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Abstract 

Previously, a metbod was developed to measure the wall shear stress under steady flow conditions. In 
the arrangement the wall shear stress induced in-plane displacement of a gellayer was measured with 
a speckle pattem interferometer. With this measuring device, it was only possible to measure the 
absolute displacement of the gellayer and therefore directional sensitivity should be incorporated in 
the interferometer. Further, it was nessecary to investigate the possibilities of dynamic displacement 
measurement. The time-dependent wall shear stress distribution bebind a backward facing step is 
an appropiate research topic in the research to atherogenesis. 

A highly accurate Phase Stepping Speelde Interferometer has been developed which measures the 
phase change due to a static in-plane displacement of an object. A rough surface is illuminated 
with two coherent light beams, producing overlapping speckle pattems. An in-plane displacement 
causes an extra phase angle in the interference pattem, resulting in an intensity change detected by a 
CCD camera. The phase angle induced by the displacement is determined by measuring the phase 
angle of the speckle pattem in the reference state and deformed state, by the use of the five-bucket 
algorithm. This metbod shifts the phase through known increments, recording the speelde pattem 
at the several phase shifts. Phase stepping is performed by changing the optica! path length of one 
interferometer beam, induced by the movement of a mirror mounted on a piezo electric translator. 
Since the phase angle is determined modulo 271', the phase map has to be unwrapped to produce a 
continious phase distribution. A phase unwrapping algorithm has been used which detects the 271' 
phase steps, ignoring unreliable noisy pixels. The unwrapped phase map is afterwards smoothed 
with a linear least squares filter which also restores the phase values of the invalid pixels. 
In a benchmark experiment the phase change was measured of a rotated surface. From these ex
periments the accuracy of the Phase Stepping Speckle Interferometer was estimated at 0.06 rad 

(,VlOO). In the optica! arrangement this is equal to the performance of an in-plane displacement 
measurement with an accuracy of± 5 nm. 

The metbod suggested to measure the in-plane displacement of a dynamic deforming object is a 
phase mapping technique where the phase of the displacement is extracted from the maximum 
and minimum intensity of the pixels. This technique is recommended because the experimental 
arrangement does not have to be changed, and only the software has to be developed. 
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Chapter 1 

Introduetion 

1.1 Wal I shear stress measurement 

The local blood-wall interaction is an important factor for vessel adaptation and atherogenesis. 
This interaction is mainly of mechanica! and chemica! nature. The mechanicalload on the vessel 
wall, being intemal pressure and wall shear stress, may cause direct chemica! response or can he 
the driving force behind the transport processes. The influence of the properties of blood and 
the physiological flow conditions on the intemal pressure and the wall shear stress is therefore an 
important research topic [Gijsen, 1995]. 

A challenging aspect with respect to this is the development of a technique to measure the wall 
shear stress. Usually, the wall shear stress is computed from the estimated viscosity and measured 
wall shear rate. For complex suspensions, such as blood, the estimation of the viscosity poses major 
difficulties. Another approach is to measure the response to the wall shear stress of a sensing element 
attached to the wall. 

This approach was foliowed by Goijaerts (1995). He measured the wall shear stress induced in
plane displacement of a highly flexible gellayer in a rectangular duet under steady flow conditions. 
The gellayer was dastic and the wall shear stress could he inferred from the displacement measure
ment. For the displacement measurement a Speelde Pattem lnterferometer was developed, which 
can measure a displacement in the range of several micrometers. Using this measuring technique, 
wall shear stress values between 0 and 1 [Pa] could be measured accurately. 

1 .2 Speckle Pattern lnterferometry 

A Speelde Pattem lnterferometer can, depending on the optica! configuration, measure components 
of out-of-plane and/or in-plane displacements independendy. The displacement of the object is 

displayed as a fringe pattem that represems the loci of the constant optica! path difference in the 
interferometer. The fringe pattem is formed by measuring the intensity change due to a movement 
of the object. In the arrangement developed by Goijaerts the intensity change is obtained through 
video signal subtraction. A speelde pattem in deformed state was subtracted from the speelde 
pattem in reference state. 

However, the fringe pattem gives no information of the direction of the displacement. Therefore, 
the Speelde Pattem lnterferometer mentioned lacks directional sensitivity and is only applicable 
to measurements with prior knowledge of the displacement field. Beside this, it is only possible 
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to determine the displacement of those areas on the object surface which are represented in the 
interferogram as dark fringes. The displacement of the area between the dark fringes has to be 
interpolated which has an negative effect on the accuracy of the measuring technique. 

1.3 Aim of the study 
The time-dependent wall shear stress distribution behind a backward facing step is an appropiate 
research topic with respect to atherogenesis. The wall shear stress behind a backward facing step 
can be positive and negative, inducing bath positive and negative displacements of the gel layer. 
The aim of the study is to extend the applicability of the measurement system to measure the wall 
shear stress in physiologically more relevant flow conditions. Increasing the accuracy and directional 
sensitivity should therefore be incorporated in the Speckle Interferometer. 
The methad to achieve this is referred to as Phase Stepping Speckle Interferometry. With this 
methad one can measure the phase change of the speekles as result of the in-plane displacement of 
the rough surface. An accurate Phase Stepping Speckle Interferometer (PSSI) has to be developed 
to measure static displacements. Further, it will be investigated if it is possible to develop a PSSI 
w'ith dynamic applications. 
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Chapter 2 

Theory of Speckle Pattern lnterferometry 

2.1 Introduetion 

The speelde effect, a granular appearance on reflection of coherent monochromatic light from a 
diffuse surface, was always seen to be a disturbing factor in interferometry. Leendertz (1970) was 
the first who used the speelde effect to measure surface deformations. A deformation introduces an 
intensity change of the speekles which can be measured by a detector. In this chapter the theory of 
Speelde Pattem Interferometry (SPI) will be discussed to understand the method and the limitations 
of this measuring technique. One is referred to Jones and Wykes (1995) for more information about 
speelde interferometry. 

2.2 The speek Ie effect 

If an object is illuminated with coherent monochromatic light and its average surface roughness is 
larger than the wavelengthof the light, a granular intensity pattem will be observed in conjunction 
with the actual object; the object looks dotted, although in reality it is not, see Fig. 2.1. 

