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Abstract 

This thesis preseztc ,,,,, @zn! mzt:"c!~gy sy,~!cnrs IIJF;?,~ ! S S L ~ ~  & ~?).i?s!f!n~!-ser?.~lfrve . . . . &!ector.:. 

In this area, a new diffraction strain measurement technique is developed, implemented, 

analyzed and characterized. Related research work on the optical nletrology compottents is 

also included, dealing with position-sensitive detectors analysis and iaser-beam appiications. 

The research it1 optical metrology systems using lasers and PSDs comprises 

development of a novel whole-field strain measurement technique and its implementation as 

;".:l!+f:-.r.;nf . v A L . A L . y u  .... P;FG-.-tfr.r. -.A LA--.A .,.. C+r=ln - L  A-A-. n--.r! Ti!t - --- Spnqcr - - :lsigcr -.---- Mr?!rF: lr?terferometer and Mg!tic~znne! 
0 - 

PSD. All the different variations of diffraction strain sensors as developed by different 

rese~rchers up to date, measure single point strain on the sample only. At the same time, the 

whoie-fieid strain measurement techniques like Moire Interfiroilieiry aiid ESP: have t k i ;  

1 .  

1 own shoficomings like iengthy fringe pr~cessirig j,a;lu mage siibti-actioii algo~itkiiis. Scsidcs 

this is the obvious degradation of their spatial resolution at lower strain values owing to the 
---.-.-- 4 2 2  ~ p ~ ~ s e  l:i:ls5J. On thc ether hand, :he dweiopec', system has the unique feature of direct and 

near-real-time diffraction-based strain and tilt measurement at a large array of points on the 

sample surface. The system uses simultaneous position tracking of smaller beamlets 

diffracted differently from different regions of the component surface under test. Using this 

seiiip, whok-field strain and tilt distribcticn ?atterr,s over the cornpo~efit h ~ d y  can he 

obtained immediately, without the need for fringe processing. Furthermore, the system also 

has capability of measuring rotation and shear strain, making it a truly versatile whole-field 

strain sensing system. Simultaneous strain and iiil illsasursnlent at more than one thousand 

P- points is being reported in this research. Complete microcomputer-based implementation of 
/ 

-1.1- ul,3 Jy ..-.-I is . ,  ;ic~C;ibcrj. &tai!td ~hzr&: r i z~ t io~  2nd znalysis of the deve!nr)~d svstem is 1 -- - 
presented along with some important development decisions. The system offers a promising 

combination of features like direct and fast calculation of whole-field strain with a fine 

spatial resolution and good sensitivity. These make this technique suitable for precision 

. . . 
V l l l  
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applications in structures, mechanics and micro-mechanics, while offering a considerable 

saving in time and equipment cost. 

Work or2 Opticnl Metrology conzponents starts with a unique analysis of position- 
. . 

secsit~ve detectors used in noisy industrid er.virox-xnt, where several other light sources 

also coexist and thus produce unpredicted effects on PSD output. Many researchers of other 

photo-sensors have analyzed their performance in presence of these stray noises, while this 

problem has many times been outlined in context of PSUs too. Nonetheless, detailed 

performance analysis of PSDs with stray optical noises is very much needed. For this 

purpose, we first describe and model these stray noises with respect to the operation of PSDs 

and then analyze the response of the detectors in the presence of these spurious signals. The 

~:rperimeztrl rp,su!ts 5 3  rsxnared r ujth thr rps!-llts from the p - n p ~ e d  math~matica! model 

and it is observed that the measured performance is within a fraction of a percent of the 

calculated one. The analysis of systematic errors encountered during data collection is also 

presented. The study is expected to be very useful h r  the accuiate & precise use of i'SU- 

I based sensors in the industrial units iike prc;ciuc;iion h c a ,  w o ~ l i ~ i ~ u p s  iliid others. 

Follo-,+kg this, the work or, lzse: beams analyzes their use in a nove! material processing 

technique. Laser welding of galvanized steel sheets in lap configuration is the challenging 

problem being investigated for more than two decades, originating due to the difference in 

the melting points of steel and zinc. Earlier solutions are either insufficient for desired results 

or too cunlbersome to be realized ir, practice. For this purpose, dual laser beams method is 

being discussed modeled and analyzed, involving a pre-cursor beam and a higher-power 

welding beam. The first beam cuts a slot, thus making an exit path for the zinc vapours, while 

the second beam performs the needed welding. T i e  work also presents some experiments 

performed on the shop floor using this method, along with the metallurgical analysis from 
,' 

kib~ratcjry s:iov;ing successfd 25s?xs  cf Ziz3 iz the v!ek! area. Owing to its simpler 

approach and lesser time consumption, this technique is expected to be very attractive in 

terms of workshop implementation and welding throughput. 
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List of Terms, Abbreviations and Symbols 

Terms 

The use of terms and parameters is largely in view of their utilization within the 

experimental mechanics and metrology communities. 

Accuracy 

Linearity 

Position Resolution 

? 
Range 

Sensitivity 

Spatial Resoluticn 

Position Uncertzinty 

S ystemetic Error 

Abbreviations 

The stability of measurement in terms of standard deviation present in 

mui:ii?!z y-dings 2f :Ile s;AyLe inpz:. 

Maximum deviation of output from input for a specified range of 

measurements as a fraction of full-scale reading. 

The minimum displacement that can be resolved by a given position 

sensor. 

The maximum difference between two extreme values which can be 

The smallest change in input that produces a statistically significant 

change in response. 

Distance between two distinct adjacent micro-measurements made 

from a set of input data. . 

Maximum error present in the position measurement due to the 

(optical) noises 

The inherent bias of a measurement sensor or process. 

BiCMOS Bipolar complementary metal oxide semiconductor 

CCD Charge-coupled device 
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CMOS 

CNC 

C02  Laser 

I 
CW Laser 

D .c 
ESP1 

FSD 

FSR 

HAZ 

HeNe 

HPDL 

T A C E D  
-1 . V U I C  

LE 

LEP 

MEMS 
- -7 
iv1- 

Nd:YAG Laser 
? . T J . \ / \ l n  ,.--.. 
3 2 .  L v VJ -,cab1 

PSD 

QD 

SEM EDS 

S I 

S/N 

TEM 

1 -D 

2-D 

Complementary metal oxide semiconductor 

Computerized numerical control 

Carbon dioxide laser 

Continuous wave laser 

lJuty 

Electron speckle pattern interferometry 

Full-scale deflection range 

Full-scale reading 

Heat-affected zone 

Helium Neon 

High-power diode laser 

Tight a ~ ~ l i f j c ~ t i . \ ~  tEzGr1& stin~!2tcvJ err-issicn cf rar!intipn 

Lateral effect 

Lateral effect photodiode 

ivlicro-electro-mechanical structure 
- 
ueam quaiity factor 

Neodymium-yittrium-aluminum garnet laser 

Ncodyn;ium-yittrium-vanadzte iase: 

Position-sensitive detector 

Quadrant detector 

Scanning electron microscopy energy dispersive spectroscopy 

Systeme Intcnationale d'unites 

Signal-to-noise ratio 

Transverse mode of laser 

One-dimensional 

Two-dimensional 
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Symbols 

Incidence angle on diffraction grating 

Diffraction angle from diffraction grating 

Vertical angle of diffracted beam 

Change in incidence angle 

Change in diffraction angle 

Change in grating pitch 

Error in position calculation 

Change in rotation angle 

Fringe spacing 

Tilt angle in xz-plane 

Tilt angle in yz-plane 

Shift in light spot in x-axis 

Shifi in iight spoi in y-axis 

Normal strain in x-axis 

Normai strain in y-axis 

Focal length of fccusing lens 

Frequency of virtual grating 

Acceleration of gravity 

Gap width in material processing 

Tntsnsity of radiation 

Current output of sensor 

Current output from n-terminal 

Noise current output from n-terminal 

Error factor for uncoliimated beam 

Length of sensor 

Wwe!er?gth of incident light 

Diffraction order (+I/- 1 used) 

Milli-strains 

xii 
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Milli-radians 

Micro-strains 

Micro-radians 

Frequency of radiation 

Beam solid angle 

Pitch of diffraction grating 

Position calculated in x-axis 

Position calculated in y-axis 

Rotation angle of specimen 

Deilsity of material 

Thickness of sample 

Displacement field in x-axis 

Velocity of material processing 

Volume of material 

Displacement field in y-axis 

Velocity of moving material 

... 
X l l l  
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Chapter # I introduction 

Introduction 

As many of the hi-tech industrial products of the world are moving towards 

miniaturization and larger integration, the importance of micro and nano rechnologies is 

guwii l r :  cxprjneai;a::y. This is a l s ~  eouplcd c:fith the iccrezsing requirem~nts cf indnstriz! 

automation and quality control. These trends are giving rise to the need of measurement 

techniques, which can work on these smaller scales with accuracy, reliability and ease of 

integration. Optical measurement or metrology techniques, having rnese and other attractiv~ 

features. have thus seen an unprecedented boom along with the above-mentioned trends. 

Optical Metrology is the science, which deals n-ith the measurenlent techniques utilizing 

q!ira! ~ l l e t h ~ d s .  Of major interest in these has been the measurement ~f distances and 

angles, though a whole lot of other parameters can also be directly or indirectly measured [I]. 

Recent advances in optical devices, vision systems and computer technology have enabled 

the diverse development of new optical systems and techniques for measurement. 

In optical metrology, different properties of light or electro-magnetic waves are utilized 

one way or the other including interference, diffraction, speckle and polarization. 'I'here are 

diverse techniques enlployed in optical metrology basing on these effects including normal 

interferometry, speckle interferometry, Moire interferometry, holography, spectroscopy, 
i 

photoe!astir,ity, prcfilometry and fiber optics technology. Optical metrology systems may 

utilize processes of simple detection, triangulation, signal processing and image processing. 

The target measurements with optical metrology include different parameters and physical 

properties including distance, angle, velocity, frequency, irraciiance, vibration, iempeia%rc, 

flow and strain [2,3,4]. 

Optical Metrology with Lasers and Position-Sensitive Detectors 2 1 
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Plane waves Diffracted waves 

Figure 1.1. Phenomena of Diffraction [2] 

- , Bright 

Figure 1.2. Phenomena of Interference [2] 

1.2 Lasers 

The advent of lasers in early 1960s has provided an invaluable tool for the development 

of advanced optical instrumentation. There are many properties of lasers, which have given 

rise to sophisticated techniques in optical metrology. Along with metrology applications, 

laser beams are usefully applied in telecommunication, medicine, env~ro~miu~ia l  i i i~i i i i~i i i ig ,  

defence and materia! prcsessing [ S ]  . 

1.2.1 Properties of Lasers 

Some specific properties of laser light make it distinctly useful and suitable for different 

applications including metrology and materiai processing. One 01 these propertics is 

directionality, which makes the laser beam travel for long distances with minimum 

Optical Metrology with Lasers and Position-Sensitive Detectors 22 
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divergence. This is the reason for narrow beam formation of laser light and also makes its 

detection easy and predictable. Due to this property the output power of laser light gets 

concentrated in small areas and the brightness of laser light is very high compared to other 

C, sources. The focused power thus produced is very useful for laser-based material procsssing. 

Another useful property of laser is monochromaticity so that a normal lascr beam 

contains only a narrow range of wavelengths compared to normal light sources. With the 

special line-narrowing techniques, this property can be improved further for specific 

applications like spectroscopy. Another unique property of laser is coherence so that the 

electromagnetic waves in a laser beam are traveling in phase with one-another. Thus the 

coherence length or the distance over which the light remains in phase for lasers is vcry high 

compared iu uillel' colivcli:icfi;i i;r scientif:: light socrces. Cimi!pr effects are nhs? rv~d  in 

terms of time over which the laser light remains coherent [6]. 

1.2.2 L.sers in  Optical Metrolog 

The above-mentioned properties of lasers make them very attractive for a number of 

metrology applications, which are not practicabie iv ih  orher light sources. One of k c  mzijo; 

example for this is interferon~etry, which has become possible due to the properties of 

coherence and monochromaticity. With these properties, the interference of laser light beams 

produces fringcs, which are visible and useful for the meas~irement applications. 013 the other 

hand, interference between the waves of the normal light cannor produce visible filnges. k 

& I - -  kt:- Z C ~ C  -- t i - ~ ,  jncident '.e~.nz en f!x diffraction elements like gratings produce distinctl>' 

rotating output beams due to the properties of directionality and monochromaticity. Such 

usehl phenomena may not be possible with conventional light sources. 

'The laser-based metrology instruments inciude dil'r'eercnl iypcs like d ig r i i~ i i t  lo&, 

trackers, telemeters, interferometers, speckle interferometers, holographic interferometers, 

..-. v J ~ b l I I I u L e r ~ ,  -;ma+ pAllomefer~,  vibrometers, gyroscopes, shearographic instruments and 

different fiber-optics sensors [7]. 
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1.2.3 Lasers in Material Processing 

Due to high directionality of laser beams, the irradiance, fluence and brightness of these 

'\ 
beams are very high. This makes them very useful for a numbcr of material processing 

app!lcations including engraving, cutting, welding, drilling, cladding and surface treatment. 

Some of the advantages of using lasers for such purposes are precision: surface finish, 

neatness and working with diverse geometries and material configurations [8,9]. 

Gas shhkId 

Figure : .3. Laser we!d;ng as an zrea nf laser material processing 

3.3 Optical Displacement Measurement 

Many of the applications in the industry, telecommunications and other fields require 

accurate measurement of displacement of objects through non-contact methods. The needed 

applications m y  include slow-mcving tools or the components librating at moderately high 

frequencies and may involve measurement ranges varying from the sub-millimetric ranges 

for the precision instruments to tens of meters in the case of the remotely-controlled vehicles 

or robots. 'The requirements may also warrant position-measurement in the axial or lateral 

direction w.r.t. the optical axis of the measuring instruments [ l  O:5 11. 

Measurement of linear displacement may have different possible solutions. Due to its 

ruggedness and often contact-less characteristics, optical systems are very popular, 

particularly when fast changes in displacement need to be measured. Xany of these 11iet:iods 

allow measurement in sub-micrometer or even sub-nanometer range [10,67]. 

Opticnl Metrology with Lasers and Positiot~-Sensitive Detectors 24 



Chapter # I /nlrodz/ction 

Among the important optical or electro-optical displacement measurement techniques 

first may be Optical Interfercxetry, which is mostly used in the applications requiring high 
L 

resolution and accuracy in the measurement of small or very small linear displacements. 

Among others, it is used in precision tooiing, caiibration insirurnenis and for iiieasmemcnt i;T 

different engineering parameters. 

Some systems to measure displacement by optical means are based on a light source and 

a light sensor where displacement produces change in optical power detected by the sensor. 

This chafige may he due to the closer-farther movement of the reflecting body or due to the 

light obstruction caused by the movenlent of a body. 

Position-sensitive-detectors (PSD) aie semiconductor devices, which give electrical 

output based on the position of the lighr spot falling on the surface of these devices. These 

may be of different types as described in later sections [52,53]. 

Figure 1.5. Angular displacement measurement with PSD and laser [58] 

Optical Metrology with Lasers and Position-Sensitive Detectors 25 



Chapfer # 1 Introdz1ctior7 

Linear displacement optical encoders are basically made of a light source and a light 

detector, optically connected through a 'ruler' of alternate constant-size transparent and 

opaque zones. With the movement of the 'ruler', the sensor sees a train of light pulses and 

z can thus convert them to the information of the object movement. 
. . 

Another displacement sensor system proposed is based on the determination of the 

coordinates of a self-luminous object through the measurement of the wave fronts emitted by 

the object and detected by a Shack-Hartman wave-front sensor [lo]. 

1.4 Position-Sensitive Detectors - Discrete 

Semiconductor position-sensitive detectors (PSDs) offer very good solutions for position 

measuremeni applications arid since their inception in late fifties, these devices have become 

a major tool for lateral position measurement. These detectors are mostly ~eiilko1idriG~r 

devices and can be of different types, which are suitabie for ciiffereni ayplicaii~iij. Fcr 

normal measurement or alignment applications discrete detectors are used such as quadrant 

detectors etc. For more dexiiied tracking or profiliilg app1ica:ions imaging or arrsy type 

detectors are u;ilizcd nkich d s o  include CCD cameras used as PSD by processing the light 

spot image on it. In addition there can be non-semiconductor devices like Vidicon tubes, 

which aiso function as PSDs. 

In rllscrtttp PSDS: t ~ v o  t v ~ e s  - - of devices are commonly used for position-sensing 

applications as shown in fizure. The segmented PSDs or four-quadrant detectors are used 

more for applications with smaller movement span or for alignment. On the other hand. the 

continuous PSDs or the lateral-effect photodiodes are used for wider displacement 

measurement nith nign iinearity. In additioil to these tv;o tjrl;es, some ti-es devices are 21so 

made with other geometries like wedges etc [54]. 
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The illu~nination angle is chosen such that the diffracted beam emerges norillal to the 

grating or ,O = 0. Also during the experiment, the illumination angle remains unchanged or d a  

= 0. Thus: 

Here &v is derivative of the displacement component along the grating principle direction 

(ddLJS), i.e. the normal component of the strain in the x-direction. The change in diffracted 

angle dp can be calculated using the spot shift on the sensor surface and focal lengtl1.f as 

It may be considered that if the sample undergoes some out-of-plane horizontal tilt in x-z 

plane, this produces the shift in the individual light spots which is understandably in the same 

direction. For this case if strain is not present or dP = 0, and angle of iilcidence changes as 

much as the tilt of the sample or da=AQ, fiom the earlier differential of the diffiaction 

equation i t  comes to 

111 Eq~lation (2-5) the ineasured shift of the beam on the sensor is due to both to the tilt of the 

grating and to the resulting chailge in the diffraction angle. Thus, 

The change in diffiaction angle can be deduced when the specimen is subject to the strain, .cy, 

and out-of plane tilt, AB. Important point to consider here is that due to divergent nature of 

the 11011-collimated beams used, an extra factor Kr will be inserted. FJcnce the corresponding 

shift, AY, of a typical spot on CCD plane can be related to the strain and tilt as 
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wlicse ,f is focal length of each micro-lens, a is the angle of incidence and Kf is a 

inultiplication factor which is 1 if the two beams are colliinated and the subscripts 1 and 2 

refer to the two incident beams. Solving these two equations give 

LY, - AY = K --= -' 
! / 2, f sin a 

and 

Ax, +Ax ,  
At3 = K ,  

2 f (I + cos a )  

The two incident beams, thus, enable to separately conlpute the strains and the rigid 

body tilts of the specimen. The y-axis strain can similarly be calculated. 

2.5 System Construction 

The basic Multipoint Diffraction Strain Sensor (MDSS) setup (Figure 2.3) is compact, 

simple and versatile. The current system uses a 112" CCD camera with a 44 x 33 micro-lens 

array. Each micro-lcns has a diameter of 144 p n  and a focal Icngth of 8.190 mm. Thc 

spccimcn grating is a 1200 lineslmm reflective diffraction grating. The specimen can be tilted 

using a precision rotation stagc. Also the specimen has a strain gauge attached to the back 

side. A 685 11111 laser diode is coupled into two optical fibers and provides the two sylnmetric 

iilcidcnt beams. The spot imagc is digitized and processed using custom-developed software 

written in MATLAB'"' according to Equations (2-9) and (2-10). 
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Lateral-effect devices have been in use since early 1960s. The first such device was 

presented in 1957 being a 2-axis device consisting of four point contact electrodes placed on 

a common resistive sheet. Its response was highly non-linear, which was corrected by later 

improvements in its geometry. The improved devices (duo-lateral) were later shown to be 
- .- ..-.,-., 7 i i l  

. .  . 
, ,, j i,,,cli !inex in their response and also havizg Setter przcmon IE measxexcnt [53,5?j. 

Lateral effect detectors have several advantages over quadrant devices for normal 

nletrology applications. Because there is no gap in the active areas. the size of the iinage is 

not subject to constraints on minimum diameter. Also, the position information is available 

as long as the light falls somewhere on the active area of the detector. And that the position is 

determined according to the optical centroid of the light spot, making it indifferent to the spot 

s k q e  o: i:-itec;ip- dis2ibdioz. C>ce disabxlei?tage is th2t freq~lcfic;r rcsFcnse nf s!2ch dftertzrs 
J 

tends to be lower because of the series resistance that the divided photo-currents encounter. 

.41so, these devices exhibit lower signal-to-noise ratio. 

-- 
l i m e  devices are aiso available in one or two-ciimcnsional configurii~ic;ns ~ i d  Iiav-, 

mainly four different types. The duo-lateral type has electrodes on both front and rear 
- 

surfaces and typically has minimum error and good reso1::tion. ! ex- la tex!  TFe hss feu: 

CT\electrodes on the front surface of the device and is characterized by low leakage and fast 

C? response. Pin-cushion type is an improved form of the tetra-lateral Lvith reducsd signal non- 
r( 

.J- lifiearity at the edges. Transparent duo-lateral detectors are essentially the same in principle 

6s duo-lateral, bui they are constructed on transparen: substrate. Ssnetimes add-shape:! 

% PSDs are also manufactured for specific applications like circular and spherical shapes for \ 
angular position measurement [11,20,58,59]. 

The lateral-effect photodiodes are used for wider displacement measurement with high 

iizcari:jr, gc;c;d rzsc;latioc and fast rtspo:lst. sesides CCInl;II:2! disFlszemt2; ssez.,sicg 2s t - j o c ~  

in figure, the application areas include optical metrology, industrial automation, training 

simulation and many others [2,12,5 1,541. 
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Figure 1.9. %:lnciplr ~f PSD-bnsed i r r idmt light d i ~ p l ~ c e n ~ ~ r ? ?  sensor [2! 

i.5 Position-Sensitive Detectors - Integrated 

There are other devices which consist of an array of some sort of simpler light detectors 

and thus can sense the position of the light falling on the surface like an imager. They can 
. . pro-;;& 1 n f 3 r x & ~ ~  aL.2;: ?he shag5 azd &ctri5Eti3C sf t h ~  incidezt light s ~ Q ! .  They "rp 

generally used with some signal processing algorithm and this way they can help discerning 

true incident light frorr, the cluttered ernironmen! of fa!se lights. Most familiar and useful 

example of this category includes photodiode arrays and CCD arrays. 

1.5.1 PSD or PD Arrays 

Arrays of photo-diodes can provide a simple hdication of the location of the laser beam 

through the observation and determination of which diodes are illuminated. Two-dimensional 

arrays with hundreds of diodes in each axis are commercially available. These normally 

consist of one-dimensional or two-ciimensionai arrays of detector cells iike charge-coupled 

detectors or &ot~diodes along with multiplexers. which enable sequential reading of these 

devices as given in figure [54]. 

Figure 1.10. Integrated photodiode arrays with multiplexing [54] 

---- 
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There has been interest in producing photodetector array based sensors using CMOS or 

BiCMOS teclumlogy, where specific architectures are a!so developed for light spot centroid 
r, computation. Arrays have been made with individual current divisions as per lateral-effect 

devices or as per quadrant devices. There nave aiso been experin~cnis for iiie iIiaiiddc;:~i'ii,g 

of lateral-effect detectors using standard IC technologies like planar, CMOS or BiCMOS, 

which are useful for larger device integration. 

A useful de~rice among these is Digital PSD or the array of active digital pixels. This 

consists nf 1-l3 nr 2-D array of digital pixels along with circuits for triggering and readout. 

Computational circuitry for centroid determination may also be added. Each pixel may 

include a photodiode along with a comparator circuii h "iic-bi; z;;lp!i:ti& qxiztifizzti~z 

The device function is similar to CCD imagers in many ways, while the advantage is easier 

processing for binary pixel values instead of grey-scale [13,5 1 1. 

1.5.2 CCD Imagers 

CCD or Charge-Coupled Device is very popular technology for imaging and cameras. 

Construction of CCD is as an array of closely spaced MOS diodes. The light is rccorded as 

an electric charge in each diode. Using a proper sequence of clock voltage pulses, the 

accumulated charges can be transferred in a controlled manner to the output of the device. 

The relativelj. complicated structure as shown in figure makes CCDs costlier and harder to 
- --.-. . mannidci~ie. ;i;c ;;G ;;i;r;gers i;ii:c 2 .si&~l c;t:::f I - . >  , m~l !  nf &ff~rent  resolutions 

depending on the pixel size used in the array [14]. 

The imasing detectors like CCDs are sometimes used for light spot position sensing 

instead of PSDs, particularly in instrumentation applications requiring higher accuracy anu 

noise rejection. Light spot detection algorithm is needed for its use as PSD. It is obvious that 

the mass production oilow-cost CMGS imagers ax! the ranid *-r-- d e w l n p e n t  of digital signal 

processing ICs together will partially replace P3Ds in some of the traditional applications 

[52,59]. 
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Electrodes 

Figure 1.1 1 .  CCD Imager Technology 

1.5.3 Discrete vs Imaging PSDs 

Functiona!ly speaking, PSD gives an output that is a function of the center of gravity of 

ike total lisht distribution on the active area. The CCD on the other hand detects ihc pcak 

Laiue of the iight quantity distribution over the aciivt: xea  rul each individiial pi:id, ~ n d  :he 

L-alues are put out sequentially [14]. 

There are many areas where there comes a choice between using imaging PSD vs 

discrete PSD basing on their different merits and demerits. As an example, PSDs are 

eequently ~ s e d  for the industrial coordinate measuring systems. Many such systems basing 

un CCD imagers have been repofled where the advantage of nsing CCDs mainly is the 

xssibility 10 perform processing operations on the images and thus to satisfy the 

performance requirements which are not possible with discrete PSDs. This means lower 

sensitivity to background-induced noise and better toierailce to lower light-to-background 

contrast. Simultaneously, there is also possibility of processing multiple light spots at the 

:a le  iime. These advsntages come from the ir-dividual processing or the pixel signals. Most 

s f  these are also present for the digital photodiode arrays. 

The major disadvantage is in terms of time, The need of image processing makes the 

operation very slow, and takes the per-point operating time to many seconds or even 10s of 
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seconds. On the other hand a suitable 4Q detector can be used with sufficiently high 

precision and bandwidth needed for normal industrial operations with well-marked target 

points [15,5 11. 

c( ,  

1.6 Position-Sensitive Detectors - Tubes 

Some non-semiconductor tube detectors are also used as PSDs. One important type is 

Image Dissector, which is a modified photorn~~ltiplier tube (PMT). The modifications make it 

possible to identify the areas of the photocathode that is generating the photocurrent. It 

consists of normal photomultiplier elements, such as the photocathode, dynodes and anode. 
. lne  .., moalllcaiions q . C  ihai a pld/IT ;;ii iiiibSe $iSscctGi 2;: e ~ e c ~ o : ~ - ~ e L c l - ~ e ~ I t i n c  

b 

aperture, an electrostatic field that focuses the photoelectron beam from the photocathode, 

and a deflection scheme that makes it possible to steer the beam through the aperture. 

Another tube PSD as shown in figure is Vidicon, which is a type of imaging deiecior 

used in television cameras. Vidicons in tracking or positioning systems are used in a manner 

very similar to the image dissccror. That is, posiliorl i~if~oi.i~:~iifiii is gsihered f x m  :he 

deflection current that was being applied when a signal was picked up. 

Such tubs type photodetectors have bee]: extensively used in advanced areas like high 

energy physics already for some rime. Aiso some of the precision aerospace trxking 

snn!iratic?!v - - are 21w imnlemented using such tube detectors [2,54]. 

Figure 1.12. Image-dissector or Vidicon tube [2 ]  
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1.7 Metrology Applications of PSDs 

PSDs are widely used in commercial and industrial applications. Lateral-effect detectors 
h are mostly used in optical distance measurement based on the triangulation principle etc as 

shown in figure [54]. Such sensors are used in various kinds of posi~ion, I~eigi~i, iiiickiiess 

and vibration measurements needed in different industrial processes. Quadrant detectors are 

mostly used as centering indicators rather than as linear position sensors. Imaging 

PSDs are used where noise rejection or multiple beam tracking is required [16,58]. 

1.7.1 Engineering Measurements with PSDs 

For the nornlal engineering and measurement applications simplest and cheapest ivay ro 

measure the position through light spot is to use a PSD. In many straightforward applications 

this i s  exactly what is done. Examples are alignment systems where the position of a 

reference laser beam relative to the PSD is measured. Such systems are used for alignment of 

everything from bridges to optical systems. As PSDs can be made to operate at very low 

temperatures, this alignment method has also been applied to infrared optics. 

The shortcoming of the normal PSD for many precision or complex applicatioi~s is tliat it 

cannot differ between a direct beam and a noise or reflected beam. It will just output the 

resulting center of gravity from the two spots. Using a CCD or digital PSD in such 

applications gives the possibility to differ between direct hits and reflections by evaluating 
- . .  . .. , ,. - ..- ..... o . . . . - . . -  . .. . . . - ~ c c f n ~  t.-.-l-ni.?::.-.- :- +he linht cr\ntr, nf Ccn!.se !hiS Lllc b ~ g I ~ & i  SliXiigiiiS ZELl U L U ~ L  A ~ A A u & L  i .Z - -uo  -- I -  --- ILL . . .... . .- u ... .. L ,..L 

will add to the complexity of the system and slow it down [l 11. 
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Figure 

1 

1.13. Laser-based optical triangulation system for profi lometry 

Figure 1.14. Components of a laser alignment system with quadrant PSD [2] 

1.7.2 Strain Measurement with PSDs 

Along with other measurement applications of optical systems, strain measurement is 

very important one, specifically in mechanics, material science and engineering. A number of 

optical techniques such as moire', speckle and holography have been developed and are 

routir?e!y used in these areas. -4mong these optical techniqlues, diffraction methods provide 

strain information directly and possess several other advantages, such as the fact that the 
4 

system is simple and easily integrated. Since the early use of diffraction grating strain gauge, 

this technique has advanced steadily and is now widely applied. An important application in 

such measurement systems is the one using PSDs to measure the shift in the diffracted beam 

and hence lo gei a 111easure of sirail1 in ihe conlponsnt as dl0~11 in figure. The detector can 

be interfaced with a micro-computer, for the ease of operation and data recording [26,27,28]. 
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Figure 1.15. PSD-based diffraction strain sensor (extended in our reseai-cIij 

1.8 Target Research in Optics1 Mctroiogy aad its Ccrnponents 

The research in the field of PSDs and optical metrology in our study is organized to be 

vahable and somewhat comprehensive, and thus impart thorough understanding of the area 

to the researchers. The research is also constrained by the availability of the ncedcc! research 

resources and by the flow of the on-going prqjects in the laboratory. At device level, some 

work was done while working for the performance analysis of lateral-effect PSDs. Major part 

of work was done at system level. while targeting the strain measurement application using 

t imaging PSDs. For this, a novel technique in this field was developed, tested and 
- ,. . . . 

cnaracrerized. in aciuilion io ihese: soii~c woik was also Zom or; tiic app!:caiic:: 3f lzser 

beams, but material processing was target in this part of research, as required by the running 

projects in the laboratory. 
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1.8.1 Target Research in Optical Strain Metrology 

PSD-based diffracted-beam strain measurement is a useful technique due to direct 

measurement, straightforward approach and easier integration. An important factor in its 

usefulness is the absence of fringe analysis requirement present in many approaches, ~vhich 

makes the system simpler, lighter and faster [26,27]. 

L",l! the existing w x k s  cn diffrxticn-based strain 3easur~r?l~_n_t. dee! with senqinq - s t ra in  

at a single point like a strain gauge. Many applications in the industry warrant the 

measurement of strain distribution rather than sensing strain at a single point only. Current 

dii'fraction strain sensors, or the eiectricai strain gauges, cannoi fuifiilii ihis need uniess piaced 

in an array. A possible research avenue can be of using many smaller diffracted beams, to 

fulfill this need of mapping strain at the body of a target component. To our knowledge, this 

is unprecedented in research literature. 

For the pro~osed research on PSD-based strain metrology systems, earlier figure 

iilusirates ihe principle of strain measurement using diffraction. Here the diffractinn grating 

bonded to the surface of the specimen follows the deformation of the underlying specimen. 

The grating is illuminated by two superimposed laser beams and thus diffracted orders are 

produced by both the beams according to the diffraction equation. The incident beams are 

placed at the angle such that the first diffracted orders of both the beam emerge normal to the 

surface of the grating and are detected by the CCD camera. 
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l ncident 
- ligh n a-- 8, 

Figure 1.17. Operation of diffraction grating [2] 

In the proposed research, a CCD camera or imaging PSD will be fitted with beam- 

division optics. In this camera: the diffracted beam is decomposed into many smaller beams, 

which should be incident on ths CCD surface all in parallel. Now these beamlets should 

represent the diffiactinn frnm different areas of the sample surface. When the grating is 

deformed, tilted or rotated, the position of the diffracted beamlets shift accordingly. 

Processing these relative shifts of the light spots, amount of the strain or the tilt experienced 

by the sample can be calculated. The operational and mathematical [21] analysis of such 

sensor will be done under differsnt conditions of laser beams and with different types of 

movements present in the specimen along with the strain. 

Use of imaging PSDs for this purpose can be useful as light-position accuracy of about 

1/10 pixel can easily be obtained if the incident light spot is having circular span of few 

pixeis wicitn i i 7j. 
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I 
Wave-f ro nt Lenslets Detector 

Figure 1.18. Imaging detector with beam-division optics 

(a! (b) ( 4  

Figure 1.19. Position shifting of sampled diffracted beam microspots in the condition of 

(a) No strain (reference position), (b) Uniform strain and (c) Non-uniform strain 

1.8.2 Target Research in PSDs 

In the industrial environment, the role of PSUs is aiverse, inciudir~g aiigunit~ii, 

displacement sensing and as a part of other a.nalysis instrumentation. In such environment, 

the system laser source is co-existing with different kinds of light sources, laser and non- 

laser, a l o n ~  e with their reflections and back-scatters from various surfaces. Some of the 

systems may involve scanning or rotating laser beams too. They may produce different 

effects while mixing with the real signal. Though the analysis of internal noises has been 

done [18,19], these externai noist soiii-ces havc been izecticnec! or described by some or" the 

earlier authors [ 5  1,541. Thus it is felt that a detailed operational analysis in such environment 

is very much needed. 
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For the proposed research on PSD performance in industrial environments, the needed 

theory will be developed first and the mathematical model will be built using that. 

Experimental setup will be used to find out actual lab results with such spurious beam 

eni;iroiiuxents. ThC seiqj ilIclude ncist laser socrzes cf  &'ustaS!e intcnsiv* 
J j. . 

Other optical sources may also be used as the interference. PSD detector along with its 

requisite circuit will be used for the experimentation. The setup should be interfaced with the 

computer so that the data can be logged. The figure shows the proposed setup while the noise 

beam and the diverse illumination mix with the original laser beam on a PSD surface. 

Noise I 1 

Original I *-a Beam I 

Figure 1.20. Different noise sources co-existing with originai beam for opticai mei;uiugy 

1.8.3 Target Research in Laser Beams 

As discussed, the laser beams have diverse applications in the areas of optical metro!ogy 

and material processing etc. Oiving to a running project in material processing, some 

rase~?rch n ~ ?  ! a e r  l?cams d ?!zsir effects will he carried out for the laser-based welding 

techniques. 

Laser welding of zinc-coated steel sheets in lap configuration poses a challenging 

problem to the researchers. The solutions proposed in the last many years have not y t i  found 

an easy-to-apply realization to replace conventional resistance spot welding. The many 

advactages nffered by laser welding still justify a quest for very efficient methods. The ideal 

solution should firstly solve the technological problem of the residual Zinc vapors trapped in 

the joint weld due to the lower boiling point of the Zinc (907•‹C) with respect to melting point 
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of steel Fe (1530•‹C). The solution should also be practical and economical enough to be 

installed on the production lines [76,77,78]. 

For this purpose, a novel dual beam solution for such configuration is proposed. In this 

new TWO beam mernoa, the k o n ~  beam ol'ilie ianuem sysiern shall cui a doi  ~ ~ i i i l  a t ~ i i l ~ i l s s ; ~ i  

kerf, while the second beam shall seam-weld, joining the two sides of the kerf, while the 

residual zinc evaporates through the slot ahead of it. For this purpose, two different laser 

beams one for cutting and other for welding can be used, while alternately both beams can be 

derived from the same source and split for these jobs. 
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Optical Metrology System - 1: 

Multipoint Diffraction Strain Sensor with Basic Setup 

A Multipoint Diffraction Strain and Tilt Sensor based on multichannel imaging PSD is 

developed and characterized with the nove! feature of simultaneous strain measurement at 

mu!tip!e points Unlike conventional interferometry based systems, this sensor uses 

principles of diffraction to directly measure strain at large number of points. In this sensor, a 

high-frequency diffraction grating is illurnmated by txo  symmetric iaser beams and the 

diffracted beams are sampled on a CCD camera via a micro-lens array into an array of dots. 

