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Abstract 

There is a strongly increasing request of measuring systems for mechanical properties studies, 
for example in the paper industry. Paper research is today not only concentrated to flock 
studies, weight and quality controls of the paper but also focussing of mechanical behaviours 
in the fibre scale. For this purpose, an optical metrology system for measurements of 
mechanical response in the iim-range of loaded sub-mm objects is developed, but the system 
could also be used for materials like polymer composites, wood or steel. 

The system is full-field, non-touching and all-electronic. The main components in the system 
are a stereomicroscope and a speckle correlation technique called digital speckle photography. 
Either a random structure pattern exists naturally on the sample or a dot pattern must be 
attached on its surface. Using white light illumination, 2-D and 3-D deformation fields as well 
as velocity fields can be measured. The standard deviations of a deformation field are about 
60  nm  in plane and about 170  nm  out of plane, depending on the magnification and quality of 
the pattern. Information of the topography of the sample is provided in the calibration routine 
for 3-D measurements. By using laser illumination, measurements of microstructural changes 
on the object surface are possible through a technique called laser speckle decorrelation. 

Examples of measurements of micro-flow, 3D deformations and microstructural changes in 
printing paper are given in this thesis. 
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measurements using digital speckle photography", submitted 2002 for 
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1. Introduction 
The mechanics and behaviour of different composites with ordered fibre directions are 
roughly predictable if the Young's modulus and Poisson's ratio for and the composition of 
fibres and matrix are known I . However, paper is a complicated material consisting of a more 
or less random distribution of cellulose fibres and glue. Such a construction makes paper 
prone to changes in the environment, in particular humidity changes. Another challenge is the 
many sorts of wood used in paper industry. During manufacturing, internal stresses are built 
into the paper. In a changing environment several of the internal stresses are released which 
eventually change the shape and behaviour of the material. For good quality printing paper, 
this behaviour needs to be avoided. Knowledge about the mechanical properties of paper in 
the sub-mm fibre scale is therefore necessary in order to minimize the buckling of paper when 
the paper is exposed to environmental changes. To be able to predict the properties of paper, 
actual deformation field measurements have to be performed for sub-mm sized areas. The 
development of such an instrument is the goal of this thesis. For studies of such small object 
fields, microscopes must be used. 

Optical measuring techniques for studies of mechanical properties of materials are often non-
contacting and full-field methods, properties that make them superior to widely used 
techniques such as strain gauges and to contact point sensors. By using CCD-cameras and 
frame grabbers as acquisition system, the technique is both unbiased and fast. 

Among many optical techniques 2-4, there is a white light method called digital speckle 
photography developed by  Mikael  Sjödahl  5-7. The method can be used for three dimensional 
deformation measurements, using a random dot (speckle) pattern attached to the surface. 
Together with  Sjödahl,  Per Synnergren developed a stereo digital speckle photography system 
for measurement of 3-D displacement fields and shape of objects in the order of 1 cm — 1  dm  
in diameter. The system uses a  stereovision  set-up consisting of two CCD-cameras for 
simultaneous capturing of images and the measured deformation fields are in the range from a 
few micrometers to several millimeters 8'9. This technique is in this thesis combined with a 
stereomicroscope for measurements of deformation fields in mm-sized objects. 

A natural random high frequency pattern is present in an image of an optically rough surface 
illuminated by coherent radiation. This random high frequency pattern is the origin of the 
term speckle pattern. The first reported observation of a speckle pattern is from 1877, when  
Exner  8  found a granular structure obtained in the diffraction pattern from a glass plate on 
which he had breathed. In these experiments, a candle was used as a light source. Nowadays 
any random high frequency pattern is referred to as a speckle pattern. If coherent illumination 
is used, it is referred to as a laser speckle pattern. A white light speckle pattern is 
consequently a random surface texture visible in white light. Such patterns can be printed on a 
surface; they may originate from a random distribution of light scattering particles, or can 
exist naturally. Examples of the latter are wood, paper or steel imaged at high magnification. 
In this thesis, white light speckles are used to measure flows in micro-channels and 3D-
deformations in printing paper at the flock scale using a stereomicroscope. Further, the same 
stereomicroscope is used to detect microstructural changes in printing paper using 
decorrelation of laser speckles. 

2. White light digital speckle photography: A two-dimensional measurement method 
An example of a white light speckle pattern is the fibre network in printing paper. In fig. 1 
such a fibre constitution is seen with a nice contrast when the paper is illuminated from 
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beneath. The area is a square with the sides 0.63 mm. The fibres are randomly distributed in 
this area of the paper. Where the paper is thin, there are fewer fibres and brighter spots are 
localized. 
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Figure 1 
	

Fibre network in a 0.63 mm  x  0.63 mm printing paper exposed with through-illumination white 
light. The photo is captured with a CCD-camera and the pixel positions are written on the axes 
in the figure. 

2.1 Speckle correlation 
If the constitution of speckles is unique for each part of the image (sub-image), any sub-
image only correlates perfectly with itself This speckle correlation principle is used in a 
displacement measurement method called digital speckle photography. It is assumed that the 
microstructural changes are small compared with the mechanical deformations. Two images 
are taken of a speckled object; one before the object is deformed and one after, see fig. 2. The 
first image is used as a reference image and is divided into sub-images, with or without 
overlap. Each sub-image is scanned onto the deformed image to fmd the position of the best 
matching. A comparison between the position of the sub-image in the reference image and the 
corresponding position in the deformation image gives the displacement of that sub-image. 
This can be performed digitally with a cross-correlation technique and the result is an in-plane 
displacement. By cross-correlating each sub-image respectively, a displacement field is 
obtained. The technique is illustrated in fig. 2. 
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Figure 2 Two sub-images, 17,1  and 17,2, are compared for the same position in a reference speckle pattern 
and a deformed speckle pattern. A small displacement, Ax, is recognized along the x-axis and a 
corresponding displacement, Ay, in the  y-direction. By a cross-correlation, technically 
performed by a Fourier transform followed by its inverse of the sub-images, the movement in 
the  x-  and  y-directions is obtained as a result. 

2.2 In-plane deformation field measurements 
This technique can be used for two dimensional deformation measurements. Under the 
condition that the optical system is perfect and that there are no out-of-plane movements 
present on the surface, there is a simple geometrical triangulation relation between the real in-
plane movement, u, of the object surface and the measured movement, U, on the CCD-
detector, see fig. 3. 

CCD-detector 

Figure 3 	Triangulation principle. A displacement, u, on the object surface is visualized as a displacement, 
U, on the detector. 
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For small objects with microscopic deformations, the same measurement technique can be 
used with microscope as magnifying instrument. 

2.3 Microscopic particle image velocimetry (u-PIV) 
If the time separation between the un-deformed and deformed situation is known, the 
deformation velocity field can also be calculated. Digital speckle photography is not limited 
to solid object but may as well be used for a gas or a liquid that is deforming or flowing. For 
fluids, the applied speckle method is known as particle image velocimetry, PIV 11. Flow 
studies using digital speckle photography combined with a microscope and a fast camera 
shutter are performed and described in paper A, where the technique is called microscopic 
particle image velocimetry 

3. Microscopic 3-D deformation field measurements 

3.1  Stereovision  
If  stereovision  is allowed by the optical instrument, digital speckle photography can also be 
used for deformation measurement in three dimensions. There are different solutions to obtain  
stereovision.  The three most known are the angular displacement method, fig. 4a, the 
Scheimpflug condition, illustrated for one camera in fig. 4b and the translated lens method, 
fig. 4c. 

object  

2 

Figure 4 	Three basic configurations for stereoscopic vision are (a) the angular displacement method,  (b)  
the Scheimpflug method in which the angles a and ß are equal, and  (c)  the translated lens 
method in which the object plane and the detector plane are parallel. 

There are advantages and disadvantages in each method. The angular displacement method is 
an easy-built system, offering large triangulation angles. Some parts of the images are, 
however, slightly unfocused. By using the Scheimpfiug condition, no focusing problem is 
present. The main disadvantages with images acquired with these two methods are that they 
are not uniformly magnified. With the translated lens method, the images are equally 
magnified and focussed correctly. The main disadvantage with this method is that there exists 
an upper limit of the lens separation because of the imaging instrument itself. 

