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Abstract 

Optically and ultrasonic excited lockin thermography have been set in contrast with lockin shearography 
theoretically and experimentally. Investigated criteria are the differences in depth range, defect selectivity and the 
comparison of thermal and mechanical response using the example of model specimens and real large scale aircraft 
components. An approach for the application of data fusion for defect classification through combination of thermography 
and shearography phase angle images follows. Due to lack of experience with this technique, it is applied to model 
specimens only instead of large scale aircraft components. However, the gradient image characteristic of shearography 
impedes distinct information extraction.  

 

1. Introduction 

Both lockin thermography [1] and speckle interferometry [2] are well-established methods for non-destructive 
inspection in many technical fields, e.g. aeronautical engineering. In contrast to commonly-known, well-established NDE 
techniques like ultrasonics, which use elastic waves, lockin thermography and optically excited interferometry share the 
similarity of using thermal waves for material penetration. As the detector, usually a camera, and the thermal wave 
source, e.g. lamps, allow for a flexible and mobile set-up, they are convenient to handle for large-area single-sided NDE. 
Thermography monitors the magnitude and the phase of the thermal wave, while interferometry monitors the surface 
displacement, which is an integral of the thermal expansion of the subsurface volume due to the thermal wave. Because 
of the different material characteristics involved (thermal and mechanical), it is of interest to compare results obtained 
with both techniques. By the use of “data fusion” methods structures and defects could possibly be characterised by their 
distinctive combined thermal and mechanical features. 

2. Theory of Lockin NDE methods 

2.1 Optically excited Lockin Thermography 

 Optically excited thermography is an established non-destructive testing method to identify interfaces with 
orientations that are not perpendicular to the surface [1]. In a single-ended setup the surface monitored by an infrared 
camera is heated by either a short flash (pulse thermography) or by periodic illumination (lockin thermography). The 
excited thermal wave propagates from the surface into the material and is reflected at interfaces of different effusivities 
(e.g. material/air at the rear surface or at delaminations). This leads to a characteristic surface temperature distribution 
depending on the travelled distance, which for a modulated excitation relates to the wave’s phase difference. Via 
Discrete Fourier Transformation (DFT) at the excitation frequency, one single phase image and amplitude image are 
obtained. They represent the thermal response at the modulation frequency, while noise from ambience radiation and 
other disturbances is eliminated. Additionally, since the phase angle is calculated as the ratio of real and imaginary part, 
this internal normalization reduces inhomogeneities in illumination and emission coefficient distribution. If the material 
properties are known, a qualitative defect depth or thickness measurement is possible by applying Eq. (1) to the phase 
angle image. 

   						with				μ         (1) 

Here, φ is the phase angle, x the distance, µ the thermal diffusion length, that depends on the lockin frequency  ω  and α  
the thermal diffusivity. For quantitative measurements, eq. (1) becomes much more complicated. 
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Fig. 1. Principle of optically excited lockin thermography (OLT) 

2.2. Ultrasound excited Lockin Thermography 

A drawback of optical excitation is that not only defects but also structures like the rear surface reflect the 
thermal wave, resulting in unwanted overlapping. On the other hand, defects too small (e.g. fracture) or defects without a 
reflection interface (e.g. weak adhesive bonds) are undetectable. Ultrasonic excited thermography is defect selective, i.e. 
heat is produced only at defects. The elastic energy introduced through ultrasonic excitation is converted to thermal 
energy due to crack tip friction [3].  

An amplitude modulated elastic excitation periodically generates heat that can be detected at the surface in the 
form of a thermal wave [4]. The pulsating surface temperature is detected by an IR camera and used for the lockin 
method with the ultrasonic amplitude modulation at the lockin frequency ω. 