The shift of the individual dots is sensed and strains or rigid body tilt are calculated directly. 

This novel technique is expected to be very valuable in numerous industrial applications. 

2.1 Problem Backgrouna 

Optical methods have shown great promise for contact-free deformation measurement 

using principles of diffraction, interference and polarization. Laser light is widely used due to 

its unique properties [42,43]. Compared to conventional electric strain gauge [44,45] they 
,-P ,.. ..... -......, ..<:. .-.,-.+;;;= - J - - - - A - - - -  

VIIb IIIUII, UCLIUVCI.C .=..vG:L:c3... - - . P..-:=n - - - - - - zrr:-.yy:z.:t, - - - - - hy.re 1ihprt.i i: tp-5 cf 
L 

measurement region and instrument utilization. Additionally, they can possibly provide a 

strain map, which is not possible with single measurement strain gauges. For precision 

deformation measurements, interferometry has been widely used, though it entails time- 

consuming fringe analysis and numerical differentiation for strain calculation. Diffraction 

techniques directly provide derivatives of displacement using a straightforward approach and 

i'nus ila"t: betier poieniia: in stmin acdysis. 

-- 
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2.1.1 Existing Systems 

In 1956 Bell [28] first proposed a diffraction grating-based strain gauge. Since then, 

many different developments and variations have been proposed and many of them are now 

widely used in the industry, as reviewed by Moulder and Cardenas-Garcia and Sevenhuijsen 

et a1 [29,30]. In these techniques researchers used various grating types and imaging devices 

or discrete position-sensitive devices (PSDs) for sensing [26,27,3 1,321. For example, 

Severhuijse~? et a!. [3C_)] used a numerical grating spectrum method to measure the local strain 

directly. Ma and Kurita [31] used two plasma-coupled device linear image sensors to 

measure the location of the two diffracted spots before and after deformation. Among these, 

the work of ~ s u n d i  and Zhao [26,31'j uiiiiziag Ihz approach of cambining higkfreqzency 

grating with PSDs, offers many advantages over the conventional electrical resistance strain 

gauge, specifically the adjustable gauge (beam) size and multi-point measurement, while 

maintaining the advantages of high sensitivity and accuracy. 

A major problem is that all these works deal with sensing strain at a single point like a 

strain gauge. Many applications in the industry warrant the measurement of strain 

distribution rather than sensing strain at a single point only. These may include strain 

variations present at a machine componenr under stress, a large beam used in a building 

structure or even a small component used in MEMS. Diffraction strain sensors and electricai 

strain gauges cannot fulfill this need unless placed in an array, which is read out sequentially. 

Some researchers have tried with somewhat different methods involving fiber optics, but 

have reported observation at only 2-3 points [33]. 

On the other hand, there are whole-field optical strain measurement techniques, such as 

electronic speckle-pattern interferometry (ESPI) and Moire Interferometry, which have been 

widely applied in the industry [34-371. In ESPI interference fringes are produced by the 

images from defusely-reflected laser light, while in Moire Interferometry fringe pattern is 

produced by two opposite and symmetric beams incident on the sample with grating. 

liowever, these approaches are r,ot without their own iimiiaiiws. Spezifical!y. ESP! szffers 

from its low spatial resolution and relatively poor fringe visibility, and thus is mostly used for 

qualitative observations [34]. Moire Interferometry technique on the other hand, is not that 
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restrictive, but obviously needs lengthy fringe processing algorithms to yield the final output. 

Also, whenever there is fringe processing involved, problem of low value strain 

determination comes up due to the fringes being too sparse to give fine resolution 

measurements [38]. Additionally, with such system there is problem of decrease in fringe 
. . . . con:rasi-w:th l;lc;easiilg, f inge frCc;uency. 1; may alsc- be mention& that al.2nn E:ith its us.cfLl! 

strain sensitivity, the technique is very much sensitive to rigid body rotations too [3]. 

2.2 Proposed Solution & Comparison 

2.2.1 Overview 

A technique for whole-field strain mapping using the sampled diffracted wavefronts is 

presented. This research is expected to open up a new avenue and provide a versati!? to01 for 

the industrial and structural applications, as a 2-D map of strain on the component body may 

provide much clearer picture to the analysis team. To our knowledge, such multipoint opticai 

strain measurement feature has never been reported in earlier works. 

A Multipoint Diffraction Strain and Tilt Sensor has been developed using a mnl:ichanne! 

imaging position-sensitive detector, with the novel added feature of whole field strain 

determination. This unique feature has been implemented by siilmltaneous {racking of 

sampled wavefront diffracted from the component under test. In this sensor a high-fiequencjp 

~ i f f i x t j n z -  grz t l~g  i s  hnncl,~d ne the CD~C~IIIPJ~. which is il!!~rninated hy two s>xnmetric 

collimated laser beams. The first orders of diffracted beams impinge on a CCD camera, via a 

microlens array. The deviation of the individual spots generated by both the beams is directly 

proportional to the normal strain and a component of the shear strain. 

2.2.2 Comparison with Others 

Being a whole-field approach, this technique can be compared with other lvhole-field 

optical strain measurement techniques like Moire Interferometry and ESP1 as given [34-371. 

-- - 
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The obvious advantage of this multipoint diffraction method compared to others is its 

direct approach. The strain is calculated without the need of any fringe processing and 

numerical differentiation needed for interferometry [9,10]. Image subtraction for speckle 

tucir,iquc.s is alsc not ne&cd here. This m&es precessing ti3.: c~ederJ 52: f 931 str2in 

map calculation much shorter and near-real-time. We found that the tinx taken for the 

production of strain and tilt maps consisting of >I300 points will be <5 seconds. 

At the same time it can produce map with good spatial resolution compared to other 

methods and specifically to speckle technique. This resolution is only bounded by the 

separation of the micro-lenses on the array, i.e. distance between the individually-shifting 

,~lici-o-spo~s, which is microcs in cur cast. This res~!l!tinfi is .!so E,: hnmn~r~r! zt 1--- --. 

the lower strain values where farther apart fringes may degrade such resolurion for fringe 

processing methods. 

.7. 

1 he system resuits show good combination of sensitivity and accuracy cc;nsi&rii~g uiher 

whole-field approaches and specifically compared to speckle method where measurement 

qua!ity is largely hampered by thc poorer fringe visibility. 

Being a simpler approach, the total computing and storage resources necded for this 

method are going to be lesser. 

2.3 Operating Principle 

The Multipoint Diffraction Strain and Tilt Sensor is developed using a high-frequency 

diffraction grating along with a niicro-iens ai-izp &;id CC3 based iidtichanix! iuaging ?SD. 

A reflective diffraction grating is bonded to the surface of the specimen and follows the 

deformation of the underlying specimen. The grating is illuminated by tu-o symmetric 

monochromatic laser beams at a prescribed angle such that the first order diit?acted beams 

emerge normal to the specimen surface. The micro-lens array samples each of this incident 
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beams and focuses then1 as spots onto the CCD. When the specimen is deformed, tilted or 

rotated, the diffracted wavefronts emerging from the specimen are distorted and hence the 

spots shift accordingly. The s>mmetric beam incident from other direction gives a similar 

array of spot patterns. Strains at each spot location, which corresponds to a small area of the 

specimen, tiicii be readily dcdu~cj ,'roil; ?Ile shift of the spot: 2s dcsr,.iknrj b ~ ~ o ~ ~ : ~ .  

Without loss of generality, spot shifts along one direction are used in this derivation. 

Figure 2.1 illustrates tht principle of multipoint strain measurement using non- 

collimated divergent laser beams. The diffracted wavefronts emerging from the grating are 

sampled into wavelets by the multi-lens array and focused onto the CCD. Each wavelet 

represents the diffraction from a small area of the sample surface. When the ,orating is 

dehrrned, iilc pvsiiioii of ;!-- l l lc UIIIILt,,CCd ~:m-,...t- -;,;v-ciets 2:: the CCQ ' , ~ ~ ~ l ~  shift accnrdingly m 

shown in figure 2.2. Coming figure shows the simulated spot pattern for a 4x4 array of 

micro-lenses for one of the bezm when the specimen is unstrained, undergoes uniform strain 

and non-uniform strain. The shift of the spots is proportional to the sample strain. In this 
w T 

particular example, the shift of rne spot is along one direction. n o n w e i ,  in gei:e~a! ilie diiS 

would be in two directions but the principle would be unaffected as the horizontal and 

verticai shifis are independent of each other. 

Strain & Tilt 
Movements 

Lens array 

_ _ _ _ _ _ - - - - - -  

Specimen 

Figure 2.1. Operating principle of diffraction strain & tilt sensing 
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Deflected Lens 

ry 
L 

Figure 2.2. ?;rsitic?n of individur! rr?icm-spnts with (a) no strainl (h) 1.1nifcrrn strain and 

(c) non-uniform strain in the sample 

2.4 Basic System Theory 

Starting from ihe well-known diffraction equation [39] and differentiating it we get 

n-kerc c 2nd ,- .e 2:e the angles of il!uminz?inn and diffraction, 

whose principle direction is the x-axis, m is the diffraction 

wavelencrth of light. 

P is the pitch of the p t i n g  

order (ztl) and A is the 
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The illumination angle is chosen such that the diffracted beam emerges normal to the 

grating or P = 0. Also during the experiment, the illumination angle remains unchanged or d a  

= 9. Thus: 

Here E, is derivative of the displacement component aiong the grating principie direction 

(dddx), i.e. the normal component of the strain in the >;-direction. The change in diffracted 

angle dpcan be calculated using the spot shift on the sensor surface as 

At the same time, we may consider that if the somple undergoes some out-of-plane 

horizontal tilt in xz-plane, this produces the shift in the individual light spots which is 

understandably in the same direction. For this case if srrain is not presenr or dl' = Ci, and 

angle of incidence changes as much as the tilt of the sample or da=A& from the earlier 

dir"i'erenria1 of the diffraction equation we may get 

Here the measured shift of the beam on the sensor is due both to the tilt of the grating 

Thus the change in diffraction angle when the specimen is 

plane tilt, A p  can be deduced. Important point to consider here 

subject to strain, and out-of 

is that due to divergent nature 

of the non-collimated beams used, an extra factor Kf will be inserted. Hence the 

corresponding shift, Ax-, of a typical spot on CCD plane can be related to the strain and tilt as 

- - -- - - - - - - - 
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. . , L ~ - ~  v,L,b,b , 4- : O  ;, cnpq .ucu! !en& 3f each micrc-!ex, , is the sr,,nle ef iccidence ax !  "- is e - / 
multiplication factor which is 1 if the two beams are collimated and the subscripts 1 and 2 

refer to the two incident beams. Solving these two equations gives 

The two incident beams thus enable us to separately compute the strains and the rigid 

body tilts of the specimen. Y-axis strain can similarly be calculated. 

2.5 System Construction 

The basic MDSS system setup is a compact, simple and versatile. The current system 

uses a 112" CCD camera with a 44 x 33 micro-lens array. Each micro-lens has a diameter of 

144 pm and a focal length of 8.190 mm. The specimen grating is a 1200 lineslmm reflective 

diffraction grating. The specimen can be tilted using a precision rotation stage. Also the 

specimen has a strain gauge attached to the back side. A 685 nm laser diode is coupled into 

two optical fibers and provides the two symmetric incident beams. The spot image is 

digitized and processed using custom-deveioped software writtell in MATLAB' accordii~g i~ 

earlier equations. 
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( 4  (b) 

Figure 2.3. MDSS based on laser diode divergent beam setup for (a) strain and (b) tilt 

measurements 

2.0 Basic Setup Output 

2.6.; Data Processing 

The process for strain measurement proceeds as follows. Record and detsrnlii:e centroid 

of the spot images for the unstrained sample for both beams (shown in Fig. 2.4(a) for one of 

the beams). Deform (strain andor out-of-plane tilt) the specimen and then record the 

deformed spot patterns for the two beams as shown in Fig. 2.4(b). Centraid detection is 

critical to this routine and as seen in Fig. 2.4(c), the spot images are not perfectly circular due 

tc imxrftx!ixs in the nn!irz. and gratings. which makes it more clifficiilt. 

Figure 2.4. (a) Reference and (b) strained spot images, and (c) enlarged sample sub- 

image of spots 
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2.6.2 Strain and Tilt Maps 

The strain and tilt can then be deduced from the shifts as presented earlier, and are 

shown in Fig 2.5. Normal and shear strain cornpGnenrs can also bc inciiviauaiiy calcuiaied as 

per strain equations and are shown in Fig 2.6. 

X-STRAIN MAP 

. . .  . . 
I, - . . . . . . . . .  . . 

/,;, . . . . . ....... ...... ...... . . .  . . 
. . .  .,..- . . .  

3,j '20 33 
Vertical 

Horizonlal 

Figure 2.5. (a) Strain and (b) tilt distribution for a specimen subject to uniform strain 

with some inevitable tilt 
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Figure 2.6. (a) Normal and (5) shear strain distribution for a specimen subject to uniform 

s irair? 

2.6.3 Multi-step Cunes  

Figure 2.7 shows the comparison of applied strain and tilt with the measured strain and 

tilt for increasing deformation of the specimen. 

(4 (b) 

Figure 2.7. (a) Applied v/s measured strain (b) Applied v/s measured tilt 
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2.7 Basic System Characterization 

Earlier figure shows the comparison of applied straifi and tilt with thc measured strain and 

tilt for incrasing deformation of the specimen. The plot shows good correlation and linearity 

for tine measured and appiied d u e s ,  <nus verifying the TvIDSS sysierrl. Sume c i ~ a r a ~ i e l . i ~ i i ~ ~  

of the MDSS system can be gleaned from these results. The sensitivity to straidtilt is 

governed by the centroid detection algorithm, and for a 6 pixel square micro-spot, the 

sensitivity is 20 US for strain and 10 uR for tilt. The accuracy was experimentally established 

as the standard deviation between multiply-recorded data, and was found to be about 10 US 

for the mean strain measurements. The range for maximum strain and tilt, assuming that the 

spots remain within the same micro-lens, is governed by the maximum allowable shift of the 

inaiviauai spow. Based on Eq. 2, and cunsicicring iilui a& sub-w;~id"w iias & size sf IZx14 

pixels, the maximum measurement range is 19 mS for strain and 9 mR for tilt along x-axis. 

Experimentally slightly smaller values were obtained due to the irregular spot shape. Based 

on the above experimental data the specifications of the MDSS system are given in Table 1. 

Table 2.1. Major Specifications of MDSS 

Figure 2.8. Accuracy calculation with multiple readings 

- - - -  

Optical illetrolo3. with Lasers and Position-Sensifive Detectors 53 

I -- hlzasurement I Accuracy 

Linearity 

l % o f F S D  

Msasursment / 2-D ; Spatiai 
! 

Sensititrity Variability ; Resolution i 
1 0 p d 5 p R  20pc110pR 1 0 p d 5 p R  / 1 4 4 p m  



Chapter # 2 Optical Metrology System - I 

2.8 Conclusions 

technique of simultaneous strain and tilt measurement at a large number of points. The 

current system is based on a simpler uncollimated laser beam setup. However, using a 

standard moirk Interferometric system with the current MUSS, both strain and defornlation 

patterns can be obtained in near real time nithout the need for fringe processing. The system 

characteristics are quite impressive and can be further improved with proper choice of 

incident laser, micro-lens array, and algorithm. Furthermore, the system is also capable of 

~ c a s ~ r i f i g  r o t a t i ~ ~  and shear strair?. Ifidef?, it is pssl:h!.e tc rr?epgllre all three strzin 

components as well as rotation and tilt making this a truly versatile whole-field strain sensing 

system. The system offers many promising features including a useful combination of 

compactness, data collection speed and resuits accuracy. Diverse applicatioi~s of the 

r e c ~ i q u e  in microeiectronics, micrc;int.c;'nanics a d  uii~e:. iil-ehs iilc expected. 

2.8.1 Related Publications 
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Optical Metrology System - 2 

Multipoint Diffraction Strain and Tilt Sensor Based 

on Moire Interferometer 

A Multipoint Diffraction Strain Sensor has been developed using a moire interferometer 

and multichannel imaging PSD, with the novel feature of whole field strain determination. 

This unique feature has been implemented by simultaneous tracking of sainpied wavefront 

diffracted from the component under test. In this sensor a high-frequency diffraction grating 

is bonded on the specimen, which is illuminated by two symmetric collimated laser beams, as 

in a typical moire interferometer. The first orders of diffracted beams impinge on a CCD 

camera, via a microiens array. T'ne iens array s e r v m  a h a i  pLlip"se - iu ~aiiipje ;lie diffracted 

nravefrcct ecd tc h c u s  the vmefrclfi? ?Q e nr!rr?l?er nf p o t s  nn  the CCD. The deviation of the 

individual spots generated by both of the beams is directly proportional to the normal strain 

and a compone~t of the shezr strain. Sirnultmeous strain measurement at more than a 

thousand points can be readily obtained and is demonstrated. This novel technique is 

expected to be very valuable in numerous industrial metrology applications encompassing 

different areas where whole-field strain map is desirable. 

3.1 Operating Principle 

Moire Interferometry is normally used for optical measurement of mechanical 

def~mat ion  through fringe analysis. In this technique, two beams of monochromatic, 

coherent and collimated light symmetrically illuminate a specimen grating such that the first 

order diffracted beams emerge normal to the surface of grating. Interference of these two 

diffracted beams generates an interference pattern, which can be anaiyzeci to obtain the 

specimen deformation. By recording the displacement components in two perpendicular 
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directions, the three in-plan strain components can be obtained through numerical 

differentiation [38]. 

Figure 3.1 illustrates the principle o f  multipoint strain measurement using a set-up 
. I .  simila: ti: t!wi far ixolre interferometry. The diffracted -wvefron?s cmcrging from thc gratkn 3 

are sampled into wavelets by the multi-lens array and focused onto the CCD. Each wavelet 

represents the diffraction from a small area of the sample surface. When the grating is 

strained, deformed or tilted, the position of the diffracted wavelets on the CCD would shift 

accordingly as shown in figure 3.2. The shift of the spots is shown to be directly proportional 

to the derivative of the deformation. In this particular example, the shift of the spot is along 

one direction. However, in general the shift would be in two directions but the principle 

v:cu!d be u::zf%cte:! 35 ?he horizcnta! 2nd vertical shifts arc Inbcpend~nt nf e2ch nthgr. 

Figure 3.1. Operating principle of MDSS based on Moire Interferometer. 
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(aj 

Figure 3.2. Deformations and respective changes in micro-spots of both beams 

(a) U i x h i n d  sample ~ i t h  both spcts coinciding in middle jbj Uniform strain with 

spots moving sideways (c) Non-uniform or heterogeneous strain (d) Uniform ti l t  with spots 

moving in tandem (e) Non-uniform tilt or warping 
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3.2 System Theory 

Starting froin the well-known diffraction equation [39] and differentiating it we get 

P(sin a + sin p)  = mi, (3-1 j 

where a and p are the angles of illumination and diffraction, P is the pitch of the grating 

whose principie Girection is the x-axis, m is ihe diffraciioii order (*I j aiid 2 is i i i ~  

wavelength of l i~h t .  

3.2.i Normai Strain 

The i!!zmizztisn anz!e - is rhnsen s x h  that the diffracted heam emerges n ~ m a l  to the 

grating or ,!3 = O. Aiso during the experiment, the illumination angle remains unchanged or tlcr 

= 9. Thus: 

dP . d u  . 
d p  = --ma = --sin a = -E,  sin a . 

P d,Y 

E, is derivative of the displacement component along the grating principle direction 

( d t ~ d x ) ,  i.e. the normal component of the strain in tine x-direction. Tne cnange in ~iiii~acreu 

a n g ! ~  d,B can be calculated using the spot shift on the sensor surface as 

AxI = .fdp = -~, f  sin a (3-4) 

where f is the focal length of lens. The symmetrical beam incident from the opposite 

direction will cause an equal but opposite shift of the waveiet spot. Thus 
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Ax2 = E, f sin a . (3-5) 

Combining the two equations we get 

The use of two beams in this manner eiiminates measurement errors due to out-of-piane 

tilt of the specimen. Very similar expression can be derived for the y-axis strain component 

calculations, if the principle direction of the grating is in the y-direction and the illumination 

beams are in the y-z plane, then 

3.2.2 Shear or Rotation 

I[, on the other hand, sample esperiexcs shear strain o: 2 :o~atio:: [?8]: the!! this wii! h r  

recorded as the orthogonal movements of the spot array, i.e, for the grating lines parallel to 

the y-axis, spots would shift in the y-direction. As the rotation or shear is given by the 

orthogonal movement of the spots, it may be detected simultaneously with the normal strain 

[39,40j. Thus if the sample is rotated within the plane by sn angk p, its ofihcgom! 

diffraction angle is given as 

sin 1, = sin a sin q.5 . (3-8) 

Differentiating this and equating to spot movement as before, and noting thar rne 

diffracted beam is initially normal to the grating plane at zero rotation, we get: 
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Thus for the two beams with grating principal axis along x-direction, we get 

and similarly for the grating with the principle direction along the y-direction 

Hence all three components of in-plane strain can be deduced from this technique. 

3.2.3 Horizontal & Vertical Tilts 

At the same. time, we may consider that if' tho sample undergoes some oui-of-plane 

horizonial iiii in xz-plane, ihis produces ilit. shift iii  the iiidiiGdiiA l igk  spots \i;hi~h is 

understandably in the same direction. For this case if strain is not present or dP = 0, and 

anglc of incidence changes as much as the ti!? of the sample or cla=A@: from the ear!ier 

differential of the diffraction equation we may get 

d,O = -A@, cos cz . (3-12) 

Rut the measured shift of the beam on the sensor is due both to the tilt of the grating and 

to the resulting diffraction angle change, which gives 

Thus as before forming expression for both of the beam shifts and adding them we get 

the tiit to 'be as 
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AX, + AY, 
AB, = (3-14) 

2 f ( l +  c o s f f )  ' 

Similar expression can be formed for the vertical tilt in the yz-plane 

The two incident beams thus enable us to separately compute all the strain components 

as well as the out-of-plane rigid body tilt at each point of the specimen. 

3.3 System Construction 

3.3.1 Moire Interferometer Setup 

The setup for Multipoint Diffraction Strain Sensor has been developed to be compact, 
. . - .  . . 

reIzti\;ely simple and versatile at the samc ti=:: IZ -{iCT<; at its p;ajec:ed use in prec:s:on 

machine or microelectronics industry. The system is utilizing a lens-array made up of 44x33 

lenslets and a 1/2" diagonal CCD detector camera with an aperture of 6.4mm x 4.8mm. The 

diameter of each lenslet is 144 pm and focal length of each is 8.190 mm. A polarizing 

attenuator conrrois the iight intensiiy incident oil the camera surface. A Ci.GSS grating of 1200 

lineslmm was bonded on the sample surface as the target. The specimen could be rotated as 

well as deformed in its plane. A commercial Moirk Interferometer as shown in figure 3.3 and 

figure 3.4 was used as it simplifies alignment and also allows for additional verification of 

strains from the moire interferometric fringes, which could also be recorded. Indezd, while 

the nluitipoint diffraction sirain sellsol Cali LC iised aii its o i k i i ,  it is slsc; a xz1:e:li:zi.: zdd-c:: 

to the commercial moirt interferometers. 
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Figure 3.3. MDSS adapted to a commercial moiri interferometer with Sample loading 

machine 

ure 3.4. MDSS adapted to a commercial rnoiri interferometer 

A *?.-.. at,-... - .  . &  .... ,... .. 
A -------.- - - - -  

with S ensor and 

3.3.2 Measurement Verification 

The strain measurement is checked against the strain value calculated via fringe analysis. 

Thus, the average x-axis fringe spacing in the reference image and in the strained image are 

detern?ir,ed 2s ~ : ~ o w r .  in figure 2.5. Then the relative strain is calcuiaied frvrll d i fhence  iii 

fringe spacing LIY and virtual grating frequencyf, as ,zr=l&,As. For the MDSS, the normal in- 

plane strains are calculated using equations given earlier for u- and v-fields and for shear or 
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rotation. The spot centroids for each beam before and after loading is determined using a sub- 

pixel centroid detection algorithm and the entire calculation is programmed in MATLAB@ 

which in addition permits other checks on the calculations to be performed as well. Each 

beamlet window is of about 18s 14 pixel size. Illuminated pixels of light spot are determined 

by comp~rir,g light !eve! of e?ch ~ i u e !  \-\?it!, a sprlf ic  tkeshnld and th!~s the sub-pixel 

centroid position from the illuminated pixels is computed. 

(a> (b) 

Figure 3.5. Fringc pattern of (a) reference and (b) strained images for comparative strain 

calculation. 

O A 3.4 Moire interl'erometrr m i u p  Output 

3.4.1 Data Processing 

The operation of Multipoint Diffraction Strain Sensor starts by the input of reference 

:?z7,-c ?=!-c:: =!f?:-=ff,-l-. ?-.I: , - - - : L C . ~ - : - -  -- ?I-.- ?jCl-+ n r d  lo& ;ntnrforr\mntot h o ~ n l c  ~ n r l  
L l  -b-- .-A. "-A * ---- 'J -, : .?l:'-L:L:2,g .-.:I ---- --a':.. '::.:Lt. :.-.2 .. :. ....A. ?. .a,., .. .->A.,L.., .  ". ..,.,.., . .... -. ..- 
recording the beams diffracted from the un-strained specimen. The centroids of the 

individual spots are computed fiom these images and stored by the system software as the 

reference positions. Afterwards the sample is strained and two images of the beam diffracted 

from the strained sample using the right and left beams are processed as before. The system 

computes the individual shift of each spot in the images both from the right and left beams; 

2nd this c ~ x p i i t ~ s  thc stmin averciged ox:  each szzp!ed erez. Ir, &ition, any shear 

(orthogonal) strain or in-plane rotation of the specimen is also calculated and displayed in the 
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form of a distribution map. Typical spot images along with a combined image (red for before 

and green for after) and an enlarged view of a few sub-images are shown in figure 3.6. 

The data processing operation of the system is fairly fast and the strain map is produced 

almcst iilstantly: i.e. within few seconds. Simzl:mms!y, de?ai!ed st~tistics ef t ! ~  strain 

distribution are also displayed, like mean and standard deviation, etc. As an image from each 

of the right and left beam is needed at a certain strain condition, straining of the sample may 

be done in steps, while stopping and allowing for beam-switching and imaging operation. For 

the quicker computation process, the system also has the provision of feeding multi-step 

stored data of the strained images at a time and a multi-step mean strain curve is also 

produced, as shown later. 

Figure 3.6. (a) Reference and (1 

3.4.2 Strain & Rotation hlaps 

strained images along with (c) combined image and (d) 

unpled spot images. 

The tests \\-ere mostly performed on a circular disk sample of hard plastic having about 

2.5" of diameter, with grating rigidly bonded on its surface. For the case of in-plane strain, 
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the resulting strain map of sampled area is shown in figure 3.7. Since the area is small and 

can be seen from the fringe patterns in earlier figure, the strain is fairly uniform. Although 

the rotatiodshear strain component in this case is small, the shear straidrotation map picks 

up these changes which are not apparent from the fringe pattern. Figure 3.8 and figure 3.9 

shov: ithe ~ 2 5 e ~  ~f c ~ n - u n i f s r r ~  strain by looking at the edge p& of the sample or by pnking 2 

wedge on the right edge of the disk. 

X-STRAIN MAP 

Vertical 
Horizontal 
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Figure 3.8. 2-D Strain Map for non-uniform strain (Map of the area near the left edge of 

the sample, with the left edge values being more negative) 
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X-STRAIN MAP 
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Figure 3.9. 2-D Strain Map for non-uniform strain (Poking from right side makes the 

right edge strain values in the map to be more negative, with a visible ditch in the middle of 

edge.) 

3.4.3 Rotation and Tilt Maps 

Figure 3.10 shows the results [or the case of pure rotation. in rnis case, the norrmi sirim 

component is zero as is to be expected and the shear component she\\-s uniform rotation over 

the entire sampled area. In these maps, strain (or rotation) is given as gray-scale (color- 

coded) along vertical axis, with the units of trS (micro-strain or pF) or uR (micro-radians). 

Figure 3.1 1 is simultaneously showing x-strain and x-tilt of the component. 
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Figure 3.10. Strain and rotation maps for pure rotation applied. 
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Figure 3.11. (a) Strain and (b) tilt distribution for a specimen subjected to uniform tilr 

To compare the results with the moire interferometric pattern, the average strain from all 

the spots was determined and compared with the average s t r e i~  calculated from the frinzz 

spacing in moire interferometry at different loads and rotations. Figure 3.12 shows the m a n  

normal strain and shear strain comparisons for the disk under compression. Good correlation 

(within few percent) is found between the calcuiated arid experimental values. Similarly h r  

the case of rotation, the rotation measured using MDSS is compared with the rotation valuzs 

applied. Once agair? the correlatio~l is exce!!ent as seen I E  5g1.1rt: 3.1 3. This figure - cor?~ekc 

rotations measured from both the gratings with first part corresponding to a grating with the 

x-direction as the principle direction and second part is for the grating with principle 

direction as the y-direction. Nest figure 3.14 shows the results for tilt applied to the sampis. 
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For the first part, it is normal x-tilt, while for second part it is y-tilt as v-ficld is used from 

interferometer instead of the normal u-field. 

Figure 3.12. Mean (a) normal x-strain and (b) shear strain for increasing applied load - 

con~parison of measurement with MDSS (vertical) and with moire intcrfcroinetric fringe 

method (horizontal). 

Figure 3.13. Comparison of applied rotation (horizontal) with that measured using 

MDSS (vertical) with grating principle direction as (a) x- direction (b) y- direction. 
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Figure 3.14. Comparison of applied tilt (horizontalj wit'h that measured using MDSS 

(vertical) for (a) x-tilt (b) v-tilt (v-field applied) 

3.5 Design Decisions 

Design of this new system passed through different stages and involved design trade-offs 

+Lac  ,,,,,e stages. "cilowing are snrne nf !he irr?portani decisions taken en-rnvie f a -  

performance improvement. 

3.5.1 Use of Moire Interferometer 

The principle of multi-channel diffraction measurement can be implemented with 

different laser beams having different beam properties. In the beginning of our 

experimentation, a pair of collimated but narrow beams from fiber laser source was used for 

this purpose. The obtained images of the diffracted beam are shown in figure 3.15. The 

obvious probiem seen was that ille bcd~ii iaiiid fivi iiluiiiiii~tc whck scree:; a: 2 i in~e, znd 

also that the illuminated part of the lens-array changed with the shift of the beam, thus 

making the reliable strain calculation very difficult. Next beam type tried was the un- 

collimated divergent beam from the same source, which would easily fill more than whole of 

the screen. The images were very uniform with discrete micro-spots, but as it soon became 

-- - - -- - 
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obvious that the divergent incident beam would give a divergent diffracted beam. And such 

diverging wavefront would deviate the results from the values calculated from the theory 

developed, i.e. an error factor K would be needed as &y = KKf &y(!m-co!!imared). Moire 

Interferometer beams on the other hand are correctly-incidnet, collimated and enlarged for 
- 11  tIic ireeded wlioie-seld iiiiagiiig, tlyis pi-ohce iesiiiis beiiig theoietieaiiy i..aiid :(;(;. 

(a) (b) 

Figure 3.15. Effects of spot movement on collimated narrow beam 

3.5.2 Use of Tbo Beams for Strain Calculation 

It may be inentioned that the strain in the specimen can also be calculated using a single 

beam diffraction, which is given by' the initial equations. As pointed out earlier about errors 

in such measurements [27,31], the major source of error in strain calculation through 

diffraction is the out-of-plane tilt of the specimen surface, which also gives rise to similar 

spot shifts as strain. But as covered in our theoretical treatment earlier, use of two 

symmetrical opposite beams iron1 Moire Interferometer proauces two ciiiikreni s p i  s i ~ ~ i i s  

calculated from both beams. Now the tilt can easily be purged out being related to the sum of 

the shifts or (Asz+Axl), while the strain may more cleanly be calculated being related to the 

difference of the shifts or !Axz-Ax,). 

-- 
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3.5.3 Image Light Thresholding for Spot Determination 

The output of CCD-based camera is 8-bit gray-scale image, thus showing different levels 

of illumination at different pixels of lighted spot. The spot centroid was first calculated from 

this image and the shift of the spots was determined by comparing the information in two 

images. It was soon found out that the spot-shift calculation from such gray-scale image was 

not correct mainly owing to the inherently present light in the background pixels, e.g. the tilt 

cf 4 pixels wzs xeasured as that gf a b x t  2 pixe!s. Thzs 2s 22 ~ ! t e r x t e ,  the i m l o ~ c  .5-- were thm 

processed by comparison of each pixel to a suitable threshold value determined by the 

average amount of light present in the pixels of the picture, and then were converted to 

binary image conraining I s  for lignr and 0s for dark areas. This wouid give correct resuits of 

shift and strain calculation for different light conditions and specimens used. 

Next problem came with the irregular images taken from imperfect or 'dirty' gratings 
L- -A-  vuIr;lLd t~ thc sp;.eciKeiis, S ~ G W ~ I I ~  larger 7,ra:iatix of light G: presence 9f darker s p t s  l-l:ithir, 

the same image. For this purpose, the thresholding algorithm had to be modified again. as the 

threshold now was kept according to the average amount cf light in the close-by region cr  in 

the specific sub-window being processed: instead of relating it to the cumulative average 

light of the image. This approach worked for most diffracted beams of varying light intensity. 

But it was also found that correctness of shift calculation was slightly hampered as per the 

variation in the certroid calculation for each sub-window. Examples of different images are 

given in figure 3.16. 
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Figure 3.16. (a) Regular image from camera, (b) Irregular image from camera, (c) 

Normal image after thresholding 

3.5.4 Technique for Strain Calculation Comparison 

An hiportant design and analysis issue was choosing ihe ~echnique io which iht: strairi 

calculation from MDSS can be reliably compared for result correctness verification. A; first 

the samples were used with a normal strain gauge bonded on its back. It was soon found out 

that in compressive or negative strain applications, the measured values were non-linear and 

somewhat unrelated to MDSS calculations. The difference came firstly due to the fact that 

strain gauge is a single-element sensor whose position on the specimen may well be different 

from the mean position measured on the grating. And the other bigger and obvious reason of 

rne aifference is ihe bending eIfeci in ihe speci~ner~ uilGcl- ~uli~prcssivt  lo&, which iiitili~s 

the front and back strains entirely different from each other. 

Other possibility tried was the strain calculation from the mechanical movement of the 

loading tool sides, as a fraction of the iength of the specimen. Such caicuiation was of course 

more crude and hampered by many factors including variable strain distribution, bending 

effects and the tolerances in the mechanicai nlovement of the ioading machine. Compared to 

these, fringe analysis of the Moire Interferometric patterns is the whole-field approach like 

ours. Its suitability for use also came from the fact that it is optical method like ours and also 

uses the same bonded grating for strain calculations, lvhich makes this comparison much 

more meaningful and trustworthy. 

3.6 System Characterization 

3.6.1 Linearity or Data Correctness 

T . 1  1 -  1 1 _. -- 
1 awe 1 s~luws the coiiiparison of applied aid iiicasnrcd values of stxi:: a~:! ti!t, fer the 

uniform but gradually varying values. The applied strain values are determined by Moire 

Interferometric fringe processing method. The comparison shows good correlation and 
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linearity between the measured and applied values, thus verifying the measurement capability 

of this technique. Considering the maximum measurement range for this system, which is 

being determined later, the measurement linearity of the system comes to be within 1% of 

FSD for strain measurements and within 2% of FSD for the tilt measurements. One reason of 
. . 

larger error rLarg;i; ;ii lilt caiculatiGils is p;Gbab!jr he to tile applied v:,!uts on the 

screw-type mechanical gauge of the rotational stage, having larger margin of human error as 

compared to the fringe processing method used for the determination of applied strain. 

Table 3.1. Comparison of applied and measured values of x-strain and x-tilt 

3.6.2 Sensitivity 

The system sensitivity to strain or tilt changes is largely governed by the imaging 

resolution and centroid detection algorithm for the generated micro-spot. so that the 

minimum shift in spot can be discerned. Considering a medium-sized spot covsring the area 
- -  - . . , . . .  . . 