3.2 Three-dimensional deformation measurements 
Algorithms for the translated lens method have previously been developed for stereoscopic 
digital speckle photography 9. Two cameras with different beam paths to the object are needed 
and the principle for the measurement is shown in fig. 5. The algorithm for deformation fields 
is built on the principle that the two cameras are recording different movements when the 
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object is deforming in the z-direction but approximately the same movements for in-plane 
deformation fields. 

U2  

Figure 5 Two CCD-detectors are positioned in parallel to each other along the x-axis and are 
perpendicular to the z-axis. A point on the object, (X,Y,Z), is displaced to a new point, (X+u, 
Y+v, Z+w) due to object deformation. The deformation (u, v, w) is seen differently by the 
detectors. In  x-direction, CCD 1 is detecting a movement u1  as U1, while a movement u2  is seen 
on CCD 2 as U2. 

During a measurement, speckle motions are registered along the rows and columns of the two 
cameras, respectively. U1  and V1  are the measured speckle motions in the  x-  and  y-directions 
with the CCD-detector 1, while U2 and V2 are the corresponding measurements with the 
CCD-detector 2. The displacement vector (u, v, w) is the main result of the algorithm. The 
initial shape of the object, information needed for the evaluation of the results, is obtained by 
performing a calibration routine. This routine is a procedure, where the cameras are manually 
aligned in parallel, a reference plane,  x-y,  on the detectors are described and the z-direction is 
determined, see paper  B.  Other parameters decided in the calibration are the effective focal 
length of the lens system, the position of the entrance pupil and a transformation matrix 
defining the directions from the object to the two detectors. 

Apart from these parameters, some instrument errors are compensated for in the algorithm. 
These are angular mismatches between the cameras and between different planes in the set-
up, distortion of the lens system and different magnifications in the two arms. All these 
parameters and errors are calculated through the calibration procedure. 

Figure 6 is describing the measurement procedure. Before the deformation, two images, C1R 
and C2R, are acquired in order to calculate the shape of the object. These are reference 
images and the deformation fields are measured relative these images. After or during the 
deformation procedure one or more couples of images, CID and C2D, of the deformed object 
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are captured. By cross-correlating these images with the respecting reference images followed 
by a comparison of the results, the deformation field is obtained in all three dimensions 7. 

CCD 1 CCD 2 

    

    

Deformation 

tV  

Figure 6 Two reference images, C1R and C2R, are taken with two CCD-cameras, CCD1 and CCD 2, 
before deformation. The object shape is calculated by a comparison of these images. After 
deformation, another couple of images, CID and C2D, are captured. By cross-correlating CID 
versus C1R and C2D versus C2R and comparing these results, the out-of-plane deformation 
field can be obtained. 

3.3 Stereomicroscopic system 
The stereomicroscope used for the measurements in Paper  B  and  C  in this thesis is shown in 
fig. 7. The cameras are positioned in parallel and the algorithms for the translated lens method 
may hence be used for the images acquired in the stereomicroscope. Different magnifications 
are available so the studied objects can be in the range from 0.3 mm to 3.5 mm. For paper, 
objects of about 1 mm seem to be appropriate due to the fibre size, further explained in 
section 3.4. The object size 1 mm is used in paper  B,  where 3-D deformation fields are 
measured for printing paper exposed to humidity changes. 
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Figure 7 	Beam paths in a stereomicroscope. Each single path contains two lens packages, and the distance 
between the lenses in each package varies with the chosen magnification. Different parts of the 
objective are used for the two beams. When the object is focused, the beams meet in the same 
spot at the object. 

3.4 Experimental considerations 
Measurement uncertainties and spatial resolution are depending on the object structure. For 
optimal spatial resolution, the speckle should have a diameter of approximately two pixels 7. 
Square detectors with side lengths of about 5 mm corresponding to 512 pixels are used, giving 
the pixel size of approximately 10 um. The optimized speckle size is thus about 20 gm on the 
detector. The magnification is determined by the size of the object structure. For paper, 
objects of about 1 mm are appropriate due to the fibre size, which corresponds to a speckle 
size of approximately 4 um on the object. 

The speckle pattern quality is crucial for the measurements. The contrast must be high and the 
pattern dot-like and without reiterations. The better structure in each sub-image, the higher 
accuracy is obtained. 

There are two illumination sources attached to the microscope providing light reflecting from 
or refracting through the object or both. For opaque objects, only reflecting light is possible, 
but for paper, better contrast is obtained with through-illumination. 
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4. Laser speckle measurements 

4.1 Laser speckles 
Laser speckles are obtained by illuminating an optical rough surface with coherent light. A 
surface is optically rough if its microstructure is larger than a laser light wavelength. In fig. 8, 
the reflectance from such an object is seen as a random light dot pattern, laser speckles. 

(a)  (b)  

Figure 8 	Scattering of coherent light of an (a) optical rough surface results in  (b)  laser speckles on the 
detector. 

After the laser was invented in the 1960's, the interest in laser speckles increased. The 
observation that speckles resulted in bad quality in holographic reconstructions lead to many 
attempts to minimize the speckle effect. The remarkable information-carrying ability of 
speckle patterns and the use of speckles for displacement measurements were, however, 
shown by Leendertz 12  and Archbold et al. 13  in 1970. 

Since the laser speckle pattern is a result of the microstructure of the object, a change in the 
microstructure implies different scattering properties and thus a different speckle pattern. In 
opposite to white light speckles, the detected laser speckles are not present on the 
measurement surface but existing on the detector itself. Due to a fast decorrelation when the 
surface is deformed, laser speckles are suitable for measurements of microstructural rate 
changes. 

4.2 Laser speckle decorrelation 
Laser decorrelation is a temporal correlation method, in which two or more images are 
compared sequentially, with the previous image as the reference image. The images are 
divided into several sub-images and each sub-image is compared to the corresponding sub-
image in the reference image, see fig 9. 
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At 

Figure 9 Laser decorrelation is a temporal correlation method, where two or more images are compared 
sequentially, with the previous image as the reference image. The time separation, At, between 
the images is given and constant during the sampling. The images are divided into several sub-
images and each sub-image is compared to the sub-image in the corresponding position in the 
reference image. 

In fig. 10 such a decorrelation measurement is shown. A drop of water is placed outside the 
measurement area and spread through the fibre network. A sequence of microstructural 
change measurements is performed for each sub-image. Large decorrelation (bright) 
corresponds to large microstructural changes in that sub-image and small decorrelation (dark) 
to small microstructural changes. 

(a) (b) (e)  

Figure 10  Experimental description of water spreading in paper in the upper half of the figure and the 
corresponding microstructural change measurement in the lower. (a) A water drop is positioned 
on a piece of printing papers distance from the measurement area and the waterfront has 
reached the closest side of the measurement area. The smaller square in the figure represents the 
measurement area, where the result in the lower part of the image is obtained. The brighter sub-
images in this image detects where the microstructural changes are located due to the swelling of 
the paper.  (b)  The drop is absorbed by the paper and transported in the fibre network. The 
waterfront reaches the opposite side and all the paper is damp. The microstructural deformation 
rate is more rapid when the whole drop is absorbed. The water is transported to the whole 
measurement area.  (c)  The waterfront is far outside the measurement area and no more water is 
spread into it. The humidity of the paper is saturated in the lower part of the image, which is the 
area with lowest fibre concentration. 
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The algorithms behind laser decorrelation technique and a measurement of microstructure 
deformation of printing paper are described in paper  C.  

