare assessing the final error budget and the 
performance characteristics of such a prohing system: 

o The possibility of reduce the pbotodiade gap region and to increase the uniformity of 
response of the di ces 

o The effect ofthe element -to element cross talk and other surface imperfections ofthe 
dices must be taken into account in the final calibration and measuring model 

o Deviations of the laser intensity distribution from the perfect gaussian distribution, 
must be considered. 

o The effect of heat generation (from electranies oflaser source) to the stability ofthe 
prohing system. 

o Further examination of the suspension mechanics to verify that: during the 
measurement process the reflected laser beam is rnaving along two detector axes 
according to the theoretica! behaviour of the system. 
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