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Abstract
Electronic-speckle-pattern-interferometry (ESPI) is a sensitive interferometric imaging technique that responds
to changes of surface topography caused e.g. by pressure changes or by thermal expansion. Hidden defects
are revealed by the inhomogeneity of such deformation fields. Unfortunately, field distortion may also be
caused by e.g. inhomogeneous excitation. Therefore the lockin technique has been transfered to ESPI in
order to enhance its sensitivity by this kind of phase-sensitive narrow-band filtering where finally a selfnormalised phase-angle image is obtained. Such an image displays features which are usually deeply hidden
in noise, as will be shown on various examples.
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1. Introduction
Interferometric imaging is a well established technique that responds to changes of surface
topography and displays the result as a fringe pattern. The principle behind this is the fact that
similar patterns superposed to each other display a spatial beat pattern, very similar to the one that
can be observed occasionally on highway bridges where one periodical structure is closer to the eye
thereby having a seemingly different periodicity. Superposition of them results in a one-dimensional
beat pattern (“Moiré-effect”) whose periodicity is related to the difference of the structures (Fig.1).

Figure 1: Moiré-effect on a bridge.

If an object is imaged by a camera in laser light and a reference beam (derived from the laser
directly or from the object under a different angle) superposed, the resulting image has a grainy
structure (“speckles”) since the superposition causes interference effects [1]. Therefore these
speckles respond in a sensitive way to tiny changes of the object shape. If two such images are
superposed that have been taken at different states of deformation (induced e.g. by load or thermal
expansion]), again a Moiré-pattern is observed, but this time in a two-dimensional arrangement and
not in just one dimension. A convenient example to demonstrate this effect is the growth of
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champignons whose flat white surface with its light-scattering properties is well suited for
interferometric imaging (Fig.2). If two images are taken with 5 seconds in between, the small
structural change due to growth results in fringe formation. Like on a map these are contour lines,
but instead of height itself they display the hight change that occurred between the two states of
deformation. The hight difference between two contour lines is half the laser wavelength. Hight
direction is in this case along the optical axis of the setup (“out-of-plane image”). With a laser
wavelength of about 0.8 µm and observed three fringes the champignon radius has obviously
changed by 1.2 µm.

3

2 1

Figure 2: Photography of champignon group (left). Out-of-plane ESPI-image (right)
of growth within 5 seconds. 3 Fringes indicated by black lines for better clarity.
Of course this change is an increase, but shrinkage would provide about the same pattern. This
ambiguity is eliminated if the images are not simply superposed but the optical path length varied in
e.g. four steps each by a quarter of the laser wavelenth (by a mirror mounted on a piezo translator)
so that the mathematics can be improved in such a way that the local difference phase angle is
determined. It should be emphasized that the highly contrasted contour lines in such a “modulo 2ʌ
image” display the optical interferometric phase [2]. The mathematics involved in deriving the phase
contain ratioed intensity differences, therefore confusing local variations of optical properties cancel
in this self-normalisation, so they affect only the noise level. The sign of the steady change within
each fringe shows whether shrinkage or growth occurred between the two images, it also reduces
noise and allows to convert the phase angle pattern into a continuous high pattern. This advantage
becomes obvious in Fig.3 where the difference between two deformation states of a circular plate is
presented together with the profile of change finally demodulated from the modulo 2ʌ image [3].
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Figure 3: Top: Subtracted image (left), modulo 2ʌ image (middle), and demodulated phase image
(right). Bottom: Signal profiles taken along diametral dashed lines of these images.

