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ABSTRACT 
Electronic speckle pattern interferometry (ESPI) is discussed for the detection of out-of-plane deformations in small 
objects. For increasing the resolution in object space a laser source of small wavelength is combined with a microscope 
with a high numerical aperture. Fringe quality is increased by using spatial phase-shi fting and the Fourier transform 
method to allow deformation detection also under non-optimum conditions. The efficacy will be shown in some 
measurements on different specimens where deformations are success fully recorded in areas down to a few micrometers  
in size.  
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1. INTRO DUCTIO N 
Electronic speckle pattern interferometry (ESPI) is normally used for detecting deformations in objects of a few 
centimetres to some metres in size. Meanwhile, the growing need to investigat e the behaviour of micro-components1,2 

requires  measurements on much smaller objects. Microscopic ESPI is also used in medical measurements3. In the 
literature one finds even more experimental work using microscopic ESPI4,5,6.   
For similar purposes we have realized an ESPI set-up using a microscope for observation. As a result of the high 
numerical aperture the speckle size in obj ect space is very small. In chapter 2.1 we will discuss the basic speckle size 
problem in microscopic ESPI. By using the classical subtraction method even smallest displacements of the specimen 
result in rapid decorrelation caused by the small speckle si ze in obj ect space. In chapter 2.2 we will demonstrate how 
the use of spatial phase shifting7 and the Fourier transform method can compensat e some of these decorrelations. 
We will present an experimental set-up for microscopic ESPI in chapter 3. The best way is discussed to introduce the 
reference beam for optimum spatial phase-shi ft. A measurement on a tilted plate (chapter 4.1) will demonstrate the 
efficacy of using the Fourier transform method. Some typical measurements are shown on specimens, where 
deformations are found within regions of as little as a few micrometers. 
 

2. TH EO RY 
2.1 Microscopic ESPI 
Lokberg et al.8 have described in detail the basic theory of microscopic ESPI and the resulting problems. Thus, it 
suffi ces  to refresh only the important results. We will show the di fferences to normal ESPI and give a solution for a 
great problem in the microscopic case.  
Fig. 1 shows a typical kind of microscope with a tube lens for imaging. The magnifi cation is given by the quotient of 
the focal lengths of tube lens tubef and microscope objective MOf : 
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By illuminating a rough-surface object with coherent light, there will arise speckle patterns in the image plane. The 
speckle size Sd  is given by9 
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where λ  is the wavelength used and effF  the effective exit aperture, in this case the quotient of diameter of the limiting 

aperture D and the imaging distance tubef . With the Abbe sine condition, we get 
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where NA is the numerical aperture of the objective.  
The resolution in object space is limited by the speckle diameter Sd backprojected onto the object  
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Normally it is assumed that an area of 5 x 5  speckles is needed to det ect a deformation. By increasing the numeri cal  
aperture NA and reducing the wavelength λ  we increase the resolution in object  space and thus reduce the minimum 
possible area on which a deformation can be detected. 
In the same way the speckle length  
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can be backprojected on the object:  
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However, displacements of the specimen result in a shift of the specklefi eld.  
In the classical subtraction method for ESPI the interferograms or phasemaps will be directly subtracted. Thus specimen 
displacements result in decorrelations. If the shift of the speckle field is about one speckle size or length, the subtracted 
image is totally decorrel ated. Because of ,A S Od l>  the main decorrel ation is given by the in-plane displacement. In  
normal ESPI, where the speckle size in obj ect space is large, small displacements of the specimen have only a small  
change of the speckle fi eld as result. But using high magnifications result in a l arge shi ft of the speckle fi eld in image 
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Fig. 1: Principal lay-out of tube lens microscope 
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Fig. 2: Power spectrum of a spatially 
phase biased interferogram 



space. Therefore it is useful to shift back the interferogram, to reduce the decorrelation effects of in-plane displacements  
by the specimen. Thus we have no more limitation of the magni fication, which is given by in-plane displacements, 
which are small to the field of view. By using the Fourier transform method we can calcul ate the shift of speckle field. 
Microscopic ESPI without back-shifting is only possible under optimum conditions of stability and as result only in 
particularly cases.  
 