5. Conclusions 

An optical system with a stereomicroscope combined with digital speckle photography is 
developed for measurements of mechanical quantities in micro scale. One example of 
applications with this technique is flow profile fields measurements. When two cameras are 
used, the shape of the object and 3-D deformation fields of its surface are measured with a 
standard deviation accuracy of about 0.1 gm in-plane and 0.3 gm out-of-plane. Paper 
measurements are the main application for this method, but any material with a suitable 
speckle pattern can be used. Microstructural changes in paper exposed to a changing 
environment are measured using laser speckle decorrelation. Valuable information about the 
different time scales involved is obtained for paper wetting. Further measurements with this 
technique will be performed on paper with different qualities and different coating. 
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Digital speckle photography: visualization of 
mesoflow through clustered fiber networks 

Per  Synnergren,  Linda  Larsson,  and T.  Staffan Lundström  

Digital speckle photography (DSP) is used for velocity field measurements inside a fiber network The 
width of the channels in which the flow is measured is typically less than 1 mm. Therefore a microscope 
is used to image the fiber network. When we sample 30 images/s and separate the moving parts of the 
images from the stationary parts, the velocity field can be deduced with DSP. CC) 2002 Optical Society of 
America 

OCIS codes: 120.7250, 180.0180, 100.5010. 

1. Introduction 

For optimum performance of fiber-reinforced polymer 
composites, successful fabrication is inherently re-
quired. It is also obvious that the efficiency of the 
manufacturing of high-strength composites must be 
increased.' Yet several tools that may increase the 
overall knowledge of manufacturing routes are rarely 
used. Among these are advanced optical methods. 
With such methods the deformation of manufactured 
composites has been measured and visualized in a 
number of cases (see, for instance, Ref. 2). Here we 
show that one optical method, digital speckle photog-
raphy (DSP), also adapts extremely well to measure-
ments of movements taking place during the 
manufacture of composites. The focus is set on im-
pregnating the fibers with the liquid polymer, but the 
system could as well be designed to measure move-
ments during compaction of the fibers and, for in-
stance, shrinkage during solidification of the 
polymer. 

In production of most fiber reinforcements that 
are suitable for high-speed fabrication of high-
strength composites, the fibers are assembled in 
bundles. The bundles are then used to form fiber 
mats by means of, for instance, weaving or stitching 
them together. This will naturally result in dual- 
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scale porosity with a typical size of 10  ;.im  and 1 mm 
within and between the bundles, respectively. An 
example of this geometry is shown in Fig. 1, which 
is a top view of a dry (00/900) non-crimp-stitched 
fabric (ncf). The white threads keep the seemingly 
gray glass fibers in place, and relatively large empty 
areas are formed between the bundles. For clarity 
a cross section of a laminate also molded with this 
reinforcement is shown in Fig. 2. In this case the 
white spots are glass fibers aligned normal to the 
cross section, and the white areas on the top and at 
the bottom of Fig. 2 are fibers nearly parallel with 
the cross section. The dual scale is the result of 
economical and practical considerations in the pro-
duction of the pure fabric. But, in most cases, the 
uneven arrangement of the fibers also facilitates 
the impregnation of the fibers with the polymeric 
resin. Principally this is because, in Poiseuille 
flow through a capillary, the flow rate is propor-
tional to the typical length cross to the flow raised 
to the fourth power or to the square of the cross-
sectional area, i.e., le or A2. Hence the relatively 
large channels formed between the fiber bundles act 
as liquid distributors for the microchamiels formed 
within the bundles, and they are inevitable for com-
petitive fabrication of high-strength composites. 
It has even been shown, on a theoretical basis, that 
for certain fabrics the flow through the fiber bun-
dles can be neglected.3,4  It is also evident that 
small alterations to the detailed geometry on the 
fiber bundle scale considerably changes the flow 
rate through the fiber network (see Ref. 6), where 
the agreement between analytical models and ex-
perimental results is fairly good. Still, a perfect 
conformity requires that issues like the following be 
solved: 



Fig. 1. Top view of a dry ncf. The uppermost layer of fiber bundles is vertically positioned in the figure. The width of each set of fiber 
bundle and interbundle channel is —3 mm.  

(i) The velocity field near the boundary between the 
fiber bundles and the flow channels. 

(ii) The actual flow distribution in an intercon-
nected network. 

(iii) The influence on the flow field from smell per-
turbations in the position of the fibers. 

The impregnation stage has traditionally been stud-
ied through experiments on an industrial scale, 
model experiments, and analytical modeling. For 
example, a multitude of models were developed dur- 

ing the past century describing the impregnation of 
porous materials with a liquid.5  The models are not 
generic and quantitative agreements between mod-
els, and experiments are seldom reached. One rea-
son for this is that the models are based on an 
oversimplified geometry. The fibers in the networks 
considered here are arranged in a relatively simple 
way, and it is likely that with a careful modeling the 
overall flow rate through these materials can be pre-
dicted.6  To avoid the development of an overly com-
plex or overly simple model, it is essential that the 

Fig. 2. Cross section of an impregnated ncf sample. The white spots are glass fibers aligned normal to the cross section. The white 
areas on top and at the bottom of the figure are fibers nearly in parallel to the cross section. The width of the interbundle channel in focus 
is —0.5 mm. 

1 March 2002 / Vol. 41, No. 7 / APPLIED OPTICS 	1369 



2 

knowledge of the actual flow field through the fiber 
network be experimentally increased prior to further 
modeling. 

Here we show that a slightly modified DSP algo-
rithm combined with microscopy has a high potential 
to monitor the flow field inside the channels formed 
between the bundles and thus clarify at least some of 
the issues mentioned above. In Section 2 the theory 
of the method is given as well as a discussion of why 
the classical DSP algorithm cannot be used. Section 
3 presents an experimental verification of the 
method, a discussion of the results is presented in 
Section 4, and some conclusions about the proposed 
technique are given in Section 5. 

2. 	Principle of the Technique 

Our aim in this study is to extract the flow velocity by 
tracking a random pattern with a suitable image-
processing technique in a series of similar images I(t), 
t = 0, . . . ,T, e.g., a series starting at t = 0 and ending  
at t  = T where T equals the number of images. The 
random pattern is created by use of seeding particles, 
which are mixed with the fluid used. There are a 
few different image-processing techniques that can 
do this. One example is particle tracking,7  but here 
digital image correlation, often referred to as DSP,8,9  
is chosen. DSP is commonly used in a similar tech-
nique called particle-image velocimetry.10  In a tra-
ditional DSP algorithm the full images acquired by a 
CCD camera are divided into M  X N  subimages, each 
of size  B x B  pixels (square subimages are assumed 
for simplicity). The intensity variation in one spe-
cific subimage h(m,  n, p, q;  t) is therefore a function 
of five variables: the subimage position (m,  n),  m = 
1, . . . , M,  n  =  i,.  . . ,  N,  which labels a unique sub-
image; the local pixel coordinates  (p, q),  which rep-
resent the intensity variation within a specific 
subimage; and the time instant t. For simplicity the 
dependence of m and  n  is dropped, since the data 
from each subimage are analyzed independently from 
all other subimages. The motion of a subimage h(p,  
q;  0) as the flow progresses is found from the peak 
position (AX max, Ay.) in the spatial cross-
covariance function." The digital cross-covariance 
function is known to be more effectively calculated 
through a series of Fourier transforms rather than by 
calculating the integral itself. It is therefore ex-
pressed as 

c(äx, äy; t) = 9-1[I1*(t, v; c)H(g, v;  t)], (1) 

where Ax and Ay are relative coordinates in the im-
age plane and t and -12 are spatial-frequency compo-
nents. IF is the inverse Fourier-transform 
operator, H(e, v;0) and H(t,v;t) are the Fourier trans-
forms of the zero-mean, subimages h(p, q;0) = h(p, 
q;0) — (h(p,  q;  0)) and h(p,  q;  t) 	h(p,  q;  t) — (h(p,  
q;  t)), and * denotes the complex conjugate. 