While in this example the deformation mechanism has been built in by nature, technical materials
need external excitation to change their shape. As interferometric imaging is sensitive to
perturbations, a tensile test requires special care. Therefore it is simpler to expose the sample to
light which is absorbed thereby heating the object so that it expands thermally. The contour pattern
displays again lines of equal deformation. The main topic of interest for nondestructive evaluation
(NDE) is then how such lines deviate from the expected pattern e.g. due to hidden defects which
can be identified this way.
2. Phase sensitive (“Lockin”) interferometric imaging
2.1. Principle
In this conventional setup for interferometric imaging the total change of shape is monitored while
one is interested only in the small changes caused by hidden defects. In this context it is of interest
to note that the dynamic range of such images is rather limited. The way to solve this problem is
transfered from lockin-thermography [4-7] or generally from dynamic measurement techniques: The
effect to be investigated is modulated while a sequence of images is taken which is then Fouriertransformed at the frequency of deformation modulation. In this weighted averaging of images the
frequency bandwidth of noise is reduced so that a considerable improvement of the signal to noise
ratio is achieved. Additionally, this phase-sensitive narrow band filtering provides at each pixel the
local phase of response with respect to the modulated input (not to be confused with the optical
phase described above) which is again insensitive to locally changed degrees of modulation (e.g.
illumination by the lamp used for remote heating).
This technique is applicable generally to every deformation component (in-plane or out-of-plane) of
interferometric imaging [8], e.g. to shearography where the gradient of the deformation field is
monitored or to speckle interferometry which responds to the deformation field directly. However, in
the following we restrict ourselves to the out-of-plane component of Electronic-Speckle-PatternInterferometry (ESPI) in order to demonstrate the principle (“Lockin-ESPI”). The word “Lockin” is
being used to illustrate that the principle corresponds to the hardware lockin-amplifier being around
since many decades to analyse amplitude of a modulated signal with respect to a reference input.
Such a lockin-function is related to each pixel of the interferometric image [9, 10].
To do that, one step has to be performed that makes a big difference as compared to other lockinmethods: The fringe patterns have first to be converted to maps of height change and then the
Fourier transformation of height modulation is performed at each pixel of the sequence. In this
context the word “demodulation” can be used twice: Once to describe the procedure converting
contour maps into height, and then again to derive from the sequence of images finally an image
displaying amplitude and phase of the modulation effect at each pixel. This way the whole
information contained in many images is finally compressed into just two: an amplitude image and a
phase image. The latter one is more useful: The overall bending of a component occurs everywhere
at the same time, so it has the same phase angle which gives a constant background. A defect is an
area where heat propagation and hence the time constant of deformation can be modified hence
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giving a different phase. So the result is that such a defect stands out clearly against an otherwise
constant background which is a big advantage as compared to the amplitude image where the tiny
additional bump caused by the defect needs to be detected in the presence of the potentially heavily
structured background caused by the intact structure. Examples illustrating this important difference
will be shown later on.
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Figure 4: Determination of amplitude image A from the sequence. Phase is determined
from the same Fourier transformation.

2.1.Measurement set-up
For the investigations decribed below we used a small home made out-of-plane ESPI set-up where
wavelength of the 75mW laser was 532nm.
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Figure 5: Basic setup of Optical Lockin ESPI (OLI) [9].
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For modulated heating we used four 1000W lamps whose power was computer controlled and
synchronised to the rate at which the sequence of optical phase images (each resulting from 4 piezo
shifted single images) were taken. For clarity it should be mentioned that optical intensity on the
sample was less than the one of sunshine in summer. Then all images were
unwrapped/demodulated to hight and then Fourier transformed at the modulation frequency which
ranged between 0.01Hz and 1Hz. The depth into which the temperature modulation propagates is
given by the thermal diffusion length µ with

2D
Z

P

where Į denotes thermal diffusivity and Ȧ the angular frequency of lamp modulation [11]. The
frequency dependence provides an efficient tool for depth range variation, as is known since some
time from thermal wave applications [11-16].
3. Experimental results
3.1. Simulated defects in a PMMA plate
The applicability of this new technique is demonstrated on a circular PMMA-sample provided with a
subsurface hole in the center (Fig. 6) to simulate a hidden defect. The surface of the transparent
sample was painted with black color in order to avoid selective defect heating. After applying the
procedure described above it turns out that the amplitude image has a curved structure where the
effect of the hole is hidden while the phase image is mostly flat so that the simulated defect stands
out clearly.

120 mm

10 mm

1 mm

10 mm

Figure 6:
Left: Geometry of specimen
Right: Amplitude (top)
and phase image (bottom)

Some images of the sequence from which the two images in Fig. 6 were derived are shown in Fig.
7. The simulated defect disappears in noise, it is revealed by the narrowband filtering process. The
final limitation of the method seems to be convection and the related change of the refractive index
which is modulated at the lamp frequency, therefore it is not eliminated by the Fourier-
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transformation. Comparative measurement were performed where convection was tentatively
reduced. The achieved improvement of signal to noise is obvious (Fig. 8).

Figure 7: Some images from time sequence obtained on a PMMA sample.

Figure 8: Phase images analysed by a modulation frequency at 0.04Hz.
Measurement influenced by refraction index (left),
reduction of refraction index (right).
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In another experiment we investigated how defect detectibility depends on modulation
frequency. This influence is expected since the depth of modulated heating depends on thermal
diffusion length which becomes smaller when the frequency increases [11]. Fig. 9 confirms this
relation: The hidden defect is detected only if modulation is 0.15 Hz or lower. Therefore depth
profiling is basically possible with Lockin-ESPI.

0.08Hz

0.10Hz

0.12Hz

0.15Hz

0.20Hz

0.25Hz

Figure 9: Phase images obtained with Lockin-ESPI at several frequencies.

