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Abstract We present an improved processing of laser speckle
intensity signals aimed at attaining spatial displacement resolu-
tions well in the sub-pixel domain, which is necessary for mea-
suring the minute displacements caused by thermal expansion
of metallic specimens. The signal processing revolves around
the cross power spectral density and the coherence function of
two discrete signals, which allows for a continuously varying
displacement result as opposed to a discretized, if determined
in the spatial domain via the application of the cross-correlation
function. The presented technique is then applied to estimate the
coefficient of linear thermal expansion (CLTE) of a brass sample.
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1 Introduction

Laser speckle patterns are caused by the interference of coherent light
reflected off an optically rough surface. When it comes to speckle imag-
ing, one differentiates between subjective and objective laser speckle
patterns. In the former an optical setup is used and the speckle pat-
tern in the image plane is evaluated. The latter describes the speckle
pattern in the object plane that is captured directly by a camera [1].
Successively captured one-dimensional speckle pattern can be seen in
Fig. 4.1.
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Although laser speckles are often an unwanted source of noise they
can also be utilized in different applications, since they represent some-
thing similar to a fingerprint of the illuminated surface. For instance,
the measurement of the shift of the imaged laser speckle pattern may
be used to determine the surface strain of a sample. Knowledge about
the surface strain, in turn, allows to deduce the coefficient of linear
thermal expansion (CLTE).

The presented contactless method provides the possibility to mea-
sure mechanical properties of samples for which common approaches,
like strain gauges, are not applicable. As an example one could name
the measurement of strain of materials which are small in at least one
dimension, e.g. natural fibres.

2 Speckle shift in the image and its relation to the CLTE

In order to give a better understanding of the digital signal processing
applied, a theoretical model linking the speckle shift in the image with
the CLTE of the sample will be reviewed. However, the following con-
siderations will be limited to telecentric imaging systems. A broader
treatment can be found in [2].

When a telecentric imaging system is used to observe the speckles,
the speckle shift captured by a camera is given by the following equa-
tion first derived by Yamaguchi in 1981 [3]

Ap An Aqp
_ax AL ay AL 5 a, AL
AY M Lg lelSy M [1 + Ls (1 lSy) + M Lg lSXlSZ (2 1)
AL ’
tor (exylsx + eyylsy — 8(Q)) +E.
Ay

Ay describes the resulting shift of the laser speckle pattern in the im-
age plane in yj-direction and ¢ is the desired strain tensor of the sample.
As can be seen, both the components ey, and eyy of the strain tensor
can - in theory - be observed directly. Instead, in order to avoid mul-
tiple sources contributing to Ay, the shift ay of the diffracting surface
will be estimated. The strain in y-direction eyy can then be deduced
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from this quantity. The general setup leading to Eqn. 2.1 is depicted in
Fig. 2.1.
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Figure 2.1: General geometrical setup for modelling the pattern shift in the image plane.

The sample lying in the x-y-plane on the left is illuminated by a
coherent light source. The distance Lg then describes the distance be-
tween the ideal point source and the illuminated spot on the surface
and therefore the radius of the curvature of the laser beam. The vector
pointing from the source to the spot on the surface can be described
by Lg = Lg-Is with I = Usx lsy Is;] T denoting the unit vector, rep-
resenting the direction of the laser beam. The demagnification factor
M, given by the optics used, as well as the distance between the focal
plane of the telecentric optics and the sample AL influence the speckle
shift in the image plane.

Tilting the sample also translates to a shift in the image. This is
stated by the function g of the rotation vector (). The additional error
term E summarizes non ideal or not sufficiently well known dimen-
sional parameters, like temperature dependant expansion of the sensor
and overall build-up, causing speckle pattern shifts not distinguishable
from a true strain contribution [4].
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When the strain estimation is solely based on ay, it becomes evident
that any term in Eqn. 2.1 but Ay is negatively influencing the accuracy
of the estimate and hence should be minimized. By placing the sample
near or ideally in the focus, both AL and %L become small, resulting
in the contributions of Aj, Ay as well as AIV to be negligible. The
impact of A and partially Ay can be reduced further by choosing the
position of the coherent light source, which in our case is a laser diode
(LD) with collimating optics, carefully. When the LD is placed at the
same height, meaning having the same y-component, as the spot on
the surface, then for the parameter Isy it follows Is; = 0.