Figure 2.1: The speelde effect 

To understand this phenomenon we will regard the intensity distribution on a detection plane 
caused by a single object point. The light is reflected by the object point diffusively and is imaged 
on the detection plane by a lens and a diaphragm. If the diaphragm diameter is small enough, every 
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small area on a rough surface, reflecting monochromatic light will have a intensity distribution 
according to the Fraunhofer approximation [van Haas teren, 1994]. Using this approximation, the 
intensity distribution, caused by a single object point (x',y') is a first order Bessel function, denoted 
as: 

[
2JI(Naj(x- Mx')2 + (y- My')2)] 

I( x, y) = Io. 
NaJ(x- Mx')2 + (y- My')2 

(2.1) 

Here, / 0 is proportional to the intensity in (x',y'), M represems the magnification of the optica! 
system whereas (x,y) indicates a point in the image plane. Furthermore, Na denotes the numerical 

Figure 2.2: lntensity distriburion caused by a single object point using the Fraunhofer approxima
non. 

aperture at the considered detection point (x,y). The numerical aperture is defined as the product 
of the refractive index of the image space and the sine of half of the angle subtended at (x,y) by 
the exit pupil of the optica! system. Thus a single object point generates a circularly symmetrie 
intensity pattem around its image point. Most of the light intensity is located in a small circular 
area with a diameter of 1,22 À \Na, Fig.2.2. 

If the ob jeet's surface roughness exceeds the wavelength of the light that impinges on the surface, 
the phases of the reflected light waves will be randomly distributed. Then, choosing the aperture 
of the exit pupil such that 1,22 À\ NaM is much larger then the microscopie surface variations, 
many light contributions emanating from adjacent microscopie regions and having random phases 
impinge upon the same detection point, thus generating a speckle pattern, see Fig.2.3. If these 
regions move, the phase in the conesponding image points varies with the displacement. This 
phenomenon is often used for the accurate determination of such displacements. 

Large displacements of the regions mentioned causes different scattering contributions to be col
lected by the optica! system and a different area to be imaged onto a detector element. This leads 
to decorrelation of the speckle intensity and phase. For in-plane displacement measurements, the 
speckle decorrelation error can be reduced by making the speckle size as large as possible [Maas, 
1991]. Enlarging the speckle diameter can be arranged by minimizing the aperture of the di
aphragm. 
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Rough 
surface 

Incidentlight 

Lens Diaphragm 

(x,y) 

Deleetion 
Plane 

Figure 2.3: Generation of a speelde image by superposition of light conrributions emanating from 
adjacent microscopie regions 

2.3 ln-plane displacement measurement 

A measuremenr technique, only sensitive ro one resolved component of an in-plane displacement, 
was developed by Leendertz (1970). In this technique the target is illuminated by rwo coherent 
wave fronrs, Fig. 2.4, which impinge on the surface at angles, 01 and 02, ro the surface normal, 
generating overlapping speelde patterns. 

Deleetion Plane 
(x ,y) 

Lens = = Diaphragm 

Incident light Incident light 

--u 

Rough Surface 

Figure 2.4: The optical arrangement for in-plane displacement measuremenr 

The intensiry of a pixel at location (x,y) on the detector plane is given by 

(2.2) 

where I1 , I2 are the inrensities at (x,y) from the rwo beams, and </Y ( x, y) is the randomly distribured 
phase angle between the rwo speelde parrerns. The term I1(x, y) + I2(x, y) is commonly presenred 

as the background inrensiry, IB( x, y ), where 2) I1 (x , y )I2(x, y) denotes the modulation inrensiry 

IM( x, y). 

I (x' y) = I B (x' y) + I M (x' y) cos <P( x l y) (2.3) 
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An in-plane dis placement, u, of the surface introduces a phase change, 6, carrying the information 
of the target displacement. 

6(x, y) = 
2
; . u(x, y)(sin el +sin 02) (2.4) 

where À is the wavelength of the monochromatic light. The intensity of the pixel changes due to 
the target displacement in: 

I (x' y) = I B (x' y) + I M (x' y) cos ( cP( x' y) + 6 (x' y)). (2.5) 

lt is reasonable to assume that cP( x, y) will remain constant during small displacements, as it is 
dependent on the reflected wave fronts and the object roughness. 
The intensity change, b.I, owing to the in-plane displacement of the object is equal to, 

b.I(x,y) IM( x, y) [cos( cP(x, y) + 6( x, y)) -cos cP(x, y )] 

( ) . [ ( ) ó(x,y)l. [8(x,y)l 2IM x, y sm cP x, y + 
2 

sm 
2 

· (2.6) 

Depicting the intensity change for every pixel results in a fringe pattem. As illustration a fringe 
pattem is shown in Fig. 2.5. 

Figure 2.5: Fringe pattem acquired by an in-plane displacement. 

According to the latter equation the intensity of an area on the object remains constant if the phase 
change, 8, equals 0, ±271', ±471', ... and the accessory pixels on the dereetion plane are represented 
as dark fringes in the interferogram. The displacement, b.u between successive fringes equals 

±À 
b.u = . e . e sm 1 + sm 2 

(2.7) 

Unfortunately, it is impossible to determine the direction of the displacement. The unknown ini
tia! phase difference cP is randomly distributed over the speckle image, which means that the term 
sin( cP + 6 /2) in Eq.(2.6) is different for every pixel. The consequence is that the sign of Eq.(2.6) 
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is meaningless and therefore the intensity change gives no information of the direction of the dis

placement. As result, the displacement field can only be determined if one has prior knowledge of 
the shape of the deformation. If one has n fringes in an interferogram, the displacement field can 
have (2n-I)!! different shapes. 

In genera!, one wants to perform a measurement without prior knowledge of the displacement field. 
This means that the determination of the displacement by the manner of measuring the intensity 
change is unsuitable for this kind of measurements. 