3.2 Depth resolved measurements in wood
To investigate the influence of modulation frequency on depth range we performed measurements
on the wood sample described previously [9] with holes hidden under a layer of veneer (to simulate
disbonds) in a matrix arrangement where hole diameter changes along one direction and the
thickness of veneer along the other. The reason for this choice of material is that wood is a natural
material which is important for furniture where genuine wood is used only for the veneer layer while
cheaper material is being used for the core. Disbonds between veneer and substrate can be
detected using OLI. In order to investigate this potential we performed measurements between 0.03
and 0.09 Hz. In Fig. 10 the hole diameter decreases from top to bottom while the veneer thickness
increases from 0.5mm (left) to 2.5mm (right). At 0.09Hz the holes are detected only if the veneer
layer is thinner than 1.5mm. By frequency reduction the penetration depth of the thermal waves
increases and allows to detect holes under 2.5mm. This example shows the potential for remote
depth profiling of defects.
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0.09Hz

0.06Hz

0.03Hz

Figure 10: Depth resolved measurements of holes under different veneer thicknesses
(sample kindly manufactured by Mr. Koppenhöfer, trade school
Schwaebisch-Hall / Germany).
3.3. Comparison between Lockin-ESPI and optcally excited Lockin-thermography
Though this result is very much similar to what is known from lockin thermography, it should be
mentioned that the experience cannot be simply transferred to lockin ESPI since signal generation
does not only depend on the thermal wave but additionally on thermal expansion and related strain
fields. We performed experiments aiming at a comparison between lockin-thermography and lockinESPI. In order to see the hidden structure (which was again covered by paint for the experiments)
we used a PMMA sample where 4 holes were drilled parallel to the surface at a depth of 1 mm.
Three holes were subsequently filled with metal cylinders (copper, aluminum, steel) pressed into
them while the fourth hole was empty for reference (Fig. 11).
Measurements were performed at 0.1 Hz modulation frequency of the lamps used for modulated
heating. Comparison shows:
The holes appear narrower with Lockin-thermography. The point-spread-function is broader for
Lockin-ESPI which is obvious since the strain fields extend further than the thermal wave field
[15,17].
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Figure 11: PMMA-specimen with four 5mm diameter subsurface holes (left top) with hole axis
parallel to the illuminated surface. Lockin-thermography phase image at 0.1Hz
(left below –recorded by Mr. Gleiter, IKP ) Lockin-ESPI phase image at 0.1Hz (right
below), and stress distribution displayed by photoelasticity (right top).

The lower part of the inserted steel and aluminum cylinders differs from the upper part in the LockinESPI-image while such a difference is not found in the Lockin-thermography image which does not
respond to the superposed strain field. Therefore the conclusion is that the strain field causes the
observed difference. This argument is supported by results of photoelasticity measurements
performed in transmission after the paint was removed from the sample surface: The two cylinders
in the middle have a strong structure around them indicating inhomogeneity of stress. From this
result on PMMA we conclude that Lockin-ESPI responds to stress fields also in opaque samples
which is very important for industrial applications.

3.4 Lockin-ESPI for defect detection in honeycomb plate
Results obtained from basic research should be applicable to real-life samples, e.g. honeycomb
structures whose high specific stiffness is of interest for aerospace applications. The critical part of
such structures is where the skin is bonded to the core. Ingress of water or excessive glue may
result in stiffness reduction or too much weight, respectively. In our investigations we used a
honeycomb structure (420x170x13mm³) partially filled with glue. Additionally, a marking strip is
visible in the middle of the plate.
The single images of optical phase taken from the whole sequence (one of them shown in Fig.12)
vary during modulation with no indication of structure. The information extracted by Fourier
transformation at the lamp modulation frequency 0.06 Hz is again compressed into an amplitude
image and a phase image of local modulation. Obviously the phase angle image contains the
relevant information: The two circular areas of modified stiffness stand out clearly in the lockin
phase image (Fig.12 right) derived from the sequence at the frequency of excitation while they are
hidden in the strong background deformation in each single image of the sequence.

filled with glue
marking strip

Figure 12: One wrapped interferometric phase image of the sequence (left).
Lockin phase image from Fourier transformation of sequence at 0.06Hz [18] (right).

4. Conclusions
Lockin-ESPI is an improved version of the well known ESPI-technique. It responds only to
modulated changes of topography induced e.g. by thermal expansion due to absorption of
modulated radiation. The result is a significant enhancement of the signal to noise ratio in the
imaging of defect. As the overall deformation of the surface is suppressed the probability of
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detection (POD) is much enhanced. Also depth analysis of the defects is possible by variation of the
lockin frequency.
Further developments to be transferred from other techniques are obvious: Instead of performing
depth analysis by subsequent measurements at different frequencies one can as well use burst
excitation (containing a broad frequency spectrum) and transform just one obtained sequence at
various frequencies. Also, nonlinearities can be investigated by analysing the sequence at overtone
frequencies as a response to monofrequency sinusoidal input. Such images would display
selectively defects (e.g. clapping of disbonds).
In that sense this paper can be considered as a first feasibility investigation that explores the
potential of a widely applicable new technique expanding the scope of applications for
interferometric imaging in the field of remote NDE.
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