"i bAG pliCei5 @-ii,,-ii is ci,-jsey tc fi-,,r c x j j c i ~ f i ~ c f i ~ ~ ~ ~ G ~  zs skz-;4z iE rigLi;+c :.::>, il;2; :lie 

minimum movement of the spot can be that of the shift in one pixel only. the minimum 

sensed spot shift comes to be 0.22 micron. This corresponds to the strain sensitivity of 18 PE 

and tilt sensitivity of 8 p a d .  

I 
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Figure 3.17. Enlarged subwindows showing micro-spots shape and size in pixels 

3.6.3 Accuracy 

The accuracy of the system was experimentally established as the standard deviation 

present in the list of multiply-recorded data, as shown in figure 3.18. It may also be noted 
1 L - d  ,.,,..I. . . 
LlluL 3Ubll &tC dee-iztion differs :;Jhilc cocs;<e:.:ng s+sin prese2t 2; 2 sicglc: y i n t  or -.zkile 

considering the mean strain of whole the map. It was found that the accuracy of mean strain 

cdcuhtior, is about 3 p~ and that of the mean tilt calculation is about 1.5 pad .  The tighter 

value of tilt accuracy may well be due to more stable application of tilt to the specimen. On 

the other hand, accuracy for an individuai poinr was found to be at much looser value of 

about 50 p ~ .  This may largely be attributed to the imaging resolution of the camera used, 

which comes to be significant due to the finite pixei size. 

3.6.4 Range 

The range for maximum strain and tilt, assuming that the spots remain within the same 
---: -..- 1 -.-- -..-- :- --- ..... ...-. -..- -..-- . -  
*A*---., -.,A*- -As-. , -- D- ..... ' rrr..-.-! ------ I--.: - , ?k.- - - - - - -cyi-::m - - -. - - - - - A . ---A - -A - - c!!~..s'.'zh!~ . - - . r.h;ft - - . . cf the iE?.i~/jd::?! mjrm-ry)l?t~ 2s 

shown in figure 3.18. Based on the equations for the single-axis strain and tilt calculation 

derived earlier, and considering the usable size of each sub-window being 18x14 pixels 

.minus the size of the spot, the measurement range can bz calculated. Starting from the no- 

strain condition of both spots coinciding, the maximum spot separation obtained within a 

sub-window can be about 100 micron, which puts the strain measurement range at 8 mE. 
Sillliiar*iY asslilrling ilic spots ;i-aversing vvhoIe of ;;-ir,do;;. duriEg +F.P t ; l t_f?n-~~wnmnnt~ 

Lllb L l l L  CIUL)C.IV.LIVIICU, the 

maximum tilt change to be measured is 7.5 mrad. These ranges are of course dependent on 

the pre-hand alignment of the system, and without the proper alignment the spots may go 

Optical Metrology with Lasers and Position-Sensitive Detectors 76 



Chapter # 3 Optical Metrology Svstern - 2 

out-of-range even with small movements. Experimentally somewhat smaller value of 5-6 

mrad was achieved for the tilt measurement as shown in Fig 8, probably due to the larger 

measurement steps and irregularities in the spot shape. 

(4 (b) 

Figilre 3.18. (a) . . hlultiple readings at the same strain for accuracy determination. (b] Tilt 

range given as linear region of the curve 

Spatial resolution of the system depends on the separation present between the 

individual micro-spots on the CCD surface. For our system having a lens-array of 44x33 

lenses, and the CCD size of 6.4s4.8, this resolution value is about 145 micron, which is 

largely coinciding with the individu'al lens dia of 144 micron. Figure 3.19 shows an example 
I 

of strain map for the given CCL) size, whiie narrow peaks of irreguiar main are evicienr 

indicating the high spatial resolution of the system. 

-- 
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Figure 3.19. Strain map showing narrow strain peaks 

3.7 Conclusions 

A new system Multipoint Diffraction Strain and Tilt Sensor has been developed based 

nn hKn:rn Tntorfornmotor 2nd h 4 1 1 l t ; c h a n n ~ I  peg- wihh _n_~ve! t ~ ~ h n i q ~ e  for siml~ltaneous .... I- ..... ., ....... .-,. .... ._._. _..- ..___.______^____ 

optical strain and tilt measurement at a large array of points. The system uses simultaneous 

position tracking of smaller beams diffracted differently from the various points of the 

component under test. Using this setup, whole-field strain and tilt distribution patterns over 

the component body can be obtained in near real time, without the need for fringe processing. 

Furthermore, the system also has capability of measuring rotation and shear strain. To sum 

up, it 33 pcssib!e te me~sure  e!! t h e e  strain components as well as rotation and both tilts. 

making this a truly versatile whole-field strain sensing system. The system offers a promising 

combination of features compared to other whole-field methods, including data collection 
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speed, results accuracy and compactness; with its prime strength being in direct and near- 

real-time calculation of whole-field strain with a fine spatial resolution. The system 

characteristics can be further improved using finer imaging resolution and smarter processing 

algorithm. All these make this technique very attractive for precision applications in 

mechanics and micro-mechanics. 
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Optical Metrology Components: PSDs 

Impact of Stray Illumination Noise on Response of 

Position-Sensitive Devices 

This chapter comprises a unique analysis of position-sensitive detectors used in noisy 

industrial environment, where several other light sources also coexist and thus produce 

unpredicted effects on PSD output. Many researchers of normal photo-sensors have analyzed 

rheir peri'ornlar~~t: ;I, p~eseiice of i h c  s t zy  noiscs, whik this prcblem hzs man.,. t k c s  been 

outlined in context of PSDs too. Nonetheless, detailed performance analysis of PSDs with 

stray optical noises is very much needed. For this purpose, we first describe and model these 

stray noises with respect to the operation of PSDs and then anaiyze the response of rhese 

detectors in the presence of these spurious signals. 1 he experimental resuits are presenreci, 

which were obtained using PSDs with signal beams and noise sources. The experimental data 

is compared with the resuits from the proposed mathematical model and it is obsened that 

the measured performance is within a frxtion of a percent of the calculated one. The analysis 

of systematic errors encountered during data collection is also presented. 

In the industry, telecommunication and other sectors, many applications require accurate 

measurement of displacement of objects through non-contact methods. Semiconductor 

position-sensitive detectors (PSDs) offzr very good solulions for such applicaiions and siiic;e 

their inception in late fifties, these devices have become a major tool for lateral position 

measnreme_n_t. Two types of such devices are commonly used for position-sensing 

applications. The segmented PSDs or four-quadrant detectors are used for high precision and 

low signal-level applications where range of movement is relatively smaller or the alignment 

Optical Metrology with Lasers and Position-Sensitive Detectors 



Cha~ter  # 4 Opticd Metrolorn Components: PSDs 

is the objective. On the other hand, the continuous PSDs or the lateral-effect photodiodes are 

used for wider displacement measurement with high linearity, good resolution and fast 

response [5 l,52,60,6 I]. 

Applications of PSDs are even more diverse and widespread in the industry, including 

alignment, displacement sensing and as a part of other analysis instrumentation. In such 

environment, the system laser source is co-existing with different nearby light sources, 

coherent or othcrwisc, a!mg with :heir ieZectioiis and back-scaiiei.s fhlii  i;ai.i"iis I I C ~ ~ I L ~  

surfaces. Some of the systems may involve scanning or rotating laser beams too, which may 

have enough energy to effect the PSD measurements in the form of periodic pulses. 

Such random illumination noises may take the form of different sources types; e.g. 

directional, point or extended; and may fall on the detector surface in different shapes or 

spatial distributions. They may produce unwanted outputs while mixing with the real signal, 

wliich is coriiing diieci 2ioiil tile soiicce "r via tlie feflecio~ "rii" &ie~ii~l .  sili'&tX, T ~ G S C  

noise ni-lrc.eS have heen mentioned or desc.rihed by some of the earlier authors [51,54,62,66!. 

Nonetheless it is felt that a detailed operational analysis in view of PSDs is stili required. 

1 
Figure 4.1. Simultaneous use of multiple laser beams in industry 

1 (courtesy 

It may also be mentioned that for more critical measurement applications, modulation of 

!ight sm:ce is used syncbxxizec! with rzcsivzr, to avoid fhz effects of background !i4+. s - But 

on the other hand, such systems become unfeasible in many standard applications due to the 
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practical reasons such as needed compatibility with simpler light sources, reduced technical 

complexity and lower system cost. Thus whole lot of industrial position measurement 

systems are still produced and utilized with un-modulated continuous light sources [ l  1,121, 

directly effected by other illuminations. Also important is the fact that, as given by Makynen 

and cthe:s, -eyer. modu!zted light reflecterJ-beam sensors dc. suffer frcm s!:;, 

illuminations problem in the form of unwanted reflections from close-by objects [ 5  11. He has 

outlined this problem along with an effort for a solution. Thus the position response analysis 

presented here does also apply to these sensor types while considering the effects of such 

stray reflections. 

4.1.1 Lateral-Effect PSDs 

PSDs based on lateral-effect have a continuous construction in terms of their light- 

sensing area, which characterizes them from the oiher segmented position-sensitive detectors. 

Thus their construction is in the form of a single continuous photodiode, as shown in Figure 

4.2. As light falls on a specific portion of LEP, the generated current carriers are divided 

between the extended edge electrodes on each side. This division is in proportion to the 

ellcountered respective conduciance, or in inverse proponion ro the relative distances of ihe 

current paths between the illuminated region and the respective electrode [60]. 

Figure. 4.2. Geometrical shape, transfer curve and pin-out of Lateral effect PSD 

The important features of these lateral-effect devices include position measurement of 

the incident light spot for the larger dynamic range or upto the edges of the devices. 
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Additionally, the transfer characteristic for the light spot position measurement has very good 

linearity for the entire range [51]. This gives them an edge over the segmented 

photodetectors for many of the applications where continuous position measurement is 

needed. Another useful feature is that the position is measured for the centroid of the incident 

iighi beam or even divi6ed spais. Tliis iiiakes iheiii largely iiidiffei-eiii io iiie jpoi size aiiJ 

shape [63,64]. The position of the light spot is calculated from the terminal currents such that 

the output limits are normalized to -1 and +I at the sensor edges. The x-axis position 

measured from the centcr of the detector in terms of the horizontal electrode currents is given 

in the following equation for the general duo-lateral and tetra-lateral lateral-effect PSDs 

[53,58]. Similar formula will be used for the y-axis position calculation in dual-axis PSD. 

4.1.2 Positioii Uncertaiiity of Lateral Effect PSDs 

Position uncertaint). of a PSD can be defined as the minimum displacement that can bc 

resolved by a position sensor in a given electro-optical system. This is an important property 

of the sensing system as it more or less characterizes the quality of the sensing response iif 

the system for smaller signals or displacements. Presence of noise lieavily hampers this 

parameter; thus its major dependence can be described as on signal-to-noise ratio present 

during the system operation. This parameter may not be confused with correctness or 

linearity of the detector. These properties are intrinsic to the type of detector and arc 

inde~cx!e:t I - - -  af . - . i ~ n ~ ! - t o - ~ o j ~ ~  ~ ~ t i c .  

To estimate the uncertainty of lateral-effect PSD, there are internal factors and external 

factors. The major spot position uncertainty due to the internal factors can be expressed in 

terms of speckle noise and thermal noise [54]. According to Beraldin et ai, in the system 

what limits the performance or contribute to spot-postion uncertainty of PSDs is the presence 

sf EX-sigc~! spur io~s !ights, which cannot be is~lated from the actual light spnt position 

information and are inevitably interpreted as a valid signal by the PSD [54]. 
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4.2 Noise Beams and Illuminations 

The disturbing lights and illuminations may be coming from differe~t types of sources 

and may be taking different spatial distribution and characteristics. Considering the sources 

of iiiuminations, the major sources have been aescribed by Beraiuin t.1 rri iu LC alnbieli~ 

illumination, direct sunlight and other laser sources [54]. These sources have been described 

to be the limiting factors for the performance or the fluctuation-free accuracy obtained from 

the operation of lateral-effect PSDs [54]. Now we categorize these sources according to their 

characteristics and the spatial distribution of their light on the PSD surface. and also analyze 

them one by one from the point of view of the normal operation of PSDs n-ith these 

disturbances. 

Probably the most obvious source of external noise in an optical system is backgound 

radiarion. A detector will anyway be facing the black-body radiation from thc background 

which happens to be at a specific temperature during the operation or measurement, even if 

specific sources are not present to emit the interfering or disturbing radiarion. According to 

Plank's Law, this minimum background radiation illuminating any detector, or PSD to be 

specific, will be given as in the following equation, whiie other aescripiions and eqr~at i~ns  

are also used [62,65]. Unless their intensity is high, their usual effect m2;f be s~l?!ler and 

similar to other diffused illuminations to be described hereafter. 

4.2.1 3oise Beams 

Probably the major source of disturbance for our analysis can be that from other 

directional laser beams falling on the surface of a lateral-effect PSD simultaneously, as 

shorn in Figure 4.3. Similarly, other directional light beams and non-laser lights: which fall 

oii the detector siiifiice iii 6 s h q e  a p ~ ~ x i m ~ t i n g  s Sesm, ?lay Z!SC ?X ~EC!U~C! thk 

category. Similar effect will also be produced by the illuminations, which are not dirsctional 

in nanire but are converted to a spot by the receiver optics. The most obvious example may 
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be that of parallel rays coming from a distant source and converted to a spot by the positive 

lens used in front of the PSD. 

For the normal direct-beam or reflscted-beam position sensor based on a Lateral-effect 
nnn  . .- . - - - -  ----..-.-A - - - - -  .--- 2 -- r ~ . .  nnn. .,+,,....., I.-. I.., r ! , ,  ;-.,,,:; .-., ,,.,., ,,,d,,t L . ~ ~ ~ ~  r 3 ~ ,  i i~e  ~ u i p u i  LULICIIL p u e u L ~ u  ul: Li iC 1 o u  ~ L l l l l ~ l I C L 1 3  LIJ lIlu;ll V l  c ~ ~ ; u ~ !  illb:ublrc v r u r r .  

is a function of certain parameters as ij = ij (I,, x,, y,) for j=1-4. In this equation I, is the 

intensity of the actual beam incident on PSD's surface and x,, y, represent the position of the 

centroid of the beam on PSD's surface. Similarly, if the noise beam is falling on the surface, 

the output current component due to this beam may be given as ijY = ij' (I,, x,, y,) for j=1-4. 

Here I, is the intensity and s,. y, reprcscnt the position of the centroid of the noise beam on 

the PSD's surface. Thus, the measured current on a terminal may be following. 

for j=1-4 

Figure 4.3. Noise beam disturbing the original beam on PSD surface 

4.2.2 Noise Illuminations 

'17he next imponant type of interfc1hlg ~l~ullliilaiioii to be coiisidc-izd is tke one, :r;l;:sll is 

not beam-like or is not narrow enough and falls on whole of the PSD's surface area. These 

inc.li_!de the p i n t  sources whose light is falling direct on the PSD or the extended sources, 

diffuse reflections and background illuminations, which do not form a limited spot even after 

passing through the receiver optics. Ambient light is the most obvious example of this 
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category. Simplifying their effect on the PSD and assuming their uniformity for now, they 

may be approximated by a wide "spot" covering the whole of PSD area and having the 

centroid in the middle or the center of PSD, as shown in Figure 4.4. Thus similar to earlier 

representation, terminal currents are ij' = i,' (Iill, 0, 0) for j=1-4. Now Iirl is the intensity and 0, 

C) icdicate the ;niddle psit,icn cf the centrcid cf the intefiering il!umi2aticn cn tl.2 pen's 

surface. The measured current on a terminal may be given as following. 

for j=1-4 

slSLa 
Figure 4.4. Diffuse illun~inations disturbing the original beam on PSD surface 

A specific categop may be that of the pulsating lights or the scanning laser beams 

falling on the surface of PSD in the form of a pulse train. Although they may also be falling 

on a specific area of the detector, more common among them are going to be those 

approximating the diffuse illuminations covering almost entire area. This is to be expected as 
,. . iilCle is I l luc~l Illore chalic of G2ckscz?Tcl iiiicric;l;;g ~ r ;  ik;; Fss  sS;i;:c-d LbiUiid ;;: <i;L;;: 

I 

scanning light, and they are espected to take the form of diffuse illumination. The output 

current in this case is function of one more parameter as iJy = iJ' (Iill, 0, 0, DC) for j=1-4. Here 

DC represents the net duty cycle of the interfering pulses impinging on the surface of PSD. 

for j=1-4 
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n n n  I 
Original 

- - Beam 

Figure 4.5. Reduced effect due to pulsating light duty cycle disturbing original beam 

For the normal single-beam operation, PSD gives the centroid position of :he incident 

signal beam calculated by the individual currents as given before [5  11: 

Suppose that instead of the 'signal beam', there is 2 'noise bezm' falling on the surface 

of PSD and generating its own currents on the output t~rminals. The position of the noise 

bean1 can be calculated by the similar formula as [58]: 

For the single-beam operation, calculation of the beam position is carried out in the 

similar manner for both of the cases. Now what will bs the behaviour of the device when 

both the beams are incident on tine surface of the PSD at the saine lime? According to 

Kawasaki & Goto, the output of PSD in this case, calculated using the terminal currents, 

should he equal to the intensity-weighted mean of both the light positions - 1631. - Thus the final 

position and the error from the signal position may be _given as: 
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Thus the shift in measured position due to the presence of interfering beam depends on 

the mutual distance between both the sources and on the fraction of the noise intensity within 

the total intensity falling on PSD. This is the case when a second noise beam, which is 
. . P - &i.er;iiona; iii iigt-cie, is irltciicri;;g ... : I "  "- ..-:.,:--I ";rr-,l La"- r.n tLc D C n .  \ l ~ l , Q t  m m T .  

b \  ILIA L l I b  U l l ~ l l I U l  3 1 5 1 1 U l  U b U l I I  UII L l l v  I U U  v r L l U r  ~ l ~ c l )  

happen in the case where a broad illun~ination from a point source or an extended source is 

covering whole of the surface and is interfering with the original signal beam? As discussed 

earlier, its centeroid may be taken to be at the center of the PSD. Here the change in the finai 

position brought by the illumination is as: 

\ 

6.P = K,,,l,,,, I, = L e , , . s , ,  (- J%,g,70: I 

Last case is about the specific category of the pulsating lights or the scanning laser 

beams falling on the surface of PSD in the form of a pulse train, while illuminating the PSD 

area as a whole. In this case the intensity of the. interfering noise is actually modified in terms 

of the duty cycle fraction, but as the intensity of the noise is taken to be much smaller, i.e. I, 

<< I,; thus the whole of the intensity multiple may be modified to include the DC fraction. 
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4.4 Max Uncertainty Error with Optical Noise 

In order to calculate the uncertainty error introduced by the addition of noise, we 

consider the noise sources co-existing with the signal source, and also consider signal-to- 

noise ratio as: 

The error introduced in this case is the difference in the measured position and the 

position given ideally by the signal only. This error is going to be minimum or zero if both 

the noise beam and the signal beam are coinciding and it is going to ha1.e the maximum value 

once both are maximum apart at the opposite edges of the PSD detection area. Tnus, in case 

S/N >> 1, the maximum uncertainty error in presence of a noise beam will be as per the 

calculations in previous section, and comes to be: 

Thus the n~ax in~um error introduced due to the presence of interfering bean1 is equal to 

the ratio between the length of detection area and the signal-to-noise ratio present on PSD. 

TkI- ----- i.. : z  tk;. ---- ---- ,.::'.rr: ----- n c ~ r n r . , ?  r.ci:- hezrr.. x.q+ish & r ~ ~ t i ~ c ~ !  ifi :atpre. is kterf?ri_n_g with 
'i 

the original signal beam on the PSD. What may happen in the case where a broad 

illumination from a point source or i n extended source is covering whole the surface and is 

interfering with the original signal beam? In this case, its centeroid may be taken to be at the 

center of the PSD. Again for S/N >> 1, the maximum error in the finai position brought by 

the illumination is as: 
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Last case is about the specific category of the pulsating lights or the scanning laser 

beams falling on the surface of PSD in the form of a pulse train, while illuminating the PSD 

area as a whole. In this case the intensity of the interferinz noise is actually modified in terms 

of the duty cycle fraction, but as the intensity of the noise is taken to be much smaller, i.e. I, 

<< is; thus ihe wiloie of T ~ S :  iiiieiisity miiltiijlc may be xodified tc includc the DC fraction, 

6P = 
1 1 -2 D C X L  - D C X L  

" 1 F; + 1 I max I mas 2 ( 5 4 + 1 ) =  2% 

4.5 Experimental Setup 

Experimental setup for evaluating the effects of noises on the position measurements 

included a lateral effect PSD-based position measureixnt systen:. which was illuminated by 
- 

a prime laser beam along with a noise beam or nois? light source. I wo laser sources used 

were Suwtech diode-pumped green lasers emitting at 532nm, which is proauced by doubiing 

the frequency of Nd:YV04 crystal output. One laser \\-as DPGL-2100 giving upto 100 mW 

output with modulation controi, and other was DPGL-:001F gii-ins about 1 mb7 output. The 

beams of these lasers are CW, TEMoo with beam diam=ser < 1.0 mrn and beam divergence < 

1.0 mrad . 

The position-sensitive detector used was Melies Griot 9nm x 9mm dual-axis !atera!- 

affect .r.i!iccr! detec!~~.. This has 8 mm calibrated diameter and position resolution of +_1 um. 

The detector was used in conjunction with Melles Griot microcomputer-based SpotOn 

optical beam position and power measurement system, model 13PSL002-PCI. The system 

provides software control, software linearization, selective data logging and data acquisition 

rate of 20 Hz. One laser head was moved by piacing on Pi iranslaiional inovenlent 

IntelliStage C53 1.5i, featuring computer-control, 306 rnm range and 0.1 pm linear resolution. 
TT 11- 
V V I I O ~  appzra:ns was p!acec! on Newprt  'RP Reliance' Sealed Hole Table Top, which was 

mounted on Newport isolation supports. The construction of thf test apparatus is shown in 

Figure 4.6. 
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Figure 4.6. Experimental setup with computers, lasers and position detection system 

4.5.1 Data Stabilie Measures 

It was noticed that certain factors hampered the stability and repeatability of the digitized 

data very mucn, so care was raken abour them io avoid arly enor ill i k  readi~igs. AiiiZ~iit 

temperature was maintained at 20-25OC as the drift in both directions was apparently 

effecting the data stability. The incident intensity on the detector was used close to 1-l .5 

mW, as much Ion-c.r intensities were giving more jittery readings and higher intensities n-ere 

risking detector saturation. Control of ambient light was practiced in order to avoid any 

systematic error in the data and bare minimum was used. As per laser usage practice, some 

warm-up time was siven for thc. lasers and equipment temperature to stabilize, as more shaky 

data was noticed otherwise. 

4.6 Experimental Results 

This part describes the experimentation performed on  the given concept. The 

experimental results, obtained with the use of PSDs in presence of spurious sources, are 

presented graphically. The obtained experimental data is also compared with the expected 

values from the mathematical model and the comparative results are given. 
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4.6.1 Noise Beams 

As per noise categories described in earlier sections, the first type of noise considered is 

that of the interfering directional beams which fall on the detector surface and form a limited 

light spot. To evaluate their effect, a signal beam was projected on the PSD surface 

approximately at its center. The interfering beam source was placed on the translational stage 

and was scanned across the PSD surface calibrated area in x-direction. The measurements of 

net psitior, v:e:e t&ea by c ~ t i c g  it at 4ifferel.t p~si!icns nn PSI3 silrface with the intervals 

of 1 mm. Two sets of data were collected with the noise beam intensity being approx 10% of 

the signal beam intensity in the first set and being approx 5% of the signal intensity in the 

second set. Both the sets of position data were compared with the caicul&xi ~ i i i c u i r i ~ s  ilfiil 

the beam disturbance as per theory developed earlier. Data points were plotted with 

calculated position on one axis and the experimental position on other axis, and were shown 

along with the straight line of ideal comparative values in Figures 4.7 and 4.8. 

Figure 

I Experimental Position (um) 400 T 

! I 

t I 
-400 -300 -200 0 100 200 300 401 

Calculated Position (t:m) 

-200 

4.7. Plot of position measurements in presence of 10% disturbance ' learn 

- -  - 
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Experimental P o s ~ t ~ o n  (um) 400 

200 o 100 // 
i 

-300 -200 100 200 3011 .Ia 

Cdculued Positlon (urn) 
! 

i / /' .:I 4 0 0  i 
Figure 4.8. Plot of position measurements in presence of 5% disturbance beam 

As seen in the plotted curves, both the sets of calculated and experimental data coincide 

-.--I1 ... :tL ---L mt$nw. TLo ---,;-- 1- A ' f f n v n - ~ ~  hnth the rlata cetc i c  a h n l ~ t  7n ;E W;LIL ~ V ~ L U  ~ u i l i  ULI LL ILL, I I I U . - . ~ I ~ ; ~ ; A ; ~  u l L : ~ ~ v ~ : c c  111 v v r l -  r l - r  ..r-r.r urrr ---> -- - r 
~??axir?larr? sc;l!e nf reading i s  8flC)O pm (-4000 urn to +4000 pm). This puts the maximum 

error encountered in both the espsriinents of 10% and 5% noise at about 0.25% of full-sca!e 

reading. The perce~ttage experimental error has been plotted for both in Figures 4.9 and 4.10. 

Percenr Experimental Error 0.25 

Beam Position (urn) 

'B 

-0.25 

Figure 4.9. Plot of percentage experimental error for 10% noise beam 
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Percent Esperirnental Error 0.25 ' 

I P\ 0.125 1 
I I 

7 

4000 -3000 -2000 -1000 r2y. B a n  Posttion (urn) 40( 

-0.125 

i I 

4.6.2 Noise Illuminations 

T!lz second Qpe of optical noise mentioned earlier is that caused by the stray 

illuminations, which are not forming a spot on the surface and they are rather covering the 

entire area of PSD. This type of disturbing illumination was produced for experimentation by 

simultaneous effect of multiple room lights, while their total intensity falling on PSD was 

a!most symmetrical about the center of PSD, specifically in x-direction, which is the axis of 

interest at the moment. The signal beam was projected at the ends of the calibrated area of 

PSD, i.e. at -4.0 mm and +4.0 mrn. The measurements were taken with the illumination 

intensity being about 5% and 10% of the signal intensity. The effect of il!umination on the 

position measurement from PSD was noted and compared with the calculated outcome 

differently for both the intensity percentages in Figure 4.1 1 (squares for 10% & circles for 

5%). 
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Experimental Position (urn) 4000 

2000 

4 
0 y 

400G -2000 

1 O 

2000 

Calculated Position (urn) 

! I 
7 

p / " l  A 4000 i 
Figure 4.1 1. Plot of position measurement in presence of disturbing illumination 

As seen in the plot, the calculated and experimental data coincide well with each other. 
-. 
in; nxiximum difference in ihese ciala poiriis is about 30 pii lii ;lie i~aiiiiiium scak of EGG3 

-.-- TL:- ---+- +Lo --&- ,- n-3,. n * ~ n , m t ~ v n r l  ;n thic exl;leriATPI?t at fi.375?/- nf fL!! ~ I I .  L U L J  ~ L L L J  CIIL III-A~II~LIII CILUL U L I U U U L A C U ~ ~ U  111 L r - l c l  

I 

scale reading. 1 

I 
I 

To simulate the pulsating or sca&ing lasers, the interfering beam was modulated at 1.0 

kHz with 50% duty cycle. It was p?ojected on the center of the PSD detection area to 

simulate the falling pulsating reflections or rotating lights. The signal beam was projected at 
I 

the ends of the calibrated area of PSD. The measurements were taken with the unrnodulated 

interfering intensity being about 5% arid 10% of the signal intensity. The effect of interfering 

pulses on the position measurement from PSD was noted and compared with the calculated 

outcome differently for both tlie inte 

circles for 5%). 

;ity percentages in Figure 4.12 (squares for 1Q% & 
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Experimental Position (urn) 4000 

2000 

-2000 2000 100 

Calculved Position (um) 

Figure 4.12. Plot of position measurement in presence of disturbing pulsed illumination 

As observed in the plot, the calculated and espzrimental data coincide well with each 

reading. . The percentage experimental error has bsen plotted in Figures 4.12 and 4.1 3 for 

both data sets. 

Percent Experimental Error 
0.5 T 

B m  Position (urn) . 

0 

I 

Figure 4.13. Plot of percentage experimental error for disturbing illuminatioil 
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Figure 4.14. Plot of percentage experimental error for disturbing pulsed illumination 

Percent Experimental Error 0.5 rJ1 

4.7 Systematic Errors 

0 

4000 -2000 

Brief analysis of systematic errors encountered in the experimental data obtained is 

being presented in this section. First systematic error in the obtained data is obvious while 

looking at the curves of data presented first. As we see, the data for the positive beam 

positions has a negative discrepancy from the calculated outcome and that for the negative 

bean1 positions has a positive discrepancy from the calculated outcome. We can say that for 

both the data the discrepancy is toward the center of the PSD. This is mainly due to the 

ambient light, which is taken centered at the PSL, middle. ~ i t h o u g h  the ambient iight was 

reduced in the beginning to be less than 1.0 pW, this is still about 0.1% of the total intensity 

of approx 1.0 mW, or about 1 .O% of the noise beam intensity in 10% noise experiment. 

According to the same superposition law, for the noise beam to be at the end, this amounts to 

a shift of about 40.0 pm in the noise beam, or amounts to a shift of about 4.0 pm (0.05% of 

FSR) in the net position output. This is of course coupled with other systematic errors and 

measurement errors. The error in tne broad illumination noise experimenrs is probabiy no1 

readily distinguishable in this category, due to the reasons described later. 

0 

b 

2000 400C 

- -- 
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Next major systematic error is introduced by the physical construction of the detector 

head. -4lthough we have assumed that the broad illuminations effect is modeled to be 

centered at the middle of PSD, which should be the case even if the illuminations are coming 

fiorn an iingit: to the noniiai. But iii i-eality this is iiot the casi: diii: tij i h ~  rcfii;i;:iiins !'i~m :hi 

glossy body of the detector assembly around the detection area becoming a shift in the 

illumination centroid, if the light is falling at an angle to the normal. This situation is shown 

in the figure for different incident angles. To investigate the effect of this shift, incident light 

centroid data was,obtained for different incident angles of illuminations. The obtained curve 

is shonn in Figure 4.16. 

Figure 4.1 5. Effect of illumination incident angle on the PSD output 
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Measured X-position (um) 1500T 

I 
Figure 4.16. Effect of illun~ination incident angle on measured centroi 

AS observed h m  <he piui, when wt: robnit: TSD rjli its iii f ~ i i t  3f ik ijl i i i i i i f id~ii  

source, the reflections from the front part of body shift the illumination centroid to that side 

of PSD and same happens in opposite direction of rotation. It may be noticed that the steeper 

increase in the centroid shift at the larger angles is due to the closer part of the body 

shadowing on a part of the PSD surface thus sharply shifting the centroid. it be noteu 

that a little negative (one-sided) bias found in the broad illumination noise experiments may 

well be due to this factor. 

Another systematic error parameter investigated was that of y-axis displacement 

affecting the x-axis measurements from the PSD. For this purpose, x-axis position of the 

beam on PSD was maintained fixed, while it was scanned in y-axis direction from one end of 

the calihmted area tn the other end. It was noticed that there was no explainable effect on the 

x-axis measurement with different y-axis displacements in this case. An overshoot in the 

measured value discrepancy is probably due to getting too close to the end of the calibrated 

area, where some non-linearity is expected. The results are shown in Figure 4.17. 
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4.8 Conclusions 

Theory and anaiysis of stray beams and opticai cokes disrurbing tile posiiion respurx uL' 

!atera!-,Pffcc: pssiticn-sensidx &;ices .&rere iE this chsntrv If is fnsncJ that the r+--. 

error introduced in the position measurement in presence of an interfering beam, or 'tip', is 

progortional to the distaxe between the. centroids of both the beams and to the fraction of the 

noise intensity in the total. In case of a uniform or broad illumination, the same analysis 

applies while the centroid of the interfering illumination should be taken at the center of the 

PSD area. In case of scanning or pulsating lights, the produced effect should be decreased in 

proportion with the beam duty cycle. These results have been verified experimentally and the 

obtained data is within a fraction of a percent of the predicted calculations. There are other 

factors like the angle of illuminations which matter too. The study is expected to be very 

useful for the accurate & precise use of TSD-based sensors in the industries like production 

lines, workshops and others. 
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5. Optical Metrology Components: Laser Beams 

Tandem Beams Technique for Laser Welding of 

Galvanized Steel Sheets 

Laser welding of galvanized steel sheets in lap configuration is the challenging problem 

being investigated for more than two decades, originating due to the difference in the melting 

points of steel and zinc. Earlier solutions are either insufficient or too cumbersoms to be 

realized in practice. Here a novel dual beams method to law weld the galvanized steel sheets 

is being discussed, modeled and analyzed. This involves a pre-cursor beam and a higher- 

power actual beam, which are used in tandem while generated independently or otherwise 
-. 1 .  split from the same source. 1 he first beam cuts a siot, rhus m%mg a11 exii paiii fiil :lie ziac;. 

:?agsrs, v,rhi!e the seczr.d be8~1 W Q ~ A ~  . ,  us-d uU Q Q  -n-~ll;red.-The AUY-. ~ 2 ~ r  ~!sc! nrescnfs and rlicrl-!sse~ snmy 

experiments performed in laboratory using this method, along with the metaiiurgical analysis 

rcsul:s from laboratory showing total abserxe of Zinc in the weld area. 

5.1 Problem Introduction and Background 

Zinc-coated steel sheets welding in lap configuration poses perhaps one of the most 

controversial problems. Solutions proposed in the last 27 years have not \-st found an easy- 

to-apply realization to replace conventional spot welding which has its o v x  shortcomings 

[76-821. Advantages offered by laser welding [78,91,92] still justify quest for an efficient 

method. The idea.1 solution should firstly solve the technolegice! prob!em of the residual Zinc 

vapors trapped in the weld joint [79,80] due to the lower boiling point of the Zinc (906•‹C) 

with respect to the melting point of Steel (1 530•‹C). The solution should also be practical and 

economical enough to be installed on the production lines. 
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For laser welding of zinc-coated sheets in lap configuration, many techniques have been 

proposed to tackle the problem [76-821. These techniques have tried from the multitude of 

facets to approach and solve this problem. Unfortunately due to the practicalities on the 

production line shop floors, few have been implemented in the real lvorld industries. The 

E G S i  obvioiis of the methclds proposcc! i v a j  pc&ps ''i;yI~; ieixova! ~ f ~ i ; ; c  ~ ~ z t i : ~ g " .  This 

method can obviously bring good results [78], but is cumbersome to implement. Also as a 

simpler solution, it has been tried to weld with "pulsed laser" and the results have been 

observed [79]. It has been noted that the weld quality is somewhat improved. 

Hybrid laser beams have been used in the shape of "twin beam" or "hybrid beam" [83]. 

This method is of course more expensive but at the same time the system has shown 

iii^ljjic33~-~c resalts. Probabjy 2 more ;.rzl!-~;?owi; recf.uyiq.c:e i:: :hi; r;yes i; th2t sf aw4.;l,icg shin?s 

or "forced gap" between the sheets when weldins in lap configuration. This method delivers 

very impressive results [76], but needs time-taking pre-arraqements. 

The proposed method is of course an extension of the hybrid beam neriioa invoiving a 

precursor beam. But the improvement may well be in the n-orking principal of this method 

that a foxed exit path is created for ilie zinc ~apours, which is quite iiidcpendent of tb LC. c, JuL, ink 

geometry and many other parameters. This feature is non-existent in many of the proposed 

solutions. 

5.2 Proposed Solution 

We propose that the front beam of the tandem system shall cut a slot with a minimal 

kerf, while the second beam shall seam-weld, joining the nqo sides of the kerf, while the 

residual zinc evaporates through the slot ahead of it. Yb't propojs iwo siinilai- hjiti-id 

solutions, one combining Nd:YAG and C02 lasers in tandem, the first for cutting, and the 

second for welding. Alternatively two beams of the same C02 laser source may also be used 

in tandem by the method, which is basically an integration of the "sap-method" proposed 

several years ago and the dual beam system introduced few years back [77,80,84,85,88,90]. 
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The solution we propose is described in Figure 5.1 (top view) and Figure 5.2 (side view). 