2.4 The SPI arrangement 

An in-plane sensitive SPI arrangement developed by Goijaerts (1994) was used to measure the 
in-plane displacement of an object. In this arrangement a coherent wave front, produced by a 
He-Ne laser, is split by a beamsplitter cube. The two procuced beams impinge on the object at 
opposite directions to the surface normal, producing overlapping speckle patterns recorded by a 
CCD camera. The displacement was measured by simple video signa! subtraction 1

, where the 
intensity of a speckle pattem in deformed state was subtracted from the speckle pattem in reference 
state. 

Figure 2.6: The SPI apparatus developed by Goijaerts for in-plane displacement measurement 

The performance of the SPI was evaluated through a benchmark experiment, where the displace
ment field of a rotared surface was measured. From these experiments the resolution was estimated 
at 100 [nm]. 
Directional sensitivity can be incorporated using the technique referred to as phase stepping speckle 
interferometry, which will be discussed in the next chapter. With phase stepping speckle interfer
ometry one can meastire the phase of the speckle pattem, of which the in-plane displacement of an 
object can be derived. 

1 When the displacement is determined by measuring the intensity change between a rejèrence and deformed state, simp Ie 

video image substraction has to be performed. In the case ofphase measurement more complex algorithms have to be performed 
to obtain a displacement field. All the algorithms mentioned in the next chapter are designed in the numerical computation 

and visualization program MATLAB. 
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Chapter 3 

Phase Stepping Speckle lnterferometry 

3.1 Introduetion 

Phase stepping interferometry (PSI) is a general technique to measure the phase angle associated 
with an interference pattem and is used in classica! interferometry, holographic interferometry 
and speelde interferometry. This method shifts the phase through known increments, recording 
the interference pattem at the several phase shifts. From these recordings, the phase term of the 
interference pattem can be calculated. The phase is calculated by an inverse trigonometrie function, 
arctan, generating a discontinuous phase map wrapped into a [-7f, 7f] interval. 

PSI is used in a wide variation of industrial applications, like the measurement of distances, very 
small changes in object positions, refractive indices or shapes. In combination with speelde in
terferometry, the technique is referred to as Phase Stepping Speelde Interferometry (PSSI) and is 
mainly used for deformation detection, strain analysis, non-destructive testing and determination 
of material properties. Deformation, or in our case displacement measurement can be achieved by 
measuring the phase in reference state and deformed state. Subtracting these two measurements 
from each other yields the phase angle induced by the displacement. 

3.2 Phase measurement 

In PSSI the phase angle difference, '1/J (x, y), between two interfering speelde pattems is measured 
to obtain the phase angle, Ó, induced by the in-plane displacement of an object, see Eq. (2.4). In 
reference state, '1/J(x, y), equals the intial phase angle difference, c/Y(x, y), and in deformed state, 
'1/J(x, y), camprises c/Y(x, y) + ó(x, y). The difference between these two measurement yields the 
phase map induced by the in-plane displacement of the object. 

In this section a few techniques will be mentioned to obtain the phase angle difference, '1/J (x, y). The 
phase is obtained by recording several speelde pattems, having a known phase increment between 
them. 

3.2.1 Methods of phase stepping 

A prerequisite of PSSI is that phase stepping is done by known increments. Phase stepping can be 
done either temporally or spatially. Temporal phase stepping camprises techniques that produce 
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the phase shifted interference patterns succesively in time, where spatial phase stepping techniques 

produce them simultaneously. 
Temporal phase stepping is mainly applied in static or quasi-static measurements where the induced 
phase angle of the interference pattem remains constant during the recording of the phase shifted 
interference patterns. The most applicated temporal phase stepping technique is changing the 
optica! pathlength by moving a mirror in one interferometer arm. This motion is usually performed 

by a piezo electric translator (PZT). The PZT, a electrically controllable actuator makes an absolute 
positioning in the range of subnanometers possible. 
When dynamic measurements have to he done spatial phase stepping is usually applied. The simul
taneously produced interference patterns have to he recorded by several detectors. The detectors 
must he alligned with sub-pixel accuracy to ensure sufficient correlation between the recorded inter
ference patterns. For example, in a realtime phase stepped speckle interfera meter developed by van 
Haasteren (1994) three phase shifted speckle patterns each with a phase difference of~ introduced 
by retardation plates, are recorded by three cameras. 

3.2.2 Phase measurement algorithms 

Many algorithms have been developed to extract the phase, 'Ij;, of the interference pattern. These 
algorithms are all characterized by the number of intensity patterns used and are therefore called 
n-bucket algorithms, where n stands for the number of phase steps. The most commonly known 
algorithms are the five-bucket method, the four-bucket method, three-bucket method and the 2+ 1 
algorithm [Surrel (1996), Alcala-Ochoa (1994), Joenathan (1994), Moore (1994), Wizinowich 
(1990), Kerr (1990), Mendoza (1988)] 

The five-bucket method 

In the case of the five-bucket method five frames have to he recordedeach having a phase difference, 

~, successively 

I i (x' y) = I B (x' y) + I M (x' y) cos ('Ij; (x' y) + (i - 1) ,B) (3.1) 

where IBis the background intensity, IM the modulation intensity, ,8=~ and i=1, 2, 3, 4, 5. One 
can derive the phase, 'Ij;( x, y), from these five measurements with, 

"1'( ) [ 2[I2(x,y)-I4(x,y)] l 
~ x,y = arctan . 

2I3(x,y)- h(x,y)- I1(x,y) 
(3.2) 

The five-bucket algorithm is relatively insensitive to deviations from its ideal phase shift, ,B, (ap
pendix A). A deviation in the phase step, E, from its nomina! value 1r /2 results in a maximum error 
in the calculated phase of approximately E

2
• When the phase shift cannot he adjusted accurately, 

this technique offers a significant impravement to the measuring accuracy, Hariharan (1987). 

The four-bucket method 

The four bucket method needs four frames (i=1, 2, 3, 4; ,8=~), to extract the phase, 

" 1'( ) _ [I4(x, y)- I2(x, y)l 
~ x, y - arctan I ( ) I ( ) . 

1 x, y - 3 x, y 

The maximum error in the case of a miscalibration is in the range of E itself. 
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The three-bucket method 

The three-bucketyields the phase by performing three measurements (i=1, 2, 3; ,8=~7r): 

"''( ) [ J3(!1(x, y)- I2(x, y)) l 
'f/ x, y = arctan . 