The problem that distinguishes this case from the 
common particle-image velocimetry case is that the 
intensity distribution in each image consists of both 
moving and stationary parts. Figure 3 shows a  typ- 

x[mm] 

Fig. 3. Image of a fiber network with a vertical interbundle chan-
nel through which carbon powder seeded oil is flowing. 

ical image of flow through a fiber network. The 
seeded particles moving along the direction of the 
flow act as markers and carry the information that is 
wanted. The stationary parts of the images are the 
background, e.g., the fiber network and the seeding 
particles that have been trapped inside the fiber net-
work. Unfortunately, the background itself forms a 
random pattern. This creates a problem, e.g., false 
results, when a standard image-correlation algo-
rithm is used. The reason for this is that the corre-
lation algorithm calculates the mean displacement in 
a finite area (the subimage). As stated above, the 
subimages consist of a mixture of moving and sta-
tionary parts. Thus the image correlation will give 
the mean displacement of this mixture and not the 
true movement of the seeding particles. The mix-
ture of moving and nonmoving parts will also produce 
an effect called decorrelation, which means that the 
speckle pattern changes its appearance in between 
the exposures and hence introduces noise in the mea-
surements. In many cases the noise level becomes 
so high that it is impossible to find the correct corre-
lation peak, and no useful information of the move-
ment of the particles can be found at all. The 
solution is to filter out nonmoving parts of the image 
thus artificially creating an image that consists of 
only the moving particles /Fr(t), a particle trace that 
can be followed by the DSP algorithm. 

For instance, the nonmoving parts of the image can 
be registered by means of exposing a background 
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image of the fiber network, lb, before the fluid with 
the seeding particles injected into the fiber network. 
This gives us the possibility to calculate /pr(t) 1(t) 
— lb. However, a problem with this methodology is 
that movements of the fiber network caused by, for 
instance, the start of the fluid-injection process, cause 
a spatial shift between the background image, lb, and 
the image of the flow, 1(t). The assumption needed 
to make this background subtraction work is that 
related pixels in 1(t) and  Ib  are matched. Because of 
the high magnification in the microscope, movements 
of the fiber network of the order of 5 p.m give a no-
ticeable spatial shift of —2 pixels between the back-
ground and the image of the flow. Another problem 
was that the optical properties of the fiber network 
changed because the fluid impregnated the fibers, 
which resulted in severe decorrelation. This meth-
odology was tested with little or no success in a few 
preliminary tests. Our solution to this problem is to 
calculate the background image during the flow, with 
an averaging technique. One reason we use this 
technique rather than trying to obtain a background 
image before the fluid is injected is that the station-
ary flow seems to deform the fiber network less than 
the transient start of the flow. The averaging tech-
nique also uses background images exposed with the 
fiber network already impregnated with the fluid, 
which means that correlation is not lost as a iesult of 
the impregnation stage. Another benefit is that the 
averaging technique uses images exposed under a 
short time period (<1 s) compared with the case  hav-
inga  "before" image that might be taken several sec-
onds before the flow images, which makes the 
measurements more sensitive to external distur-
bances. The CCD camera exposes 20 images during 
the experiment with an intervening time of 33 ms, 
resulting in a total time for the experiment of 0.6 s. 
Given that there is a distinguishable random pattern 
that follows the flow, a flow velocity that is larger 
than 1 pixel/frame, and no rigid body movements of 
the setup during the experiment, the background im-
age can be calculated by 

1 T  
/b  = 	/(t). 	 (2) 

By performing the averaging in the frequency do-
main, we can modify the cross-covariance function in 
Eq. (1) to be  

c  (Ax äy ; t) = 9-1{[H.(g, v;  o) 

T 
— — 	v; i)][11(g, v; t) T 

1 
2, li(e, v;  i)]  1. 	(3) 

Equation (3) gives the cross covariance between the 
particle trace at time zero and time t. The position 
of the maximum of the cross-covariance function 

Fiber mat 

Illumination 

Fig. 4. Experimental setup. 

	 Aymax) gives the spatial shift between the two 
particle traces, e.g., the movement of the particles in 
between the two exposures. Equation (3) is the final 
result from this section. This algorithm removes the 
decorrelation (the disturbance) in the covariance 
function caused by the mixture of moving and non-
moving parts and enables us to measure the motion 
of only the moving particles in the images. 

3. Demonstration of the Technique 

A schematic drawing of the experimental setup is 
presented in Fig. 4. A ncf mat, which is commonly 
used as reinforcing material in fiber composites, is 
placed in the mold. The fiber mat is built from two 
layers of fiber bundles that are kept together with 
treads. Each bundle has a lens-shaped cross section 
with a typical size of a few millimeters and consists of 
a great number of fibers each with a diameter of —10 
p.m. In each layer the fiber bundles are parallel but 
the layers are directed 90° to one another. The mold 
is formed from a silicon sealing placed around the 
fiber mat and between two steel frames, each with a 
glass window in the middle. Both ends of the formed 
cavity are free from fibers and connected to tubes for 
resin inlet and outlet. Paraffin oil is chosen as a 
model fluid. This oil shows a Newtonian behavior at 
the shear rates of interest exactly as do most unsat-
urated polyesters and epoxies used to impregnate the 
fibers. The oil also has a viscosity similar to that of 
these fluids. The oil was seeded with small particles 
of three types: carbon powder, iriodin particles, and 
methylene blue. It turned out that the carbon pow-
der formed the most suitable white-light speckle pat-
tern, which was random in its nature, since the 
particles follow the flow. Hence the carbon powder 
was used in evaluating the technique. When white-
light illumination is used instead of laser illumina-
tion, the problem of scattered coherent light by the 
fiber network does not have to be considered. 
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Fig. 5. Partide trace. The background consisting of fiber net
work and nonmoving particles has been reduced from the image in 
Fig. 3. 

A microscope, WILD M3, type 376788, is used to 
image the fiber network through the top window of 
the mold while the fiber network is illuminated from 
beneath. The microscope is equipped with a CCD 
camera, PULNiX TM-9701 CCD, which is used to 
capture the oil fiow through the fiber network via one 
of its optical paths. The camera has an effective 
sensor resolution of 768 pixels X 484 pixels, and it 
operates with a frequency of30 frames/s. The mag
nification in the optical system is M = 2. 79, which 
gives an object size of 3.19 mm X 2.01 mm. Figure 
3 shows the first image of a sequence of 20 images 
that was captured <luring an experiment. Figure 5 
shows the corresponding particle trace, which repre
sents only the moving parts of the image. We cal
culate the particle trace by withdrawing the 
background image, using Eq. (2) andJP'I'(t) = I(t) - 16• 
This featur-xtraction process is repeated for all 20 
images, and as a result a sequence of the particle 
traces is obtained. Finally, the DSP algorithm is 
used to calculate the movement of the carbon parti
cles, and hence the velocity field of the oil can be 
found (see Fig. 6). The maximum velocity of this 
measurement is 0.25 mm/s. 

4. Discussion 

A method for measuring microfiows has been de
signed and tested. The successful visualization of 
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Fig. 6. Measured velocity field in the flow channel. The flow 
field is superimposed on the original to show in which regions the 
flow occurs. 

fiows taking place in a composite molding indicates 
that the proposed method can be used not only in 
composite manufacturing but also in studies of, for 
instance, papermaking and paper filtering. The 
method, although shown to be promising, is not fully 
developed and needs to be modified and tested fur
ther before being applied to new areas. 1:,ome ofthe 
topics that must be considered in this context are 
discussed below. The scale studied is limited by the 
size of the particles and the magnification of the mi
croscope, since the particle diameter must correspond 
to -2 pixels in order to approve a high correlation.8 
In the demonstrated case, measurement of the fiow 
inside the fiber bundles was not possible. The chan
nels formed there have a radius of a few micrometers, 
and entering particles are trapped. To visualize the 
microfiow, smaller particles should be used, and thus 
a higher magnification is needed. In the current 
setup the method does not distinguish between par
ticles moving at different depths of the channel. 
Hence in some sense averaged in-plane velocity com
ponents are measured. With a careful adjustment 
ofthe focus depth it is likely that a smaller portion of 
the dow can be recorded and that the through thick
ness velocity field can be obtained. In the case stud
ied the out-of-plane velocity component was not 
derived, since it is likely of minor importance. To 
handle situations in which this component is needed, 



a stereomicroscope has to be used and the algorithm 
adjusted. In the demonstration case the channels 
studied are in the uppermost layer. It can also be of 
interest to study flows in the middle of a material. 
One way to do this when dealing with glass fibers is 
to use an experimental liquid with the same refrac-
tive index as the glass and then selectively add the 
particles, Finally, the effect of the particles on the 
flow must be considered if the particles are not nat-
urally in the flow. 

