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ABSTRACT 

Shearography is an areal working, optical measurement procedure. It is predestined for the NDT of composite materials 

as it works material-independently. The applicability for operational use is limited by its major disadvantage, the sen-

sitivity for disturbances. However, the spatial phase shift approach based on the so-called carrier frequency method 

allows an enormous stabilization of the process for the first time. The paper provides a physical-mathematical deriva-

tion of the carrier frequency method. Additionally, the immense insensibility for background light, the significant in-

creased measuring speed and the reduced influence of vibrations of this method are elaborated. Finally, the implemen-

tation of the new method is presented in the patented measuring device Interferoskop for the inspection of turbine 

blades. 
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1. INTRODUCTION  

Shearography is currently i. a. used for NDT applications in the field of aviation. Compared to thermography, which 

is commonly used in this area, shearography offers several advantages, such as for testing impact damage or delami-

nation in composites [1]. However, the major disadvantage of shearography is its susceptibility to failure, amongst 

others, in the presence of vibrations. In a BMWi-funded cooperation project, the process is now being stabilized in a 

way that allows it to be used in series production for assembly line applications for the first time. The basis for this 

innovation is the method of spatial phase shifting (SPS) according to the carrier frequency method, which, thanks to 

the further developed camera technology, firstly delivers representable results [2] [3]. 

2. ELECTRONIC SPECKLE PATTERN SHEARING INTERFEROMETRY (ESPSI) 

If an optically rough surface is illuminated with coherent laser light, the so-called grainy speckle pattern can be ob-

served (see Figure 1.1). This interference-related phenomenon forms the basis of the ESPSI shearographic procedure. 

Every movement of the surface (e.g. caused by an excitation of the measuring object) causes a defined change in the 

speckle pattern. In the shearographic measuring device, the light emitted by the component is divided into two wave 

fronts, sheared laterally relative to each other and brought to interference again by superposition. The comparison of 

the speckle images before and after a load results in so-called phase fringes, which includes the information of the 

change in strain of the component (see Figure 1.2). In order to be able to measure the strain change quantitatively, the 

use of a so-called phase shift method is necessary (see Figure 1.3). Only the quantitative result enables high-resolution 

(sub-micrometer accuracy) conclusions to be drawn about component defects from strain or deformation anomalies 

(see Figure 1.4). In this way, components can be inspected areal and material-independent. 

 

 
Figure 1: From left to right: speckle pattern on a laser illuminated plate, image subtraction of the recordings be-

fore and after an excitation of the plate shows phase fringes, shearographic phase shift result (typical butterfly 

pattern), demodulation and integration (displacement) result for the plate with defects at the back side 
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3. PHASE SHIFT TECHNIQUES 

Many temporal and some spatial phase shift methods were developed to extend interferometric measurement principles 

[3] p. 127 ff., [4] p. 59 ff. The aim of all methods is to determine the interference phase Φ of an image acquisition in 
order to enable further processing of the result up to quantifiable deformation. The interference phase is the path dif-

ference of the two (in the case of shearography sheared) wavefronts, Φ = φ1 - φ2. In digital image acquisition, the 

interference phase is calculated pixel by pixel from the respective intensity value. The value Itotal results from the inter-

ferometric basic equation eq. 1 [5]. The background intensity I0, the laser modulation γ and the desired interference 
phase Φ are unknown. 
 

 ������ = �0(1 + � cos(�)) (1) 

3.1 TEMPORAL PHASE SHIFT   

For the temporal phase shift (TPS), at least three images of a component load state are acquired sequentially. Between 

the images, the phase of one of the two wave fronts is usually shifted electro-mechanically by means of mirror dis-

placement via a piezo element, whereby the path difference is influenced in a defined manner, cf.  Figure 2. 

 

 

Figure 2: Measurement setup for shearographic component testing with temporal phase shift 

 

During this time, the background intensity and the laser modulation are kept constant and can be eliminated from the 

interferometric basic equation [6] p. 30. Eq. 2 describes the solution for the so-called 4-bucket method1, whereby an 

additional phase of 90 ° is applied between each of the four images I1 to I4. Typically, four images are taken to capture 

the interference phase of a target. For a simple out-of-plane measurement eight images are required to calculate the 

differential phase Δ, four to calculate the interference phase of the unloaded Φu, four to calculate the interference phase 

of the loaded object Φl according to eq. 3. During each of these four images, the quality of the result is strongly de-

pendent on the influence of disturbances such as ambient light, temperature fluctuations of the air and ambient vibra-

tions, which makes the industrial use of shearography usually not possible without special equipment.  

 

 � =
�4−�2�1−�3 (2) 

 

 Δ= �� − �� (3) 

3.2 SPATIAL PHASE SHIFT   

The ongoing progress in the semiconductor industry is accompanied by the development of smaller and higher resolu-

tion sensors for camera technology. Now it is possible for the first time to use the SPS method in a technically effective 

way. The interference phase of the Laser-Speckles Φ is determined for each component load state in only one image. 
The higher resolution of the sensors is necessary because only a certain area of the image can be used for the SPS phase 

calculation, which limits the measuring accuracy. The optical structure of the shearographic measuring device must be 

                                                 
1 Technically common, as the additional image acquisition enormously stabilizes the process [10] p. 41 
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modified for SPS. The piezo element, and thus the only movable component, is no longer required. The carrier fre-

quency method presented below has a special potential for industrial applications due to its simple design and its in-

sensitivity to noises.  