2I3(x,y)- I1(x,y)- I2(x,y) 
(3.4) 

Again, a deviation, f, from the exact phase step, ~7r, introduces a maximum error in the calculated 
phase of f itself. 

With the three-, four- and five-bucket algorithms it is possible to determine deformations of an 
object, with high accuracy. The accuracy of the phase measurement increases when more imensity 
patterns are recorded. In some cases a considerable error reduction can be achieved by calculating 
the measured phase as the average of the two measured phases that are obtained from calculations 
over the first n-1 and over the last n-1 of a set of n bucket. For huther reading on accuracy one is 
referred to Joenathan (1994) and van Wingerden (1991). 
In the case of dynamic deformations a problem may appear. If n images are recorded the object can 
already be deformed during the recording which reduces the accuracy of the measurement. For this 
reason Wizinowich (1990) developed an algorithm where only two speckle images are time critica!. 

The 2+ 1 algorithm 

For the 2+ 1 algorithm three interferograms (h, I2 and h) are required separated by a quarter-wave 
step. The third interferogram h is recorded once and is used to provide the de level, 

~(I1(x, y) + I3(x, y)) 

~ [I B (x' y) + I M (x' y) cos 'Ij; (x' y) l + ~ [I B (x' y) + I M (x' y) cos ('Ij; (x' y) + 7T) l 
IB(x, y). (3.5) 

The phase can now be calculated from, 

[ 
I 2 (x , y) - I de (x, y) l 

'lj;(x,y)=arctan I( )-I ( ) . 
1 x, Y de x, Y 

(3.6) 

As long as the background intensity and the modulation intensity remains constant this expression 
yields the phase accurately and only two imerferograms I 1 and I 2 have to be recorded in the huther 
measurements. 

3.3 Phase map processing 

All phase measurement techniques mentioned in the previous section result in knowledge of the 
phase values modulo 27r radians on a grid defined by the detector. To reconstruct a continuous 
phase map, all occurring 27r phase discontinuities must be detected and removed. Techniques to 

remave these discontinuities are referred to as phase unwrapping algorithms. In genera!, phase un
wrapping is done by succesively camparisans of neighbouring pixels. If a discontinuitie is detected, 
27r is added to or subtracted from the current pixel. However, in general the phase map comains 
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pixels which have an unreliable phase value, resulting in artefacts during the unwrapping proces. A 

phase unwrapping algorithm immune to pixels with an unreliable phase value is used to produce a 
continuous phase map. In this algorithm, pixels with a low modulation intensity are excluded from 

the unwrapping proces. 

3.3.1 Computation of the phase 

The intensity of the speckle pattem which provides the phase angle is in practice subjeered to 
different noise sourees as electronic noise, quantization noise due to digitization, inaccuracy of the 
detector, speckle decorrelation and other noise sourees during the measurement. This means that if 
one takes every pixel in account, the resulting phase map comains invalid pixels with an inaccurate 
or completely erroneous phase value. These invalid pixels would disturb subsequent processing of 
the data. The identification of these pixels is done by excluding the pixels with a low modulation 
intensity amplitude, MIA(x,y), because these are the pixels that could provide a bad phase value, 

MIA(x,y) = VN(x,y) 2 + D(x,y) 2
, (3.7) 

where N denotes the numerator and D the denominator, see for example Eq. (3.2). If the modu
lation intensity amplitude is below a certain threshold the pixel is marked in a binary mask M(x,y). 
The phase value of the pixel is calculated if the amplitude is above this threshold. A practical choice 
for the threshold is 4sn, where Sn is the standard deviation of the noise, Maas ( 1991). 

Applying these criteria yields a modulo 27r phase map and a binary mask which both will be used 
in further processing. 

3.3.2 Phase unwrapping 

Several algorithms have been designed to unwrap the noisy phase maps obtained in PSSI [de Veuster 
(1996), Cusack (1995), Quiroga (1994), Vrooman (1991)]. A phase unwrapping algorithm that 
detects phase steps and excludes invalid pixels has been used to produce a continuous phase map. 
The algorithm, based on a phase unwrapping algorithm by Vrooman and Maas (1991), spirally 
scans the phase map by using a pixel queue. The pixel queue is a one dimensional array containing 
the addresses of the pixel that have to be unwrapped. In Fig. 3.1 a flowchart of the algorithm is 
shown. 

The algorithm starts by choosing a valid start pixel which is marked as unwrapped, defining the 
reference level. Subsequendy, the unwrapping process continues by storing the addresses of the 
four connected, valid and unprocessed neighbours of the current pixel on the pixel queue. These 
are the pixels that share an edge with the current pixel. With this, the invalid pixels, M(x,y)=Ü, are 
negleered and the algorithm scans the image spirally, which provides that more pixels can be taken 
in account to detect a discontinuity. 

Deciding whether a pixel has to be unwrapped, the current pixel is compared with his eight, previ
ously unwrapped neighbours. These are the pixels that share an edge or a corner with the current 
pixel. In practice this means that only three or four neighbours are considered. If one compares the 
mean value, ~' with the current value, cj;, the following criteria are used to check if a step is present: 
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Put the adrcsses of the 4-connectcd, 
,---------i valid and unproccssed neighbours 

of thc currcnt pixel, on the pixel queue 

take ncxt pixel on pixel queue 

Figure 3.1: A flowchart of the phase unwrapping algorithm 

No step present if 

Unreliable pixel if 

Step present if 

These criteria are introduced to increase the accuracy of the phase measurement, because there are 
always inaccurate phase values which are nat detected by the low modulation dereetion describen 
insection 3.3.1. Unreliable pixels are masked in the binary map M(x,y), and in the case of a step, a 
multiple of 27r is added to the current pixel until the phase value can be regarcled as unwrapped or 
invalid. The unwrapping proces is illustrated in Fig.3.2. 
If there are no pixels left on the pixel queue rhe algorithm ends, returning the unwrapped phase 
map containing masked invalid pixels. 