 

 
Fig. 2. Principle of ultrasonic excited lockin thermography (ULT) 

2.3 Optically excited Lockin Speckle Interferometry 

 Lockin Interferometry combines a conventional phase shifting speckle interferometer with a periodical excitation 
and a Fourier analysis. The sensor continuously monitors the modulated object displacement field (Lockin-ESPI [5]) or its 
gradient, respectively (Lockin shearography [2]) that are caused by thermal waves. After the temporal phase unwrapping 
of the optical phase images, a pixelwise discrete Fourier transformation extracts the local phase and amplitude of the 
modulated displacement (gradient) of the object’s surface. Lockin speckle interferometry and lockin thermography are 
very similar methods and share lots of advantages, like a reduction of the dc level, an enhanced signal-/noise-ratio, and 
the capability to distinguish between defects located in different depths by variation of the modulation frequency. 
However, the contrast mechanism is different: not the surface temperature distribution which results from the 
superposition of the incoming and the reflected thermal wave is detected, but the surface displacement field that is 
caused by the local thermal expansion within the bulk material due to the thermal waves. Since shearography is much 
more tolerant to vibration and other disturbances than ESPI and therefore more relevant for industrial use, we will focus 
upon this method in the following.  
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Fig. 3. Principle of optically excited lockin shearography (OLS) 

2.4 Theoretical Comparison 

The most evident difference between thermography and interferometry is the kind of the monitored material 
response: Thermography displays the local thermal emission of a surface while interferometry responds to deformation 
of the surface that may be caused e.g. by thermal expansion due to temperature variation. Hence it contains an integral 
of the temperature field inside the sample and not its value on the surface. This is a significant difference if the 
temperature field of a thermal wave is involved: Lockin thermography provides an image of magnitude and phase of the 
thermal wave at the surface, while the subsurface part of the thermal wave contributes via thermal expansion and 
mechanical stiffness to the modulation of surface displacement which, for interferometry, is coded in lines of equal height 
changes (“fringes”) along the measurement direction. Monitoring the depth integral of the thermal wave instead of its 
surface value has the advantage of an enhanced depth range [6]. 

 The thermal diffusion length µ	in Eq. (1) is an indicator for the maximum depth a defect can be localized in. 
According to [1], the phase angle image has approximately twice as much depth range as the amplitude image. In OLT 
the thermal wave has to travel from the surface to the defect and then back to the surface, while for ULT it is only half 
that distance (defect to surface). Therefore the depth range of the latter is about twice the range of OLT. Elastic 
deformation of the surface is more sensitive to temperature differences in the bulk material than the surface temperature 
[7]. Therefore, the depth range of lockin speckle interferometry phase images can be up to 3μ, while lockin thermography 
is limited to ca. 2μ. On the other hand, the depth range of the amplitude images cannot be determined easily because it 
depends on the structure of the component. The information contained in the amplitude image is similar to a conventional 
shearogram, which shows the local mechanical reaction to the loading of the component. Therefore, it can occur that the 
amplitude image has a depth range of only 1μ, but sometimes even tenths of μ are possible to achieve. In a cfrp/-foam 
sandwich structure in which a thermal wave is damped heavily, the phase image often shows just the surface region of 
the component, even at low modulation frequencies, while the amplitude image can detect defects on the backside of the 
sandwich because the surface displacement is influenced strongly by the structure below. In this case, the sole 
advantage of lockin shearography to conventional shearography is the enhanced signal-/noise-ratio. 

As noted earlier, ULT has the advantage over OLT in being defect selective. I.e., the defects start the thermal 
wave themselves and are not overlapping with a globally introduced and reflected thermal wave. The drawback is that 
the elastic excitation is in contact with the part tested while OLT is a completely contact free method. The defect 
selectivity of OLS relies on the signal filtering mechanism by the Fourier Transformation that reduces the effect of whole 
body deformation. Shearography is contact free, too, but relies on a very precise test setup making it less suitable and 
flexible for daily use. 

3. Experiments 

The following chapter compares results of measurements where both the described lockin testing methods were 
used for NDE of several aircraft components. 
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3.1 Epoxy plate with blind holes 

 The following measurements were intended to support the theoretical aspects of lockin shearography and 
optically excited thermography very good, especially depth resolution. The plate is made from epoxy resin with overall 
dimensions of 145 x 145 x 3 mm³. The holes of different diameters and depths are arranged as in fig. 3. 