5. Conclusions 

In conclusion, a method to visualize flow through 
small channels in a fiber network by use of DSP has 
been proposed. The flow channels that have a width 
of only —1 mm are imaged with a CCD camera 
through a microscope. The liquid, in this case par-
affin oil, that impregnates the fibers is seeded with 
small particles that follow the oil flow. The method 
uses a slightly modified DSP algorithm to measure 
the displacement of the particles, e.g., the velocity 
profile, during the impregnation stage. The unique 
features of the method developed here are  

(i) a higher magnification of the optical system as 
compared with classical particle-image velocimetry 
and 

(ii) use of white-light illumination instead of laser 
illumination. 

The background is troublesome when white-light il-
lumination is used, because it creates decorrelation 
in the DSP calculations. The only way around  thi  
problem is to separate the moving and the nonmoving 
parts of the image. The flow measurements are 
then performed on the moving parts of the image, 
which are the seeding particles. The results in this 
paper clearly prove that this method works and that 
the flow inside a fiber network can be visualized. 
However, the velocity field in a flow channel can be 
measured, but owing to large seeding particles the 
flow inside a fiber bundle cannot be visualized. Still,  

this method could be a useful tool for obtaining a 
better understanding of the mechanisms in the im-
pregnation stage of the fibers with the liquid polymer, 
for instance, when flow-front phenomenon such as 
void formation is studied. 
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Abstract 

A technique to measure object shape and 3-D displacement fields in small scale is offered by 
microscopic stereo digital speckle photography. The displacement of the random features that 
often are present on many engineering surfaces when viewed in a microscope is measured 
with the system measures, using image correlation. In this paper the equipment, physical 
model and calibration routines are described. The technique can be applied for sub-mm sized 
objects of arbitrary shape for small deformation fields. As a verifying experiment, an in-plane 
rotation of a flat calibration plate is presented. The expected in-plane errors are shown to be 
less than 0.1 gm and the corresponding out-of-plane errors about three times larger. As a pilot 
experiment, micro-structural paper expansion is studied, when exposed to humidity. The 
scaling properties of the microscope as well as the sampling criteria and reliability of the 
system are discussed in detail. 

Key words: Stereomicroscope; 3-D displacement field measurements; digital speckle 
photography; DSP; image correlation 



1. Introduction 

A three-dimensional digital speckle photography system is described for measurement of 
shape and 3-D deformation fields of mm-sized objects. The instrument is developed in 
response to the need of a tool that can be used to study the response of material structures on 
loading. 

In material science, knowledge of the structure in combination with measurements on 
structural response is crucial if the behavior of complex material structures is to be 
understood. One example is polymer composite materials that have a complex structure where 
synthetic fibers are arranged within a polymer matrix. The properties of composites are 
governed by the organization of the fibers and consequently the material structure. Paper is 
another example of a complex material. The formation of paper from water slurry is resulting 
in an intrinsic material with a complex structure not well understood. 

Two-dimensional digital speckle photography (image correlation or DSP) is previously used 
by several researchers to document response in complex materials at a small scale through a 
light microscope. One example is an investigation where the variation in stiffness across the 
growth rings in wood is studied [1] and measured [2] in detail. Although versatile and 
reasonably straightforward, there are several disadvantages with DSP when studying micro-
mechanical response through a light microscope. The structure/shape as well as the true 
deformation is often of importance, information that is not available in DSP. Secondly, 
because of the large numerical apertures involved in microscopy the measured in-plane 
deformation field becomes confound by out-of-plane motions. One obvious extension of DSP 
is to introduce the third component through  stereovision.  

Stereoscopic DSP (3-D DSP) systems is presented by a few researchers [3-6] and some 
systems are sold commercially. There are in principal three different methods to form  
stereovision  (angular, translated lens, and Scheimpflug) that differ in the way the object, lens 
and detector planes, respectively, are oriented. Consequently, different calibration and 
evaluation routines need to be used when optimizing the different systems. Stereomicroscopes 
are frequently used to obtain depth sensitivity in microscopy. A stereomicroscope is 
essentially a translated lens system, which means that software and calibration strategy 
developed for the translated lens system [4] is directly transferable to 3-D DSP, a digital 
image correlation technique described by Synnergren and  Sjödahl  [4, 7]. 

The essence of this paper is to make the transfer of the translated lens method to 
stereomicroscope and to work through a calibration strategy design for mm-sized objects. 

The equipment and the physical model used are briefly discussed in section 2, while the 
calibration procedure is described in section 3 of this paper. A verifying experiment on a 
rotated flat plate is presented in section 4. One suggested application of the instrument is to 
study the behaviour of paper in response to printing. As ink is applied the solvent penetrates 
the paper and may alter the paper properties locally. If a water based ink is used the water 
will penetrate the paper, which is softened and deformed by the water. Internal stresses can be 
released, resulting in surface defects and deformation of the printed pixels. The result from 
one such measurement is concluding section 4. The paper is ended by a discussion about the 
performance of the system in section 5 and a few concluding remarks are drawn in section 6. 

2. Equipment and physical model 

The stereomicroscope, Olympus SZX 12, used for 3-D deformation field measurements is 
shown in Figure (la). Two CCD-cameras are connected to the stereomicroscope using a beam 



MASTER 
CAMERA 

CCD 1 	..... 

EYENECE , 

....... 	.... 

• , 	, 
1  

e  
!APERTURE 

_TOP 

OBJECTIVE 

OBJECT 
PLATS 

(lb) (la) 

LENS 
PACKAGES  

c  

SLAVE 
CAMERA 

1 

CCD 2 

splitter  to separate the beam paths. Light can be lead to the eyepieces or to the CCD-detectors, 
which are positioned in parallel to each other. The CCD-cameras, Sony XC-77CE, are rebuilt 
for synchronous pixel clocking. They are connected through a frame grabber, Leutron Vision 
Picport H45, to a PC on which the images are stored and analyzed. 

The CCD-detectors are quadratic with side lengths of about 5 mm, or 512 pixels, resulting in 
a pixel size of 10 gm on the detector. A suitable speckle size for measurements on a 1 mm2  - 
sized object — five times smaller — is then 4 um according to the Nyquist sampling theorem 
[7]. 

Figure 1. la) The stereomicroscope equipped with ring illumination and CCD-cameras. lb) Sketch of the 
beam paths in a stereomicroscope. Each single path contains two lens packages, and the distance 
between the lenses in each package varies with the chosen magnification. The beams use 
different parts of the objective and directed on the same part of the object when the object is in 
focus. 

The purpose is to measure 3-D displacement fields on arbitrarily shaped objects on a small 
scale. When viewed through a microscope, the present features on the object surface can be 
used, such as a random pattern structure. For example, when a sheet of copy paper is 
illuminated from below a natural random pattern of suitable size is formed by the fibers 
constructing the paper. As the object is deforming, the displacement of the random pattern 
over each of the detectors is found by digital speckle photography (DSP). 