3.4 U nwrapped pattern smooth i ng and phase restoration 

A great advantage of the phase unwrapping algorithm used is that the phase map is never filrered 
or smoorhed. So the error is nor increased, and maximum accuracy is kept after unwrapping. The 
pattem obtained after unwrapping still represems the real displacement from the measurement. 
The following smoorhing procedure allows one to assign a phase value to rhe invalid pixels by using 
rhe phase value of the valid neighbouring pixels. 
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Figure 3.2: Storage of the pixel on the queue; resulting in a spirally scanning of the image, neglecting 
invalid pixels 

For each point (x,y), a linear least squares (LLS) fit of a plane to thesetof valid pixels in a square 
neighbourhood of the current pixel is used, yielding the derivitives with respect to the both coordi
nates simultaneously. This area consists of A(x,y) valid data points (m, n, g(m,n)), where (m,n) is 
the position of the data point relative to (x,y) and g(m,n) is the phase value at that position. The 
LLS fit is performed by minimizing the following expression, 

S(x, y) = L (a· m + b · n + c- g(m, n))2
, (3.8) 

where the summations are performed over the valid pixels. Minimizing is done by solving the 
following equation by matrix inversion, 

If all the pixels in the neighbourhood of the center pixel are valid the equation reduces to 

The values of a and bare estimates of the first derivatives with respect to x and y at location (x,y). 
The computation of c provides a smoothing filter because it yields an estimate of the phase value at 
the center of the rectangular neighbourhood and thus at the location (x,y), Vrooman (1991 ). 
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Figure 3.3: A linear least squares (LLS) fit of a plane to the set 

If no invalid pixels are present, the computation of a, b and c is equivalent to the application of 
proper convolution filters. If invalid pixels occur, the described fitting procedure is more accurate 
then the application of convolution filters, because the inaccurate values of those pixels are excluded 
from the procedure. 
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Chapter 4 

Static displacement measurement 

4.1 Introduetion 

The PSSI, explained in the previous chapter, is implemenred to measure the static displacement 
of an object. The phase stepped speckle interferometer will be discussed in section 4.2. The 
performance of the interferometer was evaluated using a benchmark experiment. The results of 

these experiments are presenred in section 4.3 

4.2 The Phase Stepped Speckle lnterferometer 

An experimental system has been developed to measure the in-plane displacement of a diffusely 
scattering object up to an area of 1 Ox 10 [mn?] in one direction. The construction of the interfer
ometer was designed in such a way that the influence of ambient disturbances are minimized. 

4.2.1 Experimental set-up 

The interferometer consists of an optical arrangement, a framegrabber and a computer system. 

Object 

Laser 

Frame 
Grabber 

[Computer] 

I \ 

[ Monitor ] 

The beam of a 10 [m 'W] HeNe laser with a wavelengthof 633 [nm] passes through a beam expander, 
producing a collimared beam with a diameter of approximately 10 [mm]. The beam is splitred inro 
two beams which are reflected by two mirrors to illuminate the object. 
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Phase stepping is realised by rnaving one mirror, mounted on a translation stage, with a piezo 
electric transator (PZT). The PZT (Physik lnstrumente) with an expansion of 1.501 [f.Lml\11 is a 
closed loop controlled low voltage device that either can be operared manually or by an external 
control signal (-2 to + 12V). In closed loop operation mode, hysteresis and creep of the piezoceramic 
material can be campensared and position accuracies afbetter then 0.1% of the nomina! expansion 
(15 [f.L m]) can be achieved. The pos i ti on of the PZT is controlled by an external signal produced 
by a Digital Analog Converter (DAC). The DAC with a resolution of 12 bits is controlled by the 
computer system, in Labview. A 512x512 CCD camera, conneered to the video image system, 
TIM 1.39, records the speelde images which are processed with the computer system, in MATLAB. 

4.2.2 Ambient disturbances 

Phase stepping interferometry is in practice easily subjeered to ambient disturbances. The most 
important disturbances are: 

• Low frequent vibrations of the building; 

• Uncontrolled movements of the object; 

• Surrounding air flow. 

All these disturbances introduce crucial phase changes in the phase measuring device, where an 
exact phase step has to he introduced. 
Low frequent vibrations of the building cause a complete instabie system. The isolation of these 
vibrations is arranged by mounting the interferometer to a vibration isolated breadboard. The 
breadboard is placed on dampers. 
During the phase stepping it is of great importance that the object does nat move. Uncontrolled 
movements of the object introduce phase measuring inaccuracies leading to speelde decorrelation. 
In the benchmark experiment, described in the next section, this problem is solved by stahilizing 
the object with tresdes. 
Surrounding air flow introduces density variations of the ambient air. This problem results in a 
varying optica! path length disparity between the two interferometer arms. This inconvenience can 
be avoided by building the arrangement as compact as possible. In some cases, it is preferabie to 
shield the interferometer from the environment. 

L 

micrometer 

Figure 4.1: The benchmark experiment, the in-plane displacement measurement of a rotared sur
face 
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4.3 Performances of the PSSI 

To evaluate the performances of the interferometer a benchmark experiment was performed. In this 
benchmark experiment the displacement of an object was measured using the five-bucket method 

and the 2+ 1 algorithm. The results of the 2+ 1 algorithm, which may be applied in the dynamic 
phase stepped speckle interferometer dicussed in the next chapter, are compared with the results 
of the five-bucket method. The five-bucket method is a self calibrating algorithm, which is rel
atively insensitive to phase step miscallibrations. After recording the five images, these possible 
miscallibrations can be detected by a phase step measurement algorithm (appendix A). 

