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ABSTRACT 

In this paper we present a comparison between mono- and multifrequent lock-in shearography measurements of a carbon fiber 

reinforced plastics sample with artificial defects. In order to assess the differences in quality, required time and disc space, we 

take measurements at six different frequencies employing the monofrequent and the multifrequent technique. While both 

techniques are able to provide information about the depth position of defects, the monofrequent approach yields better results 

regarding the quality (signal-to-noise ratio, detectability of defects and reproducibility) of the outcome. In return, the 

multifrequent method is less time consuming and needs less storage space. Testing a frequency-weighting method to improve 

multifrequent shearography’s performance turns out to be only partially beneficial and on the whole counterproductive. 
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1. INTRODUCTION  

Shearography is a nondestructive testing method based on interferences of sheared speckle patterns due to deformations of a test 

sample under load [1]. Its predominant industrial use is in tire testing, especially for aerospace applications and in recent years 

inspection of fiber-reinforced plastics has become more and more established, too [1, 2, 3].  

In contrast to conventional shearography which observes the differences between a phase image of a test object under load and a 

phase image in an unloaded state, lock-in shearography captures multiple images during a periodically modulated, usually 

contactless excitation of the test object. Filtering the resulting stack of images at the excitation frequency f, noise components at 

frequencies different from f can be eliminated and thus the signal to noise ratio can be increased in comparison to conventional 

shearography. Furthermore, if a thermal excitation source (for instance a halogen spotlight) is used, then the thermal depth of 

penetration µ depends on f according to µ = �/� /  with α being the thermal diffusivity [4]. This offers the potential to gain 

information of the depth of defects by measuring an object at different frequencies. In our work, we explore the possibilities and 

limitations of multifrequent lock-in shearography, where the sample is excited with several defined frequencies simultaneously, 

and compare it to the monofrequent technique regarding defect detectability, time and memory consumption. 

 

2. METHODS 

We use a 1200 W HEDLER C12 halogen spotlight to thermally excite a carbon fiber reinforced plastics (CFRP) sample in 

which cylindrical millings with different diameter and depth were inserted (shown in Figure 2 e). The diameter decreases from 

top to bottom and depth increases from left to right and the dimensions of the sample are 11.5 cm x 12.5 cm. Using a 

commercially available shearography sensor, provided by isi-sys GmbH, Kassel, and an own customized software, we perform 

three kinds of shearographic measurements: 

1. conventional shearographic measurements whose results stem from the phase difference images of measurements of 

loaded and unloaded sample-states, 

2. monofrequent lock-in shearographic measurements: Here the sample is excited with one single frequency f and the 

resulting image is obtained by pixelwisely Fourier-transforming the stack of acquired images and subsequently 

assigning the resulting amplitude at f  to the corresponding pixel, 

3. multifrequent lock-in shearographic measurements: In contrast to 2., here the sample is excited using a function I 

consisting of multiple frequencies (e.g. I(t) = A1 cos(2 π f1 t) + A2 cos(2 π f2 t) + A3 cos(2 π f3 t) + … with prefactors Ai, 

frequencies fi and time t). Using n frequencies, one is able to obtain n resulting images which are generated by 
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processing the acquired stack of images analogously to the monofrequent case. Figure 1 depicts an exemplary 

amplitude – time curve of such a multifrequent function. As shown there, it proved to be the best compromise between 

result quality and acquisition time to use functions having a length of three times the lowest containing frequency’s 
period. 

 

 

 

4. RESULTS 

In order to demonstrate the qualitative superiority of lock-in to conventional shearography, we compare two respective 

measurements of the CFRP sample shown in Figure 2 e). Figure 2 a) demonstrates a conventional, single-difference 

shearographic image, subfigure c) the corresponding result of a lock-in measurement taken at 10 mHz. Subfigures b) and d) 

show the normalized amplitude of the bottom row of defects with respect to the corresponding pixel position. Comparing the 

representations of the defects, the higher signal amplitudes and thus the higher contrasts and signal to noise ratios of the lock-in 

measurements become clear (especially observing the line plots in subfigures b) and d)). In order to quantize these findings, we 

define a “defect contrast” simply by manually constructing a rectangle around each defect and by calculating the difference 
between the highest and the lowest amplitude each of these rectangles contain. Figure 2 f) shows this defect contrast for the 

bottom row of defects with defect number 1 corresponding to the rightmost defect. It reaffirms the observation of the lock-in 

results’ higher contrast and furthermore reveals that for the lock-in method, the defect contrast rises much more strongly with 

decreasing defect-surface distance than in the conventional case.  
 