The beam paths of the stereomicroscope are shown in Figure (lb). It should be noted that the 
object plane, the lens planes and the detector planes are in parallel. The stereomicroscope is 
therefore conceptually identical to the formation of  stereovision  through the translated lens 
method. Optimized algorithms for the translated lens method previously developed for 
stereoscopic digital speckle photography [4] may hence be used also for the images acquired 
in the stereomicroscope. In the following, the equations governing the measurements will 
therefore only briefly be discussed with special emphases on the special conditions introduced 
by the smaller scale. The  x-  and  y-directions of the global co-ordinate system shown in Figure 



(lb) are defined by the directions of the rows and columns of the master CCD-camera, while 
the z-direction is defined through calibration. During a measurement the speckle motions 

= f,(u,v,w;  x,  y,z, f ,m,0-, 	, 	k  = gi (u,v,w;x, y,z, f , m, , -0 	, 

U, = f,(u,v,w;x, y,z, f , m,  j,  )- 6 ,t/f), V, = g2 (u,v,w;x, y,z, f 	, 0 	(1) 

are registered along the rows and columns of the two cameras, respectively. U1  and V1  are the 
measured speckle motions in the  x-  and  y-directions with the master camera, while U2 and V2 

are the corresponding measurements with the slave camera. In equation (1), f(...) and  g(...)  
are two functions whose form can be found in Ref. [4]. The variables u, v and w are the main 
result of the measurement and are obtained from the four equations (1) with knowledge of the 
calibration parameters listed after the semi-colon in the function parameter list. The initial 
shape of the object is given by the parameters  x, y  and z, which information is needed for the 
evaluation of the results. For the remaining parameters f is the effective focal length of the 
lens system, m the magnification, 0 is a vector defining the position of the entrance pupil, )3' 
is a transformation matrix defining the angular mismatches between the different planes in the 
set-up, and v defines the distortion of the lens system. The last five parameters are specific 
for each arm. In section 3 the calibration procedure for the system is reviewed. 

3. Calibrations 

Three important issues need to be addressed by the calibration. The z-direction of the global 
co-ordinate system has to be defined, a reference plane (zero-plane) for which the last five 
function parameters in equation (1) are referred has to be determined, and the initial shape of 
the object relative this reference plane must be calculated. This is done in three steps. 

For the first two steps, a well-defined calibration plate is needed. Since the measurements are 
in the micrometer range, the demands on this calibration plate are high. It should be flat and 
have high contrast spatial features approaching the resolution limit of the imaging. For that 
purpose a flat, polished and etched steel brick is used, on which the coal particles in the grain 
boundaries constitute the speckle pattern, see Figure (2). 

Figure 2. 	Calibration plate placed on a squared note pad. Two steel plates are cast into a plastic cylinder, 
and polished and etched with different roughness. The coal in the grain boundaries is providing 
two proper sized speckle patterns, the finest suitable for an object field of 1 mm2. 



In the first calibration step the reference plane is defined. The calibration plate is placed under 
the microscope. The microscope is adjusted until maximum overlap between the images in the 
two channels is obtained. For that purpose, a fast computer program is written, which is 
comparing four sub-images in each image with use of the DSP-algorithm described in Ref. 
[7]. In real time the calibration program is visualizing the two images  il  and i2, as seen by the 
two CCD-detectors  cl  and c2. The angular misalignment of the cameras is adjusted to a 
difference less than 0,05° by twisting  cl  manually. Due to a mismatch of the lens packages 
placement in the two microscope channels, the sharpest image is achieved for a slightly 
different position of  cl  and c2 if the light path is of equal length. A magnification difference 
is resulting from this phenomenon. In order to achieve a good calibration  il  and i2 must 
overlap in the center of the focus depth, meaning that the desirable situation is when both the 
images are sharp and the maximum U- and V- displacements are less than one pixel. 

In the second step, the global z-direction is defined and the last five calibration parameters in 
equation (1) are calculated for each of the arms. For that purpose a z-displacement of the 
calibration plate is introduced using a fme pitched z-translation board. Synnergren [3] showed 
that the position of the entrance pupil is reliable calculated for out-of-plane movements larger 
than 3 % of the field-of-view. In the following experiments, a z-translation of 50 gm is 
therefore used for the calibration. Images prior and after the reference motion are acquired 
and the image plane speckle displacement fields between these four images are calculated 
using the DSP-algorithm. Following the procedure outlined in Ref. [4] the ten unknown 
calibration parameters are found from an iterative non-linear optimization process. 

In the third calibration step the calibration plate is substituted by a real specimen of arbitrary 
shape. In this calibration step the sub-image grid used in the measurements are introduced. 
The apparent motion between sub-images containing the same features on both  il  and i2 is 
calculated, ensuring that the same points on the object surface are compared in both images 
throughout the deformation. With knowledge of the other calibration parameters, thus the 
speckle motions obtained are directly translated to object shape. 

The calibration is now completed and the system is prepared for deformation measurements. 
To demonstrate the reliability, accuracy and applicability of the system measurements of in-
plane rotation and paper expansion are described in section 4. 

4. Experiments 

In order to evaluate the accuracy and reliability of the measured results, a verification 
measurement in form of an in-plane rotation is performed. Displacement gradients in  x-  and  
y-directions are obtained and a slope in each direction is fitted, depending on the degree of 
rotation. The calibration plate is chosen because of its flatness and fine features. The plate is 
positioned on a rotation board with a fine pitch micrometer screw and twisted about 2° 
between the acquisitions. The in-plane deformation field from the rotation is shown in Figure 
(3a) for an object size of 1 mm2. The standard deviation from the fitted plane in both the  x-
and  y-directions is about 80  nm  from a mean rotation angle of 2.05°. The success rate is 99.9 
% and no significant deviations from the plane, apart from noise, are visible. The calibration 
procedure described in the previous section therefore seems able to evaluate the unknown 
calibration parameters with a satisfying accuracy. Due to imperfections in the rotation board, 
also an out-of-plane component is present in the results, shown in Figure (3b). The standard 
deviation from a fitted slope of the out-of-plane deformation is 180  nm,  roughly a factor of 
two larger than for the in-plane components. 
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Figure 3a. 	In-plane deformation field from 2° rotation of calibration plate. The surface structure of the coal 
in the grain boundaries on the plate is seen as the random speckle pattern on the surface. The 
measured object field is 1 mm2. In the field center the deformation is about 28  lim.  
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Figure 3b. 	Out-of-plane deformation field from 2° rotation of calibration plate. Due to imperfections in the 
in-plane rotating board, an out-of-plane component of about 21 gm is present. 
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Paper exposed to humidity changes is a typical micro-mechanical 3-D deformation 
measurement of an object of arbitrary shape. Soaking of fibers due to an applied small drop of 
water is studied. The experimental setup is shown in Figure (4). The measurement area is 
about 1 mm2. An injection needle is used to apply a water droplet of approximately 1 1.1L at a 
position one field-of-view away from the measurement area. The speckle pattern is formed by 
the fiber structure obtained when illuminating from below with white light. 

printing paper 

Figure 4. 	Experimental description of a paper expansion measurement. A printing paper is clamped 
between two cylindrical rings with an inner diameter of 30 mm. A tiny water drop of about 1 pt 
is applied onto the paper about 1 mm to the left of the measured area, which is about 1 mm2. 

The first pair of images is taken immediately after the droplet is applied and the shape of the 
paper is calculated from these two images, the third calibration step. The result is shown in 
Figure (5). 
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Figure 5. 	Shape of 1 mm2  printing paper. The shape is obtained by cross-correlating the speckle patterns 
on the two images taken with the cameras on the microscope. 



90 seconds after the first images are taken the next pair of images is acquired and the three-
dimensional deformation field is calculated. The in-plane and out-of-plane results are shown 
in Figures (6) and (7), respectively. Such a long time after the moisture is applied the paper is 
exhibiting an almost uniform expansion in plane (so-called hygro expansion) the size and 
direction of which are determined by the organization of the fibers. Due to the clamping 
around the edges, the paper will also bend out-of-plane, in this case roughly 60 gm. 

In-plane deformation field, max deformation = 2.7 um 

0.1 	0.2 	0.3 	0.4 	0.5 	06 
x-pos (mm) 

Figure 6. 	In-plane deformation field of the paper shown in fig. 4. The arrows show the expansion direction 
of the paper in the reference plane determined by the z-calibration, when a water drop is placed 
to the left of the image field. 
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Figure 7. 	Out-of-plane deformation field of the paper shown in fig. 4. The mesh grid shows the expansion 
of the paper normal to the reference plane. 
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5. Discussions 

According to the Nyquist sampling theorem the minimum acceptable feature size is 4 j.1111, 
knowing that one pixel corresponds to 2 gm in object space. The Rayleigh criterion due to 
diffraction for the system is 

„ 2 
= 1 	— 5,11M 

N.A. 

with a numerical aperture of 0.11 for the instrument and the average wavelength in the green 
spectra. The spatial resolution obtained with the Rayleigh and the sampling criteria 
respectively are hence of the same order. The detector resolution of about 500  x  500 pixels is 
therefore sufficient and the resolving power of the system would thus not be increased by 
more pixels. 