 

Fig. 3. Epoxy plate with blind holes 

Figs. 4 and 5 show a comparison of the different depth ranges. As described in Eq. (1), a lower frequency 
relates to a higher thermal diffusion length which indicates the depth resolution. From the proceeding chapter it is known, 
that LS has more depth range than OLT, which is supported by this experiment. The first column with the deepest holes, 
i.e. the least residual material, can be identified at a frequency of 0.25 Hz for OLS but needs a frequency of 0.1 Hz to be 
seen with OLT. In order to identify all five hole depths, frequencies of 0.05 Hz for OLS and 0.01 Hz for OLT are 
necessary. 

  

Fig. 4. Measurements of epoxy plate with blind holes with lockin shearography. Left: 0.25 Hz. Right: 0.05 Hz 

  

Fig. 5. Lockin thermography phase images obtained on epoxy plate with blind holes.  
Left: 0.1 Hz. Right: 0.01 Hz. 
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In addition, it can be seen that the detected holes are blurred in both of the low-frequency images due to lateral 
heat flux that is not contained in simple one dimensional modelling. 

3.2 Inspection lid with crack 

 As mentioned earlier, both ultrasonic lockin thermography and lockin shearography are defect selective 
methods, i.e. only defects show up in the final image.   In ULT this is based on the heat production at the crack tip, while 
OLS the effect bases on the whole body deformation filtering. This is especially useful and advantageous over optically 
excited thermography, if the defect is located close to a complex structure. This can be the case for a crack near an edge 
or at a joint where distinguishing the crack from other interfaces is difficult. An example is shown in fig. 6, a metallic 
inspection lid with a crack whose extent is not obvious to visual inspection. 

     

  

Fig. 6. Inspection lid. Top left: Photography. Top right: Lockin shearography at 0.05 Hz.  
Bottom left: ULT phase image at 0.2 Hz. Bottom right: ULT amplitude image at 0.2 Hz. 

 In the shearography image, the advantage of using lockin method is shown. The image contains almost no 
information except for the location and extent of the crack. Likewise, both ULT images clearly identify location and extent 
of the crack, though with a different resolution. The ULT measurement also identifies loose rivets. 

3.3 FS 35 horizontal stabiliser 

 The FS 35 is a current project of the AKAflieg Stuttgart1, a two seat CFRP motor glider that will act as a 
towplane for the group’s gliders. Fig. 7 shows the lockin shearography and optically excited lockin thermography 
measurements of a deficient horizontal stabiliser (where fin and rudder are not yet separated) sorted out after 
manufacturing. Both images have been obtained at a fairly large object distance, therefore only four separate 
measurements have been necessary to produce a complete image of the 3.36 m span. As a result the testing time is 
very low at the expense of the detail resolution. As both images have been produced at the same lockin frequency, the 
difference in depth range is illustrated. The shearography image clearly shows the wing spar (1) which is barely visible 
through the skin in the thermography image (2). In the mid and right part the spar is not visible at all, because structures 
within or underneath the skin dominate the thermal response. Area 3 appears to be dots of adhesive and area 4 arises 
from a foam core abrasion process. The composite tape overlapping (5) shows up in brighter shades, i.e. smaller phase 
angles. From the phase angle alone one cannot immediately infer the (relative) depth, because of possible phase 
inversion [1]. However, because we know that the overlaps are thicker than the usual skin areas, for this image brighter 
areas relate to either larger thicknesses or smaller thermal reflection coefficients. Areas 3 to 5 have no sufficient 
mechanical effect on the skin and  therefore no influence on the shearography measurement. At point 6 there is a 
discontinuity in the adhesive bond of the hidden spar, however it is not detectable by lock-in thermography which has two 
possible reasons. Either the defect is deeper than the depth range of lockin thermography at 0.01 Hz lockin frequency, or 

                                                           
1 http://www.uni-stuttgart.de/akaflieg/index.php?id=95&L=2 
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the defect is purely mechanical and has no effect on the thermal characteristics. A possible example for the latter is a 
weak bond or ‘kissing bond’ [8]. 

 

Fig. 7. Horizontal stabiliser of aircraft, span: 3.36 m. Top: Lockin shearography at 0.01 Hz lockin frequency.  
Bottom: Optically excited lockin thermography at 0.01 Hz lockin frequency. 