 

  

Fig. 1 Exemplary amplitude – time curve of a multifrequent excitation with A1= A2= A3 and  f1 = 10 mHz, f2= 20 mHz and f3 = 

40 mHz. 
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A thermal wave penetrating a sample can be described by its amplitude � �, �  depending on the time t and the wave’s depth in 
the sample z in the following way: � �, � = � −�� � ���−��  .     (1) 

Here, �  is the wave’s initial amplitude at the sample’s surface,  its frequency and � penetration depth where the thermal 

amplitude has reduced to 1/e, which is given by  � = √ ��� ,       (2) 

with � being the sample’s thermal diffusivity [4].  

 

Employing different lock-in frequencies  thus allows the detection of defects up to varying penetration depths. By plotting the 

depths of the deepest detectable defects at various frequencies and constructing corresponding fitting curves, we can calculate 

the frequency dependent detection depths. This is shown in Figure 3 for amplitude and phase images obtained from 

shearographic lock-in measurements at frequencies ranging from 10 mHz to 100 mHz (black squares and red circles, 

respectively). The displayed fitting curves yield detection depths of  1.53 µ  for the amplitude and of 2,61 µ  for the phase which 

is reasonably consistent with theoretical calculations in reference [5] which yield 1,3 µ for the amplitude and 3,1 µ for the phase, 

albeit using a one-dimensional model.  

 

Fig. 2 Comparison of conventional and lock-in shearographic measurements. a) and c): Two-dimensional amplitude 

representations of the results. Cross sections through the bottom row of defects are indicated by the blue lines and can be 

found in subfigures b) and d). . a) and b) show results of a conventional measurement which is obtained  by creating a 

single difference-image of two different load states. c) and d) represent the amplitude of a lock-in measurement taken at 

10 mHz with 60 % maximum amplitude for the duration of three periods. e): Photograph of the backside of the CFRP 

sample with cylindrical millings of different diameters and depths (the depth increases from left to right, the diameter from 

top to bottom). The image is flipped horizontally to correspond to the measurement data in subfigures a) and c) f): Defect 

contrast of the bottom row of defects. 
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Performing several individual monofrequent lock-in measurements at different frequencies can turn out to be very time- and 

memory-consuming. It is thus worthwhile to find out if exciting the sample with a function containing several frequency 

components and subsequently evaluating the measured data at all of these frequencies separately can reproduce the results of the 

monofrequent measurements while reducing the demands on time and memory without having too much an adverse impact on 

quality. 

Figure 4 therefore compares mono- and multifrequent lock-in measurements taken at six different frequencies ranging from 

10 mHz to 100 mHz. Subfigures a)-f) show results of monofrequent shearographic lock-in measurements of the sample 

displayed in Figure 1 g), subfigures h)-k) the multifrequent couterparts. We find that, monofrequent lock-in measurements yield 

results of higher quality than multifrequent measurements in that they offer higher signal-to-noise ratios and better defect 

detectabilities. However, by consulting several measurements at different frequencies, information about the depth of defects can 

be gained from both of these kinds of measurement procedures. Regarding the monofrequent case and going from 10 mHz to 

50 mHz, less and less of the more shallow cylindrical millings situated farther left on the sample become visible. At 100 mHz, 

even the deepest row of millings becomes blurred and only a small, very surface near delamination remains distinctly visible at 

the bottom of the image. In comparison, subfigures h)-m) depict results of a multifrequent lock-in measurement obtained at the 

same frequencies as the monofrequent measurements. As is clearly visible, the time saved by exciting the sample with all six 

frequencies at once comes at the expense of the signal to noise ratio. Whereas, for instance, in subfigure d) three rows of millings 

are detectable, in subfigure k) only the rightmost row remains rudimentarily discernible. The small delamination which can be 

identified in the higher-monofrequent measurements stays completely out of reach in the multifrequent case. However, the 

multifrequent technique is worthwhile when it comes to time and occupied storage space: on the setup used for our experiments 

the monofrequent measurements took about 650 s and occupied around 2,500 MB of disc space. The data processing of the 

2.5 MP sized images took approx. 100 s. By contrast, the multifrequent measurement took 300 s to measure, 60 s to process and 

occupied around 500 MB of storage space. 

 

  

Fig. 3 Depth positions of the deepest detectable defects depending on the excitation frequency of monofrequent 

measurements. The depths are extracted from amplitude and phase images (black squares and red circles, respectively). 

Linear fit curves are added to the measurement data. Additionally, the blue line shows the depth at which a penetrating 

thermal wave has decayed to 1/e = 37 % of its initial amplitude. 
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As the total energy introduced into a sample is proportional to the integral over its excitation function, higher frequency 

components contribute less to this overall energy than lower frequency components. Accordingly, Figure 5 d) depicts a 

multifrequent measurement’s overall amplitude and features distinct peaks at the excitation frequencies of 10 mHz, 20 mHz and 

40 mHz, the peak amplitudes diminishing from 10 mHz to 40 mHz. 