One question that needs careful weighing up is the choice of sub-image size, an uncertainty 
dilemma. The position of the measured point is better decided for less number of pixels in the 
sub-image. Under the assumption that the object is deforming homogenously, on the other 
hand, the measurement precision for larger sub-images is of higher accuracy. For an object, 
deforming arbitrarily it must be assumed that the local field within each sub-image is 
deforming homogeneously, otherwise significant smoothing will be introduced. For too large 
sub-images, the mean value might conceal local effects. Measurement errors are more 
probable in small sub-images, since local errors would affect the average deformation more. 

Following  Sjödahl  [7], the expected random error,  e,  when calculating the speckle motion is 
depending on the speckle size, a, the sub-image size,  B,  and the speckle correlation factor,  
y,  according to 

0.2 1  

e  =  k— 	
7.) 2 

' 	
(2)  

B y  )  

where  k  z: 1, depending on the shape of the correlation peak.  y  is a correlation factor, in 
general a function of the relative overlap between the sub-images, the sub-image size  B,  the 
average speckle size a, and random noise. For the optimal speckle size of 4 gm, a sub-image 
size of 62.5 gm (32  x  32 pixels) and a correlation factor of 0.95, the theoretical random error 
for each in-plane measurement is about 60  nm.  Due to the limited angle between the two 
beam paths, the expected out-of-plane random error is about three times larger [3]. There is 
good agreement between the theoretical results and the results obtained in section 4 for the in-
plane rotation experiment, confirming that the speckle structure in the calibration plate is of 
suitable size and of good contrast. 

As a part of the experimental equipment, standard CCD 's are rebuilt to allow synchronous 
pixel clocking in slave mode. The advantage of such a modification is that the same trig pulse 
is used for both cameras with the result that no time lag is introduced between the 
acquisitions. Due to the low numerical aperture used in most stereomicroscopes, the 
resolution of the cameras is sufficient. The performance of the system, however, is influenced 
significantly by other aspects about the cameras. The gray-scale is limited to 256 colors. At 
the same time, DSP is dependent on a high contrast in the images used. In general 256 colors 
is more than sufficient for the algorithm, but if the features are weak and the background level 
large, erroneous results are introduced due to discretisation. The leading parameter in 
equation (2) for highly correlated images is the correlation value. A change in the calibration 
value from 0.98 to 0.995 is for instance increasing the accuracy with a factor of two. A cooled 
low noise camera with a high gray-scale resolution is therefore expected to improve the 

(3) 



performance of the system. Other factors influencing the correlation value can be controlled 
by the temporal sampling rate of the measurement and by introducing higher order 
deformation gradients in the calculation of speckle motions. 

In this article, the hygro expansion measurement is included for demonstrative purposes only. 
If any quantitative conclusions should be drawn the measurement must be performed under 
more controlled conditions. 

6. Conclusions 

A DSP technique measuring shape and 3-D deformation fields captured through a 
stereomicroscope is presented. The DSP-system can be applied for sub-mm sized objects of 
arbitrary shape for small deformation fields. The expected in-plane errors are shown to be less 
than 0.1  nm  and the corresponding out-of-plane errors about three times larger. Paper 
expansion is studied as a pilot experiment. The response of paper at mm scale is the result of a 
combination of local structure and local load. The developed instrument is providing the 
means to enable a study relating the local structure to the response. 
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Abstract 
A system for real-time digital speckle correlation rate measurements is developed and applied 
on printing paper in the micro-scale. The system consists of a continuous laser and a CCD-
camera connected to a PC. To measure on objects in the micro-scale the system is connected 
to a stereomicroscope where one of the channels is used for imaging and the other channel is 
used for illumination of the object surface. The results show that the system is able to monitor 
the dynamics in paper during both wetting and drying in real-time. 

1. Introduction 

There are a number of situations where information about a changing microstructure in a 
material is of importance. A high strained metal, for instance, experiences plasticity when 
dislocations are allowed to move. In a polymer long molecules orient themselves in areas with 
high strain, and in a fibre bundled material like paper the microstructure changes whenever 
the paper is exposed to a change in the environment by swelling and releases of relative 
stresses. There are also situations where the changing environment can cause phase transitions 
or chemical reactions in the surface that need to be monitored, for example during heating or 
corrosion. The purpose of this paper is to introduce the concept of speckle correlation rate 
measurement to monitor microstructural changes in paper in real-time. 

A speckled structure appears in an image if a diffusely reflecting object is illuminated with 
coherent radiation. Although the intensity at a specific point in the speckle pattern is random 
it will depend on the scattering properties within the Airy spot on the object. 

There are a number of ways to cause a decorrelation of the speckle pattern.  (i)  The object 
might experience a bulk translation, which will cause a translation of the speckle pattern in 
the image plane without essentially changing its internal structure. (ii) The object might be 
tilted, rotated or strained. This will cause a shift of the rays that enter the imaging system, 
which will result in a structural decorrelation of the speckle pattern, so-called Yamaguchi 
decorrelation [1]. (iii) A microstructural change in the object surface itself will change the 
scattering properties of the object and hence also the structure of the speckle pattern. 



To use speckle correlation measurements for monitoring microstructural changes type  (i)  and 
type (ii) decorrelation need to be suppressed by a proper choice of experimental parameters. 
There is also a time scale involved. If the image acquisition time (integration time) is a lot 
longer than the typical time scale of speckle decorrelation, then speckle blurring and hence a 
loss in speckle contrast will appear. This is the basic idea behind the original version of 
speckle interferometry for vibration analysis [2,3], and more recently speckle contrast 
measurements on biological samples [4,5]. 

In order to obtain quantitative measures of speckle correlation, high contrast speckle patterns 
need to be frozen and the temporal evolution during a determined time interval is studied. A 
time frame between the image acquisition time and the typical time scale of the bulk motion is 
available and the microstructural changes in the material is studied using the information from 
speckle correlation measurements. 

Single point measurements are applied on a great variety of materials. So-called photon 
correlation is used to measure Brownian motion [6] and flow in biological objects [7]. 
Speckle correlation is used to measure the susceptibility of different ceramic materials to 
heating [8], and the susceptibility of different types of steel to an acid environment [9]. Single 
point methods can give valuable information about the general behaviour of the material but 
will not be able to produce distributed information. 

Distributed information about the speckle correlation is obtained from analysis of the fringe 
contrast in Holographic and Speckle Interferometry and in Speckle photography [10]. 
Distributed information is also obtained from the height of the normalised peak obtained in 
Digital Speckle Photography [11,12]. 

In this paper, a somewhat different concept is chosen. The reference image is changed 
consecutively and the decorrelation detected is temporally averaged over a certain time 
instant. This allows studies of the average rate of change in speckle correlation locally both in 
position and time over a given time interval in real-time. Since the reference image is changed 
every frame the time between the frames can be chosen such that the type  (i)  and type (ii) 
causes of decorrelation is avoided. The details of the method are described in section 2. A few 
experimental examples from a microscopic investigation of sensitivity to humidity in printing 
paper are given in section 3 while the paper is ended by section 4 with a discussion about the 
obtained results and some concluding remarks. 

2. Principle of the method 

The general concept of speckle correlation rate measurement is simple. The object under 
study is illuminated with laser light and imaged by some imaging system onto a CCD 
connected to a PC. As the object is exposed to a changing environment speckle images are 
acquired at a rate, At, specified by the user. The covariance,  c,  between successive frames is 
calculated within sub-images of size  N x  M and averaged over  K  pairs of frames to obtain  
(c)  . Typical values of  N  and M are between 4 and 32 and typical values of  K  are between 5 
and 10. 