 
 

3.4 e-Genius 
 
 The electrical power glider “e-Genius” built by the Institute of Aircraft Design (IFB), Stuttgart University took part 
in the NASE/CAFE Green Flight Challenge 2011. It won the Lindbergh Price for quietest aircraft and managed a 2nd 
place in total. 
 For quality control reasons the blind adhesive bond along the wing spar was investigated in our lab both with 
lockin thermography and interferometry. As usually, for large structures a compromise between resolution and measuring 
time is to be made. Because this was a single event as opposed to an on-line manufacturing surveillance, 13 high 
resolution images where taken along the spar bond, as can be seen in fig. 8. No lockin frequency used during the 
thermographic investigation was able to penetrate the skin entirely and identify the wing spar bond satisfactorily, though 
it is indicated in the presented figure. 

Instead, the sandwich skin was investigated thoroughly. An interesting feature visible with both methods is the 
regular dotted pattern originating from the holey sandwich foam core filled with resin. At the interface laminate-core the 
resin-filled holes and the foam exhibit different phase angles, i.e. reflection coefficients which relate to the heat 
transmission at the interface. Since this pattern arises in shearography as well, we learn that the laminate-foam bond 
differs from the laminate-resin bond in heat transmission. The more heat is not transmitted, the more temperature 
induced expansion is possible. 
 
 
 
 

 
Fig. 8. E-Genius wing spar, length: 8.43 m. Top: Optically excited lockin thermography at 0.03 Hz lockin frequency.  

Bottom: Lockin shearography at 0.05 Hz lockin frequency. 
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4. Data fusion of Lockin Thermography and Lockin Shearography images 

After developing non-destructive testing methods to display hidden defects the next step is to improve the 
information on the defects. A first step into this direction is data fusion whereby information from various sources is 
combined to extract features that are related to the characteristics of a defect or its origin. Data fusion has successfully 
been applied to lockin thermography phase angles images with different lockin frequencies. Parameters like reflection 
coefficient or depth have been traced back by back inversion from selected areas of scatter plots alone [9-11]. 

Further investigating and developing the data fusion method leads to the combination of different NDT 
techniques rather than just different lockin frequencies in thermography. In theory, plotting thermography and 
shearography against each other (“data fusion”) classifies a defect by its combined mechanical and thermal features and 
distinguishes it from other defects. 

 
4.1 Epoxy plate with blind holes 
 

The specimen described in chapter 3.1 allows for a simple start into this mechanical-thermal data fusion. Its 
simulated defect ‘different material thickness’ has a thermal as well as a mechanical influence. Fig. 9 shows two 
exemplary phase angle images of both NDT methods. The images have been chosen as best representatives of their 
kind. The blind holes are identifiable as bright spots with the brightness representing the depth for thermography and as 
domes or dents with shearography.  

For the data fusion process to be applicable, considerable image transformation has to be done. After 
eliminating optical distortion due to the different optical sensors, image sizes and image resolutions are matched. Perfect 
pixel match is deemed unnecessary as long as the result stays within the limits of measurement accuracy.  

 

 
Fig. 9. Epoxy plate with rear surface blinds holes (see fig. 3).  

Left: Lockin shearography phase angle image at 0.1 Hz lockin frequency.  
Right: Optical lockin thermography phase angle image at 0.01 Hz lockin frequency. 

 
Three sample defects have been marked by the colours red, green and blue and their correlating pixels are 

coloured accordingly in the scatter plot in the left picture of fig. 10. All three coloured areas in the scatter plot represent 
distinctive clouds. The red cloud representing the brightest hole, i.e. closest to the surface, ranges from 120 to 240 
vertically; this includes the brightest pixels of the thermography image. The large vertical range results from the blur due 
to lateral heat flow at low frequencies. Horizontally, the range reaches from black (0) to bright grey (130), a result of the 
gradient characteristic of the shearography image. Similar statements can be made for green and blue, however, their 
luminance decreases with increasing defect depth. By setting a threshold for the luminance of, for example, the red 
clouds range and using back inversion [10] to find all pixels with the corresponding levels of grey, nine holes can be 
extracted from the original images. Defects, i.e. holes, which have not been identified by this threshold, are either too 
small or too deep. 