4.3.1 Benchmark experiment 

To give an impression of the performances of the experimental system a benchmark experiment was 
performed where the in-plane displacement of a rotated object was measured, see Fig. 4.1 

y 

(x' ,y ') 

:(\. 
,-"". _------ (x,y) 

I ,..J ... 
~---------------x 

An arbitrary point on the surface with coordinates, (x,y), will changeaftera rotatien (} into (x',y'), 
according 

x' 

y' 

x cos (} - y sin (} 

x sin (} + y cos (} , 

(4.1) 

The displacement of a point in x and y direction on the surface is, in the case of a very small rotatien 
equal to 

x'- x = -y{} 

y'- y = xB 
(4.2) 

Thus after rotation, the displacement in one direction is a plane with a slope (}. The slope of the 
planeis equal to the rotatien angle which can be estimated from the micrometer adjustment d, and 
the length of the horizontal bar L. With L»d the value for (} is 

4.3.2 Phase measurement 

d 
tan (} ~ () = L . (4.3) 

The results of the phase map processing techniques using the five-bucket method are presented 
in this section. The phase change was measured introduced by the in-plane displacement of the 
rotated surface as describen in sectien 4.3.1. 
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a) b) 

Figure 4.2: a) The measured phase change due to a rotation of the object. b) The binary map M 
constructed during the phase measurement. Valid pixels are presenred in black and invalid pixels 
are represented in gray. 

In Fig. 4.2a the measured phase change due to a rotation of the object is shown. The wrapped phase 
map is visible, containing invalid pixels which are masked in the binary map M, Fig. 4.2b. One 
can see that the border of the elliptical shape of one interferometer beam is marked in the binary 
map. The 512x512 image comains 15% invalid pixels, which are the pixelswhohave a modulation 
intensity amplitude below 20 gray values. This threshold is derived from the mean intensity change 
of a stationary speckle pattern. 

The unwrapped phase map is shown in Fig. 4.3c, where the unwrapping proces starred in the 
center of phase map. lt is obvious, that the phase unwrapping algorithm ignores the invalid pix
els. Sametimes it was necessary to repeat the algorithm because of 27!' steps still existing in noisy 
regions. After choosing the start pixel at a different location, these phase steps were removed. The 
unwrapped phase map is fi.mher filtered wi th a 15x 15 LLS filter, resulting in a smooth phase map, 
Fig. 4.3d. The borders of the unwrapped phase map are not shown in this figure. They contain 
useless information because of the high concentration invalid pixels. In figure 4.4 a mesh plot of 
the phase map, comprising 300x300 pixels, is given as a function of x and y. 

4.3.3 Estimation of the accuracy 

To give an estimation of the accuracy of the PSSI, a number of phase measurements were performed 
of a speckle pattem in stationary state. The phase map was calculated of ten measurements in one 
deformed state with respect to the reference state, by using the five-bucket method . This provided 
in all the measurements a plane, with a slope related to the rotation angle of the object. The root 
mean square (rms) error, defined as the average over the measurements error over all pixels was 
estimated at 0.06 radians or ,VIOO. The rms error is derived from approximately 225 thousand 
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Figure 4.3: c) The unwrapped phase map and d) the phase map smoothed with a 15x 15 LLS filter 
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Figure 4.4: 3-D meshplot of the phase map 
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pixels which provides the validity of the accuracy. The mean phase step of the pixels was estimated 

at 1r/2 ± 0.02 radians. 
The phase map can he convertered to a displacement field with, 

À 

u= 27r(sin01 + sin02). 
8' 

(4.4) 

where the front term is determined with a relative error of 5%. In the optica! arrangement, 01 and 
02 were estimated at 30° and 62° ± 2° respectively. This means that the displacement of an object 
in this configuration can he calculated with an accuracy of± 5 [nm]. After converring the phase 
maptoa displacement field, by using Eq.(4.4), the rotatien angle was calculated. The relative error 
of the rotatien angle made in this measurement with respect to the mean value was equal to 0.6% . 
To give an indication of the resolution of the PSSI, the object was rotated over a very smal! unknown 
angle. A plane was fitted through the phase map. The root mean square error of the difference of 
300x300 phase values with the fitted value, was determined to provide the noise level. The result 
of this measurement is shown in Fig.4.3.3. 

x-direction (mm) -4 --4 
y-direction (mm) 

Figure 4.5: Displacement field of the object with an unknown rotatien angle 

It appeared that an area at 5 [mm] from the center of the object had a displacement of approximately 
40 [nm]. The root mean square error defined above was equal to 0.60°. In the optica! arrangement 
this is equal toa rms error of approximately 1 [nm] which yields the noise level of this measurement. 

4.3.4 Measurement of the rotation angle 

Since it seemed that the five-bucket method is an accurate phase measuring algorithm, the results 
of the 2+ 1 algorithm are compared in the following experiments with the results of the first men
tioned. It gives an idea of the applicability of the 2+ 1 algorithm . The displacement field was 
measured of the rotated object for a micrometer adjustment of 0.020, 0.040, 0.060, 0.080 and 
0.100 ±0.005[mm]. 
After processing the results of the two algorithms, the phase change due to the rotatien (8), was 
converred toa displacement with Eq.(4.4) In Fig.4.6 the displacement field at the five adjustments 
are depicted. These results are obtained with the five-bucket method. 
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Figure 4.6: The expected displacement of a rotated surface at six micrometer adjustments. The 
lines with increasing slopes correspond tod equal to 0.020, 0.040, 0.060, 0.080 and 0.100 [mm]. 

Every phase measurement yielded a plane, of which the mean slope was calculated. In Fig. 4.7 the 
results obtained with the five-bucket method and the 2+ 1 algorithm are presented. The estimate, 
determined by Eq.(4.3), which has an absolute error of± 10-5 [rad] is depicted as a dotted line. 

0.5 -- B<!nchmark-. 

+ PSSIZ+I algorithm 

x J>SSI ~--buck.!t method 

8~o1 -o::-':-.o2=--=-o.o=-3 -o:-':-.04~0.0'::-5 ---,o:-':-.oo~o.o:;:7 =o::;::.oa~o.o:;:• ~0.1==0.1~1 
Micrometer Adjustment jmm) 

Figure 4.7: The measurement results of the five-bucket method and the 2+ 1 algorithm with respect 
to the expected rotation angle. 