A precursor laser beam cuts a slot of a few centimeters of length and a certain width in front 

of the keyhole. The slot will have two functions; the first is to remove the zinc coating, while 

the 6 nas ifi thp_ 3~o.ccss blo!;; Faway the zinc ; ~ ~ ~ . ~ ~ i ~ ~ d  in the cut. zffCcti:~c!-.~ 
Y A 

eliminating it. We know that zinc coat removal produces the best welding results, but in our 

case the method is not cumbersome as in the methods previously proposed in literature. The 

second function of the slot is to provide a way out to the excess zinc vapors left afier the 

cutting process. In fact the keyhole and the surrounding molten pool may exceed the 

dimensions of the laser beam cut width, thus involving some area where the zinc coating is 

still present. In this case, the slot will exhaust the zinc vapors before the rapid cooling down 

ef thz mc!tsz pzol. An >!<:yAAAG l2.2: bt2.r. mqr g~c=rg~ P E ~ S  7,qrith fxcel!~nt k&f y d  

surface quality, but COz laser can also be used. Distance between the cutting and welding 

spots can be adjusted converiisntly and accordingly to the 3D geometry of the coniponent to 

be weided. Proper gas shielding and fumes removal can be handied quite easiiy. 
- 1. ._ - . - 1.- - 

Welding 
Beam 

n'eld Track Exhaust Slot 

\\'elding Direction 
b 

I 
Figure 5.1. Top view of the laser lap xelding using the forward slot (through both sheets) 
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Welding Beam Cutting Beam 

! Slotted Area I Welding . r .  i ~ i u l k ~ ~   are^ Zinc i.'apour ExiiaiIs! Zicc Coaticg Direction 
through Slot (Pt-2) - 

J 
FjgLlre 5.2. s i& view u[ iilC w-ejdiiig op=r&tioli -~-iili &e t7fi-c beSiiis iE ~ z z ~ c z ,  

The given figures show the simple view of thc schexe of using the beams in tandem 

with the basic functions required by each of the laser, in order to give an idea of the degree of 

complexit!- of the hybrid laser weldingicutting nozzle. T i e  CG2 andior Nd:YAG laser beams 

are sent to the work piece separately and the distance between the two can be pre-set or can 

oti:zrwise be adjusted ion;imousiy by an adaprive CXZ system io rnaxiinizt. tile ~velcl 

ciuality. The complete system majr also include other modules like servomotors for tht 

adjustment. nozzle assembly for beam delivery and the fiber optic cable supplying the laser 

beam to ths nozzle. 

5.2.1 Technical Discussion 

The validity of the method has never been challenged [89], but has only been questioned 

once [86], fearing the high costs of utilizing two different laser sources or a higher power 

C02 laser source. The solution of combining an Nd:YAG laser to cut and a C02  laser to weld 

may be less appealing because of being more expensive. Thus, we also compare this solution 

-&h :he al:e;native xetho:! of x i n g  HPDL [83! ._long with nthers. The stx!y shows the 

work conducted on this concept at the laboratories of Convergent-Prima in Collegno (Turin), 

- 
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Italy. After recalling the theoretical model adopted, we present the experimental results and 

discuss our guideline for the future work. 

The results obtained utilizing only the standard equipment, and not the dedicated optics 
. . 

or custom asserr,blies, definitely confim the pr:nc:pls 2nd zlso !argely fit the behavior 

predicted by preliminary theoretical model. We expect that the method proposed originally 

by us offers a better compromise to be implemented on production line than any other 

method proposed until today. In our opinion the alternate method of delaying the 

solidification of the keyhole suffers the problem of strict control of the procedure parameters. 

The time window to enable the perfect solidification of the keyhole without residual Zinc is 

quite narrow, and is not easily controllable as the cutting of a slot, which depends more on 

&sign pa;a~lle:e;s, r;:!:er tl:a:l 3:zte:ial sp-,ci5:s'ior.s. Ic '2ct ths tolcrzxcs in ~ h f ~ i ~ ~ !  

composition of galvanized sheets may influence its thermal properties, resulting in a lesser 

quality of the weld, along with other factors !ike the difficulty to control the heat effects. 

Controlling the kerf width is quite an acquired procedure afier more than 30 years of laser 

materiai processing. The kerf width is quite easiiy rneasurabie uriiizing afiy opticai m e h d  

available today, while measuring heat may prove more expensive and lesser accurate. We 

should also consider that welds on a flat rn~ :c r i d  arc quite ecsy ?c: obtain, bu: the :ealiv of 2 

3D application is quite challenging to be met. 

As already explained, the proposed solution combines the advantages of the gap method 

and coaiing removal, which are more cumbersome and expensive than the method proposed 

here. Main advantages of the proposed method are those that are obtained by gap techniques, 

but without gap between the sheets. The proposed method is not cumbersome, a good 

alignment between beam and kerf and <O.imm kerf width appears to be the oniy criticai 

parameters. Secondly, the proposed method is not constrained by the actual geometry of the 

compoaents to be joined. Looking a: :hi. a;;;;;ozch, n7e exptci the mei!xl ic be relativc!y 

economical since it does not require any extra fixture and additional man-hours for pre- 

processing, which are quite expensive. Apparent disadvantage of the method proposed is the 

higher investment and the running cost of the equipment due to the use of two lasers. 

Optical Metrology with Lasers and Position-Sensitive Detectors 106 



Chapter # 5 Opticd Metrology Components: Loser Beam 

5.3 Theoretical Analysis 

5.3.1 Mathematical Model 

 ere we recall and enhance the previously reported theory [83,84,85]. In order to 

develop a simple but effective mathematical model we have considered the work done on the 

gap method [76]. The approximations introduced enable us to obtain some quantitative - -. . 

measures. We refer to Figure 5.3 and Figure 5.4 in order to derive some theoretical 

understanding and write the model in view of the given conditions. The model of references 

is based CI? the cens idedons  that the FPTQ static hex! 02 tnp nf the we!d ?en! Zemrates a 

pressure that stops the zinc vapors from getting into the keyhole (pt-1), which are being 

exhausted by the cut slot providing an artificial gap @t-2). 

Here 'pFe3 is the densiv in kg/m3, 'a' is the wave factor normalized to 1, 'g,' is 

acceleration due to gravity in m/s2 and 3,' is the thickness of the steel plate. The Ferro static 

pressure generates a velocity of the zinc vapors at the ejection point. The exhaust velocity 

'VZ' of the zinc vapors is calculated using Bernoulli's theorem as: 

Here p, is the zinc vapor density, which can be calculated using Clausius-Clapeyron 

equation to be 2 1.87 kg/m3 [85] .  
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Welding direction 
Eeams direction * 

- 
I est sh e g s  

Figure 5.3. The model of the proposed method including heat effects- 

Figure 5.4. The cut and weld model showing slot and keyholz sizes 

The next equations express the volume of the gases generated by the welding action and 

the volumes of gases that can be exhausted through the gap. It may be noted that the slot is 

cut by the advanced beam and the keyhole follows it at some distance. Thus, there is going to 

be a slot present on the sheet, even in the to-be-molten area where keyhole is being formed, 

having zinc on both sides of the slot. Thus the zinc would be vaporized first. The assumption 

is that the width of the gap is nlucli larger than :hc :hic!~n,ess of'rht: gAwizetinn layer on the 

sheet, i.e. g >> tzn: 
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where 'by is the width of zinc boiling isotherm out of the welding beam (HAZ), 'tz,,' is the 

thickness of the zinc layer, 'V' is the welding speed, 'p,' is the solid zinc density (7140 

kg/m3), 'w' is the keyhole width and 'g' is the width of the slot. Equating both of these, we 

get to the needed minimum value of slot ~i idth as: 

while the unknown quantity 'v2' can be substituted by the earlier results of Beixoulli's 

theorem as: 

Here we are interested in finding the optimal value of slot width 'g' whose minimum 

va!ue is given by this equation with the condition that all the zinc vapours will be exhausted 

by the slot and nothing will go inside the melt pool. The given minimum width can be 
. - . -  . . .. . .. aecreascu iurihcr ii pariliii L ~ ~ I C  -v-&pGGi' t : i h i ~ i  is ZiiGVFXi G~LGZ$ %C i i i ~ l i e ~ i  ;;:s%:, i . ~ .  

some porosity is tolerable. The upper limit to this slot is posed practically by the situation 

that 'g' should be substantially lower than :w' in order to allow for a proper strong weld in 

the presence of kerf. The value of 'g' in SI system is siven as: 
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5.3.2 Simulation Results 

The variation in minimum needed gap width against the changes in welding speed are 

plotted in Figure 5.5 for some representative values as w = 0.5mm, b = 0. lmm and tp = Imm. 

Note that the minimum gap values for very low speeds are less constrained and are largely 

governed by the same condition of g >> t,,. 

Figure 5.5. Slot width plotted against the welding speed 

We are only interested in solutions with the condition w > g, which are basically given 

by the s p i ~ d  values on the left side of the above plot. The right part of the graph is for higher 

speed welding where the values computed for 'g' by this model become unreaiizable for rhe 

given condition. 

We can also analyze that how the minimum gap requirements change with the changing 

values of n-elding beam width 'w' and with the variations of steel plate thickness as shown in 

Figure 5.6 and Figure 5.7. In the first curve, welding beam width is varied betn-een 0.4 - 0.6 

mm, and in the second curve steel plate thickness is changed in the range of 1.0 - 1.4 mm 

with the darker color showing the increasing values of both the parameters. 

It ma:- be inferred that for the variations in welding beam width, there seems to be a 

point closc to the maximum realizable gap width where the gap values are common for the 
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different beam widths. For the variations in the steel plate thickness, it is clear that for same 

target welding speed, the increased thickness of the steel plate requires lesser value of the gap 

width. This may look surprising at the beginning, but can be understood better considering 

that a larger steel plate thickness is not going to affect the amount of zinc evaporating but 

wi!! give more w!ue of ferro static head: thus forcing the zinc vapors to exhaust throurrh - the 

narrower gap. Thus the higher thicknesses are not a problem in this approach, until the values 

become prohibitive due to the higher laser welding power needs. The surface graph showing 

the vaiues of the gap obtained with different weiding speeds and beam wiciihs is givt;il i ~ i  

Figure 5.8. 

Figure 5.6. Changes in the minimum gap width with change in beam width 
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Figure 5.7. Changes in minimum gap width with changes in steel plate thickness 

As the surface graph indicates, the realizable value of cut-slot width is again obtained 

with the lower values of welding speed, which is the back part of the gi-zph. At the sarile time 

the variation of slot width with the welding beam diameter is pretty straight at higher speeds, 

and is clearly unrealizable in the fiont-right part of the graph. This is the situation when the 

speed is too high and wider welding beam is producing more zinc vapours demanding wider 

but unreaiizable slot width. Thus tile resuits of the model anaiysis sre aiso fairiy 

understandable by logic and intuitior~. 

Figure 5.8. Slot width shown in surface graphics against welding speed and beam diameter 
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A point to ponder is probably the span of the surface graph in the rear part where the gap 

requirement is increasing with the decreasing beam dia. This can also be understood 

remembering that the smaller beam dia is also coupled with smaller exit orifice and causes 

nrch!rm " u.s f iA  ac -" ?he -A- "--. hmt-effmtpd LA---v Znne '5' ?&en 1 ~ .  b? 3 r ~ f i ~ f a r ~ t  pre~enf i_n_ $! the cases 

5.4 Experimental resuits 

5.4.1 Experimental Sciup 

-- 
l ne  team woriiing on this research projeci goi some e ~ p e ~ i l ~ l u ~ i s  ~ i ) ~ i d ~ ~ i ~ i l  ~ ; i i i  i l i i~  

novel technique in Turin, Italy. First a test was conducted with a PRC3000 laser with 

b12=3.28 and a "raw beam diameter" on the lens of about 24mm (l/e2) at about 9m from thc 

laser source (the system used is a RAPID0 (Convergent Prima). The focused beam is 

0.234mm, u-hile the Kayleigh's distance is 1.24mm. The Var fieid:' divergence of the 

focused beam is 0.0945 rad (12/127). The minimal cutting kerf obtained on the double 

thickness of the galvanized sheets (1.6mmj is 0.1 jmm, even at fuil curtiilg speed. The cutting 

kerf is about 36% smaller than the cutting beam spot due to the mode stmcture of the beam. 

The power density @ 2500W is 5.8 xlO1•‹ w/m2. The focal point has been positioned on the 

top surface. The obtained cutting kerf is quite large (> 0. lmm) thus leading to a "tveake:" 

weld. In fact even shifting the focal point to 3rnm below the top surface means that the laser 

helm rli~meter fnr we!ding is O.hmm, ( e l  to 0.88 x10I0 W/m2). rendering it largely useless 

because the central part of the beam (maximum intensity), is all lost through the kerf. 

Without defocusing, the entire beam would be lost through the kerf. Cutting and welding . 

have been performed with only one gas N2, in order to save time. 

Under the above conditions, it was noticed that the weld obtained is smooth and does not 

show "bubh!es" on its surface. In the absence of proper tooling we have offset of 0.2mm 

across the weld path, on the right side, with the beam at 1.5 mm out of focal point. The beam 

size and its power intensity are such that a good keyhole only takes place if the beam 
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diameter covers both the kerf edges in the weld. The result was quite encouraging: we 

obtained an acceptable quality weld without significant defects on the surface. Obviously the 

weld is under-dross; in other words the upper surface is concave in the bottom direction, 

rather than being convex as desired. This is due to the poor contribution of material owing to 

a O.ISiiiiii ciitring kcif. hcideiiiiiiiy this is i~ haiiiionj: ~ i t h  thi. fifidi~gs cierivcd f i ~ m  thi 

above theoretical model. From our findings it is quite evident that the kerf should be smaller. 

At the same time we know that the kerf cannot be made so small that it may restrict the 

welding speed too much. 

Next the test was repeated with a Convergent Prima System 2D PLATlNO with a DC25 

Rofin Laser and a 5" lens. Contrary to the 3D RAPIDO, the PLATNO is a more versatile 
. . iiizciiliie becase enables ;r,ovc :';czi jjcjii;; c;{ !h2 IaSCr t;eG,TA uti!izicg tLe CbJc 2s 

that the stand-off of the tip to the galvanized sheet and the position of the laser beam relative 

to the material are quite independent. In both the cases of RAPIDO and PLATINO, the tip of 

2mm was used for cutting and that of 3-4mm was used for welding. The kerf width obtained 

with the PLATINO is about O.lmm, not issser as desired, because the raw beam diameter on 

the lens is smaller (22mm) in this case of Rofin DC25, and this partially cancels the benefit 

oI" rhe be~ter M" of t52 DC2.5. Tit: weid speed ubseived was 3300 III~~~/III~II at a power of 

250011 of the source. 

We can also utilize a laser welding beam of elliptical cross section, by proper optical 

beam shaping. Figures 5.9 and 5.1 0 show an alternative solution to beam shaping, which is 

basically to use a lens with a double con\-es shape so that the laser beam can be doubled and 

the two parallel beams are focused on the same plane. In this way we will generate a double 

keyhole without loosing energy at the middle of the kerf. Having started with a wider kerf 

offers the study of the "worst case" so that by reducing the kerf width one can monitor the 

improvenients. 
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-. 

5.4.2 Welding Results 

Figure 5.1 1 shows a sheet with different welds. It can be noticed that the center part of 

welds 1, 2, 3, 4, 5, 9, 11 shows quite interesting results where the kerf width is -0.15mm. 

Figure 5.12 shows welds 7 and 8, which are not in perfect condition due to the deformation 

originated by positioning of the beam on the top surface of the galvanized sheets. In this case 

we would speak of "Akhter/Steen effect" because the deformation somehow conlbines t l i ~  

"-.le&cal l3 m a n "  r \.iit,h cur sc!utinr.. E g ~ r p  5.13 sh9v.s the hardness prnfi!e 3,c.m~~ the welds 7 

and 8. The polished sample of Figure 5.12, in etched condition was subjected to stereo 

metallurgical microscopy to investigate the structural characteristics of the welded as well as 

of the base material. Figure 5.i4 shows a x4OO magnification of the base nlateriai whiie 

Figure 5.15 shows a micrograph of the weld 7 region from top view and Figure 5.16 shows 

its cross section (x50 magnification). Figure 5.17 is micrograph of the cross section of weld 

7, with an open cavity on the top. Figure 5.18 is a micrograph of weld 7 cross section 

strnctur.~ ex400 magnificaticn). The vel& ->;ere subjected tn SEh4 EES mz!ysis in nrder IC 

investigate the residual Zinc contents in the welded region. Results obtained from the 

analysis vcrified the absence of Zinc contezts in the weld region. Further investigations with 

various parameter changes are underway. 

Figure 5.9. Dual-focus Lens 
I I 

Figure 5.10. Welding with DFL 
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I I 
Figure 5.1 1. Welds with Proposed Method Figure 5.12. Welds 7 and 8 

I 

Figure 5.13. Welds 7, 8, hardness profile 
I 

Figure 5.14. Micrograph of base material (~400) 

~ ~ ~ - - - - ~  

Figure 5.15. Welds 7 (Top view) Figure 5.16. Weld 7 (side-view) 
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5.5 Comparison with Other ~echniques 

In the past years, many techniques have been proposed to tackle the problem of laser 

welding of the galvanized steel in lap configuration (76-82:87]. These techniques have been 

proposed from a multitude of angles to approach and solve this problem. Unfortunately due 

to the practicalities on the production line shop floors, not many are common in the real 

world industries. Here a brief summary of the general analysis of our system in comparison 

with some of the well-known methods is given. 

The most obvious of the methods proposed was perhaps the "prior removal of zinc 
- .. . . .. - ?  .1 n 

cuaili~g''. iius il~cikcji C8 i i  j;iCic? g ~ ~ d  i - ~ ~ h ,  ' ~ i i t  is Gii i iki5~iXc:  :G ;iXpiGiieii; i;;; Lii;: ;ic;i;; 

and is thus not practical. As another simpler solution, it has been tried to do welding with 

"pulsed laser" and the results have been observed. It has been noted that the weld quality is 

improved but still the improvement is not up to the mark and that the method ends up to be 

too restrictive for the involved process parameters [78,79]. 

-- . . - .  
fiybx! !aser beams have been used in the shape ol"'iwir~ beaii~" oi. ''hybrid b e m "  [g?]. 

This method is of course more expensive with the use of either two sources or a splitting 

from the higher power source is used. At the same time the system has shown impressive 
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results while the improvement varying with different configurations. One limitation may well 

be its applications with different types of geometry and shape contours of the processed job. 

Another may well be the difference in the material properties with the involved changes in 

the cooling time for the keyhole. Our proposed method is of course an extension of the 

hybriu beam meihuci i~~voiviiig pi-eciirsor beiiiii. The iiiipi~i;~iiieiii m q   veil be ifi 

working principal of this method that a forced exit path is created for the zinc vapours, which 

is quite independent of the job geometry and many other parameters. This feature is non- 

existent in many of the proposed solutions. 

Probably a more well-known technique in this area is that of adding shims or "forced 

gap" between the sheets when welding in lap configuration. This method delivers very 
iInpressiue resulis tlie ;l:"sciiCe 3f pGi-GsiTy iii .-... !1- '?"I " " 1  : I  I.'̂ " ",.^A 

V V b l U J  L /  VJ. Y U C  1 L  UUUL) llUUU C I I I L V -  

taking pre-arrangements and becomes cumbersome on the floors due to the throughput 

requirements and practicalities [75]. 

As a comparison with this more discussed rechnique, tne value of 'g' from our model as 

given earlier is compared with this gap model giving the value of minimum gap as: 

For the purpose of analytical comparison considering the needed gap only, which is siot 
- - .  g+ iz ski 2-52 aiyr ,.-.,- r.!ztpc t;+. --- -.- 1:: tb7_rir :;;?, O Z T !  ?i-.~f.y3~c!i2(~ ?the? 3 ? ' 2 m ~ f ~ ~  and - - 
practicalities mentioned above, the values of minimum or allowable gaps for both of these 

models are compared. This comparison is now made with the varying values of involved 

parameters like welding velocity etc. Our gap value is shown in solid line and the sheet gap 

as dashed line in Figures 5.19, 5.20 and 5.2 1. 

Optical Metrology wilh Losers and Position-Sensitive Detectors 1 18 



Chapter # 5 Optical Metrology Components: Laser Beams 

Figure 5.19. Minimum slot width plotted against welding speed for both models 

L.CAVC~ gap repilcl~ieiit betil;eeii i l i ~  plstes in th; shxt-gap mode! fc: the higher speeds 

is r!nd.~rstond if it is kept in mind that exhaust in  this case in multi-directional while in our 

case it has to go up or down into the cut doi. But in higher plate-thickess case our lowe: gap 

reqgirement seems to be coming from the fact that part of the zinc coating has been taken 

care by the cutting beam, which is non-existent in the other technique. Additionally, the sheet 

gap seems quite unaffected by the variation of beam diameter as the bigger beam also gives 

bigger beam circumference for exhaust too. 
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Figure 5.20. Minimum slot width plotted against thickness of plate for both models 

Figure 5.2 1. Minimum slot width plotted against beam diameter for both models 

The major strength of our method comes in the ease and straightforwardness of the 

process and in decrease of the time required for the complete welding process and thus in the 

net saving of resources and capital, which can be demonstrated by the following straight 

forward relations: 

- - 
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Time (dual beam method) = time c~a,pi,lg + time (5-9) 

Time (sheet gap method) = time shim-placement + time clanlping + time welding (5-10) 

There53re the proposed mlutior? m2king the ma~efzrturers independent of the zinc 

coatings and he may proceed as in case of normal welding while needing lesser time. Thus 

for all possible jobs and geometries, it may be concluded that 

Time (dual beam method) < Time (sheet gap methods) (5-1 1) 

In this chapter a novel tandem-bkams method for lap welding of galvanized steel sheets 

has been presented and analyzed lnlthe t'neorelical pa& the iiiodei of the method has beci; 
I 

deveioped and similizteci. In the experimental part we have utilized a basic sei-~ip aiid \.i;~ikcd 

with actual specimens. Practical results have been, obtained and the material analysis has 

been perfmned. In spitc of :he !idatizns, we h : e  6 u n d  thzt !he a!! slot favors the 

dispersion of Zinc vapor, and total absence of zinc content has been verified in some of 

laboratory results. It is concluded that the principle stands demonstrated. Further work on this 

technique may yield more refinements in the future. Following may be the conclusions. 

1. Use of a precursor cutting beam ahead of the actual welding beam offers a promising 

practical solution for the welding of galvanized ;steel sheets in lap configuration. 

2. The solution is expected to be easier for i~n~leilientaiion on the production lines as it 
I 

should not need any pre-processing or pre-arraqging with additional components. 
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4. The experimental results are very promising showing total absence of zinc in the welds. 
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5. Selection of proper source, beam alignment (between weld and cut) and proper sheet 

clamping are important for this method in order to avoid misalignment between weld and 

the kerf. 

6.  For even better results, a shaping optic for the welding beam may be incorporated so that 
. . . . 

hs (;~GSS SCClisn 1s elliptical or, a!le:i~ative!~, 2 dual csrus Ices y.;stsrL br 2C2.3. 
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Summary 

6.1 Contents in Brief 

-- 
lhis thesis presents and anaiyzes iaser-based opiiciii rireiruiugy $ys'lcnis iisiiig posiiioii- 

sensitive detectors. For this purpose, a new diffraction strain measurement technique is 

developed, analyzed and characterized. Some research work on optical metrology 

components is also included, dealing with position-sensitive detectors and laser-beams. 

Chapter-1 gives an introduction to optical metrology and position-sensitive detectors. In 

optical metrolosy, different properties of light or electro-magnetic waves are utilized one 
. . . . .  . m, way or othe: inclilding interference, diffraction, specK!:: ma po:ar!zatlor,. inc prupcrii~, i-11 

k s e r s  iiiL<e thez verq. z::;zic:isrc f ~ ;  a numbe: ~f zetrs!zgy a=~!ic&ns ir?c!udirg 

interferometry. Semiconductor position-sensitive cietectors (FSi3s) offer very good solutions 

h r  positim measurement applications and hsvc 5cccmc a major tc3! fcr snzh ~pg!ic~tions. 

These detectors can be of different types, which are suitable for different applications. Along 

with other measurement applications of optical systems, strain measurement is very 

important one. A number of optical techniques are routinely used for this and among these 

diffractior. rnet!mds provide strain information djr,ectly and possess several other advantages. 

11 

In Chapter-2 a Multipoint Diffraction Strain Sensor using normal un-collimated laser 
I 

beams and multichannel imaging PSD is developed an3 charac:erized \vith the n c x !  feat~re 
I 

I 
of simultaneous strain measurement at multiple points. Unlike conventional interferometry 

bescd ryrtem, this sensor uses principles of d i i h d i o n  to measure strain at large number of 
I 

points. In this sensor, a high-frequency diffraction grating is illuminated by two symmetric 
I 

but divergent laser beams and the diffracted beams are sampled on a CCD camera via a 
I - .  . 

micro-lens array into an array of dots. The shift 01 the indiviuuai dots is sensed and sisaiiis or 
1 

rigid body tilt are calculated directly. This novel technique is expected to be very valuable in 
I 
I 
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numerous industrial applications. When compared with other whole-field optical strain 

measurement techniques like Moire Interferometry and ESPI, this technique has obvious 

advantages of direct approach along with a combination of good spatial resolution, sensitivity 

and accuracy. 

In chapter-3 a new and improved system Multipoint Diffraction Strain and Tilt Sensor 

has been developed based on Moire Interferometer and Multichannel imaging PSD. 

Traditional diffraction strain sensors measure single point strain only, while the developed 

system has the unique feature of simultaneous optical strain and tilt measurement at a large 

array of points. The system uses simultaneous position tracking of smaller beamlets 

diffracted differently from the different points of the component under test. Using this setup, 
---7- -! C - l l  --,- :.- ,-A 'Ir 1:- -:I, :,- ,,r p.-,. ,-.rr .. +I-n r .n rnr .n~~r ; -  !-..-.,4~: -.r.., ~ h t - , ~ ; ? ~ , ?  ir. 
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near real time, without the need for fringe processing. Furthermore, the system also has 

capability of measuring rotation and shear strain, making this a truly versatile whole-field 

strain sensing system. Simultaneous strain and tilt measurement at more than one thousand 

points is being reported. Microcomputer-based implementation of <his system is described. 

Detailed characterization and analysis of the developed system is presented along with some 

inportant development decisions. The system offers a promising c~m"vin&on of katurcz likc 

direct and near-real-time calculation of whole-field strain along with ti l t  and rotation. These 

make this technique very much promising for precision applications in mechanics and micro- 

mechanics. 

Chapter-4 presents work on position-sensitive detectors (PSDs) analyzing their usage in 

noisy industrial environment, where several other light sources also coexist. These random 

illuminations produce unpredicted effects on PSD output. Here we first describe these stray 

noises with respect to the operation of PSDs. Then we study and model how the presence of 
-1 the spurious sources modifies the response of these detectors. in: cxi;eihet:';nl r t s d ' s  

obtained while using PSDs with signal beams and noise sources are presented. The 

experimental data is compared with the results from the proposed mathematicai model and it 

is seen that measured performance is within a fraction of a percent of the calculated one. The 
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analysis of systematic errors encountered during data collection is also presented. The work 

is expected to be very useful while designing the industrial applications of PSDs. 

Chapter-5 presents work on laser beams application and analyzes their use in material 

processing. Laser welding 01 galvanized sitxl shwis in lap ~011figu~aiiu11 is the challerlgi~ig 

problem addressed in this work. For this purpose, dual laser beams method to lap weld 

galvanized steel sheets is being discussed, modeled and analyzed, involving a pre-cursor 

beam and a higher-power welding beam. The first beam cuts a slot, thus making an exit path 

for the zinc vapours, while the second beam performs the needed welding. The work also 

presents some experiments performed on the shop floor using this method and the results 

obtained from the experiments, along with the metallurgical analysis results from laboratory 

showi~~g  successsiii absenc;~ uiZi11c ill iht: w ~ l d  a lm.  

6.2 Research Contributions 

6.2.1 Novel Wholefield Tcctrniquc for PSD-bascd Diffraction Strain 8: Ti!t Sensor 

A novel whole-field strain measurement technique is developed and implemented as 

Multipoint Diffraction Strain and Tilt Sensor using Moire Interferometer and Multichannel 

PSD. All the different variations of diffraction strain sensors as developed by different 

researchers up to date measure single point .strain only, while the whole-field strain 
1.1.- - c- .. .- ~. .*- . . r -  ..-.-- -& ..-. -.A con? L--.- +I-,.:.. -...- ,.L,,.+,.....-,-,~ 
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like lengthy fringe processing and image subtraction algorithms. On the other hand, the 

developed system has the unique feature of direct and near-real-time diffraction-based strain 

and tilt measurement at a large array of point,s on the sample surface. The system uses 

simultaneous position tracking of smaller beamlets diffracted differently from different 

regions of the component surface under test. Using this setup, whole-field strain and tilt 
1. -1  . ulsin"ulluli paiieriis over ilie icmlpofisfit body ;an kc oki ined i:: zcsr rez! tir;l.e, ~.\~.?'itho~? ?he 

need for fringe processing. Furthermore, the system also has capability of measuring rotation 

and shear strain, making it a truly versatile whole-field strain sensing system. Simultaneous 
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strain and tilt measurement at more than one thousand points is being reported. Complete 

microcomputer-based implementation of this system is described. Detailed characterization 

and analysis of the developed system is presented a!ong with some important development 

decisions. 

The obvious advantage of this multipoint diffraction method compared to others is its 

direct and near-real-time approach. The strain is calculated without the need of any fringe 

processing and numerical differentiation needed for interferometry. Image subtraction for 

speckle techniques is also not needed here. At the same time it can produce map with good 

spatial resolution compared to other methods and specifically to speckle technique. This 

resolution is only bounded by the separation of the micro-lenses on the array and is also not 

hampered ai the h v r r  strain values where Ciril~u itpiui Gilig~s l i i q  degi.& s i i ~ i i  ~ c s G ~ ~ ~ T ~ G ~ I  

for fringe processing methods. The system results show good combination of sensitivity a~ld 

accuracy considering other whole-field approaches and specifically comjxred to speckle 

method where measurement quality is largely hampered by the poorer fringe visibility. Being 

a simpler approach, the total computing and storage resources needed for this method are 

going to be lesser. 

All these features make this technique suitable for precisio~? zpplicaticns in mechmics 

and micro-mechanics, while offering a considerable saving in time and equipment cost. 

Simultaneous strain measurement at more than a thousand points can be readily obteined 2r?d 

is demonstrated. This research is expected to open up a new avenue and provide a versztiie 

Inn! for the ind~istrial and structural apnlications, as a near-real-time 2-D map of strain on the 

component body may provide much clearer picture to the analysis team. 

6.2.2 Analysis of Position-Sensitive Devices Response with Stray Illumination Noise 

Applications of PSDs are diverse and widespread in the industry, including alignment, 

displaccrncil: sensing zr,d as a part zf other ana!ysis i n s t n ~ m e ~ t a t i m .  In s i ~ h  environment, 

the system laser source co-exists with different nearby light sources, coherent or otheniise, 

along with their reflections and back-scatters from various nearby surfaces. Some of the 

Optical Metrology with Lasers and Position-Sensitive Detectors 126 



systems may involve scanning or rotating laser beams too, which may have enough energy to 

effect the PSD measurements in the form of periodic pulses. 

A unique analysis of position-sensitive detectors while used in noisy industrial 

environment is presented, where several okei  liglii soaces a h  coexist and prodiice 

unpredicted effects on PSD output. Many researchers of other normal photo-sensors have 

analyzed their performance in presence of these stray noises, while this problem has many 

times been outlined in context of PSDs too. Non~theless, detailed performance analysis of 

PSDs with stray optical noises is very much needsd. For this purpose, we first describe and 

model these stray noises with respect to the operation of PSDs and then analyze the response 

of these detectors in the presence of these spurious signals. The experimental results are 

presenteu, whicn were obkiilled usillg TSSs ti-i& sigiid t e a z s  a d  fioise s=l.;:e:s. The 

experimental data is compared with the results from the proposed mathematical model and it 

is observed that the measured performaiice is w i t h  a fraction of a percent of the calculated 

one. The analysis of systematic errors encountered during data collection is also presented. 

The study is expected to be very usefill for the accurate & precise use of PSLI-based sensors 

in the industrial units like production linss, workshops and others. 

6.2.3 New Tandem Beams Technique for Laser JJ'elding of Galvanized Steel Sheets 

Laser welding of galvanized steei sheets in lap configuration is the challenging problem 

being investigated for more than two decades, originating due to the difference in the melting 

i;.giilt5 -;;.f u.rr- z+=:! -.- sz.4 ~-=iz.- Cx-!ip- dl -nl..+:n-c :v-.:.-.::..lL.- L a c -  a ; r h = ~  -.....-. inm>fF;ri~nt ..... --A ---- ---. ny fen ~~!mhe,rqnn2e to he 

realized in practice. For this purpose, a new tandem-beams technique is being discussed, 

modeled and analyzed, involving a pre-cursor beam and a higher-power welding beam. The 

first beam cuts a slot, thus making an exit path for the zinc vapours, while the second beam 

performs the needed welding. The work also presents some experiments performed on fie 

shop floor using this method and the results obtained from the experiments, along with the 
I 

mcta::urgica: analysis results from laborzt.tc:y shsv.;,?~~ C ~ I C C P S E ~ ~ ~ !  absence of Zinc in the weld 

area. At the same time, this technique is espccted to be very useful ,in workshop 

implementation and welding throughput. 
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6.3 Further Questions 

'The developed system Muitipoint Dlffraction Strain and i i i t  Sensor opens up a new 

avenue for further developments in the area of diffraction-based whole-field analysis, which 

can be brought to the point of industrial implementations with the attractive and 

unprecedented features. Specifically important are the further experimentation with imaging 

sensors with different array dimensions, lenslet sizes and pixels sizes. This is going to 

experimentally establish the dependence of different strain sensor parameters on the imaging 

sensor characteristics. Also we may come to know what may be the parameter limits of the 

technique under consideration. Better algorithms for the spot centroid detection shouid be 

tried and the results to be compared n-ith actual values. Detailed comparative study of this 

system with other whole-field tec'nniques with diverse variety of samples can aiso be 

conducted. 

In case of PSD performance with optical noises, similar analysis can be conducted with 

other types of PSDs roo. A 2-dimenrional analysis with a variety of noise sources and their 

orientations can be made with lateral-sfict PSD as well as with others. 

For tandem-beam laser n-elding tec'nnique, the approach is due to be tested with different 

test pieces and their comples geometrical shapes. The needed size of the cutting slot kerf is 

!n ". ey~rirr?p.nt?!!y ::t&!i:t..ec! 2t di\.prse vz!~es 9f snepd 91?d  late thir.hess. The c.ollectecl 

results can be compared with other approaches suggested so far. 
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Appendix A: Lab Instrumentation 

Compact Monochrome CCD Camera Reinforced 
for Mechanical Shock Tolerance 

2600 SERIES 
, High Performance RS-170 or CClR 

* ,  112" On-Chip hlicrolens Sensor 

Tha Cohu 2800 Sarirs CCD 
camera has been designed 
speci:lc&:,. :c ~ t k t x d t h c :  
eyiensiw m ~ h a n i c a l  shock and 
v~bmbon Ulst IS typrcally found 
when using crmrsized lens%, or in 
machine r k i o n  applkslbns. It *hill 
serve aqucrlly nrll in surveilbnca 
spplicslions under the same 
conditions. such as transit ve- 
hicles cr high ambient noise 
Ioxtions. 

The front casting of the 2603 
Series directly supports ths lens. -. 
i ne cbrrleru ixndy Lfei6firi.e 
absorbs all rnechaniml load of ihe 
lens and mounting apparatus. 
Th= <ir& E F ~  r!mid c t r ~ ~ d ~ ~ r ~ t  
paUl b a l w n  ~h&%&a body 
and load s~llmvs for more ilexibk 
installation optim s and increased 
rd bbilily. 