 

 
 

Fig. 10. Left: Resulting scatter plot of the thermography image (vertical axis) over the shearography image (horizontal 
axis). The axes represent the greyscale (0=black, 255=white). Right: Feature extraction and back inversion. 
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 By use of a different, much smaller luminance threshold almost all defects found by lockin thermography are 
identified and extracted (fig. 11). Note that for this case, the shearography image has barely any influence, as no 
threshold along the horizontal axis is found. 

 

 
 

Fig. 11. Left: Zoomed scatter plot equal to fig. 10.  
Right: Feature extraction and back inversion by use of different threshold. 

 
 

4.2 CFRP plate with delaminations 
  
 Similar to the above, data fusion was investigated on a CFRP plate specimen with inserts of different materials 
simulating delaminations in different depths. Delaminations are suitable defects, as they effect both the mechanical and 
the thermal properties of composites. For the former, they induce a temperature rise and increased thermal expansion, 
as well as a reduced local bending stiffness. Regarding thermography, due to the layered structure of a composite, a 
delamination is orientated perpendicular to the thermal wave. The disbonded area acts perfectly as a reflexion interface 
for the thermal wave. The deeper the delamination the smaller the influence on mechanical stiffness and the more lateral 
heat flow blurs the thermal image. NDT measurements with both methods mentioned are shown in fig. 12. 
 

 
 

Fig. 12. CFRP plate with delaminations. Left: Lockin shearography at 0.008 Hz.  
Right: Lockin thermography at 0.025 Hz. 

 
 The three least deep and consequently best recognizable delaminations are marked in blue, green and red. 
Plotting both image data against each other, shearography horizontally and thermography vertically, results in the scatter 
plot on the left in fig. 13. The three dominant delaminations are clearly identified by their bright colours in the 
thermography picture. Due to the gradient characteristic of the shearography picture, all levels of grey are dominant 
along the horizontal axis. Marking the “trunk” of the tree-like shape in fig. 13 (left) and using back inversion to find the 
original coordinates, a binarized version of the thermography image with three delaminations is identified. 
 

 
 

Fig. 13. CFRP plate with delaminations. Left: Resulting scatter plot of the thermography and shearography 
measurements. The axes represent the greyscale. Right: Feature extraction and back inversion. 
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 However, the blurred edges of the square shaped delaminations in the thermography image are correlated with 
very dark and bright edges, respectively, from the shearography image. This leads to the characteristic elliptic, cloud-like 
shapes for the delaminations. For better differentiation, fig. 14 shows the same problem, but with smaller areas marked 
without the blurred edges. As a result, although the edges are missing making the represented area smaller, the data 
points representing a delamination are confined to even smaller areas. Via X-ray imaging it was possible to confirm that 
the areas marked in fig. 13 represent the actual size of the inlets. 
 

 
 

Fig. 14. CFRP plate with delaminations. Left: Shearography. Middle: Thermography.  
Right: Resulting scatter plot of the thermography and shearography data fusion. 

 

5. Conclusion 

Lockin thermography and lockin interferometry have been compared for application on aerospace materials and 
real large scale aerospace structures and components. The theoretical and practical differences have been presented 
and validated experimentally. Possible defects found by one or both of the test methods have been pointed out.  

Data fusion plotting the thermal and mechanical result against each other was performed on model specimen. 
The results show shearography being unsuitable for the method as is due to the gradient image characteristics. While it 
is possible to define thresholds for defects in the thermography image, the whole grey scale along the shearography axis 
is needed to represent a defect. Distinct locations within the scatter plot are impossible. 

Data fusion was also applied to the real part test data from chapters 3.3 and 3.4. However, despite the 
aforementioned problem with shearography, no defect was found showing up in both thermal and interferometric 
measurements. Only defects actually having a thermal and mechanical response are suitable for classification. Future 
work is necessary on model specimen with different kinds of defects that fulfil this requirement. 
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