One can see that for both algoritms, the rotation angle increases directly proportional with the 
micrometer adjustment. The 2+ 1 algorithm measurement at d=0.1 00 [mm] not taken into con
sideration. The 2+ 1 algorithm assumes that the background intensity remains constant during the 
measurements. Since the measurements were performed in one hour, the intensity might have 
changed during the experiments. In genera!, the results from the 2+ 1 algorithm do not deviate to 
much from those with the five-bucket method, maximum 2% of the five-bucket value. 
If one defines the error in the rotation angle obtained with the five-bucket method, it is mainly 
determined by the front term of Eq. (4.4). The relative error in the determination of the rotation 
angle is therefore 5%. 
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Chapter 5 

Future research, PSSI with dynamic 
appl ications 

5.1 Introduetion 

A Phase Stepped Speelde lnterferometer has been designed to measure static displacements of a 
rough surface. In future research, a PSSI has to be developed that measures the in-plane displace
ment of a continuously deforming object. The interferometer will be used to determine the wall 
shear stress derived from the time-dependent in-plane displacement distribution behind a backward 
facing step. In this chapter two techniques will bedescribed to perform dynamic measurements. 

In the first section a sparial phase stepping method will be dicussed. Sparial phase shifting cam
prises techniques which produce the phase shifted speelde patterns simultaneously. In the proposed 
arrangement two speelde patterns are produced ha ving a phase difference of 1r 12 succesively which 
are recorded by two cameras. Insection 5.3 a phase measuring technique will be presented which 
is applied in realtime thermalloading experiments. The phase is derived from the extrema of the 
intensity. 

5.2 PSSI with two cameras 

Polarized light scattering from a rough surface is, for a certain range of angles of incidence hardly 
depolarized, Beckmann (1967). Using this approach Reynolds and Toal (1992) developed a linear 
displacement transducer with directionally sensitivety which will be the basic concept of the optica! 
setup. The assumption is made that the laser produces monochromatic, totally polarised, plane 
waves. These waves can be described by a p component and a s component, where the p direction 
is orthogonal to the s direction. 

Linear polarised light with a azimuthof Jr/4 is split by a beamsplitter into two resultant beams. After 
reflection from the mirrors it is assumed that no phase shifts are introduced, and that the azimuth 
has not changed. After this, one beam will pass a quaeterwave plate (QWP) which introduces a 
~ phase step between the p- and s- components. The fast axis of the QWP points into the p
direction. After scattering from the object, the emanated light is split by a polarizing beamsplitter 
(PBS) into a p-and s- polarized speelde pattern. These patterns are ~ out of phase and are recorded 
simultaneously by two cameras, CCD 1 and CCD2. With the 2+ 1 algorithm the phase can be 
calculated. 
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Figure 5.1: Optical setup for phase stepped speelde interferometer, where two speelde patterns are 
recorded which are % out of phase 

Experiments have shown that polarised light scattering from a brass surface is hardly depolarized. 
However, the assumption that no phase shifts are introduced after passing the beamsplitter and 
mirrors is unlikely. In generaL optical components have different reflection and transmission co
efficients for p and s polarised light. A problem which certainly has to be solved is that the light 
contributions impinging on the picture elements of the two cameras have to be perfectly corre
lated, i.e. they must be reflected by the same part of the object. Camera alignment procedures are 
developed by van Haasteren (1991) to position the cameras in an accurate way. 

5.3 Digital phase mapping 

An approach different from phase stepping interferometry is foliowed by Wang and Grant (1995) 
to extract the phase of an interference pattern. They developed a digital phase mapping algorithm 
to measure the phase of a continuously deforming object. In their algorithm they treat every pixel 
as a one dimensional interferometer. 

5.3.1 Principles 

In the optical arrangement, as described in the previous chapter, each individual pixel in the CCD 
array has a particular intensity that varies sinusoidally according to the initial phase of the point. 

I (x' y) = I B (x' y) + I M (x' y) cos <P( x' y) (5.1) 

If one keeps the optical system stable, which is arranged in the developed PSSI, the background 
intensity, IB, and the modulation intensity, IM remain constant. Periadie in-plane displacements 
will result in a phase change, ó(t). If the amplitude of 8(t) is more than 27r, Eq.(5.1) will vary 

between Imin and Imax' 

Imin(x, y) 
Imax(x, y) 

IB(x, y)- IM(x, y) 
IB(x, y) + IM(x, y). 
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Substituting Eq. (5.2b) and (5.2b) with (5.1) gives 

A-.( ) -1 (2/(x, Y)- lmax- lmin) 
'+' x, y = cos 

lmax- lmin 
(5.3) 

From this equation the phase of every pixel can be calculated if one knows the maximum and mini
mum intensity of every pixel. The accuracy of the phase computation depends on the measurement 
quality oflmin and 1max· The estimates for lmin and 1max are betterif one increases the number of 
images grabbed per period. A high speed camera can arrange this. 

5.3.2 Determination of the phase angle sign 

Because the phase is determined with the inverse eosine function, the phase will be wrapped in the 
interval from 0 to 7f [rad], which means that the sign of the phase angle is unknown. The sign 
of an image I; can be determined by storing an image 1;+1 , right after image I; has been recorded. 
Between the recording of these two images the phase of one interferometer beam has to be shifted 
by a small value a. The sign of the phase value can be determined by subtracting these two images 

/M[cos(</J)- cos(</J- a)] 

2/M sin( <P + ~)sin(~). 

lf a lays in the area [0,~] the latter equation reduces to, 

l; - /;+1 ex: sin( <P + ~) 

Providing a is small enough relation (5.5) can be simplified to 

/; - /;+I ex: sin( <P). 

(5.4) 

(5.5) 

(5.6) 

When the value of/; - /;+1 is positive, the phase angle should also be positive. Otherwise, if 
/; - Ii+l is negative, the sign of the calculated phase is negative to. This method, referred to as 
phase quadrature is also used in interferometric experiments by Gaassens and van Dongen, 1987. 
A great advantage of this measuring technique is that the developed PSSI can be extended to dy
namic applications. The optical arrangement does nat have to be changed, only the software has to 

be developed. 
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Chapter 6 

Discussion and Suggestions 

6.1 Discussion 

As was shown by Goijaerts, the deformation measurement of a gellayer can be used to determine 
the wall shear stress. The small displacement of the gellayer was measured by Speckle Interferom
etry. The developed interferometer had to be improved to extend the applicability of the method. 
Especially increasing the accuracy and incorporating directional sensitivity were important. 