I n s  pa&age,msas~ring mly 
! .5"!H]x375"1, !x2'(v:i).yw 
get 580 horizontal line resoldion. 
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2nd C c ~ ~ c t n t i o n  
Portable 

Engineering 
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Interferometer 
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Spot-OnTM Lateral-Effect 
Detector Systems 

C m o m l  
1 hole h r t d c d  I 
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Appendix B: Output Data 

Data Files for Multi-step Curves by MDSS 

Each Data Record=[Applied-value, 
Mean-strain-x, Mean-strain-y, 
StDev-strain-x, StDev-strain-y, 
Mean-tilt-x, Mean-tilt-y, 

- - StUev-<ii<-x, ~ ~ " c i i  
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Appendix C :  Source Code 

Source Code for MDSS 

% % % % % % % % % ~ % % $ $ % S % % % ~ % % ~ % a % ~ ~ % ~ ~ i j ~ ~ % ~ ~ % h % ~ ~ ~ ~ % % ~ ~ ~ + ~ ~ ~ ~ $ ~ $ ~ $ ~ ~ < ~ ~ ~ c ~ ~ ~ ~ ; ; ; ; ; ; ; ; ; ;  
% 
% M file for multiple centroid strain calculation of repeated images 
% 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

MINYMAX = 500; 
qlobal RES; 
RES = [ I  ; 

disp(l**********+*******+******-f*f+*+**+***********+****+~) 

disp('*** Dual Beam Multiple Point Strain Sensor * * * ' )  
~ ~ g p ( ' * * * + * + * * * ~ * * * * * * f i * f * * + * * * * t + + * * t * * * + * * * * * * * * * * * * * * * * * ~  ) 

disp(' ' )  

auto = '1'; 
:f z;rgiz >= 2 

cnt = s tr2n~x(count) ; 
stri = sprintf( '%s-Rref.bng, var! : 
str3 = sprintf ('3s-Lref.bm?', var); 

= sprintf('Press any chzr for ref %s, %s alignment ... ', strl, str3): 
= i r ipLit!3tr ,  'st ! ; 
while -isempty (kin) 
input('Press Enter for right file check . . .  ' ) ;  

mcpos (strl, auto) : 
set (gcf, 'Visible', 'On'); 
input('Press Enter for left file check . . .  ' ) ;  
mcpos (str3, auto) : 
sot(gcf, 'Visible', 'Oc'l ; 
kin = input('Enter any char for alignment, none to proceed . . .  ', 's'); 

e?.d 
disp(' ' )  

4 = . crl t ,  

str2 = spr~ntf ('%s-R%a.5mp1, var, 1); 
str4 = sprintf('%s-L%d.bmp5, var, i); 
str = sprintf('Enter shift val for calc with %s, %s . . .  ' ,  str2, str4); 
disp(' I ) ;  

vin = input(str); 
RES = [RES; 0 0 0 0 0 C 0 0 01; 
RES(i, 11 = vin; 
mcstrain(aut0, strl, stZ2, str3, str4): 

input('Press Enter for plot generation ... ' 1 ;  
else 

kin = input ('Enter any char for alignment, none to proceed . . . ' ,  Is'): 
while -isempty (kin) 

, .-... , , -  - - - -  - -An . .  4-.. r i i puc i  r l c a a  Y I i L c L  L V L  ?.~f-?..h!?F C ~ P C ~  . . . ' !  : 
mcpos('Ref-R.bmpl, auto); 
set (gcf, 'Visible', ' 0 ~ ' )  ; 
input('Press Enter for 3ef-L.bmp check . . .  ' 1 ;  
mcpos ('Ref-L.brnpl, auto) ; 
set(gcf, 'Visible', 'Or.'); 
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kin = input('Enter any char for alignment, none to procee5 ... ' ,  '5'); 
end 
disp(' ' )  

cnt = 0; 
talc, 237.2 ts e r d  . . . ' !  ; viti = input('Enter shift Val o r  a n u ,  for s C - - ' -  

while -isempty(vin) 
RES = [RES; 0 0 0 0 0 0 0 0 01; 
cnt = cnt + 1: 
3:c I P l l +  1) = .,< n .  *.-., \ -  ..-, "&.A, 

input('Press Enter for calc with Str-R.bmp, Str-L.bmp ... ' ) ;  

mcstrain (auto) ; 
set(gcf, 'Visible', 'On'); 
vin = input('Enter shift val or a num for strain calc, nr.2 to end . . .  I ) ;  

end 
en!. 

if nargin -= 0 & 6  -isempty(RES) 
RES = sortrows(RES); 
xdiff = abs(RES(1,l)) / 2; 
if size(RES, 1) > 1 

xdiff = min(RES(2,l)-RESLl,l), R E S ( ~ ~ ~ ~ ( R E S , ~ ) , ~ ) - R E S ( S ~ ~ S ~ ~ . E S , ~ ) - ~ , ~ I  1 ;  
end 
if nargin >= 4 

com = sprintf ( ' - (%s) ' ,  comment) ; 
L. > ea ---- 

corn = "; 
end 
xstr = sprintf ('%s (%s)%sl, var, unit, corn); 

figure; 
plot !?ES! :,I), 4ES ( :, 7: , ' - k A '  , 'L ineF id th '  , 2 ,  . . . 

'MarkerEdgeColorl,'k', 'MarkerFaceColor','k', 'NarkerSirr',4); 
p a x  = max(max(RES(:,7))+rnean(RES(:,9)), abs(min(RZS(:,7))-me%:.(RES(:,9)))); 
.,--., = max (i. 25 - ymax, M I c i Y ~ X j  ; 
axis ( [RES(~, 1)-xdiff, RES(size(RES, l), l)+xdiff, -l-ymax, ymex: ; 
xlabel (xstr) ; 
ylabel( 'Mean Y-Tilt ( w /  St Dev) (uR) ' )  ; 
str = sprintf('P1ot of Measured Y-Tilt vs %s', var); 
title ( s C r )  ; 
set (gca, ' YMinorTick' , 'on' ) ; 
hold on 
for i = 1 : size(RES,l), 

indvec = [RES(i,l) RES(i,l) I ;  
sdvec = [~Es(i,7)-RES(i,9) RES(i,7)+RES(i,9)1; 
plot (indvec, sdvec, 

end 
set (gcf, 'position', ge 
scr = sprincf('%s-YTiic 
hgsave (str) ; 

(gcf, 'position') + [-200 -200 -100 -I:?::; 
, var) ; 

'-kd', 'LineWidtk1,2, ... 
k', 'MarkerFaceColor', 'kg, 'MarkerSizr1,4); 
+mean (RES! :, 5 )  ) , abs (min (RZS! :, 3 )  ) -rne~z(,RES ! 

p a x  = max(1.25 ymax, MINYMAX): 
axis ( [RES (1,l) -xdiff, RES (size (RES, 1) ,l) txdiff, -lZymax, pax: ! : 
xlabel (xstr) ; 
ylabel ('Mean Rotation (w/ St Dev of Variations) (LIZ) ' ) ;  

str - spri.ntf ('Plot of ?leas!:red Y-Strsir.!P.ctstic?. v z  % s t .  v?r.; 
% ylabel( 'Mean Y-Strain (w/ St Dev of Variations) (u?.) ' I  ; 
% str = sprintf('P1ot of Measured Shear Strain vs %s', var); 

title (str); 
set(gca, 'YMinorTick', 'on'); 
hold on 
far i = 1 : slze(RES, 11, 

indvec = [RES(i, 1) RES(i, I)]; 
sdvec = [RES(i,3)-RES(i,5) RES(i,3) +RES(i,5) 1; 
plot(indvec, sdvec, ':kt'); 

end 
set (gcf, 'position', get (gcf, 'position') + 1-200 100 -100 -1111) ; 
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str = sprintf ('%s-Rot', var) ; 
hgsave (str) ; 

figure; 
plot(RES(:,l), RES(:,6),'-k"', 'LineXidth1,2, . . .  

'MarkerEdgeColorl, ' Y ,  'P:arkerFaceCo:oz', ' k ' ,  'XarkerSi~e' , 4 )  ; . 
p a x  = max(max(RES(:,6))tmean(RES(:,8)), abs(~r(=~(:,6))-rnean(~~S(:,8)))); 
p a x  = max(1.25 + ymax, MINYMAX); 
axis([RES(l,l)-xdiff, ~~s(size(RES,l),l)+xdiff, -l'ymax, pax] ) ;  

x l ~ b e i  ix3t:t ; 
ylabel( 'Mean X-Tilt (w/ St Dev) (uR) ' ) ;  

str = sprintf('P1ot of Measured X-Tilt vs % s ' ,  -:%:I; 
title (str); 
set (gca, 'YMinorTick', 'on' 1 ; 
hold on 
p n r  --- i = 1 : s i z e  (RES. 1) 

indvec = [RES(i,l) RES(i,ll]; 
sdvec = [RES(i,6)-RES(i,8) RES(i, 6)tRES(i,: :; 
plot (indvec, sdvec, ' :kt' ) ; 

end 
set (gcf, 'position', get (gcf, 'posi~ion') + [l;: -200 -100 -1001) ; 
str = sprintffl%s-XTilt', var) ; 
hgsave (str); 

figure; 
plst (RLS( : ,  I ; ,  ?\E:!: , ? > ,  , - p z s ,  l : . ~ ~ . ~ ~ ; . ~ : ~ : m ,  7,  

'MarkerEdgeColort , ' k '  , 'MarkerFaceColor' , 5:' , 'Markersize', 4) ; 
ymax = rnax(max(RES(:,2))tmean(RES(:,r)), abs(rri:.,:<S(:,2))-rnean(RES(:,4)))); 
ymax = max (1.25 * ymax, MINYMAX) ; 
axis([~~S(l,l)-xdiff, RES(size(RES,l),l)+xdiffr -1-}max, p . 2 ~ 1 ) ;  

xlabel (xstr); 
ylabe:: 'Menr. Str;i~ :as) " I I * 

ylabel ( 'Mean Strain (w/ St Dev) (cS) ' ) ; 
ylabel ('Mean Strain (w/ St Dev of Variations) -5) ' ) ; - .  
str = sprintf('P1ot of masurea X-E:rsin vs 2 :  , .= r i ;  
ylabel('Mean Y-Strain ( w /  St Dev of Variatiors .uR) ' ) ;  

str = sprintf('P1ot of Measured V-32ms Strai: -.-s %s', var); 
title (str) ; 
set(gca, 'YMinorTick', 'on'); 
hold on 
for i = 1 : size(RES,l), 

indvec = [RES(i,l) RES(i,l)]; 
sdvec = (RES(i,2)-RES(i,4) RES(l,Z)tRES(i,l :; 
plot (indvec, sdvec, ' :kt' ) ; 

end 
set (gcf, 'position', get (gcf, 'position') t [l:I LOO -100 -1001 ) ; 
str = sprintf ( '%s-XStr', var) ; 
hgsave (str) ; 

str = sprintf ('%s.dat', var); 
save(str, IRES', '-ASCII1); 

clear global RES; 
2 i s p { '  ' )  

disp ('Goodbye') ; 
disp(' ' )  
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% % % % % % % % % % % % % % S % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %  
% 
% M file for multiple centroid strain calculation using centroid function 
% 
% % % % % % % % % % % % % % S S S % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %  

function mcstrain(auto,rightl,right2,leftl,left2, . . .  
segx, segy, flen, pxlen,pylen,inang, thsd, show, ad] t) 

X,;-.pJ.:LT - 1 . 2 ;  

YCORMLT = 1.0; 
SIGNMLT = -1.0; 
%XCORMLT = 1 .2; 
%YCORMLT = 1.85; 
%SIGNMLT = 1.0; 
r-leh~' D C C .  -..I- ..--, 

if nargin == 0 1 1  (nargin -= 0 & &  auto -= '1') 
auto = 0; 

end 

if auto -= '1' s& narqin < 5 
rig'nti = innut ('Name of Right reference image file? ', 's'i; 
right2 = input('Name of Right strained image file (same size)? ' ,  's'); 
left1 = input('Name of Left reference image file? ' ,  's'); 
: - = & ?  - < -  -... & > 3 X ,  -r,c 2t LCft e + , . z ; n f i p !  <",zr,= =::= ! ==>= e : 7 = ! ,  0 8 - 8 , .  -..p--, ..u.. , - - - - - \ - . . - . . - - - - - , , z : :  

end 
if (auto == '1' & &  nargin < 5) 1 1  isempty(right1) 

right1 = 'Eof-R.bmpl; 
end 
if (auto == '1' s &  nargin < 5) 1 1  isempcy(rignc2) 

rig"' - "-.- " "--'. 
L i L i  - . -- . " . -::,t' , 

end 
if (auto == '1' & &  nargin < 5) 1 1  isempty(left1) 

left; = '%?-L.bii ip';  
end 
if (auto == '1' 5 h  nargin < 5) 1 1  isempty(left2) 

left2 = 'Scr-L.bmpt; 
er.d 
6diSpi' ' ) 

if auto -= '1' 5 s  nargin < 14 
segx = inpur('Number of horizontal image segments? I ) ;  

segy = inpuz('Number of vertical image segments? ' 1 ;  
flen = inpu:('Focal length of lens array? ' ) ;  
pxlen = inpct('X-direction size of a pixel? ' ) ;  

pylen = in;::('Y-direction size of a pixel? ' I ;  
inang = inpct('incidnet beam angle (alpha) ? ' ) ;  
thsd = inpcz('Thresho1a tor backgrouna eiiminacion? ' ,  ' s ' j ;  
show = inp7;:('Show images and calculations? ' ,  '5'); 
adjt = inpcr('1gnore the bottom rows of image? ' ,  's'l; 

- .- -, - , , L A  

if auto == '1' I /  isempty(segx) 
% sezx = 42.427: 

segx = 42.78; 
% segx=43.15; 
% segx = 42.6; 
end 
i f  ;:;+,-, --= ' ' - -  _ i is?~pty {ac~y.! 
% segy = 38.528; 

segy = 39.22: 
end 
if auto == '1' I I  isempty(flen1 

flen = 8190; 
....A 
-AA.. 

if auto == '1' I I  isempty(px1en) 
pxlen = 8.4; 

end 
if auto == '1' I1 isempty(py1en) 

pylen = 9.S: 
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end 
if zuto == '1' ( ( isempty (inang) 
% inang = 0.96; 

inang = 0.86; 
end 
if zuto == '1' I !  isempty(thsd) 

thsd = '1'; 
end 
if == 1 11 I I isempty ishow) 

chow = ' \ { I ;  

end 
if exto == ' 1' 1 1 isempty(adjt1 

zdjt = 'y'; 
end 
disp(' ' )  

if :5sd == '1' I I thsd == 'g' 
athvall = 0; 
xthval2 = 0; 
gic2 = imread (right1 ) : 
finf = imfinfo(right1); 
jpp = finf.BitDepth; 
=hvdil = [r-bppj/z, 
If thsd == 'g' 

thvall = (thvall + mean(mean(double(pic2)))) / 2; 
mthvall = thvall; 
pic = pic2 > thva 

alse 
pic = pic2; 

end 

3 i ~ 2  = imread(riaht21; 
:inf = imfinfo(rign~ij 
bpp = finf.BitDepth; 
-,-..-, 9 
_ L L I Y A L  - ! ? h b ~ ~ :  !7: 
:f thsd == ' a '  

tnval2 = (thvdl2 i ruean (mean idouble ipi~2i i i ) ,' 2 ;  
mthval2 = thval2; 
picl = pic2 > thval2; 

- 7  - -  
=L>c 

picl = pic2; 
end 

else 
3ic = imread(right1); 
3icl = imread(right2); 

end 

 ma:.:^, maxx] = size (pic) ; 
sub:.: = n;xx/segx: 
suby = maxy/segy; 
xml: = pxlen; ,"-,,- - ..,,, ,.". . I. - - -- -. - + . . , 
fdi- = 2 * flen; 
if r i j t  == 'y' I I adjt =='Y' 

segy = segy - 7; 
end 
segaI = fix (segx) ; 
seg-l = fix(segy); 

if E:~OW == 'v' I )  show == 'Y' 
str = sprintf ('RL image files = %s, as', righcl, rigncZj; 
disp(str) 
str = sprintf('Lt image files = %s, %s', leftl, left2); 
disp (str) 
str = sprintf('1mage size = %6.2f x %6.2f1, maxx, maxy); 
dispistrj 
str = sprintf('No of segments = %6.2f x %6.2f, Seg size = %6.2f x S5.2f1, segx, segy, 

subs, suby); 
disp (str) 
str = sprintf('X/Y multiples = %6.2f x %6.2f, Flen div = %dl, xmlt, pit, fdiv): 
disp (str) 

Opticnl Metrology with Lasers and Position-Sensitive Detectors C-5 



Appendix C Source Code 

str = sprintf ('Alpha = %6.2f, Sin(a) = %6.2f, Cos (a) = %6.2f1, inang, sin(inang), 
cos ( inang) ) ; 

disp(str) 
end 

lthval = 0; 
shftx = 
shfty = 
blnkl = 
blnk2 = 
for i = 

for 

end 
end 

if show 

zeros (segyl, segxl) : 
zeros (segyl, segxl) ; 
0; 
0 ; 
0 : segyl-1 
j = 0:segxl-1 
il = iil; 
jl = jil; 
if thsd == '1' 

subpic2 = pic (round (i*suby+l) :round !il*suby) , round ( j  *subir+l) :round (jl*subx) ; ; 
lthval = mean(mean(double(subpic2) )); 

lthval = (thvall + 3*mean (mean (double (subpic2) ) ) ) / 4; 
lthval = 3*max(max(double(subpic2)) ) / 4 ;  

mthvall = mthvall + lthval; 
subpic = subpic2 > lthval; 

else 
s,lbpic - pic(rsun~(i-s.dby+~j :rour,c;;i~':s.;.jr;, ;uui;;ij'su>x-': -, :L.;u.^.i;(2: A *;,.:,-:: . , . .U'., ,  , ,, 

end 
[cenx, ceny, bkl = centroid(subpic); 
if bk == J. 

blnkl = blnkl + 1; 
end 

if thsd == '1' 
subpic2 = pic1 !r~u.~d!i*suh:r;l) :round (il*suby!, rollnd !j*subx+l! :round (jl*subxI ) ; 
lthval = mean (mean (double !snjpic2) ) ) ; 
itnvai = (thvai2 -. 3*niea1i i m s m  id~uble<subpic2) ; ; ; ,' 4; 
lthval = 3*max (max (double (scSpic2) ) ) /*: 

n t k 2 1 9  - cthv-12 + Itbvzl: 
subpicl = subpic2 > lthval; 

else 
subpicl = picl(round(i*suby~l):round(ilfsuby), round(j*scbx+l) :round(jl*subx)); 

end 
[cenx l ,  ceiiy:, bkl] = zentraid fs:S~ic?! ; 
if bki == 1 

blnk2 = blnk2 + 1; 
end 
if thsd -= '1' 1 i (bk -= 1 & &  bkl -= 1) 

shftx(i1, jl) = xmlt * (cenxl-cenx); 
shfty(i1, jl) = ymlt * (cenyl-ceny); 

ecd 
if i == 0 & &  j ==O 

s..b,l , ,,,, ,-.+ t ,,, -4 1,3), sut.ir?.-ge !s-l?plc! 
subplot (3,4,4), subimage (subpicl) 

end 
r c  ; -, Fivlrnn,rl / 7 >  5 6  j == f i y [ q n ~ y l  17) -- - ----.---,-. - .  

subplot (3,4,7), subimage (sc+ic) 
subplot (3,4,8), subimage (scb3icl) 

end 

% subploti2. 4,3) . subimage (pic) 
% subplor (2,4,7), subimage (picl) 
% subplot (2,4,4), subimage (subpic) 
% subplot (2,4,8) , subimage (subpicl) 

subplot(3,4,11), subimage(subpic) 
subplot (3,4,12) , subimage (subpicl) 

end 

if thsd == '1' 1 1  thsd == 'g' 
mthval3 = 0; 
mthval4 = 0; 
pic2 = imread(left1); 
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finf = imfinfo(left1); 
bpp = finf .BitDepth; 
thval3 = (2^bpp) /2; 
if thsd == 'g' 

thval3 = (thval3 + rnean( rnean(doub le (p ic2) )  ) )  / 2; 
rnthval3 = thval3; 
pic = pic2 > thval3; 

else 
pic = pic2; 

.-,..A 
L A . -  

pic2 = imread (left2) ; 
finf = irnfinfo(left2) ; 
bpp = finf .BitDepth; 
thval4 = (2^bpp)/2; 
i f  t h c d  == '5' - - - - . - - 

thval4 = (thval4 + mean (mean (double (pic2) ) ) ) / 2; 
mthval4 = thval4; 
picl = pic2 > thval4; 

else 
picl = pic2; 

end 
else 

pic = inread (left 1) ; 
picl = irnread(left2); 

<. .. ,: ...... 

shftxl = zeros(secy1, segxl); 
shftyl = zeros (secpl, segxl) ; 
strnx = zeros(segy1, segxl); 
strny = zeros(seqy1, segxl); 
- 4  ,L.. - ,.... 
, ; , ; A  * . _ L . I I  \C.CcjyI, s q x 1 :  ; 
tilty = zeros(segy1, segxl); 
blnk3 = 0; 
=In#< = u ;  
skip = segxl * segyl; 
for i = 0:segyl-1 

for j = 0:segxl-1 
il = i+i; 
ji = j + L ;  
if thsd == '1' 

subpic2 = pic(round(i*suby+l):round(iltsuby), round(j*subx+l):round(jl*subx)l: 
lthvzl = mean(mean(double(subpic2) 1 ) ;  
lthval = (thval3 + 3*mean (mean (double (subpic2) ) ) ) / 4; 
lthvzl = 3*max(max(double(subpic2)) )/4; 

mthval3 = rnthval3 + lthval; 
subpic = subpic2 > ithval; 

else 
suoplc = pic~round~~'suby+i):round(iixsuby), round[j7su~x+l):round(~17subx~ I ;  

end 
[cenx, ceny, bk] = centroid (subpic) ; 
. ?  . .  . .  ..- -- . -- - 

blnk3 = blnk3 + 1; 
end 

if thsd == '1' 
subpic? = picl(round(i*suby+l):round(il*suby), round(j*subx+l):round( 
lthval = mean (mean (double (subpic2) ) ) ; 

lthval = (thval4 + 3*mean(mean(double(subpic2) 1 ) )  / 4; 
?+,...'? - ? *  ...-" 'm7.. 

. L , L v G -  - .  , ,. ,. (5c! . ihlc (s!:h?<.c?) ! .! / 4 :  
mthvalr = rnthval4 + lthval; 
subpicl = subpic2 > lthval; 

else 
subpicl = picl(round(i*suby+l):round(il*suby), round(jfsubx+l):round( 

end 
[cenxl, ce?yl, 6411 = ccntroid !sub?icl! ; 
if bkl == 1 

blnk4 = blnk4 + 1; 
end 
if thsd -= '1' I I (bk -= 1 & &  bkl -= 1) 

shftxl(i1, j 1) = xmlt * (cenxl-cenx) ; 
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shftyl(i1, jl) = ymlt (cenyl-ceny) ; 
if thsd -= '1' I I (shftx(i1, jl) -= 0 & &  shfty(i1, jl) -= 0) 

stmx(i1, jl) = SIGNMLT * 1000000 * XCO3NLT * (s5:txliil, jl)-shftx(F1, jl)) / 
fdiv / sin(inang1; 

strny(i1,jl) = SIGNMLT * 1000000 * YCOMLT * (skftyl(i1, j1)-shfty(i1,jl)) / 
f div / sin (inam) ; 

tiltx(i1, jl) = 1000000 * XCODlLT * (stftxl 
(ltcos (inang) ) ; 

tilty(i1,jll = 1000000 YCORMLT * (stztyl 
!-+in- " - - >  
s : - --a ; A I & c - - ~ )  ) ; 

skip = skip - I; 
end 

end 
if i == 0 & &  j ==O 

subplot (3,4,1), subimage (subpic) 
s ~ ~ h p l n t  ( 3 :  4: :!! I suhirna~e ( s ~ ~ h p j  r 1  ! 

end 
if i == fix(segyl/2) h h  j == fix(segxl/2) 

subplot (3,4,5), subimage (subpic) 
subplot ( 3 , 4 , € )  , subinage (subpicl) 

% s = size(RES,l); 
% RES(s,lO) = strnx(i1, jl); 

end 
end 

end 

(11, jl)tshftx(il,jl)) / fdiv / 

(il, jl)+shfty (il, jl) ) / fdiv / 

if show == 'y' I I show = 'Y' 
% subplot (2,4,2), subimage(pic) 
% subplot (2,4,6), subimage (picl) 
% subplot (2,4, I), subimage (subpic) 
% subplot (2,4,5), subimage isubpici j 

errh-,ln+ 17 A a \  cuhimann I c r r h n i r l  - - - - - - , - , - , - , , - . - -, 
subplot (3,4,10), subimaqe (subpicl) 
set (gcf, 'position', gef(gcf,- 'position') + 1-100 -200 200 5 S j  ) - .  zlgure 

end 

if thsd == '1' I I  thsd == 'g' 
if thsd == '1' 

mthvall = mthvall / (segxl ' sejyl); 
mthval2 = mthval2 / (segxl * segyl); 
mthval3 = mthval3 / (segxl * segyl); 
mthval4 = mthval4 / (segxl * segyl); 

end 
if show == 'y' 1 1  show == 'Y' 

str = sprintf('Rt images blanks = %d, %d, Thrssholds = +:.2f ,  %6.2fP, blnkl, blnk2, 
mthvall, rnthvali) ; 

disp(str) 
str = sprintf 

mthval3, mthval4) ; 
disp(str) 
<:... z spcir:.: - -- 
disp (str) 

end 
end 

ilLt images bianks = i d ,  id, Shr%sholus = +E.Zf, %6.2f:, bink3, pink<, 

if thsd -= '1' 
mx = mean(mean(shftx) ) ; 
my = mean (mean(shfty) ) ; 
sx = std(std(shftn) ) ;  

sy = std(std(shfty)); 
mxl = mean(mean(shftx1) ) ; 
my1 = mean(mean(shfty1) ) ;  

5x1 = std(std(shftx1)); 
syl = std(std(shfty1) ) ; 
meanx = mean!mean(strnx!); 
meany = mean(mean(strny) ) ;  

stdx = std(std(strnx) ) ; 
stdy = std(std(strny1 ) ;  

tmx = mean(mean(ti1tx) ) ; 
tmy = mean(mean(ti1ty)) ; 
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tsx = std(std(ti1tx)); 
tsy = std(std(ti1ty) ) ;  

else 
mx = nzmean(shftx) ; 
my = nzmean(shfty); 
sx = nzstd(shftx); 
sy = nzstd(shfty); 
mxl = nzrnean(shftx1) ; 
my1 = nzmean(shfty1); 

= nzstc;(3h='..' t 
L C h L ,  ; 

syl = nzstd(shfty1) ; 
meanx = nzmean(strnx); 
meany = nzrnean (strny) : 
stdx = nzstd (strnx) ; 
stdy = nzstd(strny) ; 
+-.. - . n:ncm (tilt::) ; 
tmy = nzrnean(ti1ty); 
tsx = nzstd(ti1tx); 
tsy = nzstd(ti1ty); 

end 

mcdx = lmax fsumfstrnx) ) - minlsurnlstrx) ) ) / se:yL; 
mrdx = (rnax(sum(strnx,2)) - min(sum(s:rnx,2))] / segxi; 
mcdy = (max (sum(strny) ) - min(sum(stz?.yl ) / sejy1; 
mrdy = (max(sum(strny,2)) - min(sum(s:rny, 2))) / ssgxl; 
Lstgy: = ciil(se~y1 ,' 2;; 
hsegxl = ceil(segx1 / 2); 
actx = mean(mean(strnx ( : ,  segxl-hsegx1-1:segxl) ! - mean(mean (strnx ( : ,  1 :hsegxl) ) ; 

artx = mean(mean(strnx(segy1-hsegyl+i:segyl, : ) , f ) :  - mean(mean (strnx(l:hsegyl, : ),2) ; 
acty = mean(mean(strny(:,segxl-hsegxl-l:segxlii - mean(meen(strny(:,l:hsegxll)); 
arty = mean(mean(strny(segyl-hsegyli1:~ec~yl, : ) ,  - mean(mean(strny(l:hsegyl, : ) .  2 )  1 ;  

Ostr = sprintf('%d %d %d, %d %d %dl, segxl, seg:,:l-hsegxltl, hsegxl, segyl, segyl-hsegyltl, 
hsegyl) ; 
^adisp (str) 
str = sprintf('Mean x-strain = %8.2•’ .:5, St as-.- cf x-strain = %8.2•’ US', meanx, stdx;; 
disp(str) 
str = sprintf('Mean y-strain = %8.2f 3, St da-.- :f y-strain = %8.2f US', meany, std?): 
dFsp(str! 

if show == 'y' I 1  show == 'Y' 
disp(' ' )  

str = sprintf('Max x-st: h-ripple = %8.2f .:S, Max x-str v-ripple = $8.21 US', mcdx, 
mrdx) ; 

disp (str) 
str = sprintf('~ax y-str h-ri;?le = 68.25 25, Max y-str v-ripple = %8.2f US', mcdy, 

ixdy) ; 
disp (str) 
str = sprintf('Appr x-str h-tilt = %8.2: us, Appr x-str v-tilt = % 8 . 2 f  US', actx, 

artx) ; 
disp(str1 
5.i- - jpr'- -- . . - 

L ' l C L  I r,pyL j i -SCL ;.-t:-; - . . 
n u . - -  -", nyy-  d L L  " 

- - -  . .  ".. .- .,--- .. --- -.~-. . -  - -- ,- ... . .--.. 
-I .&- -I : --- I I 

arty); 
disp(str) 
disp(' ' I  

str = sprintf( 
disp (str) 
str = sprintf ( 
disp(str) 
str = sprintf; 
disp(str) 
str = sprintf( 
disp(str) 
str = sprintf ( 
disp (str) 

'Mean x-tilt = S7.2f uR, S: dev = 87.2f uR', t m ,  tsx 

'Mean y-trlt = ;7.2f uR, Sr  dev = %7.2f uR', tmy, tsy 

I .  &an _ Kt :.:-5p:Fft = i - 7 . 2 f  u?,, 5 :  ?.el: = 47.2f; an ' ,  mx, sx): 

'Mean Rt y-shift = i7.2f um, S z  dev = %7.2f urn', my, sy); 

'Mean Lt x-shift = -7.2f um, %z dev = 67.2f urn', mxl, sxl 

str - spri:.tf ( 'E (~a3  L t  y - s h i f t  = f 7 . 2 f  2-,, 5 :  ds~: = '17.2f ,-\s?.', m ; r l ,  5 ; ~ : )  : 
disp (str) 

else 
if thsd == '1' I I thsd == 'g' 

str = sprintf ('Max xy ripple = 47.2f, i i . 2 :  U S ,  blank = %d, skip = %dl, mcdx, nrdy, 
blnkltblnk2+blnk3+blnk4, skip); 
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else 
str = sprintf('Max xy ripple = %7.2f,%7.2f US, No thresholding\n0, mcdx, mrdy); 

end 
disp (strl 
str = sprintf ('Mean Rt shift = %7.2f,%7.2f urn, Lt shift = %7.Zf,%7.2f um\nl, mx, my, 

- mx!, m y l ) ;  
disp(str) 

end 

if -isfnpty ( R E S )  
i = size (RES, 1) ; 
ES(i,2) = meanx; 
ES(i,3) = meany; 
ES(i,4) = stdx; 
?SS(i,5) = stdy; 
XESli.6) = trnx; 
ES(i,71 = tmy; 
ES(i,8) = tsx; 
.ES(i, 9) = tsy; 

end 

%subsy = max (subx, suby) ; 
kzna:; = e e i l  (subxy i 2 )  ; 
%zmin = floor(-1 * subxy / 2); 
%zmax = pxlen * subx 1000000 / fdiv: 
g - m j r  - - ?  * - . r . ? ~ n  * s~:hr  * l!lP!?W!? / f - l i .~ :  
maxxy = max(XCOF+rLT*xrnlt*subx, YCORMLTtymlt*suby); 
%zmzx = maxxy * 1000000 / fdiv; 
'azmir. = -1 * maxxy * 1000000 / Ediv: 
zmzx = maxxy 1000000 / fdiv / 2; 
zmin = -i * maxxy * lOOOOGO 1 fdiv i 2: 
suh~lnt (1; 7;  1) ; s ~ r f  (strnn; 'ednecnlor', 'nnnel ! 
coloraap hsv 
%liq?.t 
~c:~~;~giii- &-&L+L, xyl , ; ; r iy  &s:+y 

shading interp 
axis ~j 
%axis equal 
axis square 

. . axis! i?,segxl, L,secyI, x i n ,  zmax, z2.i.12, z : ~ : . : ; ;  
vie:<(-15,25) 
xlaSel('Horizonta1') 
ylaSel('Vertica1') 
zlabel('Strain (US) ' )  
title('X-STRAIN MAP') 
colorbar 

subplot:?,2,2), surf(strny,'edgecolor','none') 
%subplat (I,?, 2j, Surf itlltx, ' r d g ~ ~ o i o ~ ' ,  'nna' i 
colo-nap hsv 
%ligt: 
%,:<EL i?>;? !-!?a$; .: e:h,+. ; 5:-:.k k :  c,7 z:-,.-.r:.: .' 
shading interp 
axis ij 
%axis equal 
axis square 
axis([l, segxl, 1, segyl, zmin, zmax, zmin, zmax] ) 
view(-15.25) 
xlabel('Horizontall) 
ylabel ! ' v e r t i c a l '  ! 
zlabel('Strain (US) ' )  
title('Y-STMIN/ROTATION MAP') 
%zlaSel ( 'Tilt (uR) ' ) 
%title ['X-Tilt MAP' ) 
colorjar 

%set(gcf, 'position', [l 31 1280 91811) 
% cerx 
% ceny 
% pic1 = logical(pic); 
% i-show(pic, [ I  ) ; pixval on 
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% i rnage(pic)  
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% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % 3 % % %  
% 
% M file for centroid calculation 
% 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
$ Function for centroid of a segrnont 
function [meanx,meany, blnk] = centroid (pic) 
[x ,  y, z] = size (pic) ; 
if(z==l) 

else 
pic = rgbZgray(pic); 

end 

im = pic; 
Irows.colsl = size(im) ; 
x = ones(rows, l)*[l:cols]; 
y = (1:rowsl '*ones(l,cols); 

area = sum(sm(im) ) : 
if area -= 0 

meanx = sum(sum(double(im) .*x))/area; 
m a n y  = sum(surn(cocSle(im) ."y))/area; 
blnk = 0; 

else 
meanv = ccls/2: 
meany = rows/2; 
blnk = 1; 

end 

function mean = nzrnean(a) 
rn = 0; 
i n .  
L.2 - U , 
for i=l:size(a, l), 

for j=l:size ia,2), 
if a(i,j) -= 0 

m = m t a(i,j); 
elst. 

b = b t l ;  
end 

end 
end 
mean = m / (size(a,l)*size(a,2) - b); 

funatisn st< - nzstd;a; 
s = 0; 
b = 0; 
- 9 - - - --- -- , - ,  . ,. . - ., , . . , ,  .. . . .+..., . 
for i=l:size (a, 1) , 

for j=l:size(a,2), 
if a(i,jl -= 0 

s = s + al(i,j)*al( 
else 

b = b t l ;  
end 

end 
end 
std = sqrt(s / (size(a,l)*size(, 
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Abstract. A Multipoint Diffraction Strain Sensor (MISS) with the novel feature of simultaneous 
strain measurement at multiple points is characterized. Unlike conventional interferometry based 
systems, this patented sensor uses principles of diffraction to directly measure strain at large 
number of points. In this sensor, a high-frequency diffraction grating is illuminated by two 
syinii~eisic iasel b e a m  iii~d ilie diffrxied beam zie saixplcd .c.n fi CCD czmern vir  r micro-!ens 
array into an array of dots. The shift of the individual dots is sensed and strains or rigid body tilt are 
calculated directly. This novel technique is expected to be very valuable in numerous industrial 
applications. 

Introduction 

Qptica! methods are widely ~ppliec! for the strak meamement in material and components. 
Interference has been widely used as a method for precision deformation measurement. However, 
there is z need t3 anz!yse r: fricge p a k m  bdcre ~ e f i ~ !  I.n.fcrm?tinn such a strains c,an he nhtained 
Diffraction based methods provide a means to dirzctly measure strain measurement niithout the 
need for time-consuming fringe analysis and interpretation. Bell [ I ]  first proposed diffraction 
grating-based strain gauge and since then many different innovations have been proposed [2,3]. 
Asundi et a1 [4,5] first proposed the use of a nigh-frequency diffraction grating d o n g  with a 
Position Sensing Detector (PSD) to provide a novel alternative to the conventional electrical 
resistance strain gauges with the same characteristics and direct read-out of strain components. All 
the above strain sensors including the electrical resistance strain gauge, are point-wise measuring 
systems. Now, a new patented [6] system has been developed which extends the earlier point 
diffraction strain sensors to a Multipoint Diffraction Strain Sensor (MISS). In this paper, the 
chsrzcteristics and specificaticns of MISS are explored. To our knowledge, such multipoint optical 
strain measurement feature has never been reported in earlier works. 