2.2 Spatial phase shifting and Fourier transform method 
Spatial phase shifting is a good method to minimize phase variation from interferomet ric measurements. The needed 
phase shi fted dat a are obtained at the same time but in di fferent spaces of the image. In our case, we have realized the 
phase shift by shifting the origin of the reference beam from the cent re of the aperture, as shown in Fig. 4. As 
superposition of reference and object beam we get a linear phase bias over the image. The disadvantage of spatial phase 
shifting is the use of bigger speckle size in image space to satis fy the Nyquist theorem. For using spatial phase shifting 
the speckle size should be between 2 pd and 3 pd , where pd is the pixel pitch of the CCD-target, while in temporal 
phase shi fting 1 pd  is suffi cient. To produce bigger speckle sizes the limiting aperture has to be reduced. This causes a 
loss of resolution and light. In microscopic ESPI illumination is mostly no problem because of the small object sizes. A 
laser with only a few mW output power is sufficient. Also speckle sizes in microscopic ESPI are normally anyway 
bigger than necessary. Therefore there is no reason in microscopic ESPI against spatial phase shifting.   
The intensity ( , )I x y  of an interferogram with a linear phase-bias between object and reference wave, which have the 
same state of polarisation and same beam intensity, is given by 
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where ( , )O x y and ( , )R x y  are the complex amplitudes of object and reference waves and 0 xv  and 0 yv are the spatial  
carrier frequencies. For a smooth reference wave with no phase variations, we can assume 0( , )R x y R= . For ESPI the 
object wave ( , )O x y is a speckle field. The spectrum ( , )x yI v v� is given by the Fourier transform of Equation (7)  
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with ( )O O=FT� the Fourier transform of the obj ect wave amplitude and ∗  denotes the conjugate complex. This 
spectrum is a superposition of the speckle halo, the central peak und the two sidebands, in Equation (8) from left to 
right. In Fig. 2 an example of a spatially smoothed power spectrum 2| |I�  is shown in logarithmic scale. The frequencies  

0 xv  and 0 yv are given by the position of the centre of the sidebands. The sideband diameter is inversely proportional to  
the speckle diameter. Here the speckle diameter is about 2.5 pd . 
We select one sideband by a suitable filter, shift it back by 0 0( , )x yv v− −  to the origin of the frequency plane perform an 
inverse Fourier transform is given by 
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where ϕ  is the phase of the object wave. Normally, this is used to calculate the phase ϕ  
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but if we take the modulus squared of Equation (9) we get, except for a constant value, the intensity SI  of the obj ect  
speckle field: 
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By digital cross-correlation of the two speckle intensities before and after deformation, we can calculate the shi ft of the 
image with subpixel accuracy10 from the position of the correlation peak. Shifting back the second interferogram by the 
calculat ed shift we get, except for a constant phase shi ft, nearly the same interferogram without the displacement of the 
specimen. By using this method we have no longer a limitation for small in-plane displacements of the specimen. Also 
the shift can be made for subimages. If there is an in-plane deformation each subregion can be shi fted back for better 
fringe quality. Fricke-Begemann and Burke11 have discribed in detail the method of shifting back the displacement, 
while normally it is used for better fringe quality, here it extends the use of microscopic ESPI. 
 

3.  SET-UP 
The set-up used is shown in Fig. 4. Because of its small wavelength we use a Nd:YAG-Laser at 532 nm. The light to 
illuminate the specimen is guided by an optical fibre. For a high resolution in object  space we use a microscope 
objective to image the specimen onto the camera. We have chosen the Mitutoyo infinity correct ed objective M Plan 
APO 20 because of its long working distance of 20 mm. This makes it easy to illuminate the specimen. With its 
numerical aperture of 0.42, we obtain a speckle diameter in object space Ad  of about 0.8 µm. To create the image on 
the CCD-target we use di fferent simple tube lenses with focal lengths varying between 250 mm and 400 mm. With 
these lenses we get speckle diameters in image space between 2 pd  and 3 pd . The CCD-camera used is an Adimec MX 
12P with 8 bit dynamic resolution and 1024 x 1024 pixels.  The effective pixel size is about 10 µm. The CCD-camera is 
placed in the focus of the tube lens. The given fields of view vary between 250 µm and 400 µm. The reference beam is 
also guided by a fibre. The fibre exit is held in a cannula. To obtain a linear phase-bi as between object and reference 
wave over the CCD target it is necessary to place the fibre exit off-axis in the plane of the limiting aperture, which is in 
most microscopes the entrance of the microscope lens. By passing the microscope and the tube lens the reference beam 
suffers in quality because of reflections on the surfaces of the lenses. In addition, by passing two lenses it is very 
diffi cult to adjust the reference beam output position to have the wanted phase-bias over the image. We have chosen the 
position of the reference beam at the exit of the tube l ens, because then the light does not have to pass any interfaces. 
Here the reference beam quality is very good. But the linearity of the phase-bias is not as good as when placing the 
reference output in the plane of the limiting aperture. In Fig 3 a it can be seen easily, that the virtual limiting aperture at  
the exit of the tube lens is di fferent for the points A´ and B´. Thus the distances of the reference beam output from the 
centre of the virtual limiting apertures are di fferent and therefore also the phase bias in the regions around these points. 
Therefore the phase bias over the image is not linear. By limiting the beam at the exit of the tube lens suffi ciently by a 
limiting aperture, however, we obtain a linear phase bias even in case of  Fig. 3 b. Then the limiting aperture is changed 
and in consequence the aperture of the microscope lens and therefore also the resolution will be reduced. For this reason 
we do not use a limiting aperture at the tube lens exit. Instead, we minimize the distance between the tube l ens and the 
microscopic lens. Thus we get only a small difference in phase-bias.  
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Fig. 3: Superposition of reference and object wave fronts, reference 
beam output at the exit of the tube lens a) if the microscope lens is 
limiting the aperture, virtual apertures are seen in green and red colour 
b) if the exit of the tube lens is set a limiting aperture (black)  
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Fig. 4: Experimental set-up for microscopic ESPI 
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4.  EXPERIMENTAL RESULTS 
4.1 Tilted plate 
A white metal plate is tilted for an out-of-pl ane deformation. If the tilting axis, however, is not exactly in the plate 
surface nor in the middle of the observed area the tilt produces an additional in-plane displacement. In chapter 2.1 we 
have shown that a microscopic ESPI is especially sensitive to in-plane displacement of the specimen. As result of a tilt 
we get a high decorrelation with the classical subtraction method. Shifting back the image before calculation and 
subtraction of phasmaps results in better fringe quality. Such results are shown in Fig. 6. Fig. 6 a shows the 
improvement without back-shi fting. It is possible to detect a tilt, but it is very noisy. Fig. 6 b shows the subtracted 
phasemap with a backshi ft of about 0.6 speckle diameter. In Fig. 6 c and d the tilt and therefore the displacement are 
bigger. There is no more information about the tilt without back-shifting the interferogram. The fringe quality of 
backshi fted sawtooth image is even very good. This examples show that the fringe quality is much better using the 
Fourier transform method for shifting back the images. We can detect a deformation although there is a considerable in-
plane displacement.  
 