 

 

In order to compensate for the effect that higher frequencies contribute less to the application of energy than lower frequencies 

and to assess such a compensation’s influence on the result’s quality, we introduce weighting factors which increase higher 

frequencies’ share in the loading function. These factors compensate for the different prefactors which arise when integrating the 

excitation function. Therefore  f1=10 mHz, f2=20 mHz and f1=40 mHz, leads to A3=2 A2=2 A1. 

Figure 6 presents the resulting amplitude images and the frequency dependent overall amplitude of such weighted excitation 

measurement. The peak amplitudes now rising from 10 mHz to 40 mHz leads to the conclusion, that as utilized, the weighting 

factors tend to overcompensate for the differences in energy input. The compensation decreases the difference between the 

 

 

Fig. 4 Comparison of monofrequent and multifrequent shearographic lock-in measurements. The shearographic images were 

taken with the flat front surface of the sample facing the sensor and the sample was excited using a halogen spotlight. 

a)-f): Monofrequent shearographic lock-in measurements of the sample at different excitation and lock-in frequencies. The 

values above the images denote the respective measurement and evaluation frequencies. g): Photograph of the backside of the 

CFRP sample. h)-m): Results of a multifrequent shearographic lock-in measurement. The subfigures represent the lock-in 

amplitudes at different lock-in frequencies of a measurement in which the sample was excited with a loading-function I 

containing all six displayed frequencies simultaneously: I = cos(2 π f1 t) + cos(2 π f2 t) + cos(2 π f3 t) + cos(2 π f4 t) + cos(2 π f5 t) 

+ cos(2 π f6 t), f1=10 mHz, f2=20 mHz, f3=30 mHz, f4=40 mHz, f5=50 mHz, f6=100 mHz. Here the values above the images 

denote the evaluation frequencies. 

 

Fig. 5 Results of a multifrequent measurement with the excitation function I = A1 cos(2 π f1 t) + A2 cos(2 π f2 t) + A3 cos(2 π f3 t), 

f1=10 mHz, f2=20 mHz, f1=40 mHz, A1=A2=A3.  a), b) and c) display lock-in amplitude images, d) represents the 

measurement’s frequency-dependent amplitude which was averaged over all pixels of the sample. 
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10 mHz and 40 mHz peaks from 15 to 7, though. When comparing the resulting images in Figure 5 with those in Figure 6, it can 

be observed that for 40 mHz, the weighting leads to a visible increase of the signal to noise ratio. However, the results at 20 mHz 

and especially at 10 mHz considerably diminished in clarity, defect detectability and overall quality. In consequence, while being 

able to counterbalance frequency dependent differences in energy input and enhancing high-frequency results, a weighting of 

excitation-frequency components during multifrequent lock-in measurements deteriorates low-frequency results in such a way, 

that overall result qualities can be considered as impaired. 

 

4. CONCLUSION 

Summing up, we evaluated lock-in shearography’s advantages over conventional shearography’s methods pointing out its 

superiority in contrast and furthermore assessed its maximum detection depths. Latter resulted in the observation of frequency 

dependent detection depths, enabling the determination of defects’ depth positions by measuring at several excitation 
frequencies. Putting those frequencies together in one loading function allows to study of multifrequent lock-in shearography 

which proved to be a good means for obtaining depth information of defects when time and disc space are crucial factors, as it 

can especially be the case for mobile testing applications. Concerning quality, however, the monofrequent lock-in technique is 

most recommendable and outperforms the conventional as well as the multifrequent lock-in technique. To examine a method 

expected to increase multifrequent lock-in shearography’s performance, we moreover tested a frequency dependent weighting of 

excitation functions. As low frequency results were considerably impaired by the weighting, this method turned out to be 

counterproductive and unadvisable, though.  

Since in this work only a little number of frequencies were used to apply thermal radiation to a single CFPR sample, more 

extensive studies analyzing the influence of the number of used frequencies, comparing different means of excitation (e.g. 

mechanical) and observing their effect on different kinds of materials might be a promising subject of future research. 
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Fig. 6 Results of a multifrequent measurement with the excitation function I = A1 cos(2 π f1 t) + A2 cos(2 π f2 t) + A3 cos(2 π f3 

t), f1=10 mHz, f2=20 mHz, f1=40 mHz, A3=2 A2=2 A1.  a), b) and c) show lock-in amplitude images, d) plots the 

measurement’s frequency-dependent overall amplitude, averaged over the complete sample area. 
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