Theory I 
The Multipoint Diffraction Strain sensot (MISS) using e high-frequency diffraction grating along 
with a micro-lens array based CCD detector. A reflective diffraction grating is bonded to the surface 

I 
of the specimen and follows the deformation of the underlying specimen. The grating is illuminated 

I 
by two symmetric monochromatic laser beams at a prescribed angle such that the first order 

I diffracted beams emerge normal to the specimen surface. Tne micro-iens array sa~~ipies  eac i~  ol'itlis 
incident beams and focuses them as spo)s onto the CCD. When the specimen is deformed, tilted or 
rotated, the diffracted wavefronts emeruing from the specimen are distorted and hence the spots 

la shift accordingly. Figure 1 shows the simulated spot pattern for a 4x4 array of micro-lenses for one 
of tile b e a m  wlien the specimen is iliihaincd, uadergos unifcrm strzin snd noz-uzifcrm strah. 

I The symmetric beam incident from other direction gives a similar array of spot patterns. Strains at 
l 

each spot location which corresponds to a snlall area of the specimen can then be readily deduced 
I from the shift of the spots as describe! below. Without loss of generality, spots shifts along one 

direction are used in this derivation. 

All rights reserved. No part of contents of this pa er may be reproduced or transmitted in any form or by any means without the 
written permission of the publisher: Trans Tech 8ublica~ons Ltd. Swi&erland, www.tlo.net. (ID: 84.74.51.243-10/01107.11:24:47) 
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Lens 
an a y  

Fig. 1:  Multipoint Diffraction Sensor principle 

. -. 
Starting from tne I\-eii-known diEraciion equaiiorl, iiic cilaligc 111 i i~ff~i i~i l i ) i i  4iigic iiilieii i l i ~  

specimen is subject to strain, cx and but-of plane tilt, Acp can be deduced. Hence the corresponding 
shift, Ax, of a typical spot on the CCD plane can be related to the strain and tilt as 

K,LK 1 

7f = 
+E, f sin u + ~ @ ( l  + cosa) ,  

where f is focal length of each micro-lens, u is the angle of incidence and Kt is a multiplication 
factor which is 1 if the nvo beams are collimated and the subscripts 1 and 2 refer to the two incident 
beams. Solving these nvo equations gives 

The two incident beams thus enable us to separately compute the strains and the rigid body tilts 
of the specimen. 

System Construction 

The MISS system is a compact, simple and versatile. The current system uses a 112" CCD camera 
with a 44 x 33 micro-lens array. Each micro-lens has a diameter of 144 pm and a focal length of 
8.!W rnm. The specln?en grating is a 1200 lineslmm reflective diffraction grating. The s~ec imen  
can be tilted using a precision rotation stage. Also the specimen has a strain gauge attached to rne 
back side. A 685 nm laser diode is coupled into two optical fibers and provides the two symmetric 
incident beams. The spot image is digitized and processed using custom-developed software written 
in MATLAB@ according to Eq. 2. 
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Results and System Performance 

The process for strain measurement proceeds as follows. Record and determine centroid of the spot 
images for the unstrained sample (shown in Fig. 2(a) for one of the beams). Deform (strain andlor 
out-of+lane tilt) the specimen and record the deformed spot patterns for the two beams as shown in 
Fig. 2(b). Centroid detection is critical to this routine and as can be observed in Fig. 2(c), the spot 
images are not perfectly circular due to imperfections in the optics and gratings. The strain and tilt 
can then be deduced from the shifts according to Eq. 2, and are shown in Fig. 3. 

Fig. 2: (a) Reference and (b) strained spot images, and jcj eniarged sample sub-image of spots 

X-STWJN MAP 

Vertical 
Horizontal 

Fig. 3: (a) Strain and (b) tilt distribution for a specimen subject to uniform strain 

Figure 4 shows the comparison of applied strain and tilt with the measured strain and tilt for 
increasing deformation of the specimen. The plot shotvs good correlation and linearity for the 
measured and applied values, thus verifying the MlSS system. Some characteristics of the MISS 
system can be gleaned from these results. The sensitivity to strainltilt is governed by the centroid 
detection algorithm, and for a 6 pixel square micro-spot, the sensitivity is 20 UE for strain and 10 uR 
far tilt. The zcra:.zry W E  cqxrinentn!!y stahlished 2s the standard devi~tion between multiply- 
recorded data, and was found to be about 10 lie for the mean strain measurements. The range for 
maximum strain and tilt, assuming that the spots remain within the same micro-lens, is governed by 
the maximum allowable shift of the individual spots. Based on Eq. 2, and considering that each sub- 
window i ~ a b  a sizt; of 18xl4 ~i:;c!s, thc zaxin:nm :-e~s:!rem~ct range is !9 mE for strain and 9 mR 
for tilt along x-axis. Experimentally slightly smaller values were obtained due to the irregular spot 
shape. Based on the above experimental data the specifications of the MISS system are as given in 
Table 1. 
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Abstract 
A multipoint diffraction strain sensor has been developed using a moire 
inrerfer~mctpr with the, ncvcl d r i e d  fentllre nf whn!z-E:!d srr2in 
determination. This unique feature has been implemented by simultaneous 
tracking of sampled wavefront diffracted from the component under test. In 
this sensor a high-frequency diffraction grating is bonded on the specimen, 
which is illuminated by two symmetric collimated laser beams, as in a 
typical lnoirC interferometer. The first orders of diffracted beams impinge 
on a CCD camera, via a microlens array. The lens array serves a dual 
purpose-to sample the diffracted wavefront and to focus the wavefront to a 
iii;iIibG' cf S ~ S  on  he cL^D. The devia:ion of thc indiviciuai spuis 
generated by both the beams is directly proportional to the normal strain and 
a component of the shear strain. Simultaneous strain measurement at  more 
than a thousand points can be readily obtained and is demonstrated in this 
papor. ?his nzvel :ec!xin,~:e is expect& tc hp ~ e r y  v d u ~ b l e  in x m e r o u s  
industrial metrology applications. 

Keywords: strain sensor, diffraction grating, multi-lens array, laser beam, tilt 
measurement, CCD, spot centroid 

(Some figures in this article are in colour only in the electronic version) 

1. Introduction 

Uptlcai methods nave mown great promise ior contact-iree - .  
ddformation measurement using principles of diffraction, 
interference and ~olarization. For orecision deformation 
measurements, interferometry has been widely used, though 
it entails time-consuming fringe analysis and numerical 
differentiation for strain calculation. Diffraction techniques 
directly provide derivatives of displacement using a 
z;;,igh:fz;':;-;L zpp:;xk -::< :>-; h2-,$ &Wer pctentiz! in  
strain analysis. 

In 1956 Bell [ I ]  first proposed a diffraction grating- 
based strain gauge. Since then, many different developments 
and variations have been proposed and many of them are 
now wideiy used in the industry. as reviewed by Mouider 
and Cardenas-Garcia [2] and Sevenhuijsen et a1 [3]. In 
these techniques researchers used various grating types and 
used imaging devices or position-sensitive devices (PSDs) 

for sensing [4-71. Among these, the work of Asundi 
and Zhao [6] utilizing the approach of combining high- 
irequency grating wirn P S Z ,  oriers ulalty aGvuiiagc> uvcr r i l ~  

conventional electrical resistance strain gauge. specifically the 
adjustable gauge (beam) size and multi-point measurement, 
while maintaining the advantages of high sensiriviry and 
accuracy. 

All these works deal with sensing strain at a single point - .  
like a strain gauge. Many applications in the industry warrant 
?he n?e?sErement of strain Sir-trhtion ra!hc; !hnn r.cr.ein: - 
strain at a single point only. These may include strain 
variations present at a machine component under stress, alarge 
beam used in a building structure or even a small component 
used in MEMS. Diffraction strain sensors and electrical strain 
gaugcd calirlol [iiiiii litis n2cd urrk5 phciid in Z i i  Xray which 
is read out sequenlially. 

This paper presents a novel patented [S] technique for 
whole-field strain mapping using the sampled diffracted 

0957-0233/06/082306+07$30.00 O 2006 IOP Publishing Ltd Printed in the UK 2306 
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Strrin & Till 
Movements 

Figure 1. Operating principle of MDSS based on a moire 
interferometer. 

wavefronts. This research is expected to open up a new 
avenue and pwvide a versatiie tool ior indusiriai and structural 
applications, as a 2D map of strain on the component body may 
provide a much clearer picture to the analysis team. 

n.:-.. . ...- I .  C i l "A- 
U G I , , ~  a ~ I a , ~ - , ~ e ~ ~  +,madi,  :!ik tcchrikpc z i i y  d : ~  

be compared with other whole-field strain measurement 
techniques such as moirt interferometry and ESPI. The 
obvious advantage of this technique compared to these is its 
dircct approach. The strain is calculated without the need of 
zny frinze pr.~ressicfi ncr! numerical diffcrentlerinn n e e d 4  

analysis. In this technique, two beams of monochromatic, 
coherent and collimated light symmetrically illuminate a 
specimen grating such that the first-order diffracted beams 
emerge normal to the surface of the grating. Interference of 
these two diffracted beams generates an interference pattern, 
which can be analysed to obtain the specimen deformation 
[ I l l .  By recording the displacement components in two 
perpendicular directions, the three in-plane strain components 
can bc obtained ihrougn numericai diiierentiation. 

Figure 1 illustrates the principle of multipoint strain 
measurement using a setup similar to that for moirC 
interferometry. The diffracted wavefronts emerging from the 
grating are sampled into wavelets by the multi-lens array and 
foccxr! c ~ c  tbe CCE. E r h  !:.2vs!:t rcprzsen!: !he diffrz!i"r! 
from a small area of the sample surface. When the grating is 
deformed, the position of the diffracted wavelets on the CCD 
would shift accordingly as shown in ligure 2. The shift of the 
spots is shown to be directly proportional to the derivative of 
thedeformation. In this particular example, the shift of the spot 
is along one direction. However, in gcneral the shiit wouid be 
in two directions but the principle would be unaffected as the 
horizontal and vertical shifts are independent of each other. 

Starting from the iveii-known diiktcrion cqua~iou i i 2 j  
and differentiating it we get 

- - .  
for interferometry [9,  LO]. Image subtraction for speckle 

where a, p are the angles of illumination and diffraction, P 
techniques is not needed here, which makes processing 

; v  ,,P ";t-h cf  the nrrr irro \"hOSe n'inr;p?.! (,jrectjnn is ,be 
time much shorter and near real time. Also the total setup and '> "'- '"1" ,- r---.-- 

s-axis (figure I), rn is the diffraction order (f I) and h is the 
the needcd resources are going to be less. At the same time it 

wavelength of light. 
can produce a map with good spatial resolution, which is only 

The illumination angle is chosen such that the diffracted 
bounded by the separation of the micro-lenses on the array, 

beam is n o x d  to t ! ! ~  graring 3: ,Y = O. !.!so d ~ r i n g  !he 
i.e. distance betwcen the individualiy shifting micro-spots. A 

experiment, the illumination angle remains unchanged or 
clearer comparison of the technique is to be drawn as we go 

du = 0. Thus 
fcrther ;vith !his work. 

d P  . du . 
d p = - - s l n u = - - s ~ n u = - & , s i n a .  (3) 

2. Theory P dx 

Here E ,  is the derivative of the displacement component 
Moirt interferometry is normally used for optical along the flaring princip!e direction (d~rfds), i t .  the normal 
measurement of mechanical deformation through fringe component of the strain in the I-direction. The change in 

! tinstrained sample 1 Evenly-slraincd ssmplc r~n:\.tn!~.strained sample 

Dcflectcd Lens 

Spot 
image 

e . 0  -+ 
I I 1 

(0 )  (b) ( C) 

Figure 2. Position of individual micro-spots with (a)  no strain. (6) uniform strain and (c) non-uniform strain in the sample. 
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Fig. 4: (a) Applied v/s measured strain (b) Applied v/s measured tilt 

Conclusions 

Table 1 : Major Specifications of MDSS 

A MISS system has been developed and characterized with a novel technique of simultaneous strain 
nrid ti!: :r,exxe:nent zt I ! I ~ P  ~ t l m h e r  nf pnintq. The current system is based on a simpler 
uncollimated laser beam setup. Honever, using a standard moire Interferometric system with the 
current MISS, both strain and deformation patterns can be obtained in near real time without the 
need for fringe processing. The system characteristics are quite impressive and can be further 
improved with proper choice of incident laser, micro-iens arrsq., and aigoriihnr. Fwii~rnnore, i l i~  
system is also capable of measuring rotation and shear strain. Indeed, it is possible to measure all 
three strain components as well as rotation and tilt making this a truly versatile whole-field strain 
sensing system. The system offers many promising features including a usefd combination of 
compactness, data collection speed and results accuracy. Diverse applications of the technique in 
microelectronics, micromechanics and other areas are expected. 
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diffracted angle d p  can be calculated using the spot shift on 
the sensor surface as 

Axl = f d b  = -c, f sincr, (4) 

where f is rhe focal length of the lens. The symmetrical beam 
incident from the equal but opposite direction will cause an 
equal but opposite shift of the wavelet spot. Thus 

Combining the trro equations we get 

The use of two beams in this manner eliminates measurement 
errors due to out-of-plane tilt of  the specimen. A very similar 
expression can be derived for the y-axis strain component 
calculations. If the principal direction of the grating is the 
)4irection an2 iine iiliiminaiion beams z e  in itfie y-z pianc, 
thcn 

dv Ayz - Ayl (Ayz - Ayl )P  
C - _ -  - - - 

" dy 2Jsincu Lj A 
(7) 

If, on the other hand, the sample experiences shear strain 
or a rotation [ I  1, 121, then this will be recorded as onhogonal 
movements of the spot array, i.e. for the grating lines parallel 
to :he y-axis, the spots would shift in the y-direction (figure 2). 
As :he rotaiioii 3i shear is given by thc onhogcna! moveixent 
of thespots, it may bedetected simultaneously with the normal 
>.",2;i', -4.. - ! C  .L. --.. - 3 -  : .> ... :*L:- 

I 1111> 11 uls ~ ~ I p t  15 lkra~Gu n n t t u t .  :kc $ant bj' zm 
angle 4, its orthogonal diffraction angle is 1121 given by 

sin = sin a sin 0. (8) 
,. . -e ~~~trrreritiatin!: this and equating to spot movement zs before. 
and noting that thc diffracted beam is initially normal to the 
-mting plane at zcro rotation, we get 

Tnus for the two h a m s  with the grating principal axis along 
thex-direction, we get 

and similarly for the grating with the principal direction along 
!h- y-dj:w:ji?. 

Hmce all three components of in-plane strain can be deduced. 

3. System construction 

The setup for the multipoint diffraction strain sensor has been 
developed to be compact, relatively simple and versatile at the 
same time, in view of its projected use in precision machine or 
microelectronics industry. The system utilizes a lens array 
x c ' e  c: of 44 x -7-7 !ens!et_r m d  a I/?'' diagonal CCD 
dstector camera u ith an aperture of 6.4 mrn x 4.8 mm. The 
diameter of each lenslet is 144 @m and the focal length of 
each is 8.190 mm. A polarizing attenuator controls the light 

Figure 3. MDSS adapted to a commerciai moirC interfaorneter. 

Figure 4. Fringe pattern of (a) reference .and (b)  strained images for 
comparative atrain calculntion. 

intensity incident on the camera surface. A cross grating of 
120C ! ix s  mm-' was bonded or. :!x s m p l e  su+dce as the 
target. The specimen could be rotated as well as deformed 
in its plane. A commercial moil6 interferometer as shown 
in tigure 3 was used as it simplities alignment and also 
allows for additional verification of strains from the moirC 
interferometric fringes, which could also be recorded. Indeed, 
while the multipoint diffraction strain sensor can be used on 
its own, it is also a convenient add-on to commercial rnoir6 
interferorr?eters. 

'The strain measurement is checked against the strain value 
ca;lculated via fringe analysis. Thus. the average x-axis fringe 

.,2 i i ~  spa6ing ill rile l c i ' c l~ l l~c  ~ I I I U ~ G  a i d  11'1 iiic &ak& r r r ~ n ,  

determined as shown in figurc 4. Then the relative strain is 
caldulated from the difference in fringe spacing As and vinual 
grating frequency f, as E, = I/f,As. For the MDSS, the 
normal in-plane strains are calculated using equations (6 )  and 
(7) for u- and u-fields respectively, while equation (10) is used 
for shear or rotation. The spot centroids for each beam before 
and after ioading are drter11iin4 usiny e sob-pixi  cel~tisiil 
detection algorithm and the entire calculation is programmed 
in MATLAB@ which in addition permits other checks on the 

,calculations to be performed as well. Each beamlet window 
i i o f  about 18 x 14 pixel size. Illlrrninated pixels of light spot 
aie determined by comparing titr light ievei ulzacil p i . d  wiih 
a" specific threshold and thus the sub-pixel centroid position 
from the illuminated pixels is compu:ed. 
I 
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(4 (b) (d 

Figure 5. (a) Reference and (b) strained images along with (c )  sampled spot images. 

X-STRAIN MAP SHEARlROTATION MAP 
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Figure 6.2D strain map for uniform *.strain (with dome shear component) 
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Figure 7. 2D strain map for non-unifonn strain the right-hand;side makes the right edge strain values i? 5% 
negative, with a visible ditch in the middle of 

map more 
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krgure I. xrain 2nd rotanon maps for pure ro~a~ion apptka. 

Figure 9. Mean (a) nomni x-strain and (hi shear strain ior incredsing applied load--comparison of nlzajurement with LMDSS (vertical) and 
with the moir6 interferometric fringe method (horizontal). 

4. System output I 

-. - .  . . . . . . . .  ...... . - -  ..........I - 7  -,.,.. ̂ ..... .......................... .._ .'... Y,",".'.'.. " I  .,.- L.......,,V .... I....--...V.. -.--... *-..*-_ 
starts by the input of reference images taken alt&nately by 
switching on the right and left interferometer Gearns, and 
recording the beams diffra~ied i r o n  inc uns;raitic$ specimen. 
The centroids of the individual spots are computed from these 
images and stored by the system software as tfe reference 
positions. Afterwards the sample is strained and,;two images 
of the bearn diffrxred frcrnthe stmined samnle u$ing the right 

jl and left beams are processed as before. The system computes 
the individual shift of each spot in the images b$th from the 
right and left beams and thus computes the striin averaged 
over each sampled area. In addition, any shear (orthogonal) 1 2::al:: 0: in-p!xc :o:-:i-:: nf !he :peci~.e?. 3 ?!SO ra!rn!z!ed 
and displayed in the form of a distribution 
images along with an enlarged view of a 
shown in figure 5. 

2310 

I 

The data processing operation of the system is fairly fast 
and the strain map is produced almost instantly. i.e. within 
a rew seconas. Simuiraneousiy, aeraiiea scaristics vi  hr 

strain distribution are also displayed, such as mean, standard 
deviati,on. etc. As an image from each of the right and left 
beams is needed under a certain strain condition, straining of 
the sample may be done in steps, while stopping and allowing 
for beam switching and imaging operations. For a quicker 
cornputation process, the system also has the pro\.ision of 
reeding muiti-step stored data oirhe strained itnagzs a t e  unrc 
and a-multi-step mean strain curve is also produced, as shown 
latei. 

The tests were mostly performed on a circular disc 
sample of hard plastic about 2.5" of diameter, with a grating 
rigiaiy bonded on its surface. For the case of in-piane 
strain, the resulting suain map of sampled area is shown in 
figure 6 .  Since the area is small and as can be seen from the 
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Figure 10. Comparison of applied rot~tion (horizontal) with that measured using MDSS (vertical) with the grating principal direc~ion as 
(a) .r-direction and (b) y-direction. 

fringe patterns in figure 4, the strain is fairly uniform. Also, 
although the rotation/shear strain component in this case is 
.-:-!I th3 ~ ! 7 ~ 5 r  i : ~ i ; r . , / ~ ~ t ~ : j ~ ~  m ? ~  picks 1jp C ~ C P C ,  C ~ ~ ? D P F  -...--, *..-" ..-*.. -.As.-.. '7.- 

which are not apparent from the fringe pattern. Figure +shows 
1 .  

the case of non-uniform strain by poking a wedge on the right 
edge of the disc. Figure 8 shows the results for the 'case of I .  
pure ro!ation. !n this care, the normal strain componey IS zero 
as is to be expected and the s h e x  component shows uniform 
rotation over the entire sampled area. In these map , strain 
(or rotation) is given as grey-scale (colour-coded) a ong the 
venicai axis, with ihe units of p S  (micro-strain ur /L j or pR 
(micro-radians). I 

To compare the results with the moirt interferometric 
I 

pattern, the average strain from all the spots was dyermined 

))-direction as the principal directior;. 

5. Conclusions I 

three strain components as well as rotation, I-tilt and y-tilt 
making this a truly versatile whole-field strain/tilt sensing 

a useful combination of compactness, d& collection speed 
and accuracy of results. This novel technique is expected to 
be very valuable in numerous industrial metrology applications 
in micromechanics. microelectronics and other areas. 
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4% multipoint .'iffrzction strain a d  ti!! sensor using a xkichrmne! inngicg ?cslt;cn-czns!t;:.:2 
detector has been developed and characterized, with the novel feature of simultaneous measurement 
of strain and tilt at a large array of points. Unlike conventional interferometry based systems, this 
new whole-field measurement system uses principles of diffraction to directly measure strain at the 
desired points. The system utilizes a moirC interferometer for the generation of two coherent and 
Sj',T,KC;~c bcsmc, .-."-' ~ r l r ~ ; ~ ;  : ! I . .  t.,uiTilfiaii . ; high-frccjuiiiiy : i f f i ~ ~ t i ~ i i  graiing, h i id& Gii  the sui-faiz iil' 
the sample under test. The core of the system is a charge coupled device camera fitted with an array 
of microlenses, which samples the diffracted beam into an array of beamlets. The camera with lens 
array, which is being used as array-type multichannel posi,fon-sensitive detectors, senses the shift o i  
the individual microspots. The deviation is then processed and the normal and shear strains are 
cs;co;ated spa; a;o,;g .+,ith I-igi&!;udy ::!: ,,,,. - i ire co~rl'uii~ed ~esuks  nix giapiiicaiiy shown co <he 
user as two-dimensional strain and tilt maps. Simultaneous strain measure'ment at more than 1300 
points has been successfully obtained with the spatial resolution of better than 150 p m .  This novel 
~echnique has many useiui fearures compared to other wnoie-fieia opticai strain measurement 
techniques and is expected to be very valuable in experimental mechanics of microsystems and 
devices. O 2006 Arnericcin Institute of Physics. [DOI: 10.106Y1.1373-7321 

I. INTRODUCTION 

For contactless measurement of displacement, rotation, 
and strain, optical methods are widely applied. The instru- 
ments for strain measurement use the principles of diffrac- 
ticn, interferencs, o i  po:;~iaatioil. For precisiol? dehmiation 
measurement, interferometry has been widely used, though it 
entails time-consuming fringe analysis. Diffraction is a reia- 
tively straight forward technique for direct strain measure- 
ment. Another important advantage is that, in addition to 
strain, rigid-body tilts and rotations can also be determined 
separately which is not easily done with interferometers. 
 ell! first proposed a diffraction grating-based strain gauge 
in 1956. Since then, many different developments and varia- 

.... *:,.-- I-,...- ... .... .... ............ -. . . - . . . . . . . .  .... . ..... 5 .:.-= J --  ..-.. :*...-?I I - . .  ." IJ-.. --J ........._... ......._.... , "  ...,...... ^ _ - , - - - -. - - - 
c a r d e n a s - ~ a r c i a ~  and Sevenhuijsen et d.?n these tech- 
niques researchers used diverse setups with- low and high- 
frequency gratings and position-sensitive devices (PSDs) or 
charge coupled device (CCD) 

In all the earlier works, strain is determined at a single 
point like a strain gauge. Many applications in industry re- 
quire measurement of nonuniform strain distribution rather 
than sensing strain at a single point only. In addition to 
strain, the component may undergo in-plane rotation or out- 
of-plane tilt under the stressing forces. These tilts should be 
separately sensed or ai leaai bz siiig;ed oui I'liila iile Inca- 
sured strain. Also important is the case of warping, where a 
flexible component undergoes nonuniform tilt. The difirac- 
tion strain sensors, or the electrical strain gauges, cannot fill- 

fill the need of multipoint strain sensing unless placed in an 
C . . .  ..:. . a , -  ........ CC):!!:gL?Ica:U::, 2:lG ';': ~ " " l b t :  2 : ~  ::ci qulppc,:: i ~ r  ii:: 

multiplane tilt measurements. 
Here we present a novel technique for whole-field strain 

and tilt mapping,s by sensing the movement pattern of 
shi3pizd diffracted wave front. 'l'his research is expected to 
open up a new avenue and provide a versatile tool for the 
industrial and structural applications. To our knowledge, 
such multipoint optical strain and tilt measurement feature 
has never been reported in earlier works. 

Being a whole-field approach, this technique can be 
compared with other whole-field optical strain measurement 
t e c ~ i q u e s  such as moir6 interferometry and electronic 
speckle pattern interferornetry as follows. 
. . . . . . .  
(11 I I IC  uuvious acivaniagt: o i  ibis muiripoini uiiiracrion 

method compared to others is its direct approach. The 
strain is calculated without the need of any fringe pro- 
cessing and numerical differentiation needed for 
interfer~metr~. '"~ Image subtraction for speckle tech- 
niques is also not needed here. This makes processing 
ti-e nciy!ed fcr the. fin?! ~ t rz in  c ~ p  c.a!c!;]r.tior: m!;rh 
shorter and near real time. We found the time taken 
for the production of strain and tilt maps consisting of 
more than 1300 points to be less than 5 s .  

(ii) At the same time it can produce map with good spa- 
riai resoiurion compared to or'ner met'noas and speciii- 
cally to speckle technique. Here this resolution is only 
limited by the separation of the microlenses on the 
array, which is 150 p m  in the present system. 

0034-6748/2006~77(11)/113110/6/$23.00 77. 113110-1 63 2006 American Institute of Physics 
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FIG. I .  Multipoint diffraction strain and t i l t  sensor principle 

(iii) The results sho\v' good combination of sensitivity and 
accuracy considering other whole-field approaches 
and speciiicaiiy compared to speckie n;e:hoci wnex  
measurement quality is largely hampered by the 
poorer fringe visibility. 

(iv) Being a simpler approach, the total computing and 
storage resources needed for this method are going to 
be smaller. 

I I .  THEORY 

In conventional moirt interferometry two symmetrical 
beams of monochromatic coherent light illuminate a speci- 
men with a grating bonded on it such that the first diffraction 
crders =merge ncmz! !r: the snrfxz.  These diffracted b ~ a m s  
interfere to generate fringe patterns, which provide contours 
of displacement component in the principal direcrion of the 
grating. These fringes can be processed and numerically dif- 
ferentiated to give in-plane strains." Due to the interference 
effect, rigid-body tilt is automatically canceled out. On the 
other hand, the proposed system samples each of the dif- 
fracted beams separately via a microlens array. The differ- 
ence in diffraction angles is determined and used to compute 
in-plane strains as well as out-of-plane tilt. 

Figure i iiiusirai~s i i x  p r i ~ ~ c i ~ i c  ui' u ~ u i u p o u ~ i  s i ~ i m l ~  ad 
tilt measurement adapted to a conventional moire interferom- 
eter. The diffracted beams are sequentially sampled by the 
lens array and focused onto a CCD detector. Each sampled 
beamlet represents the diffraction from a specific region of 
the specimen grating. When the grating is deformed, tilted, 
or rotated. the position of 1h.c diffracted heamlets shifts ac- 
cordingly. The shift of these diffraction spots is directly pro- 
portional to the strain, rotation, or tilt experienced by the 
sample. Figure 2 shows schematically the movement of mi- 
crospots sampled from the two diffracted beams, when the 
~ p e i i i x i i  is strsiiicd cr ti::&. Thc iiicvcixn: of :!x k- 
crospots is in opposite directions for strain but moves in the 
same direction for tilt. 

Consider the setup in Fig. 1, where the two beams inter- 
rogate the grating with the principal direction along the x 
axis. Starting from the well-known diffraction equation," 
and then taking its differential, we get 

FIG. 2. Deformations and respective changes in microspots of both beams: 
(a) unstrained sample with both spots coinciding in the middle, (b) uniform 
s t r ~ i n  wi:h y o t s  m . ~ : . l r t ~  s id tw~ys .  (cj nunu~~i fcnn  ur hetcrcrgcneoui arihili. 

and (d) uniform tilt with spots moving in tandem. 

P(sin a + sin p) =nth, (1 i 

P c o s c u d c u + d P s i n w + P c o s p d p + d P s i n ~ = O ,  (2) 

where P is the pitch of the specimen grating, a and P are the 
angles of incidence and diffraction, and A is the wavelength 
of the light. 

FIG. 3. (Color online) MDSS adapted to a commercial moirC interferometer. 
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If the angle of incidence is chosen such that the dif- 
fracted beam is normal to the specimen, i.e., P=O, and also 
noting that the angle of incidence remains unchanged or 
da=O, Eq. (2) can be simplified to 

Here E, is the component of the strain in the x direction. 
The change in diffracted angle d o  can be determined by 
caicuiaang the spoi shill on the CCD sensor. For the sym- 
metric beam, since the angle of incidence is negative, the 
diffracted beam would have an equal but opposite change in 
angle. Hence the relative shift between the two diffracted 
beams?' gives the normal strain as 

du d p  - Ax AX*P - E =-=----- 
" dx 2 sin a 2f sin a 2 0  ' 

where Ax is the relative shift between the two spots as  shown 
in Fig. ?(b! and f is the focal length of lenses in the lens 
array. 

Similarly, the normal strain component in the y direction 
is obtained by interrogating the grating whose principal di- 
r ~ r t i ~ g  js +EO the v D Y ~ C  

0 ---- 3 -----* 

In addition, if the sample undergoes out-of-plane tilt in 
the x: plane, the individual light spots would also shift but in 
this case in the same direction. Since in this case the grating 
period dcres not change, i.e., ciP=O, and the change in the 
angle of incidence is equal to the tilt of the sample or d a  
=A&. Eq. (2) becomes 

Hence the measured shift of the beam on the sensor is 
due to the tilt of the grating and the resulting diffraction 
angle change, which gives 

Thus adding the shift of the two beams, the tilt can be de- 
rived as 

AX! + Ax7 

2f(l + cos a) 

4 similar expression can be formed for the vertical tilt in the 
yz plane to be 

AO,= AY 1 + Ay2 
2f(l + cos a) ' 

The two incident beams thus enable us to separately 
compute all the strain components as \yell as the out-of-plane 
rigid-body tiit at each point of the specimen. 

The setup for a multipoint diffraction strain sensor 
(MDSS) is compact, simple, and versatile owing to its pro- 
jected use in precision machine or microelectronics industry. 
The system uses a 44 X 33 microlens array coupled to a 6.4 
X 4.8 mmi CCD detector. The diameter of each microlens is 
144 ,urn with a focal length of 8.190 mm. The specimen is a 
circdar disk under compressive loading onto which a reflec- 
tive high-frequency 1200 Iineslmm cross-line diffraction 
grating is bonded. The specimen placed on a precision rota- 
tional stage is diametrically strained by a mechanical loading 
machine. The specimen is set up in a commercia! moire in- 
terferometer, xvhich a!sc? ~ ! l c w s  f ~ r  the ~ d d i t i n ~ z !  v e r i f i c ~ r i ~ r ?  
of strain values from the moirC interferometric fringes that 
c o ~ ~ l d  he sirn~~ltaneously recorded. Figure 3 is a photograph 
of the system. 

The operation of the >IDSS starts by taking the refer- 
ence images of sampled diffracted beams produced by the 
right and left beams i c r i h t  nr? r k  w s ~ r a i n ~ d  spxlmen.  
The specimen is then strained or tilted and two diffracted 
images are recorded. The system computes the shift of each 
spot in the image both from the right and left beams; and 
thus computes the local strain present at that spot using Eq. 
(4) or (5). Along with this, any out-of-plane tilt of the speci- 
men is also calculated using Eqs. (8) and (9). Typical images 
before and after strain for one of the beams is shown in 
Fig. 4. . 

The strain measurement by our system is checked and 
cornpu'eci agair~sl ihc sirall Vaiuc cd i i i i iZ i~  ~ i i i  i i i ; ~ i f ~ i . ~ -  

metric fringe analysis. Thus, the averagz x-axis fringe spac- 
ing in the reference image and in the strained image are 
determined, as shown in Fig. 5. Then the relative strain is 
calculated from difference in fringe spacing As and virtual 
grating frequency f, as E,= 1 1 f ,As. For the MDSS, the nor- 

FIG. 5. Fringe pattern of (a) reference and (b) strained images for compara- 
tive slnin calculation. 
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X-STRAIN MAP 
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11 in-plane strains and the tilt are calculated using the equa- 
Ins given earlier. The spot centroids for each beam before 
d after loading are. determined using a subpixel centroid 
t~rrinr! ~!gnrithm. 

The two-dimensional maps of x strain and x tilt for ap- 
led tilt are shown in Fig. 6. For pure rigid-body tilt, there 
ould be no strain as is evident from the figure. The small 
mps in the strain plot are attributed to imperfections in the 
ating or optical alignment. This highlights the sensitivity of 
: m&(od as the I'ringc patterns do not show any fringes as 
expected. The system also has the provision of plotting a 
.sin curve for gradually increasing strain o r  tilt using the 
~l t iple  sets of strained images for each step. 

, SYSTEM CHARACTERIZATION 

Table I shows the comparison of the average applied and 
mured  values,of strain and tilt, for specimen subject to 
nstant straidtilt. The applied strain values are deduced .- r h o  -,:-A ;..r,-C0-fi-,r,;,- f r ; n n m  -.rttnmr -srh;-h , , , e ~ ~  
n....................... .".., ............... < -  ............._ .....-.. ..L.L - - 
nultaneously recorded while the tilt is measured using the 
rnier on the rotational stage. The comparison shows good 
rrelation and iinearity between the measured and applied 
lues, thus verifying the measurement capability of this 
:hnique. The measurement linearity of the system is within 

BLE I. Comparison of average applied and measured values of s strain 
I x tilt. 

x strain ( p ~ )  x tilt ( p  rad) 

Applied Measured Applied Measured 

FIG. 6 .  (a) Strain and (b) t i l t  distribu- 
tion for a specimen subjected to uni- 
form tilt. 

1% of full-scale deflection for strain measurements and 
within 2% of full-scale deflection for the tilt measurements. 

The systsm sensitivity to strain or  tilt changes depends 
nn the resnluiinn of the CCD and the centroid detection al- 
gorithm. For a spot covering an area of 6 X 6 pixels (which is 
typical in the current experiment as shown in Fig. 7). and a 
smallest detectable shift of one pixel, the strain sensitivity is 
18 p~ and tiit sensitivity is 8 prad. 

With regard to the accuracy of the system, one needs to 
consider the accuracy of different spots over the entire CCD 
array to ensure that the same strains are measured at all 
points. This is referred to as global accuracy. On the other 
hand, the re~sarability of measurement at a single sensing 
area is a meajure of the system's local accuracy. The global 
accuracy of the system was experimentally established as the 
standard deviadon of multiple-recorded data, as shown in 
Fig. 8. It was found that the global accuracy of mean strain 
calculation is about 3 WE and that of the mean tilt calculation 
is about 1.5 p a d .  On the other hand, the local accuracy was - . .  --..-- -,. -- . . , .  . . . ,  ,,,,,, ., ,, 5.2 .;;;jc. :s -- ....... ;:y ,:,,- .................. pa."'.."' UU' 'U "'" y',.'' ""- 
lution and centroid detection algorithm. 

The range for maximum strain and tilt, assuming that the 
spots remain within the same microlens area, is governed by 
the maximum allowable shift of the individual microspots. 
The measurement range can be calculated based on the equa- 
tions ifor the single-axis strain and tilt calculation derived 
earlier, and considering the usable size of each subwindow is 
18X 14 pixels minus the size of the spot. Starting from the 

5 10 15 5 10 15 

FIG. 7: Enlarged rubwindows showing microspots' shape and size in pixels. 
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region of the curve, 

X-STRAIN MAP 

0C71-. . I., .,:. . . . . . . . .  'i . . . . .  

1 FIG. 9. (Color online) Strain map 
showing narrow strain peaks. 

no-strain condition of coincident spots, the m a i m u r n  spot V. DESIGN DECISIONS 
separarion obtained within a subwindow is about 100 p m ,  
which puts the strain measurement nnge  at 8 me. Similarly 
the ma i rnum !ilr change to be measured is 7.5 nuad. Experi- 
mentally smaller values of 5-6 mrad were achieved for the 
tilt measurement as shown in Fig. 8, probably due to the 
larger measurement steps and irregularities in the spot shape. 