Having taken all measures mentioned above, Eqn. 2.1 reduces to

Ay = -2 4 2.2)

y — M . .
For the calculation of the strain and the CLTE two vertically aligned
laser spots are utilized. When Ay ypper is the shift that the upper spot
experiences and Ay 1 ower the one of the lower spot, then the engineering
strain can be described as

e — —M- (Ay,Upper - Ay,Lower) ) (2.3)
dul

where d,; is the initial distance between the two spots. Here, the error
term E has been neglected.
The instantaneous CLTE is defined as

1 dlsample

lsample ar ’ @4

o, =

where T is the temperature in K and s;mple denoting the initial length
of the sample in m [5]. Since dealing with homogenous materials which
are unconstrained and have zero stress components, the thermal strain
is the only strain to be observed. Therefore, we can simply rewrite the
equation above in order to get the following relationship between the
estimated strain and the CLTE

de

=3 2.5)
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Applying the results from equation 2.3 it follows that the CLTE is given
by

—M- (Ay,Upper - Ay,Lower)
d( i )

4L = dT

(2.6)

3 Measurement setup

The measurement setup, depicted in Fig. 3.1, consists of four compo-
nents which correspond to the ones presented in the general setup in
Fig. 2.1. Two LDs with maximum power outputs of 5mW serve as
coherent light sources. Each diode illuminates a small circular region
on the sample. One of these regions is located in the upper and one in
the lower half of the sample. The upper LD has a center wavelength
of 657 nm whereas the center wavelength of the lower one was deter-
mined to be at 655nm. The measurement for the center wavelength
has been carried out with the help of a Hamamatsu TM-CCD series
mini-spectrometer which has a wavelength resolution of 1 nm.

The two illuminated spots are imaged through a telecentric optical
system with demagnification M = 1.000. Therefore, according to equa-
tion 2.3, every shift of the illuminated surface directly translates to the
same shift in the image plane although in opposing direction. The tele-
centric imaging system also ensures that the minimum speckle size in
the image plane is large enough to not cause spatial aliasing effects.
The minimum speckle size is defined by the smallest optical aperture
and the laser wavelength.

The camera is a 3000 pixel line scan CCD camera with a pixel pitch,
the distance between the center of two of adjacent pixel, of 7 um. The
CCD is driven directly by a Linux system running the preempt_rt patch,
enabling real-time functionalities, for Ubuntu 20.04 in order to min-
imize variations of the exposure time which can also lead to falsely
detected shifts of the patterns. Variations of Afexposure < 1us have
been achieved. This limit is only exceeded in very few occasions.

The sample, depicted on the right side of Fig. 3.1, is mounted on a
2-dimensional axis so that positioning of the surface in the focus of the
optics can be achieved. In order to measure the samples temperature a
Pt-1000, placed in a bore in the sample, is utilized.
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Figure 3.1: Measurement setup using telecentric imaging.

4 Signal processing and results

In this section the signal processing applied in order to estimate the
CLTE will be discussed.

In Section 2 it becomes evident, that for the CLTE estimation high
resolution, in the range of 100 nm, of the speckle pattern shift is crucial.
Hence, the main goal of the applied signal processing techniques is
to determine the pattern shift as accurately as possible. The routine
described below is executed for both spots independently. Therefore, a
region of interest (ROI) for each spot is chosen. The ROI for the upper
spot, which is a subset of one line captured by the CCD, is depicted in
Fig. 4.1.

In order to accurately estimate the pattern shift, the cross power spec-
tral density (CPSD) Sxy(f) as well as the coherence function p(f) are
utilized. According to the Fourier shift theorem, the argument of the
complex valued CPSD encodes the space-lag of the image. The CPSD
can be calculated by the following equation

Sxy(f) = E{F {x(m)} F {x(m +)}"}, (1)

with the expected value E{---} and F{---} denoting the (fast)
Fourier transform (FFT) of two different lines x(m) and x(m + i), cap-
tured by the CCD camera at two different points in time m and m + i [6].
In order to minimize the variance of the estimate of the CPSD, Welch’s
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method is applied. This method includes averaging over multiple pe-
riodograms of potentially overlapping sub-signals. In Fig. 4.1 this con-
cept of splitting the signals into i sub-signals of length Nppr and Nop
overlapping pixels is shown. However, there is a trade-off to be made.
The more sub-signals i are used, the lower the variance of the resulting
coefficients is. In turn, since the signal only consists of a finite amount
of sample points, the number of frequencies that are calculated are re-
duced, too [7].