A highly accurate Phase Stepped Speckle Interferometer has been developed which measures the 
phase change of a 1 Ox 10 [ m m 2] surface in one direction, due to the in-plane displacement of an 
object. The performances of the PSSI were evaluated with a benchmark experiment, where the 
phase change was measured with the five-bucket method, after an object had an in-plane rota
tion. Experiments have shown that it is possible to measure the phase change with an accuracy of 
0.06[raaJ or À/100. If the phase map is converred toa displacement field, the displacement has an 
inaccuracy of approximately 5 [nm]. 

The phase map of the speckle images is determined modulo 27r from 512x512 pixels of a CCD 
camera. To convert this phase map to a continious phase map, a phase unwrapping has been used 
that detects the 27r phase steps, ignoring noisy pixels. Sametimes if large noisy areas are present in 
the phase map some 27r steps still exist. After choosing the start pixel on a different location and 
repeating the algorithm this problem was solved, and the steps were removed. 

The least squares filter, which restores the phase value of valid and invalid pixels with regard to 
the derivatives in x and y direction, produced a smooth phase map. The adjustable size of the 
filter depends on the deformation field, and the number of valid pixels per filter window. In the 
experiments a 15x15 LLS filter was chosen, which was the minimum size to produce a representive 
phase map. 

In the benchmark experiment the results of the 2+ 1 algorithm were compared with the results of the 
five-bucket method. The rotation angle, imposed with a micrometer in the benchmark setup was 
derived from these results and was in the range of the estimated value. If the phase step is close to 
the exact value of 90 degrees, the five bucket method and the 2+ 1 algorithm both give good results. 
However, the 2+ 1 algorithm assumes that the background intensity and the modulation intensity 
remain constant. In practice, this assumption is only valid if the measurement is performed in a 
short time. In literature, the 2+ 1 algorithm is therefore never proposed when static displacement 
measurements are performed. 

29 



When measurements are performed it is very important that the object does nat move during 

the recording of the phase shifted speelde patterns. Uncontrolled phase changes are crucial in a 
PSSI. To ensure a stabie interferometer, the optical arrangement must he constructed as compact 
as possible. Otherwise, the optical pathlength difference between the two interferometer arms 
changes continuously. The use of the video imaging system, TIM for Windows, was in this case a 
indispensable link to check the stability of the system. The system grabs the images realtime, which 
quickens the tracing of possible weak links in the optical arrangement. 

6.2 Suggestions 
The wall shear stress measurement arrangement can he extended with a highly accurate, directional 
sensitive speelde interferometer. Now it is possible to measure the stationary wall shear stress dis
tribution behind a backward facing step. For the measurement of the time-dependent wall shear 
stress distribution, a sparial phase shifting technique and the phase mapping methad are suggested 
to measure the displacement of the continuously deforming gellayer. 
The sparial phase shifting technique, producing two phase shifted speelde patterns simultaneously, 
might measure the time-dependent in-plane displacements of an object. However, in the wall shear 
stress measurement arrangement problems will occur if the polarised beam passes several media to 
reach the gellayer. It is very likely that these media introduce phase changes, which makes this 
methad unsuitable for wall shear stress measurement. 
On a contrary, the phase mapping methad by Wang and Grant is more applicable. A great ad
vantage of this methad is that the developed PSSI does nat have to he changed. Mainly, it is the 
software that has to he extended to control the piezo and to calculate the phase by the maximum 
and minimum intensity of every pixel. A suggestion is to convert the existing and new programmes 
to a low level programming language, because many image frames have to he processed which 
requires a lot of computing time. 
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Appendix A 

The five-bucket method, an error 
compensating phase calculation algorithm 

A.1 Phase calcu lation 

With the five-bucket methad five measurements are needed to extract the phase angle of an inter
ference pattern. The five successive measurements of the intensities I1 ,h,h,l4 and I5, have a phase 
difference of (3. The intensity for a pixel on the dereetion plane can be written as, 

!1 IB + IM cos( '1/J + (3), (A.l) 

!2 IB + IM cos( '1/J + 2(3), (A.2) 

!3 IB + IM cos( '1/J + 3(3), (A.3) 

!4 IB + IM cos( '1/J + 4(3), (A.4) 

h IB + IM cos( '1/J + 5(3). (A.5) 

where IB is the background intensity, IM the modulation intensity and '1/J the unknown phase angle. 
These equations yield the result, 

sin (3 sin '1/J 
(A.6) 

(1 - cos 2(3) cos '1/J 

In the case f3=~ the latter relation reduces to 

(A.7) 

A.2 Error compensation 

In genera!, it is not possible to introduce an exact phase step of~ for every pixel on the dereetion 
plane. In practice the introduced phase step is equal to 

7f 
(3= -+t: 

2 
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(A.8) 



where E is a small quantity. lt can be shown that for an error E in the phase step, the value of the 

original phase difference obtained from Eq.(A.7) is given to a first approximation by the relation, 

tan ~' = [1 + ( E2 /2)] tan ~ (A.9) 

Accordingly the error in the calculated value of~ is 

(A.IO) 

it follows from Eq.(A.IO) that a deviation in the phase step of 2° from its nominal value of 90° 
results in a maximum error in the calculated value of the phase difference of only ±0.02°. 

! 0.1 

~ 
~ 

~ 
jg 0.08 
Q. 

~ 
"B 
~ 0.06 
~ 

= c 

~ 0.04 

E 
ê 
~0.02 

~L-~0~.5~~-,~.5--~2--2~.5~~3--~3.5~~~4.~5~ 
Deviation trom quarterwave step [degrees] 

A.3 Phase step measurement 

An algorithm to calculate the phase step, (3, between the five successive frames is given by van 
Haasteren (1994). 

(A.ll) 

else 

(A.l2) 

This criterium is introduced to reduce the noise in the measured phase step. An inaccurate phase 
step is namely obtained if one of the denominators tends to zero. After the phase step in every pixel 
is obtained, the average phase step can be determined and if this average is larger than 7r /2 the piezo 
expansion can be reduced. 
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