The ~ ~ z i n l  recc!ztix r.f :!x c:'s!_P- c!~cencts cn !hc ZCCIZ- 

ration between the individual microspots on the CCD sur- 
face. For a 44 x 33 lens array and a 6.4 X 4.8 mm2 CCD, this 
resolution is about 145 p m  which coincides with the diam- 
eter of the microlens of 144 pm.  Figure 9 shows an example 
of the strain map for the given CCD size, where peaks of 
irregular strain are evident indicating the high spatial resolu- 
tion of the system. 

Design of this new system passed through different 
stages and involved design trade-offs at these stages. Follow- 
ing are some of the important decisions taken en route for 
performance improvement. 

A. Use of moire interferometer 

The principle of multichannel diffraction measurement 
can be iniplemented with different laser beams having differ- 
ent beam properties. !n the begiming of c2r experime~ra- 
tion, a pair of collimated but narrow beams from fiber laser 
source was used for this purpose. The images obtained of the 
diffracted beam are shown in Fig. 10. The obvious problem 
se=l: wzs the: {he hez!r. ,:oc!LJ 29; 3!:;-in::? 15. ;;;he!.: rcrccz 
at the same time, and also that the illuminated part of the lens 
array changed wirh the shift of the beam, thus making the 
reliable strain calculation very difficult. The next beam type 
tried was the uncolli~nated d~verecnt beam from the same 
source. which would casiiy f i l l  more rnnn [he wiloie oi rne 
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terferometer beams on the other hand are correctly incident, 
collimated, and enlarged for the whole-field imaging needed, 
and thus produced results that were also theoretically valid. 

B. Use of two beams for strain calculation 

It may be mentioned that the strain in the specimen can 
also be calculated using a single beam diffraction, which is 
given by the initial equations, As pointed out earlier about 

4.7 . errois ili such ili~:ibli~t!l~i~lll~, ~ ' i l t :  I I I ~ ~ O I .  SC;uI.ce U: ~n.o1' in 

strain calculation through diffraction is the out-of-plane tilt 
of the specimen surface, which also gives rise to similar spot 
sniirs as strain. Bur as covered in our tineoreticai rreatment 
earlier, the use of two symmetrical opposite beams from 
moire interferometer produces tu.0 different spot shifts cal- 
culated from both beams. Now the tilt can easily be purged 
out being related to the sum of the shifts or (Ax,+A.r,), 
whiie the strain may be more cleanly calcuiated being related 
lo the difference of the shifts or (Ax , -Ax , ) .  

C. Image light thresholding,for spot determination 

The output of CCD-based camera is 8 bit gray-scale im- 
age, thus showing diffmnt levels of illumination at different 
pixels of lighted spot. The spot centroid was first calculated 
from this image and the shift of the spots was detennined by 
:omparing the information in two images. It was soon found 
3ut the spot-shift calculation from such gray-scale image was 
not correct mainly owing to the light inherently present in 
the background pixels, e.g., the tilt of 4 pixels was measured 
as that of about 2 pixds. Thus 2s an alternate, the images 
were then processed by comparison of each pixel to a suit- 
able threshold value determined by the average amount of 
light present in the pixels of the picture, and then were con- 
verted to binary image containing Is for light and 0s for dark 
xeas. This would give sorrzct icsults of shift 2nd strain cal- 
sulation for most different light conditions and specimens 
used. 

The next problem came with the irregular images taken 
Loin ;';;,perfect or "d iq"  g;atin,cs tonded to the specinxm, 
showing larger variation of light or presence of darker spots 
within the same image. For this purpose, the thresholding 
algorithm had to be modified again, as the threshold now was 
kept according to the average amount of light in the close-by 
region or in the specific subwindow being processed, instead 
of relating it to the cumulative average light of the image. 
This approach worked for most diffracted beams of varying 
light intensity. But it was also found that the correctness of 

shift calculation was slightly hampered as per the variation in 
the certroid calculation for each subwindow. Examples of 
different images are given in Fig. 11. 

VI. DISCUSSIONS 

A new system multipoint diffraction strain and t i l t  sensor 
has been developed for simultaneous measurement of strain 
and tilt at a large array of points. A microlens array samples 
the diffracted beam into smaller wave fronts and provides a 
spot image wnich shifts due io deforiniiii~ii or rigid-body i i i i  

of the specimen. Monitoring the individual shifts of each 
microspot, both the whole-field strain and tilt of the speci- 
men can be separately deduced with good combination of 
accuracy and speed. 

After detailed characterization, the measurement linear- 
ity of the system is found to be 1%-2% of full-scale deflec- 
tion for strain and tilt measurements. The system sensitivity 
to strain or tilt changes is about 18 p e  and 8 prad, respec- 
tively. The global accuracy of mean strain calculation is 
about 3 p~ and that of the mean tilt calculation is about 
1.5 prad. On the other hand, the local accuracy was foiind to 
be 50 p ~ .  For the lens array used, the strain measurement 
range is found to be 3 ms, wbi!e :he t i l t  measurement range 
is 7.5 mad.  The spatial resolution of the system is 145 pm.  
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Impact of Stray Illumination Noise on the Position Response of Position-Sensitive Devices 
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Abstract: Position-sensitive Devices (PSDs) are often used in the industrial environment, where the system 
light source used for position measurement is co-existing with many other light sources in the vicinity, along 
with their reflections and back-scatters from various surfaces. These unavoidable stray beams and illumination 
noises may fall on the detector surface in different spatial distributions and produce unpredicted variations in 
their position response. Some of the light sources may even have flyi% or rotating beams of sufficient energy. 
In this study, attempt was made to model and analyze these stray noises with respect to the operation of PSDs. 
T h s  i! w ~ c  i~ve_rt;gat~d how %e presence of th? cniir inl ia snllrces chanees the hehaviour of these detectors 
and how much is the position output modified quantitatively. The experimental results obtained by using PSDs 
and signal beams along with the spurious sources are presented. The obtained data is compared with the results 
r--- c:- -------2 --&!.--.<.::..-I .-...- 1-1 :*.:.- ..r:41.:.. f-..,.-<: ,.., -r*> ,-..,r,.a"t nFar7,~ 
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In the industry, telecommunication and other sectors, 
many appllcaiions reqGre accilrato mzasureiixrit aof 
disp!acment of objects fhouglgh nm-contact methods. 
Semiconductor Position-sensitive Detectors (PSDs) offer 
v e y  good soh~tiom for such applications arid since their 
inception in late fifties, these devices have become a 
major tool for lateral position mea~urement"~. Two types 
of such devices are commonly used for position-sensing 
applications~'~2'. The segmented PSDs or four-quadrant 
detectors are used for high precision and low signal-level 
applications where range of movement is relatively smaller 
or the alignment is the objective. On the other hand, the 
continuous PSDs or the lateral-effect photodiodes are 
used for wider displacement measurement with high 
I:""--;h. nrrr l  mrr.lr.+;-- ..-A roc+ m~nn, ,~e l~ l  '"",'".',.; 2.. .....-..,...-.......-...- 

Applications of PSDs are even more diverse and 
widespread in the industry, including alignment, 
dispiacement sensing and as a part of other anaiysis 
instrumentation. In such environment, the system laser 
source is co-existing with different nearby light sources, 
coherent or otherwise, along with their reflections and 
back-scatters from various nearby surfaces. Some of the 
systems may involve scanning or rotating laser beams 
too, which may have enough energy to effect the PSD 
measurements in the form of periodic pulses. 

Such random iiiumination noises may take rile but uf 
different sources types, e.g., directional, point or extended 
and may fall on the detector surface in different shapes 

or spatial distributions. They may produce unwanted 
oc:p~t:: wh:!~ rni..i~g with the real sgne!, ~ h l c h  is coxizn D 
direct from the source or via the reflector onto the -. dctccror slirfacc. lnese zcise sources . have been 
mentionedor described by some of the earlier authors","J. 
Nonetheless it is felt that a detailed operational analysis 
is still required. 

It may also be mentioned that for more critical 
measurement applications, modulation of light source is 
used synchro~zed with receiver, to avoid the effects of 
background light But on the other hand, such systems 
beconle unfeasible in many standard applications due to 
the practical reasons such as needed compatibility with 
simpler light sources, reduced t e c h c a l  complexity and 
lower system cost. Thus whoie iot of industriai position 
measurement systems are still produced and utilized w i h  
~-~-mn&~!at-rl co.nt;n!~n~~p Iizht snl~rced'.~!~ directly 
effected by other illuminations. Also important is the fact 
that, as given by Makynen et o I . ~ " ,  even the modulated 
lighr ratlected-beam sensors do suffer fiom stray 
illumimtions problem in the form of unwanted 
reflections from close-by objects and outlined this 
problem along with an effort for a solution. Thus the 
position response llaiysis presented nere does also 
apply to these sensor types while considering the effects 
of such stray reflections. 

PSDs basing on lateral-effect have a continuous 
L.VIIJ~JUL;~;UII i11 k i ~ S  C J ~  t&ii light-s~il~iilg Z C 8 ,  

which characterizes them from the other segmented 
position-sensitive detectors. Thus their construction is in 
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the form of a single continuous photodiode, as shown in 
Fig. 1. As the light falls on a specific portion of LEP, the 
generated current carriers are divided between the 
extended edge electrodes on each side. This division is 
in propoi5011 to ihe eiicokicered i e s p e ~ i i ~ ~  ~~i ;? ; i c i~ncc ,  
or in inverse proportion to the relative distances of the 
current pa th  between the illuminated region and the 
respective electrode['l. 

The important features of these lateral-effect devices 
include poshon measuremeni of the inciaent iignt spot 
for the larger dynamic range or upto the edges of thz 
devices. Additionally, the transfer characteristic for the 
light spot position measurement has very good linearity 
for the entire range1''. This gives them an edge over the 
segmented photodetectois for mmy o i  the appiications 
where continuous position measurement is needed 
Another meful feature is that the position is measured 
for the centroid of the incident light beam. This 
makes them largely indifferent to the spot size and 
shapeI7. The position of the light spot is calculated 
fro9 the iermim.1 currents such that the ol.itpurt 
!izi!s ?ze nc1m2!il~C! t~ -! d -c! zt the secsor d z e .  
The final position along x-axis measured from the center 
nf the detectnr i s  given by fo l low~g for the eeneral 
duo-lateral and tetra-lateral effect PSDs['.';. Similar formuda 
will be used for the y-axis position calculation in dual-axis 
PSD. 

Noise beams and illunlinations: The disturbing lights and 
illuminations may be coming from different t y p s  of 
sources and may he taking different sptial distribution 
and characteristics. Considering the ; sources of 
illuminations, the major sources have been described by 
 erai id in et ai.;:'; to .m ambient iiiuminathaireci surliis$i~ 
and other laser sources. These sources have been 
described to be h e  limiting factors for the qerformance or 
fluctuation-free resolution obtained from the operation of 
the continuous or lateral-effect PSDS["'. lp the following 
we categorize them according to their characteristics and 
e:,: spztial <ie~r;rib.:.~.,:z sf th.?i: light 33 he ?ST) s-&2cc 

5, and also analyze them one by one from e point of view 
r 

of the normal operation of PSDs and the disturbances 
caused in its output. 1 

I Probably the most obvious source of external noise 
1 

in an optical sysrem is background raciiatiur~ h y  
detector will anyway be facing the blakk-body radration 
from the background whch happens t / ~  be at a specific 
temperature during the operation or measurement, even if 
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specific sources are not present to emit the interfering or 
disturbing radiation. According to Fiank's Law, his 
minimum background radiation illurninatmg any detector, 
or PSD to be specific, will be given as following[", while 
..,I.-.- .? ........ :..!: .;.,, .,..,! .><,,,., +.,. >.. +" kse~ll l l~ " u-aw.  r u r . v . . *  Y Y L U  I y ~ ~ l " l ~ *  'A'.. 

Unless their intensity is high, their usual effect may be 
smaller and similar to other diffused i1lmina:iom to be 
described hereafter. 

Probabiy the major source of disturbance for our 
analysis can be that from other directional laser beams 
faiiing on h e  surkce of a !atera[-effect PSD 
simultaneously, as shown in Fig. 2. Similarly, other 
directional light beams and non-laser lights, which fall on 
the detector surface in a shape approximating a beam, may 
also be included in this ~ategory"~'. Similar effect will also 
be produced by the illuminations, which are not 
directional in natue but are converted to a spot by the 
rwqiver optics T h e  most ohviola example may be that of 
parallel rays coming from a distant source and converted 
to a spot by the positive lens used in front of the PSD. 

For the normal direct-beam or reflected-beam 
position sensor base6 on a Lateral-effect PSD, me 
output current produced on the PSD terminals by the 
m z h  cr srctl!~! Lqcident. beam. is function of certain 
parameters as = i, (I,, x,, y,) for j = 1-4. Here I, is the 
intensity of the actual beam incident on PSD's surface 
and s,, y,give the position of the centroid of the beam on 
PSD's surface. Similarly, if the noise beam is falling on the 
surface, the output c w e n t  component due to this 
beam may be given as i,' = ii' (I,, x,,, y,) for j = 1-4. Here, 
I, is the intensity and x,, y2 give the position of the 
centroid of the noise beam on the PSD's surface. 

The next important type of interfering illuminarion to 
. . .  . 

bt. c ~ ~ l s ~ & a s &  is iiie die, X i l l i i l  is ii& ' v k i ~ b - i k ~  ii 

otherwise is not narrow enough and falls on whole of the 
PSD's surface area. These include the point sources 
whose light is falling direct on the PSD or the extended 
sources, diffuse reflections and background illuminations. 
which do not form a limited spot even after passing 
+zcu~h  the receiver optics, Ambient light is the most 
obvious example of this category. Simplifying their effect 
on the PSD, they may be approximated by a wide spot 
covering whole of the PSD area and having the centroid 
in the middle or the center of PSD, as shown in Fig. 3. 
T. lhus as sadier, 4' = 4' (I,,,, C!, Q) f ~ r  j = ! -4. Here, I,,, is 

the intensity and 0, 0 indicate the middle position 
of the centroid of the interfering illumination on the 
PSD's surface. 
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Fig. 1 : Geometrical shape and transfer curve of Lateral effect PSD 

I 

I I a. t YJ Original Beam 

. . -- I 

Y Noise Beam 
1 

Fig. 3: Diffuse illuminations distlrrbing the original beam on PSD surface 

A specific category may be that of the pulsating 
lights or the scanning laser beams falling on the surface 
of PSD in the form of a pulse train. Although they 
may also be falling on a specific area of the 
detector, much more common are going to be those 
approximating the diffuse illuminations covering almost 
entire area. This is to be expected as there is much more 
chance of backscatter interfering on the PSD surface 
instead of chrect scanning light and they are 
e.pcted to take the form of diffuse illumination. The 
nl,t-..t --.,... cu?~nt  ir? th;s CESP is f!r?&on of o ~ i e  more 
parameter as ij' = 4' (Ii,,, 0. 0, DC) for j=1-4. Here DC 
represents the net duty cycle of the interfering pulses 
impinging on the surface of PSD. 

Position response error with optical noise: For the 
normal single-beam operation, PSD gives the centroid 
position of the incident signal beam calculated by the 
individual currents as given before. 

Suppose that instead of the signal bam,  there is a 
' z i se  he-' &!!kg OE the xilrfana nf PSD and generating 
its own currents on the output terminals. The position of 
the noise beam can be calculated by the similar formula as 
following: 
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So, for the single-beam opration, calculation of the 
. .  . 

l-s-;arn ~ ~ 1 t i r . 7  :: P = & c . ~  ,-.::t Iy. th- c : ~ ; ! z T  m x n n r y  fnT bntJl "--.. y"".---- .- --- -. -A- ...-....- -----A- 
of the cases. But what will be the behaviour of the device 
when both the beams are incident on the surface of the 
PSD at the same time? Accordmg to Kawasaki and  got^[^, 
the output of PSD, calculated using the terminal currents, 
in &is case s'nouid be equai io iiie ir~krisii~-wai&~iei 
mean of both the light positions. Thus the final position 
and the error from the signal position may be given as 
following: 

Thus the shift in measwed position due to the 
presence of interfering beam depends on the mutual 
distance between both the sources and on the fraction of 
tfie noise intensity within t ~ e  total intensity falling on 
PSD. This is the case when a second noise beam, which 
is ri;mcliorwi in niltire, is interfering with the original 
signal beam on the PSD. What may happen in thz 
case where a broad illumination from a point source or 
an extended source is coveriig whole of the surface and 
is interfering withthe original signal beam? As discussed 
earlier, its centeroid may be taken to be at the center of the 
PSD. Hcre the change in tile final position brought by the 
illumination is as following. 

Last case is a b u t  the specific category of the 
pulsating lights or the scanning laser beams falling on the 
surface of PSD in the form of a pulse train, while 
illuminating the PSD area as a whole. In this case the 

intensity of the interfering noise is actually modified in 
tenns of the duty cycle fraction, but as the intensity of &e 
noise is taken to be much smaller, i.e., I, <<I,; thus the 
whole of the intensity multiple may be modified to include 
!hr: DT fmcfion. 

Experimental setup for evaluating the effects of 
noises on the position measurements included a lateral 
affect p;ja- !J ase d ~ G S ~ & G I I  i i r i~~s~ei l ie i i i  sysk111, ;v&!i 

was illuminated by a prime laser beam along with a noise 
beam or noise light source. Two laser sources used were 
Suwtech &ode-pumped green iasers emitring at ~ 5 3 2  nm, 
which is pcduced by doubling the frequency of Nd:YVO, 
crystal output. One laser was DPGL-2100 giving upto 
100 mW output with modulation control and other was 
DPGL-3001F giving about 1 mW output. The beanis of 
these laserj are CW, TEM,, withbcam diameter <1 .O mm 
and beam divergence 4 .O mrad. 

The position-sensitive detector used 'was Meiies 
Griot 9x9 rnm clual-axis lateral-effect silicon detector. This 
has 8 mm.calibrated diameter and position resolution of 
31 ,m. The detector w\;ss uscd in conjunction with Mel!es 
Griot microcomputer-based spot on optical beam position 
and power measurement system, model 13PSL002-PCI. 
The system provides software control, software 
linearization, selective data logging and data acquisition 
rate of 20 Hz. One laser head was moved by placing on PI 
translatiom1 movement IntelliStage C531.5, featuring 
computer-control, 306 mm range and 0.1 prn linear 
resolution. Whole apparatus was placed on Newport W 
Reliance Sealed Hole Table Top, which was mounted on 

. . ,. , .7., 
AT,..---.--.-..-- ....,....... ...,,....... ! ,...,.. :: ,... ..c :!,- :--: 
L.U""l,U*. *.,VI"UYI. LUrrV.U. +.-- -- .--_ 
apparatus is shown in the given Fig. 4. 

It was noticed that certain factors hampered the 
stability and repeatability of the digitized data very much, 
so care was taken about them to avoid any error in the 

Fig. 4: Experimental setup with computers, lasers and position detection system 



readings. Ambient temperature was maintained at 2C-25•‹C 
as the drift in both directions was apparently effecting the 
data stability. The incident intensity on the detector was 
used close to 1-1.5 mW, as much lower intensities were . . gr;ir;g mc;rc jItti.:.y :ez&pgs ~.qd hi&er in!ell_citie-, were 

risking detector saturation. control' of ambient light was 
practiced in order to avoid any systemetic error in the data 
and bare minimum was used. As per laser usage practice, 
some warm-up time was given for the lasers and 
- .. ~~siipiaal: .;  ;er;;pxaZiic. :G "Yk!iz:, I_S mere ?hz!!y data 
was noticed otherwise. 

RESULTS -4ND DISCUSSION 

4,: per X ~ S P  C Z ~ P P C ~ ~ ~ P S  ., dewrihed in earlier sections, 
the first type of noise considered is that of the interfering 
directional beams which fall on the detector surface and 
f c z ~  2 k.ite",$! .'spot. Tn e--,ali.:ata their effect. 2 sigm! - 
beam was projected on the PSD surface approximately at 
its center. The interferi% beam source was placed on 
the translational stage and was scanned across the PSD 
of net position were taken by casting it at different . . vjSlbr;.ix 7c nqp =..- r- , r -, LZGC -.v?&. k z??er?ta!e nf ! rp.m. T\vn 
sets of data were collected with the noise beam in tens i~  
hekg ~ p p u  !?Oh nf the signal beam intensity in the first 
set and being approx 5% of the signal intensity in the 
second set. Bcth the sets of position data were co~npxcci 
with the calculated outcomes after the beam 
d i s r ~ b x w  as per theory. developed earlier. Data 
points were plotizd with calculated position on one axis 
and the experimental position on other axis and were 
shown along with the straight line of ideal comparative 
values in Fig. 5 and 6 .  

As seen in the plotted curves, both the sets of 
calcu!zted =c! :xprimenta! date coincide well with each 
other. The maximum difference hi both of the data sets 
is about 20 p while the maximurn scale of reading is 
8 0 0  p (-4OW to + 4 W  p). This puts the maximum error 
z n n = ~ ~ ~ t e r d  L1 h ~ t h  the err*ifriments of 10 and 5% noise 
at about 0.2576 of full-scale reading. 

The second type of optical noise mentioned earlier is 
that caused 'o). *e stisy i l l~iimtions,  which XP nct_ 
forming a spot on the surface and they are rather covering 
the entire area of PSD. This type of disturbing illumination 
was produced for experimentation by simultaneous effect 
of ;;.xikip!,:: rxn:  lights, while t h i r  total intensity fa!!ino 
on PSD was almost symmetrical about the center O ~ P S D  

specifically in x-direction, which is the axis of interest at 
the moment The signal beam was projected at the ends of 
the calibrated area of PSD, i.e. at - 4.0 and + 4.0 mm. The 
measure~iiaiis wtxe t k a n  Y:"- VAL.,. the :I!LT~EZ~~E 
intensity being about 5 and 10% of the signal intensity. 
The effect of illumination on the position measurement 
from PSD was noted and compared with the calculated 

Fig. 5: Plot of position measurements in presence of 10% 
disturbance beam 

Expaimental Position (pin) 400 

30'2 I 
i 
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Fig. 6 Pi01 of position measurements ul presence or 5% 
disturbance beam 

Experimental Position (pm) 4000 

Cacukred Positian @mJ 

I 
Fig. 7. Plot of position measurement in presence of 

disturbing illumination 

outcome differently for both the intensity percentages in 
Fig. 7 (squares for 10%). 

P s  seen in ihe pioi h e  cdcuiaid a d  ~i;pdikTLiii~! 

data coincide well with each other. The maximum 
difference in these data points is about 30 pm in the 
maximum scale of 8003 p. This puts the maximum error 
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Fig. 8: Plot of position Measurment in presence of 
disk:rhing +.ad ~!!:z...;~?&sR 

encountered in this experiment at about 0.375% of full 
..:.;; :cL~~i., 

To simulate the pulsating or scanning lasers, the 
interfering beam was modulated at I .O kHz with 50% duty 
cycle. It was projected on the center of the PSD detection 
area to simulate the falling pulsating reflections or rotating 
iiohiq The cionai bea- -*as proj,;ecied at &e en& of ijle - o--k. - .-- 
calibrated area of PSD. The measurements were taken 
-..:*L .L- . - -A . . l - * -A  :-*..-r--L.- :-& -", 
V V L U L  Ul ' ,  ~ . ~ ~ L L L W U * ' L ~ . ~ L ,  *A*LbA , L . , l I . ~  A,&,& %ng d2xt 
5 and 10% of the signal intensity. The effect of interfering 
pulses on the position measurement from PSD was noted 
and compared with the calculated outcome differently for 
bu!!, ih htemit)~ percentages in Fig. 8 jsqiares for 10%). 

As seen in the plot, the calculated and experimental 
dzta sokcids well with each other. The maximum 
difference in these data points is 20 pm in the maximum 
scale of 8030 pm. This puts the maximum error 
encountered in this experiment at about 0.25% of full scale 
reading. 

CONCLUSIONS 

-. 
11le01). mu mraiysls 0i siiay b t a u s  a d  +ika: 

noises disturbing the position response of lateral-effect 
position-sensitive devices were presented in this 
study. It is found that the error introduced in the 
position measurement in the presence of an interfering 
beam or W,  is proportional to the distance between the 
centroids of both the beams and to the fraction of the 
noise intensity in the total. In  case of a uniform or broad 
illumination, the same analysis applies while the centroid 
of the interfering illumination should be taken at the 
center of the PSD area. In case of scanning or,pulsating 
!!ah%, the prdeced effect. r h ~ u l d  'he decreased in 
proportion with the beam duty cycle. These results 
have been verified experimentally and the obtained 
data is within a fraction of a percent of the predicted 
calculations. 
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Abstract 2" 

A new method of using two tandem laser beams for lap welding of galvanized steel sheets is being discussed and modeled along with its 
comparative study. This involves a pre-cursor beam and a higher-power actual beam, generated independently or otherwise split from the same 
source. The first beam cuts a slot, thus making an exit path for the z second beam performs the needed welding. The paper 
discusses some early experimental results of the method, including the metailur alysis obtained in laboratory showing total absence of 
zinc in the weld area. 4 comparison of the proposed system with other tech o p e d  in the recent years is also drawn along with some 
v~n! i tx iuc  znzlysis. Gtner-! -nz!ysi$ in indcstrk! perspcctlve 2!sc .i ro Sc ezsicr :o impkmen! en !5e prcGcc!~on imes, 2!c?n;: 
with entailing some process time saving. 
'D 2% E!:rvi:r E.V. A!! C$!S rezer~ec!. 

K~,.!:,ords: Lxe: welding; Precusor be2.r.; Gn!wnized steel shee!s; Keyhe!- f 

1. Introduction 

Welding of zinc-coated steel sheets in lap configuration pos 
a challenging problem to the researchers. As given ~n Refs. 
[I-51, the solutions proposed in the last many y$ars have not yet 
found an easy-to-apply realization to rzplaceconve~ional  spot 
welding and its electrodes [ 2 ] .  The many ad~anta2es  offered by 
laser welding technology still justlfy an orig?c~g quest for some 
efficient method. The ideals firstly solve the tech- 
m n l - A ~ n l  --nhln- :? +ha ---:A ...,.. ,+.--. .,....,. -.,. ..,- .- ..- - .  - .r,,,.n..-v * ,,....-,i i z  fk2 - . ," .. -. . . -I--.- --- 
joint weld due to the lower b b f  the zinc (907 OC) 
with respect to melting point e (1530 "C). The solution 
shoilld also be practical arid i enough to be instailed 
on the production lines. Fort  se, this dual beam solution 
is proposed [I]. 

2, Prc-c::rsor henm sdvtifi:: 

In this new two beam method, the front beam of the tandem 
system will cut a slot with a minimal kerf and the second beam 

' Corresponding author. 
E-mnif address: squrssh7@yahoo.com ( S .  Iqbal). 

will perform lap welding while also seam-welding the two sides 
of the kerf. The  target is that the residual zinc during the weldine 
evaporates through the slot already cut ahead of it. Two similar 
hybrid solutions are being proposed [ l ] ,  where one is combining 
Nd:YAG and CO2 lasers in tandem, the first for cutting, and the 
second for welding. Altzrnatively two beams of the same C 0 2  
laser source may also be used in tandem in the solution, which 
is virtually an advanced integration of the "gap-method" inrro- 
duced several years ago [2] and the dual beam system proposed 
!zter zr: E!. - - !!'re Pi=:. ! ~n.' 2 rhr'v! !fh: YP!Z!S P Z ~ P Z !  CIJ! ~ i f h  
this new method. 

The given solution is described in Fig. 3 (top view). A laser 
beam cuts a siot of a few centiu~eters length and a certain 
width in front of the keyhole. The slot serves two functions; 
firstly removal of zinc coating and secondly elimination of the 
vapourized zinc that blows away by the gas used in the cutting 
process. ,A,!:h22am!1 !he ziyc c.j-t rPm5.!2! berf n>ry the 
best welding results, but this new method is not cumbersome as 
the methods previously proposed in literature 131. The second 
function of the slot is to provide a way-out to the zinc vapours, 
which are to be produced by the keyhole of the welding beam. 
ki kc: :kc !tcj.h!c nr.5 :hc sxmxx!ing x 3 1 t ~ r .  ~ C C !  rxj' :':e!! 
exceed the dimensions of the cut slot width, thus involving some 

0924-0136/$ - see front matter O 2006 Elsevier B.V. All rights reserved 
doi: l0.1016/j.jmatprotec.2006.10.013 
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Fip. 1 .  Welds with the new method. 

Fig.  2.  .4x!yz:d welds (? 2nd 8). 

presented, in order to give an idea of the degree of complex- 
ity of the hybrid laser weldingkutting nozzle. The COz andlor 
Nd:YAG laser beams are sent to the work piece separately and 
the distance between the two can be pre-set or can otherwise be 
adjusted continuously by an adaptive CNC system to maximize 
the weld quality. 

k g a d h g  i i b  ~cabi i i i i i ty ,  UWX ii qiIe~ii"ii  -.. wa> . pus& - - - -  about 
the possible high costs of utilizing two different laser sources or 
one higher power C 0 2  laser source. In-fact this difference may 
not be significant considering the, sacings in time and human 
work-hours needed for some other schemes. The present paper 
si lc\v $1. - v -  ---2 ..-a- A .L:- --..---. -. .L- l , .L  ---.-- .-- 

LI IG W U l L  iU;lC&iGU 35 Lit13 L-UIIS-yI iil IliL- L U l l V I  L L i V 1  l ~ a  

of Convergent-Prima in Collegno (Turin), Italy. After recalling 
the theoretical model and,&tlining the experimental results, a 
comparative analysis \ eother schemes is also presented. 

3. Goccrz! digm~:rinn 

:a where the zinc coating is still present. In this case, 
11 exhaust the zinc vapours before the rapid coolin 
the molten pool. An Nd.YAG laser beam may generate cuts 
th excellent kerf and surface quality, but a C 0 2  laser can also 
used Distance between the cutting and welding spots can be 

nveniently adjusted according to 
nent ro be weiaea. Proper gas s 

n be handled quite easily too. 
In Fie. 4, a t ? u ~ c  scheme of u wo beams in tan- 
m with the basic functions required by each of the laser are 

* 1 -y \ 

The results obt?ined utilizing standard equipment, without 
-r.~: r!=.?i?at~.? GT;?:;: 2: ~:;tf.-. a~$~-hldrf-, & s - [ c ! y  ronfirm -. - . , - - I. - -. - - 

-r.:--- 
the principle,,sug'gested theoretically [ I ]  and also consolidate 
the behavior,predicted by the theoretical model. It is hoped that 
this solutionoffers a better compromise to be implemented on 

-*. , : 
thc,produc:ion lines than ar,? cthe: rnethcd [!-I?] propcsed 
::%ti! tcd::(. Fcr exrr.p!e, the ?!!ern-te rr.c!hc*nf rl~!q\l inn the , .--= 

,+sqlidifitation of the keyhole sufkrs the problcm of strict con- 
z $' ~. , . 
*a?,.trol of the procedural parameters. The time window to enable 

the perfect solidification of the keyhole without residual zinc is 
uiie narrow, and is not as easily conlrullabir as the cutting of a 
ot, which depends more on design parameters rather than the 
ztcria! sperificAons. A!sc t k t  the tc!ermces kt the chemi- 

cal composition of galvanized sheers may inHuence its thermal 
properties, thus resulting in a lesser quality of the weld, along 
with other factors like the difficulty to control the heat effects. 
Controlling the kerf width is quite an acquired procedure after 
more than 30 years of laser material processing. The kerf width 
is quite easily measurable utilizing common optical methods 
available today, while measuring heat may prove more expen- 
sivz and lesser a;aa;a;e than a;; ;p:lca! fringes r~ethcds use:! tc 
measure the kerf width in real time. And it may also be noted 
that the welds on a fiat material are quite easy to ohtain, but the 
reality of a 5V appl~cat~on is quite cnaiienging to be me[. 

Beams direction 
_____+C 

Welding direction 

Fig. 3. Top view of the laser lap welding using the forward slot (through both sheets). 
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Welding Bcanl Cutting Benm 

, -. . - .  7;.... ,-,.-.;"* : ,21rii .,,i, iJOrii .-... - - -.... 
through Slot (Pt-2) 

Fig. 4. Side view of the welding operaaon with the two beams In tandem. ' > '  

The proposed solutioa combines the advantages of the gap . 
. . . - . - . - - 

:ihod j2j aiid coaiiiig reiiiovai iiieiiioa i i  ,j, I ij, which are 1iloi.t 

mbersome and expensive for the production lines [I 31 than the 
:thod proposed here. Main advantages of the proposed method 
: i h b c  ubiilil!cu vy i k  gap i cc i~~~iques ,  wniie not nuving to 
:roduce a gap between the sheets. The proposed method is not 
mbersome; a good alignment between the beam and the kerf, 
d -0.1 mm kerf width appear to be the only critical require- 
:nts. Secondly, the proposed method is not constrained by the 
;~i;ii geomerry of rnc ccmpoli..nt. rc\ i-.. ioi!le<. Tile np,.nosed rA-r 

:thod is relatively economical since it does not require any 
tr. fixt:r",.z:! "di:i3=31 ZZC":! x:;'~:!:, ::'kick 2;: ?xi:: cxi;cn- 
[e. As outlined earlier, the possible demerit of the met 
sposed can be somewhat higher investment and running c 
It may be noted that in case of a slot passing through th 
priqw@ sheets, by&-y:i-" l l s ~ r  ~ P = : ~ ! ~ s  2s r-' 9::: ,. 
s procedure. In particular the cut width can be as n a r r o , ~ , ~ ,  
pm; while generally the moderate cutting speed of Nd:YAG 

;ers is easily obtained to match the keyhole welding speeds 
:the same thickness of metal sheet. 

?.lathcmatica: model and  simulation' 
,.;. 

In order to develop a simple and effective mathematical 
xiel, one may take into considera$im,%he earlier work on 
?: mn??! I!! zzc! ?hc ~ r r k  c!ox -. +*cc ". =IZ - -  !9.! !?. - . 

,e introduced approximation~hel$tP36btain some quantita- 
e measures. Fig. 5, in conjunctio$with Fig. 4, helps to derive 

* ii.- - -  ,. , " ,a, -.&;$ 
Nd : YAG 

Fig. 5. The cut and weld model showing slot and keyhole sizes. 

CO: Keyhole 
I 

I 
I 

some theoretical insights frornthe available mathematical model 
i l  i j  it~~cier tile uuai beam co:~dltions.'l he model is based on t h t  
considerations that the Ferro static head on top of the weld pool 

I 

generates a pressure that stops the zinc vapours from getting 
into the iteynoie ipt-i), wnicn are bemg exhausted by the cut 
slot providingan artificial gap (pt-2): 

, 

hP 
12 - P ~ c g d p f l  "a (1) 

~ere"p&';is the density in kg/m3, 'o' the wave factor norrnal- 

, I 

.--* ,,,U :G I, 'g,' ncce!cration due :o gravkj i n  m'is md ' tp '  1s 

the thickness of the steel plate. The Ferro static pressure [I I ]  
gc!:c:&a d v d u c i ~ y  uf the zinc vapour: or the ejec:mn pan t .  
The exhaust velocity 'vz' of the zinc vapours is calculated using 
Bernoulli's theorem as 

uhiie pv is the zinc vapour density, which can be calcu- 
lated using Clausius-Clapeyron equation [9] ,  and in this case 
p, =2l .87 kg/m3. 

The following equations express the volume of the gases gen- 
erated by the welding beam, and the volume of gases that can 
he exhnusted t h r ~ g h  the gz? 5: the slot presen: in the middle of 
the to-be-molten area having zinc on the both sides of the slot: 

In these, 'b' is the width of zinc boilingisotherm, 'tzn' the thick- 
ness of the zinc layer, 'V the welding speed, 'p,'  the solid zinc 
density (7140 kg/m3), 'to' the keyhole width and 'g' is the width 
of thy ~ 1 % .  Eq~.$j,t,in~_ bc. ..tb, sf ! . ~ s P , ,  :he nc&d --T?XC of s:ot width 
is 

&(w f 2b) - 2wpvvz 
S = (5) 

VPS 

Here the more useful value of slot width 'g '  is whose minimum 
value is given by this equation, with the condition that all the 
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Fig. 6. Slot width plotted against the welding speed. 
> A' 

Fig. 8. Minimum slot width"p1otted against th~ckness of plate 

. i . . 
zinc vapours will be exhausted by the slot and nothing will g o  / i  /1 .., u.wa . .... . . . 
inside the melt pool. The given width can be decreased further if 
partial zinc vapour exhaust is allowed through the molten metal, 
i.e. some porosity is tolerable. The upper limit to this slot i s p s e d  
practically by the situation that 'g' should be substantially lower 
than 'w' in order to allow for aproper strong weld in the presence 
of kerf. The value of 'g' in SI system is given as following: 

&- = 
7140V(w + 2b) - 2wJ3";- 

-. ,"-. 
1 14u v 

The variations in minimum needed gap width against th 
~m1.u: ::ill 

changes is welding speed are plotted here in Fig. 6 for some re 
resentative vaiues as w = 6.4 mm, b = 0.1 mrn and rp = 0.8 'g. 9. Sloi wid;\ shawil in silrfacz graphics against welding speed and bearn 

Note that the minimum gap values for very low speeds are 1 
'- 

cmr;!ralned x c !  i ~ c  !argcljr po;.c;ncd bv the cciiidi;iori that they 
may be realizable and that g>> tz, As given, here the useful 
solutions are those with the condition w > g along with some 
margin, which are basically given by the speedvalues in the left 
part of the plot above. The right part of the surface graph is for 
higher speed welding where the values computed for 'g' by this 
model become unrealtzable. Next is the requirement of mini- 
mum gap plotted against the welding beam d~ameter in Fig. 7 
f ~ i  ike modcra:e welding speed of V =  i5 nulu'b. 