It follows, that the spatial shift Ay of either of the two spots based
on the phase 6 = arg (Syy) of the CPSD is given by

O NErr

Ay = dpixel : Tfk

(4.2)

This can also be interpreted as a spatial group-delay, which can be as-
sumed to be constant for the application to shifts in speckle patterns.
Therefore, higher spatial frequencies also experience a larger phase-
delay. For the evaluation of the space-lag based on the k—th spectral
line, the pixel pitch dpixe and the number of points used for the calcu-
lation of the FFT Nggr are needed.

In order to improve the estimation, weighting of the spectral lines of
the CPSD is introduced. Each spectral line of the CPSD is weighted
with its corresponding squared coherence value 0 < |o(f;)|*> < 1. The
coherence function between two signals can be calculated by the rela-
tionship

= Sxy(f) ) (4.3)

Sxx(f) - Syy(f)

where Sy (f) and Syy(f) are the power spectral densities for line x ()
and x(m + i), respectively. The coherence function is a measure of the
degree to which both lines in question are related by a linear time-
invariant transform [6]. Especially in the case at hand, one could alter-
natively view a spectral line with low coherence as having less cause
and effect but more noise to determine the actual phase value. Hence,
additionally to weighting, a spectral line with a coherence value under-
cutting a predefined minimum, here ppin = 0.99, is not being consid-
ered further for the calculation of the shift.
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Further improvements can be made, if for the calculation of the shift
Ay(m,m + 1) between line m and line m + 1 not only these two lines
but all lines m —j,m —j+1,---m,---m+j—1,m+ j are considered.
In Fig. 4.1 lines m —2,--- ,m + 3 are depicted. Since the time between
capturing each of these lines is comparably small it is assumed that the
associated shift between the lines is (i) linear as a function of time and
(i) sufficiently small. The pattern shifts Ay(m,m —j)--- Ay(m, m + j)
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Figure 4.1: Speckle pattern in the ROI of the upper spot, taken at different points in time
m+j.

can then be used to estimate a polynomial of first order describing
the shift over time. This in turn, evaluated at f, 1 results in the final
estimate of the shift between line m and m + 1. This concept is visu-
alized in Fig. 4.2. The empty circles (left) represent the pattern shifts
Ay(m,m —j)--- Ay(m,m + j) whereas the dashed line is the polyno-
mial of first order. The resulting shift then transfers to the total shift
over time depicted on the right side.

Applying the previously described signal processing routine, the re-
sults in Fig. 4.3 have been obtained. A brass sample was heated up
to about 110°C using a heat-gun. Then, as can be seen in the left
graph, the sample slowly cooled down to about room temperature. As
expected, the specimen shrinks at approximately the theoretical rate,
depicted in grey. However, as can be seen, the estimated shift is always
lower than the theoretical shift. The reason for this lies within an ob-
servable bias of the estimator, which still needs further research and po-
tentially the introduction of a more precise model of the influence of the
CCD camera. Despite the bias, the estimated averaged CLTE ay, 5110

116



Speckle based CLTE estimation
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Figure 4.2: Local pattern shifts Ay (1, m + j) translate to a point in the total pattern shift
when evaluation of the linear polynomial at ¢, ,,,+1 is carried out.

over the whole temperature range, based on the linearised total shift,
seen on the right of Fig. 4.3, is in good agreement with the CLTE
found in literature. For a smaller temperature range of 25°C-50°C
a result closer to the theoretical one has been obtained. The values
are as follows: &y theo = 18.7ppm/°C [8], ar25-110 = 17.8 ppm/°C,
ap,p5-50 = 18.2ppm/°C.
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Figure 4.3: Comparison of the estimated difference AAy = —Ayupper + Ay,Lower based

on measurements vs. theoretical values for a bulk brass specimen. AAy is
essential for the calculation of the CLTE.
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5 Conclusions

We have shown, that it’s possible to get good estimates for the CLTE of
metals evaluating the CPSD weighted by the cause-and-effect measur-
ing coherency function. The described signal processing routine leads
to acceptable results presented for the case of bulk brass and can be
extended to thin specimen as well. It has been observed that with the
presented estimator resulting shifts are always smaller than the ones
obtained by literature based calculations. Further research is needed
in order to describe this phenomenon accurately and also improve the
estimate.
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