4.2 Small area sized deformation of a gold-leaf   
In Fig. 5 the following specimen is shown. A gold-leaf is put onto an alginat 
ceramic, which is a speci al directed-structure material. It is provided with parallel  
capillaries of about 11 µm in diameter. The capillaries are arranged vertical to the 
measured surface.  
We can deform the gold-leaf by applying a negative pressure to the backside of the 
ceramic. The thin gold-leaf is then sucked partly into the capillaries.  
Fig. 7 a shows the white-light microscopic image of the ceramic with the measured 
of 350 µm in size. One resulting deformation from an ESPI measurement is shown 
in Fig. 7 b. The obtained deformations, seen in the sawtooth image, are found in  
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Fig. 5: Specimen for test 
measurement: a gold-leaf is put on a 
directed-structure ceramic  

 
Fig. 6: Sawtooth as result of tilting a plate, area size (350 µm)², a) small tilt without backshift, b) small tilt with backshift of 0.6 
speckle diameter, c) big tilt without backshift, d) big tilt with backshift of 1.2 speckle diameter 

         
Fig. 7 a) white-light microscopic photo of the directed-structure ceramic, area size (350 µm)² b) sawtooth image of out-of plane 
deformation of the gold-leaf by producing a negative pressure, same area, c) elevation of the subregion A indicated in b) 
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regions sized slightly more than a capillary. The amplitude varies. Some capillaries show big deformations of a few 
micrometers (for example in region A), others only some ten nanometers (for example in region B). It can be explained 
by different starting situations and with inhomogeneity of the capillaries, thus the used negative pressure to deform the 
gold-leaf is different. In areas with big deformation we can detect a change of grey value with resolution down to a few 
pixels or a few micrometers in object space, as is seen in the elevation of the region A in Fig. 7 c. In this small region of 
about 30 µm it can be detected more than one sawtooth. The correlation is very high because the gold-leaf is a reflecting 
surface, and as result there are regions without speckle patterns. Thus the quality of the sawtooth is very good.  
 
4.3 Measurement on an ancient coloured fragments while humidity change 
An example for deformations on microscopic scal e which is found in nature are coloured fragments where the paints  
sometimes have microscopic cracks which have as result small sub-regions, which deform itself while a change of 
humidity. We have investigated deformations on coloured fragments of the famous 2000-yr-old terracotta army of the 
first Chenise emperor4. For changing the climate conditions we have constructed a special climate chamber, where we 
let pass conditioned air. This cause unwanted effects of vibrations and small displacements of specimen. The region of 
detection has an edge length of 230 µm. While drying the painting deform in the sub-areas, to a form like a bowl. An 
example of sawtooth image is shown in Fig. 8. The images are shi fted back by Fourier transform method. Beside, for 
this measurement it is very important to use 
spatial phase shifting for getting the 
interferogram from a single image to reduce 
the imaging time interval. By following the 
sawtoothes we can detect cracks. Most sub-
areas have a size of about 50 µm in diameter 
with a maximum deformation of about 500 
nm. At the left part of the image there are 
bigger sub-areas, which deform much more. 
At the left  bottom of the image the 
deformation is very large in with 
consequence of a high in plane 
displacement. In Fig. 8 a the whole image is 
shifted back. In  the Fig. 8 b right image the 
shifts are made in subimages of 128 pixel in 
size. Then the correlation is much higher. 
We can also detect deformations in the left 
bottom region.  

 
5. CONCLUSIO NS 

In this paper we have shown who to extend microscopic ESPI measurement by using the Fourier transform method. The 
influence of in-plane displacements of the specimen can be reduced by shi fting back the intefreogram with subpixel 
precision. Together with spatial  phase shi fting it is possible to use microscopic ESPI also under non-optimum 
conditions of stability. We have shown with some example measurements the effi cacy of this method.  
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