The average value,  (c),  of the speckle correlation is for each sub-image defined as, 
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where subscripts 1 and 2 refer to reference and deformed sub-images, respectively. Shown on 
the monitor are the decorrelation rates (1 —(c»/At for each sub-image distributed over the 
object. In equation (1) it is assumed that speckle bulk motion is avoided so that the maximum 
value of the correlation appears in the origin. To perform the operation in equation (1),  K  +1 
full images needs to be stored, which for large K's consumes a lot of internal memory. 
Furthermore, equation (1) tends to be time consuming since most of the multiplication's and 
summations needs to be redone for every new image. Instead, the definition of the covariance 
and variance can be used to rewrite equation (1) as,  
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where  P  = Kx Mx  N.  The five sums appearing in equation (2),  
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are updated for every new frame acquired. This minimises the number of operations between 
successive frames and thus makes real-time monitoring of the evolution of speckle correlation 
possible. Equation (2) is implemented in the  C  language and run on a PC. In section 3, an 
experimental arrangement that allow studies of microstructural changes in printing paper in 
the micro-scale will be presented. However, the technique can be applied on any scale and on 
any material, provided that fully developed laser speckles are obtained. 

3. Experiments 

The experimental set-up is shown in Figure 1. The main instrument is an Olympus SZX 
stereomicroscope. A CCD-camera, Sony XC-77CE rebuilt for synchronous pixel clocking, is 
connected to one of the beam paths and images, acquired using the Leutron Vision PicPort 



H4S frame-grabber, are stored on the PC where the calculations described in section 2 are 
performed. 
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Figure 1. 	An Olympus stereomicroscope SZX equipped with a CCD-camera and frame grabber in one 
beam path and a 5 mW continuous He-Ne  laser in the other path. 

A convenient solution to obtain a suitable laser speckle pattern in the measurement area is to 
lead the light through the unused second beam path. For this a 5 mW continuous He-Ne  laser 
is used. The gaussian profile of laser beams is however far from optimal for this application, 
where the aim is to obtain equal light intensity over the entire image field. Therefore, 7 cm 
from the laser source a separate microscope objective and a pin-hole are placed in order to 
spread the beam and improve the quality of the transmitted light on the object. A positive lens 
of focal length 250 mm is placed just above the eyepiece of the microscope to broaden the 
beam even more. 

Paper exposed to humidity changes is a suitable experiment for studies of micromechanical 
changes. Soaking of fibers due to an applied small drop of water is studied. The experimental 
setup is shown in Figure 2. The measurement area is about 1 mm2. An injection needle is used 
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to apply a water droplet of approximately 1 1uL at a position one field-of-view away from the 
measurement area. Immediately after the drop is attached to the paper the time is started. In 
the wetting phase, images are acquired every 0.1 second, because of the rapidly swelling of 
paper fibers. Results from the soaking and drying of the fibers are shown in Figure 3. The 
colors black and white corresponds to 0 decorrelation and 100 % decorrelation, 
respectively, during the short time interval of 0.1 seconds. Any shade of gray is an 
intermediate decorrelation value. Immediately after the drop is applied the decorrelation is 
approximately zero. 

Figure 2. 	Experimental description of a paper expansion measurement. A printing paper is clamped 
between two cylindrical rings with an inner diameter of 30 mm. A tiny water drop of about 1 pit 
is applied onto the paper about 1 mm to the right of the measured area, which is about 1 mm2. 

When the drop is approaching the area of interest the decorrelation is small but quite 
homogenous over the measured area, see Figure 3a. In Figure 3b, the drop front is entering the 
area. The microstructure is changing rapidly and the decorrelation is high. After 30 seconds, 
Figure 3c, a maximum of decorrelation is measured and the rapid wetting process is slowed 
down. The waterfront has passed the measured area, the upper left part of the image still show 
a large decorrelation while the area closest to where the drop was placed is already saturated 
and has ceased the rapid deformation due to fiber wetting. The fiber content in this area is 
small. About 10 seconds later, see Figure 3d, the distribution of water in the paper seem to be 
stabilized. The image is deforming in a more or less constant speed in all regions. 
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Figure 3. 	Wetting. Microstructural deformation field of a 1 mm2  printing paper for different times after it 
is exposed to a drop of water about 10 mm from the measured area. The colors black and white 
are corresponding to 0 % decorrelation (100 % correlation) and 100 % decorrelation 
respectively. The decorrelation is low until the water has reached the measurement area. a) The 
drop is approaching the area and the first wetting of the fibers is started. The decorrelation is 
small and constant over the whole area.  b)  The drop front is entering the area. The fibers are 
faster wetted and the microstructure is changing rapidly corresponding to a high decorrelation.  c)  
The waterfront has passed the measured area and the upper left part of the image still shows a 
large decorrelation. In the right lower part of the image where the fiber content is smaller, the 
wetting of the fibers is slowed down.  d)  The distribution of water in the paper seems stabilized. 
The image is deforming in a less but constant speed in all regions. 

For about three minutes, the paper structure is saturated with water and a situation of stress 
equilibrium is reached. Under this time, the correlation is 100 % until the evaporation of water 
begins. The fibers are then dried, seen as random bright decorrelation spots on a black 
background corresponding to high correlation, see Figure 4a. Because drying is a slower 
process than wetting the acquisition time is set to 100 seconds for this sequence. The changes 
of activity spots in the images seem to be faster with time. The decorrelation areas in Figure 
4b are close to those in Figure 4a. As time goes by, the water above the saturation in the paper 
is evaporated more rapidly. In Figure 4c, the fiber flocks active in Figures 4a and 4b are now 
in a stage of momentarily equilibrium. Instead, fibers in other sub-images are drying. The last 
image of this series, Figure 4d, is another sample taken 5 min 30 seconds after the drop was 
applied to the paper and is the last image taken with a high decorrelation peak. Again, the 
correlation is getting higher and the images even darker. 
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Figure 4. 	Drying. Microstructural deformation field of a 1 mm2  printing paper for different times after it is 
exposed to a drop of water about 10 mm from the measured area. a) Three minutes and 30 
seconds after the drop was applied the first clear fiber drying occurs. The correlation in the 
image is high, except for those sub-images containing the fibers that have begun the drying 
process.  b)  The next image with clearly drying fibers is taken 37 seconds after the image a) is 
taken are situated close to the first drying fibers.  c-d)  As time goes by, the water above the 
saturation in the paper is evaporated more rapidly. The fibers are faster dried; the microstructure 
is changing rapidly in different parts of the image. 

4. Discussion and conclusions 

The results, seen in Figure 3 and Figure 4 respectively, show that speckle correlation rate 
measurements gives valuable information about the dynamics in wetting and drying of 
printing paper. Printing paper is a volume scatter and the structure in the speckles changes 
rapidly with small microstructural changes in the scattering volume. This makes speckle 
correlation rate measurements a sensitive technique for those kinds of materials. 

Many mechanical phenomena of interest for a web-like material such as paper take place in 
the micro-scale. A microscope is therefore essential. A stereomicroscope provides a 
convenient way to arrange both the imaging and illumination of the small field-of-view as 
shown in Figure 2. A smooth illumination and fully developed speckle pattern is obtained 



despite the short distance between the object and the objective which is essential for the 
technique. 

Quantitative speckle correlation rate results are produced almost at video-rate for the entire 
image. For the results shown in Figure 3, the updating time is approximated to 0.1 seconds, 
but this can be reduced about a factor of two by setting a delay to zero. An updating rate of 10 
Hz might lead to a too high decorrelation for some processes, such as Brownian motion, but 
for paper wetting the deformation rate is low enough to obtain suitable values. 

The process of paper wetting is still a comparatively fast process, since the microstructure is 
changing more or less equally in the measurement area, overlapping with the waterfront. As 
long as the paper is not saturated, the deformation rate is not so dependent on the fiber flock 
or the thickness of the paper, but damped homogenously all over the measurement area. The 
thickness or the amount of fibers in the paper determines the saturation time. In saturated 
parts, the microstructure ceases to change. Paper drying, on the other hand, is a slower process 
seen over the whole measurement area. However, if the microstructure is analyzed, drying 
does not occur everywhere at the same time and where the fibers dry seems to occur 
randomly. 
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