A point to ponder is that the gap,requirement is increasing 
with the decreasing bearn diameter. This can also be understood 

.? 

Fig. 7. Minimum slot width plotted against beam diameter. 

rrmelr!'urring that ihe smaiier beam aiancre: is also coupled 
with smaller exit orifice and causes problem as the heat-effected 
zone width 'b' is taken to bz a constznt presznt in all th- b cases. 
Next is the plot of minimum gap against steel plate thickness in 
Fig. 8 for the same speed. 

Decrease in the minimum gap requirement with the increase 
in the plate thickness is understandable by remembering that it 
is the ferro-static head which is an impeding factor for the zinc 
vapours toget into the melt pool. Thus for thicker plates, heavier 
pressurecan push the vapours through the narrower slots; while 
r L -  . ... ---- , . .. . .,". -^- . -..-.......---..I . . . ... : .,-, ..-, .. :-. .. .7"-pTi7*3 b y  & >'':fiz .-'p!dLi-:: c: ... . -. . . o..r - . - -- C - 
g >> t,,. Next is the 3D graphics of combined effect of speed and 
beam diameter as plotted in Fig. 9. 

As the surface graph indicates, the realizable value of cut-slot 
width is again obtained with the lower values of welding speed, 
which is the rear part of the graph. At the same time the variation 
of slot width with the welding beam diameter is pretty straight at 
I.. ~ i ; ~ l l u  -L -- D p d ~ ,  -- =+ aiii is ckaiiy iliirealizabic in ihz Cront-righi phi.; 

of the graph. This is the situation when the speed is too high and 
wider welding beam is producing more zinc vapours demanding 
wider but unrealizable slot width. Thus the results of the model 
analysis are also fairly understandable by logic and intuition. 

5. Experimental results 

Experiments with this rnzthod were conducted with a PRC3000 laser having 
M' ~ 3 . 2 8  and a "raw beam diameter" on the lens of about 24 mm (1/eZ) at about 
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Fig. 10. Micrograph of weld 7 (top view) Fig. I1 Microgfaph of weld I (Sox). 

from thz laser source (the system used is 3 RAPID0 Convergent Prima). 
focused beam is 0.234 mm. while the Rayleigh's distance is 1.24 mm. The 
field" diver~ence of the focused beam is 0.0945 rad (I2/1?7). The minima! 
ing kerfobrained on the double thickness oichz galvanized sheets (1.6 mm) 
15mm. even at full cutting speed. The cutting kerf is about 36% smaller 
the cutting beam spot due to the mode structure of the beam. The power 

: c . ,  ..' '<rn..)? 1: 5.2 :: IC!",:ji$ T,.̂  - - A  L.." L- . . ., - . - - I - . . ..- .-. pu .... ...." -.:n ? X ~ G X ~  GZ 

.op surface. The obtained cutting kerf is quire large (>0.1 mm) thus leading 
"weaker" weld, closer to a thermal weld than to a pure keyhole weld owing 
e poor contribution of the material at the weld spor. In fact even shifting the 
I point to 3 mm below the top surface mems that the laser h a m  diameter 
velding is 0.6 mm. (equal to 0.88 x 1 O 1 ~ l m ' ) .  rendering it largely useless 
;;;c ;\< .z;;z& p&-:Gf;k: b&-;> (z-,::<ifilufi, ;;,;=,&yyj, ;> ',;; ;~,i  i;,,u"81, L : , ~  
Without defocusing. the entire beamwould br. lost though thekerf. Cutting 
welding have been performed with only one gas Nz, in order to save time. 
Jiidii thc above smditions i i  was noticed that the weld obuincd i h  smooth 
does not show "bubbles" on its surface. In the absence of orooer tooline. 

6. Comparison with o the r  techniques 

In the recent years, many techniques have been proposed to 
tackle the problem_!:o,f laser welding of the galvanized steel in 
I ? ?  confic!!m!inn [2--0j These fe -hn iqncc  !xwr trier! frc- :kc 

multitude of f++to approach and solve this problem. Unfor- 
tunately due-to'the practicalities on the production line shop 
floors, few have been implemented in the real world industries. 
In thefollowing lines, brief s u m m q  cf the genera! ac-!y:i: ~f 

s is given. 
most obvious of the methods proposed was perhaps rhs 

removal of zinc coating". This method can obviously 

:is offset of 0.2 mm across the weld path. on the right side, with the be id good resuiis j3j, but is cun~bersome to in~plement on rnz 
nm out of focal point. The beam size and its power intensity aie such and is thus not practical. Also as a simpler solution, it has 
1 kcyholc only t3L.e~ place if the beam diam?rzc~:~ers  both t!x kerf trice to %?Id with " p l s e d  I a s d '  2nd !he results have !xen 
.\!;id. The result was quiie encouraging that an acceptabie qilalit 
incd without significant defects on the surface. Obviously the we 
s ;  in other words the upner wrf;lce is concate in the bottom 
betng convex as desired T h ~ s  is due to the poor contribution of material 
wrder cuttrng keri lnc~dentally t h ~ r  IS In rough harmony wtth the Iind~ngb 
ved from the ahovc theorct~cal modcl From these experimsnral findtngs tt 
~ i t e  evident that the kerf should be smaller (005 mm or ID of the prevlous 
). 

The tests were repeated with a Convergent Pnma System 2D PLATINO w ~ t h  
:2T Rofin L a e r  and a 5" lens.Contrary to the3D RAP!DO, thePLATlN0 is 
,re versatile machine because tt enables to move the f6cd p i n t  of the laser 
n uttllring theCNC. Thus the stand-off of the up  tothe galvanized sheet and 
.G=.trvu vr rLc ;uatr i ~ r n n r  rcinGro iu &;as ,>~.uer;d alc quw I I I J ~ ~ C I I J ~ U L  iu 
the cases of RAPlDO and PLATINO, the tip of 2 mm w a  used for cutttng 

that of 3-4mm for welding The {erfw~dthobtamed with thePLATIN0 is 
:: 9 I r:.c, no: ksrer 2s d:s!:e:, bc;argc the rsk k a m  d~ame!tr on the lens is 
IIer(22 mm) rn thls case01 Rofin ~ ~ 2 5 : a n d t h l s  pantally cancelr the benefit 
ie better hf2 of the DC25. The weld speed observed was 3300 mm/mtn at a 
er of 2500 W of the source . > 
In earlier section. F~g.:l*shows a sheet with d~fferent welds As it can be 

p= ..-,.,*- - -. 3f .. , .I .  : ? --...-. r-. , =-a .. -, 3, 4, 5. 9, I : s::.:; +I.:: ::.:=::X:t,g 
Its where the kerf width is -0.15 mm. Fig ? shows welds 7 and 8 wh~ch 
lot in perfect cond~tion d;; to the defomauon ortg~nated by positioning 
le beam on the top surface of the galvanized sheets The pohshed sample 
~g 2, in etched condttion war subjected to stereo metallurgical microscopy 

vestigate the structural characteristics of the welded as well a of tne base 
:A T.g. :C k;;s a mi i ;gap:~  of the weid 7 r z g i o ~ ~  fium top vkw a d  
1 I shows its cross section (50x mag~~rficarton). The welds uers subjected 
EM EDS analysrs rn order to Investigate the res~dual zrnc contents in the 
led rcgton Rcsults ohtatncd from thc analjs~s vcnficd the abence n f  zmc 
ents in the weld region 

observed 141. It has been noted that rhe weld quality is improved 
but still the improvement is not up to mark and that the method 
ends up to be too restrictive for the involved process parameters. 

Hybrid laser beams have been used in the shape of "twin 
beam" or "hybrid beam" [ I  I]. This method is of course more 
expensive with the use of either two sources or a splitting from 
the higher power source is used. But at the same time the system 
kzs s h x r ,  ixpressivc rcsillts :;*hi!= thc improvsmen; ;w jkg 
with different configurations. One limitation may well be its 
applications withdifferent types of geometry and shapecontourr; 
of the processed job. ~ n o t n e r  may well De ihc d~rierence in tnc 
material properties with the involved changes in thecooling time 
for the keyhole. The proposed method is of course an extension 
of the hybrid beam method involving a precursor beam. But 
the improvement may well be in the working principal of this 
method that a forced exit path is created for the zinc vapours, 
which is quite independent of the job geometry and many other 
parameters. This fenture-is non-existent in many of the proposed 
solutions. 

Probably a more well-known technique in this area is that of 
adding shims or  "forced gap" between the sheets when weld- 
ing ir, hi; configiiradon. This mctksd de:ivii; verj  i i i i p i ~ ~ ~ i ~ t  
results with the absence of porosity in the welds [12]. But at the 
same time, it needs time-taking pre-arrangements and becomes 
cumbersome on the floors due to the throuehput requirements 
and practicalities [3]. 
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Fig. I?. Minimum slot width plotted against welding speed for hoth models. 

As a comparison with this more discussed technique, the 
value of 'g' from the proposed model as given earlier is com- 
pared with this gap model [12] giving the value of minimum gap 
as following: 

For the purpose of analytical comparison considering the needed 
gap only: which is slot gap in the proposed case and plates pap 
in their case, and disregarding other parameters and practicali- 
ties mentioned above, the values of minimum or allowable zaps 

I ,  
(I 0 11213 I I L H n t r  d lW'5  ill^ I 

13nn1-Dm lml  

Fig 14. Mmimum slot width plotted against beam eunete r  for both m d s l s  

But the major strength of the proposed method comes in the 
ease and st;aightforwardness oi rne prccess rind In derrcs: oi 
the time requifed for the complete welding process and thus in 
the net saving of resources and capital as can be demonsuated 
by the follow~ng stralght torward relations' 

W' I 

time (dual beam method) = t~me,l,,~,,~ f umeweiding (9) 
> \  

time (sheet gap methodj =  ill^^^^^^-^^^^^^-^ -i tlrne,~,~,,: 

fc~-r-_, !he X ~ Z C S C ~  SO!L!!~OT! m & i z ~  !he !I?BW~?C!~.!~PE 
for both of these modeis are compared. This comparison is no . & 

pendent of the zinc coatings and he may proceed as in case of 
::,2de wi:h :hc :.qing :.ri!ues of ir.vc!:.ed pxameters likc  veld 

o m a l  welding while needing lesser time. Thus for all possible 
ing velocity, ctc. Here gap value if proposed system is show 
in solid line and the sheet gap of other system as dashed line i 
-. rlgs. 12-14. %. * 

Lower gap requirement between the plates in the gheet-gap 
rnodei for the 'nigher speed5 ib understood if it is kept in h ind  
that exhaust in t h ~ s  case in multi-directional while in slot model 
case it has to go up or down into the cut slot. But in higher 
plate-thickness case the lower slot thickn~ss'requirement seems 
to be coming from the fact that part of the zinc &ting has been 
t2I.e~ r z e  by the cutt!ng beam which is non-existent in the other 
case. Additionally, the sheet gap ~ e e r n ~ ~ ~ ~ u i + t e  unaffected by the 
variation of beam diameter as the bigger beam also gives bigger 

Fig. 13. Minimumslot width plotted against thickness of plate for both models. 

jobs and geometries, it may be concluded that 

rime (dual bzam method) < time (sheet gap netlrodsj j l l j 

7. Conclusions 

Tandem-beams laser welding of zinccoated steel sheets in 
lap configuration has been described. For experimentation, a 
basic setup with standard equipment was utilized, while repeal- 
edly :!ring a single laser source. !n spite of these limitarinns, it 
was found that the cut slot favors the dispersion of zinc vapours. 
Thc lab results have also vcrificd thc absence of zinc in ~ h c  . .  . . . .  . . . - .. . 

I . .  . . . _  - - ^  .__..___..__ 
wc1ucu illcil. 1 LLU3 LllC , , I I I I ~ L p C .  > L Y , I U I )  U C l ' l " . I - l r r u l " U .  L V L I u 7 - L I . 6  

may be the conclusions. 

Use of a cutting beam ahead of the welding beam ofiers a 
promising practical solution for the weldingof the galvanized 
steel sheets in lap configuration. 
The solution is easier as it does not need any pre-processing, 
pre-arranging with additionai components or cc;nri;ui i in~i- 
tations and the welders may proceed with the jobs as per 
non-coated steel. 
The solution may get rid of all the zinc vapour porosity at the 
! c ? ~ e r  S ~ & S  2nd pa?ii)! ef the  pnro~ity at the higher spseds. 
The experimental results are very prcmising showins rotai 
absence of zinc in the welds. 
Selection of proper source, beam alignment (between weld 
and cut) and proper sheet clamping are important too. 
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olution may end up in saving of total time needed for 

ng. 
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Modified dual-beam method for welding galvanized steel sheets 
in lap configuration 

M. M. S. ~ u a l i n i ~ )  and S. lqbal 
Faculty of Applied Sciences, It~enzarional I UniversiTy, Islanrabad, Pakicfan 

F. Grassi 
Convergenr Prima Indrrsrrie, Collegrro (Errin), Imly 

(Received 10 January 2005; accepted for publication 19 September 2005) 

The dual laser beams method to lap weld galvanized steel sheets is being discussed, modeled, and 
analyzed, involving a precursor beam and a higher-power actual beam used in tandem and generated 
independently or otherwise split from the same source (Nd:y~trium-aluminum-garnet or C 0 2  laser). 
The first beam cuts a slot, thus making an esit path for the zinc vapors, while the second beam welds 
as required. The articie aiso presents and discusses some exp~rimenis pei-fcliiiied in i i i b ~ r x ~ i y  iising 
this method, along with the metallurgical analysis results from laboratory showing total absence of 
zinc in the weld area. O 2006 Lnser Instirlire of Anrerica. 

Key words: laser welding, precursor beam, galvanized steel sheets, key hole formation 

Zinc-coated steel sheets welding in lap configuration 
poses perhaps one of the most controversial problems. Solu- 
tions proposed'-9 in the last 27 years have not yet found an 
easy-to-apply realization to replace spct welding and its elec- 
trodes, which have short lifetime.' The many advantages of- 
fered by laser welding3 still justify a quest for very efficient 
methods. The ideal solution should t i d y  solve ths techno- 
logical prsblem of the residua: zinc vspors trapped in the 
weld joint4 due to the lower boiling point of the zinc 
(906 O C ; \  ~ i t h  rcspec: to tbnt of stee! Fe (1530 "C). Tke 
solution should also be practical and economical enough to 
be installed on the production lines. 

II. PROPOSED SOLUTION AND SOME DISCUSSION 

We first proposed that the front beam of the tandem sys- 
tem shall cut a slot with a minimal kerf, while the second 
beam shali scam-weld, joining h e  two sicks or the keif, 
while the residual zinc evaporates through the slot atead of 
it. We ?roposedl tiiro similar hybrid soltitions. one combining 
Nd:yttrium-aluminum-garnet (YAG) and C 0 2  lasers in tan- 
dem, the first for cutting, and the second for welding. Alter- 
native:~ two bealns of &- same CS2 lase: source zaj, also 
be used in tandem by the method originally proposed,' which 
is basically an integration of the "gap-method" proposed' 
several years ago and the dual beam sysrem introduced few 
years back.' 

The validity of the method proposed first theoretically, 
has never been challenged, but has only been questioned 
once,'' fearing the high costs of utilizing two different laser 
~ - l l r ~ - -  5: 2 h i m h ~ r  n n w ~ r  CQ; 1 2 9 ~ ~  :~IJ?C,=. The SQ!I.!~~QE ~f ".,..---- ...e .--- r* .. -. 
combining a Nd:YAG laser to cut and a C 0 2  laser to weld 
may be less appealing because of being more expensive. In 

"~llectronic mail: optica97@hotrnail.com 

~nnthcr r.nr.rrl .?.?=nore? tbic  cpl!:!ino rt,i?h thp n!tprnnti-:$ 
L- -.r --  

method of using a HPDL (Ref. 11) along with others. The 
present article shows the work conducted on this concept at 
the laboratories of Convergent-Prima in Collegno (Turin), 
Italy. After recaiiing the theoretical modei adopted, we . .. . . present rhz e:iperirnen!ai i ~ r . i : i  ;in<; i;isi:!i;.u ii;.ir giiic~clii~c T o i  

the future work. 
TL- - - - . . I . -  ..L+-:--A . . + : I : - : . . -  , . - l . ,  s!.- ,.s ,.-. 1 1 --,. :.. 
1 1 1 b  I L J U 1 I J  V C t L < L l L L \ - ~ . I  L 1 L I I I b 1 1 1 6  ,.'&11; 1 '1 \ .  O I U L I L I I I I . I  C k : C I I ~ l -  

ment, and not the dedicated optics or custom assemblies, 
definitely confirm the principle, which was suggested theo- 
retically and, summarily in our previous work' and also 
ixgeiy fit t t e  b:'nz-.*icr 2redictecT 3;. pr-c!in:i:::ry ilrrcrt.Lizcti 
model. We expect that the method proposed originally by us' 
offers a bct:cr ccmpromisc :o bc ixp!cirientcd on i;rodaction 
line than any other method1-'* proposed until today. In our 
opinion the alternate method of delaying the solidification of 
the keyhole suffers from the problem of strict control of the 
procedure parameters. The time window to enable the perfect 
solidifcn:ioE cf *ha LA,- P-..LAo ~ W J  .IVLI rrr:th,-,.t v s  IL..V..L mr;rJlrnl I-.,. I..1 7:nC -,.. is qllitn 
narrow, and is not easily controllable as the cutting of a slot, 
which depends more on design parameters, rather than ma- 
terial specifications. In fact, the tolerances In the chemical 
composition of galvanized sheets may influence its themla1 
properties, thus  res~!!ing In I !csser C E B ! ~ ! V  - of !he we!d. . 
along with other factors like the difficulty to control the heat 
effects. Controlling the kerf width is quite an acquired pro- 
cedure after more than 30 years of laser material processing. 
The k;d ~.+$rh i j  =fiirz se5ily - ~ ~ ~ ~ t : ~ ~ a b l .  :-;tiiizing a?): .r.r;ti- 

1 '  

cal method available today, while measuring heat may prove 
more expensive and lesser accurate. We should also consider 
that welds on a flat material are quite easy to obtain, but the 
reality of a three-dimensional (3D) application is quite a 
chailenge to be met. 

Ill. GENERAL ANALYSIS 

As already explained,I3 the proposed solution combines 
the advantages of the gap method' and coating r e m o ~ a l , ' ~ ~ * ' ~  

1042-346)(/2006/18(3)/185/7/$23.00 185 O 2006 Laser Institute of America 
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WddTrack Exhaust Sot 

lich are more cumbersome and expensiveL3 than the 
:tho4 prnysed here The main advantages of the proposed 
%hod are those that are obtained by gap techniques, but 
thout a gap between the sheets. The proposed method is 
t cumbersome, a good alignment between the beam and 
rf and <0.1 mm kerf width appear to be the only critical 
rzx!zrs. SPCCE~, !he prnpserl me!hnd Is nn! cons!ral.xd 
the actual geometry of the components to be joined. 

oking at the approach, we expect the method to be rela- 
= I j .  szs;;r;;niGr;i A::-: docf, not =::trz 2xrcrf 
i additional man-hours for preprocessing, which are quite 
pensive. The apparent disadvantage of the method pro- 
sed is the higher investment and the running cost of the 
~ipment due to the use of two lasers. 

. \ 

'!'he so!ut~cn ::'z prcpcse is de.scnked iz Fig. I (ton r ww) ' 

i Fig. 2 (side view). A precursor laser beam cuts a slot of 
. . . . a  . 

E;:. cerxinekrs of iengii: and 2 ccr-ia:n :rlu::: 11: h a i i  i.f ilie 
/hole. The slot will have two functions: the first is to re- 
we the zinc coating, while the gas used in the cutting 
xess will blow away the zinc vaporized in the cut, effec- 
eiy eliminating it. We know that zinc coat removal pro- 
x s  the best welding results, but in this case it is not cum- 
-some as in the methods previously proposed in i i l e r a t u r ~ ~  
e second function of the slot is to provide a way out to the 
:ess zinc vapors left after the cutting process. In fact the 
,hole and the surrounding molten pool may exceed the 
nensions of the laser beam cut width, thus involving some 
a where the zinc coating is still preszrli. i n  tihi casc, ;he 
t will exhaust the zinc vapors before the rapid cooling 
cn of the molten pool. A Nd:YAG laser beam mav gener- 
cuts with excellent kerf and surface quality, but a CO1 

er can also be used. The distance between the cutting and 
Iciing spcts can be adjusted conveniznily and accordingly 
the 3D geometry of the component to be welded. Proper 
i shielding and fumes removal can be handled quite easily. 

. 2. Side view of the welding operation with the two beams in tandem. 

FIG. 3. The model of the proposed method including heat effects. 

The figures show the simple view of the scheme of using 
the beams in tandem with the basic functions required by 
each of the laser, in order to give an idea of the degree of 
complexity of the hybrid laser weldingfcutting nozzle. The 
- - 

C 0 2  andior Nd:'f-\G iaser beams are sent to the w o r ~  plece 
separately and the distance between the two can be preset or 
can otherwise be adjusted continuously by an adaptive CNC 
system to maximize the weld quality. It may be mentioned 
that the figures do not include other items like servomotors 
for the adjustment, the Nd:YAG nozzle assembly (10070 R 
mirror + focusing lens system) to cut the slot or the fiber 
optic cahle supplying the Nd:YAG laser beam to the nozzle. 

We iccall and oiihancc hcic ~ h c  prcvicuslj. :eported 
theory.13 In order to develop a simple but effective rnath- 
---*:rnl T3Ao] -7.a L - x r d  r-c-cicl~rrrl rho \f,Ork done the 
CI..Y.lrLII . L UI .." ,...I" ..-l...-.-" ...- 
gap xm-thod.'"! The approximations introduced enable us to 
obtain some quantitative measures. We refer to Figs. 3 and 4 
in order to derive some theoretical understanding and write 
the model in view of the given conditions. The model of 
Refs. 9 and 11 is based on the considerations that the Ferro 
static head on top of the weld pool generates a presscre the! 
stops the zinc vapors from getting into the keyhole (pt-1). 
which are being exhausted by the cut slot providing'an arti- 
ficial gap (pt-2), 

Here "p," is the density in kglm3, "a" is the wave factor 
normalized to 1, "g," is acceleration due to gravity in m/s2, 
and "tp" is the thickness of the steel plate. The Ferro static 
pressure" generates a velocity of the zinc vapors at the ejec- 
tion point. The exhaust velocity "v2" of the zinc vapors is 

FIG. 4. The cut and weld model showing slot and keyhole sizes. 
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FIG. 5. Slot width plotted against the welding speed. 

caiculateli using Bernoulli's il~corern as follows: 

where 9:. is the zinc vapor density. which can be calculated 
using Clausius-Clapeyron equation.' We calculated p, 
=21.87 kg/m3. 

The following equations express the volume of the gases 
rener~tcd  bv the weliinq x t i ~ ) n  22d the vel~!mes ef gases 
that can be exhausted through the gap. It may be noted that 
the slot is cut by the advanced beam and the keyhole follows 
it at some distance. There is going to be a slot present on the 
sheet, even in the to-be-molten area where keyhole is being 
formed, having zinc on the both sides of the slot. Thus the 
zinc would be vaporized first. The assumption is that the 
width of the gap is much larger than the thickness of the 
galvanization layer, i.e., g %- tZn, 

In these, "b" is the width of zinc boiling isotherm out of the 
welding beam (HAZ), "th" is the th~ciu~ess. of the zinc layer, 
"V' is the welding speed, "p," is the solid zinc density 
(7140 kglm3), "w" is the keyhole width, and "g" is the width 
of the slot. Equating both of these, we get to the needed 
rnininlum vaiuc or sioi w i d i i ~  

FIG. 6 .  C h a n ~ e s  in the minimum gap w i d h  w-ith change in beam widrh. 

Here we are interested in finding the optimal value of slot 
width g whose minimum value is given by this equation with 
the condition that all the zinc vapors will be exhausted by the 
c!ot 2nd nnthi~g -.vi!! gr! i ~ r i d e  the melt ncc!. The ziven 
minimum width can be decreased Further if partial zinc vapor 
exhaust is allowed through the molten metal, i.e., some po- 
rosity is tolerable. The upper limit to this slot is posed prac- 
tically by the situation that g should be subsiantially lower 
: ! . .. . . . . . 
L 2 . U . .  ." iii e -  . # *  c. .. - - -----  -- - I :- *L- 

b U  i i l r d V <  iLJi a pLU!.lGl ~tiLJ11~ \.<GIG a i c  Ll iG 

presence of kerf. The value of g in Systeme International . . 
r..rriln, < F  ".l..," r . C  f r . I 1 ~ . , , . .  . 
.,,.,LI.I, I., I . . C L .  L L I  ." . IY. .Y.  

,... 
I ne variation in minimum ileecied gap width against tne 

changes is welding speed are plotted here in Fig. 5 for some 
representative values as w=0.5 mm, b=0.1 mm, and tp 

= I  mm. Note that the minimum gap values for very low 
speeds are less constrained and are largely governed by the 
same condition of g S rzn. 

Here we are only interested in solutions with the condi- 
[ion w>g,  wnicn is basically given by tne speed vaiucs in 
the left part of the plot earlier. The right part of the graph is 
for hi2ht.r ~ n ~ r r l  w~lr l ino whwp the v a l ~ ~ e c  c o n ~ n ~ ~ t e d  for P I>! - - -  

this model become unrealizable for the given condition. 

In this equation, the unknown quantity " ~ 2 "  Can be substi- FIG. 7. Changes in minimum gap wid& with changes in steel plate 
tuted by the earlier results of Bernoulli's theorem rhickness. 
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FIG. 8.  Slot width shown in surface graphics against welding speed and 
beam diameter. 

Now we can also analyze that how the minimum gap 
requirements change wiih the changing values of welding 
beam width w and with the variations of steel plate thickness 
as shown in Figs. 6 and 7. In the first curve. the welding 
beam width is varied between 0.4 and 0.6 mm, and in the 
second curve steel plate thickness is changed in the range of 
1.0-1.4 mm with thz darker color showing the increasing 
va!ues of both the parameters. 

I! !ny he inferred the! fcr !!x \~zi?.!icns in the we!dlnz 
beam width, there seems to be a point close to the maximum 
realizable ga? width where the gap values are common for 
the different beam widths. For the variations in the steel plate 
thickness, it is clear that for the same target welding speed, 
the increased thickness of the steel plate requires-a lesser 

in this approach, until the values become prohibitive-due to 
the higher laser welding power needs. Tine surface graph 
showing the values of the gap obtained with different ueld- 
ing speeds and beam widths is given in Fig. 8. 

As the surface graph indicates, the realizable value of 
cut-slot width is again obtained with the lower values of 
welding speed, which is the backpart of thz graph. At the 
same time the v x k t i o n  of slot widr.h wI!h t.k w e l d i ~ o  D h . 2 ~ 1  -- 
~ 4 ; ~ r n n t , = r  ;r mrnttx, r t r ~ ; n h t  ot himher c n p - A r  onrl jr  CiS?r!v 
U,.....u." IU L/LI . . ,  Y L . " l b . . .  ... ...b. l-. -r----. -"'- 
unrealizable in the front-right part of the graph. This is the 
elt?iation when the speed is ton high and thc wider welding 
beam is ~ r o d u c i n g  more zinc vapors demanding a widsr but 
unrealizable slot width. Thus the results of the model analy- 
sis are also fairly understandable by logic and intuition. 

vzi~!c of rbe c ~ 2 n  r wid!h. This m2y iclek surprising at the he- A pcin: t p x d e r  is srab&!y the s p x  af the sn+ce 
ginning, but can be understood better considering that a graphics in the rear part where the gap requirement is in- 
larger steel plate thickness is not going to effect the amount creasing with the decreasing beam diameter. This can also be 
of zinc evaporating but will give more value of ferrostatic understood remembering that the smaller beam diametsr is 
head, thus forcing the zinc vapors to exhaust through the also coupled with a smaller exit orifice and causes problsms 
narrower gap. Thus the higher thicknesses are not a problem as the heat-effected zone width b is taken to be a constant 

present in all the cases. 

R G .  9. Dual-focus lens. FIG. 11. Welds with proposed merhcd 
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F(G. 14. .\licrograph of bas: material (X400). 

XPERIMENTAL RESULTS 

We have conducted tests with a PRC3000 laser with a 
.. .... 

::.La and a "raw beam ciiarxiei' on tilt: iers o i  aboui 
lm (I le2) at about 9 m from the laser source [the system 
is a RAPIDO (Convergent Prima)]. The focused beam 

234 mm, while the Rayleigh's distance is 1.24 mm. The 
field" divergence of the focused beam is 0.0945 rad 
127). The minimal cutting kerf obtained on the double 
:ness of the galvanized sheets (1.6 rnm) is 0.15 mm, 

at full cutting speed. The cutting kerf is about 36% 
ler than the cutting beam spot due to the mode structure 
:he beam. The power density @ 2500 W is 5.8 
li"lm'. The focal point has been positioned on the top 
Ice. Tine obtained cutting kerf is quite iarge (>0.1 mm) 
leading to a "weaker" weld. In fact, even shifting the 

I poin: to 3 mix behw the top sulfacc means thn: the 
beam diameter for welding is 0.6 mm (equal to 0.88 

1'' w /mZ) ,  rendering it largely useless because the cen- 
,art of the beam (maximum intensity), is all lost through 
:erf. Without defocusing, the entire beam would be lost 
~ g h  the kerf. Cutting and welding have been performed 
only one gas N2, in order ici save time. 

Under the earlier conditions we have noticed that the 
I obtained is smooth and does not show "bubbles" on its 
Ice. In the absence of proper tooling we have offset of . .  .. . - ..:. ..,. -- .... -,..... ..,.. ..... .,. ... ..., .... ...+. . ...... ....- ..,,,,, "... .&-.""" ...- ..-... p.. ..., -.. ...- ..,... ,.-.., ...... I:?? 

I at 1.5 mm out of focal point. The beam size and its 

I 

FIG. 13. Welds 7. 8. hardness profile. 

power intensity are such that a good keyhole only takes place 
if the beam diameter covers both the kerf edges in the weld. 
The result was quite encouragin,o: we obtained an acceptable 
quality weld without significant defects on the surface. Ob- 
viousiy the weid is ilnderoross: in oiner words the upper 
surface is concave in the bottom direction, rather than being 
convex as desired. This is due to the poor contribution of 
material owing to a 0.15 mm cutting kerf. Incidentally this is 
in harmony with the findings derived from the earlier theo- 
retical model. From our findings it is quite evident that the 
kerf should be smaller. But at the same time we know that 
the kerf cannot he made too small so as tn restrict the weld- 
ing speed too much. 

We have repeated the tests with a Convergent Prima Sys- 
tem 2D PLATINO with a DC25 Rofin Laser and a 5 in. lens. 
Contrary to the 3D XAPIDO, ine PLATINO is a more ver- 
satile machine because it enables to move the focal point of 
the iaser beam utilizing the CXC so that the stand-off of the 
tip to the galvanized sheet and the position of the laser beam 
relative to the material are quits independent. In both the 
cases of RAPIDO and PLATISO, we used the tip of 2 mm 
for cutting and 3-4 mm for welding. The kerf width ob- 
tained with the PLATIN0 is about 0.1 mrn, not lesser as 
desired, because the raw beam diameter on the lens is 
smaller (22 mm) in this case of Rofin DC25, and this par- 
.tially cancels the benefit of the better M* of the DC25. The 
weld speed obsened was 3300 mmlmin at a power of - - - -  7 - -  - . 
i;;;L' ;5' C: EL;. SCL;C:. 

In the future, we may also utilize a laser-welding beam 
of elliptical cross section, by proper optical bean: shaping. 
Figures 9 and 10 show this alternative solution to beam shap- 

FIG. 15. Zlicrograph of weld 7 * top view. 
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FIG. 16. Micrograph of weld 7 * side view. FIG. 18. hiicrogroph of weld 7 (X400): 

ing, which is basically to use a lens with a double convex 
VI. CONCLUSIONS 

shape so  that the laser beam can be doubled and the :wo 
parallel beams are losing energy at the middle of the kerf. 
-. ,-,zviiig . s;iii'icd .*iiil wii;ci' kei f ufrers tkie siudy ;;.f ~ 5 :  
"worst case" s o  that by reducing the kerf width one can 
monitor the improvements. 

Figure i i snows a sneer wirn different o'orainrci nsicis. 
As it can be noticed the center part of welds 1, 2, 3, 4. 5 ,  9, 
and I I show quite interesting results where rhe kerf ividrh is 
-0.15 mm. Figure 12 chows welds 7 and 8 which are not in 
perfect condition due to the deformation originated by posi- 
tioning of the beam on the top surface of the gaivanizcd 
sheets. In this case we could speak of a "AkhterISteen effect" 
'oecause the deformation somehow combines the "\~ertical 
gaf ~ i t h  our solutics. Figure I? s h o w  the hx!ncss pmf!e 
across the welds 7 and 8. ,the polished samp[le of Fig. 12. in 
rtched conditicn was-subjected to stereo rnerallugica! rni- 
croscopy to investigate the struct~~ral characteristics of the 
welded as well as of the base material. Figure 14 shows a 
X400 magnification of the base material while Fig. 15 shows 
a micrograph of the weld 7 region from top view and Fig. 16 
shows its cross section (X50 magnification). Figure 17 is a 
micrograph of the cross section of weld 7, with an q e n  
cavity on the top. Figure 18 is a rnicrofraph of weld 7 cross 
section structure ( ~ 4 0 0  magnification). The welds were sub- 
jected to SEM EDS (scanning electron microscopy energy 
r'.ir.>:mi:.:. r.!r.c:r-sx:.:! . . . nxn!s.:ir, i:: cr?.er !c invesriolrr - ~ 5 :  
residual zinc contents in the weld region. Further investiga- 
tion with various parameter changes is underway. 

In the theoretical patr we produced and analyzed the 
model of the modified two-beam method involving one pre- 
caisGi bcaiii L"iiiiis, ;,; pc ckijci;iiiGii!2; pz'p,:ic La.,:& 
utilized a very basic setup with standard equipment and the 
available resources. Practical results have been obtained in 
this represenrative setup and tine mareriai anaiysis nas been 
performed. In spite of the limitations, we have found that the 
cur slot favors the dispersion of zinc vapor, and thus the 
principle stands demonstrated. Further experimentation is ex- 
pected to be carried out in due course of time. The following 
may be ine conciusions: 

'1 )  I. A ! use cf 2 ~ : E P : ! : s ~ :  ~ z ! ! i ~ . g  hc2m & c y j  5f the yt-!?! 

welding beam offers a promising practical solution for 
the welding of the galvanized steelsheets in lap configu- 
ration. 

(2)  The ~01iitioii is expe~icd is t ; ~  ca;Lr f ~ i  in;i;lcmcntn:ioii 
on the production lines as it  should not need any prepro- 
cessing or przz~znging with eddI!ional compcnents. 

(3) The solution may get rid of all the zinc vapor porosity at 
the lower speeds and partial of the porosity at the higher 
speeds. 

(4) The experimental results are very promising showing 
!0!?.1 h s e n c e  of zinc in !hp we!&. 

(5) Selection of the proper source, beam alignment (be- 
tween weld and cut), and proper sheet clamping are irn- 
portant tor t h ~ s  method in order to avoid misaiignmenr 
between weld and the kerf. 

(6) Fcr even better results, a shaping optic for the welding 
beam may be incorporated s o  that its cross section is 
elliptical or, alternatively, a dual focus lens system may 
be used. 
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