 

 

Figure 3: Measurement setup for shearographic component testing with spatial phase shift by carrier frequency 

 

In the case of the carrier frequency method, a spatial aperture is used, cf. Figure 3, which causes the speckles to diffract 

on the camera image, resulting in a large-grained speckle pattern, cf. Figure 4  left. With the shear mirror shearing, a 

linearly increasing path difference between the two wave fronts is caused. This results in an additional (carrier) fre-

quency on the large-grained speckles, whereby only the coherent light component is influenced, cf. Figure 4 right. 

 

  

Figure 4: left, image of a large-grained speckle pattern (a speckle outlined in yellow); right, the speckle pattern 

with applied horizontal carrier frequency  

 

The image is captured using two-dimensional Fourier transform in spatial frequency domain. If the aperture D is se-

lected optimally and the shear angle β is set to match the focal length f of the lens and the laser wavelength λ, three 
separable spectra are visible, cf. Figure 5. In the middle is the spectrum S, which describes the large-grained pattern, 

with a cut-off frequency fC according to eq. 4 [3] p. 154. To the left and right of the image are the two spectra of the 

modulated speckle pattern S', shifted by the carrier frequency f0 according to eq. 5 [3] p. 154. The unmodulated, inco-

herent background light I0 is only contained in the middle spectrum S and the laser modulation γ is contained in the 
complex representation in the amplitude component. The unknowns in the basic interferometric equation are thus elim-

inated. After transformation of one of the two outer spectra S' back into the spatial domain with complex amplitudes, 

the interference phase can be calculateda according to eq. 6. 

 

 �� = �/�� (4) 

 

 �0 = sin(�) /� (5) 

 

 � + 2��0� = ������ ��(�′)��(�′) (6) 

 

The carrier frequency 2πf0x is eliminated when calculating the differential phase Δ according to eq. 3. For a simple 
out-of-plane measurement only two images are required to determine Φu and Φl. 
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Figure 5: speckle pattern with carrier frequency in the spatial frequency domain (amplitude image, logarithmic 

plot); large-grained spectrum in the middle (orange outlined), fine-grained left and right (right red outlined) 

4. ADVANTAGES OF SPATIAL PHASE SHIFT 

The SPS offers a number of advantages, which will be examined in more detail below. The advantages are briefly 

mentioned here: Since the background intensity I0 has no theoretical influence on the phase calculation, a strong optical 

object excitation can be used. In addition, the simple, instead of four-fold, image acquisition results in an accelerated 

measurement time. Furthermore, environmental disturbances such as vibrations only influence the measurement within 

the exposure time of one image capture and no longer over the entire time of the four image acquisitions in the camera 

frame rate. 

The disadvantages of SPS are on the one hand the reduced lateral resolution due to the larger speckles2. On the other 

hand, the aperture leads to a measurement light intensity loss of typically more than 95 %, which reduces the longitu-

dinal resolution. With the advancing camera and laser technology, both disadvantages will become obsolete in the 

future. 

4.1 LIGHT INSENSITIVITY   

One of the simplest and most elegant ways of loading the measuring objects is the optical heat input by means of 

halogen lamps or flashlamps. However, a constant background intensity is required for the application of the TPS 

according to eq. 2. This severely limits the possibility of dynamic loads, as for the lock-in method [7] p. 49. Even the 

power fluctuation of a quasi-static excitation by the supply network frequency makes the standard TPS calculation 

impossible. The test setup according to Figure 6 shows the potential of SPS. A centrally loaded circular clamped plate 

is illuminated with a laser and a powerful halogen flood. 

 

 

Figure 6: Setup for TPS and SPS comparison with strong ambient light 

 

                                                 
2 Ideal for TPS: 1 speckle per pixel [6] p. 151, ideal for SPS: 3 speckle per pixel [3] p. 155 
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At the ESPSI sensor input, intensities of approx. 24 mW/m2 (laser) and approx. 28 W/m2 (halogen flood), thus factor 

1,000, can be measured. For the SPS measurement a slit aperture of 0.6 mm width is used, which reduces the optical 

input surface by a factor of approx. 67 (to approx. 1.5 %) according to the 1 inch C-Mount lens used. For TPS metering, 

the aperture is removed and the exposure time is not adjusted3. SPS delivers an improper but usable measurement 

result according to Figure 7.1. The non-coherent floodlight is represented in the spatial frequency domain on the hori-

zontal and vertical central axis, cf. Figure 7.2. This area is irrelevant for phase calculation. In comparison, TPS does 

not provide any result. An additional Fourier transformation and filtering of the four images in the spatial frequency 

domain allows a highly noisy result to be calculated, cf. Figure 7.3. The TPS images in the spatial frequency domain 

are mainly described by low-frequency components in the centre of the image, cf. Figure 7.4. The masking of one 

pixel4 of the horizontal and vertical centerline eliminates the intensity fluctuations of the floodlight, cf. Figure 7.5. In 

general, the suitability for use (of TPS) can be increased by additional optical filters for the laser light used. 

 

   

   

Figure 7: Measurement results after setup according to Figure 6, 1. SPS phase image, 2. SPS FFT, 3. TPS phase 

image after FFT masking, 4. TPS FFT (zoom), 5. TPS FFT (zoom) with mask; all FFT images as amplitude im-

age in logarithmic plot 

 

The following observation applies to the shading by the aperture used for SPS. In the experiment according to Figure 

6 without ambient light, SPS delivers the noisy result according to Figure 8 on the left for an exposure time of 3 ms. 

Shorter exposure times remain inconclusive. TPS, on the other hand, delivers the qualitative result according to Figure 

8 on the right for an exposure time of ¾ ms (thus a total exposure time of 3 ms for the four images). 

 

  

Figure 8: Phase images, calculated by SPS (left) with aperture and 3 ms exposure time and Four-bucket method 

TPS (right) without aperture and 0.75 ms exposure time 

 

                                                 
3 For comparison purposes with regard to disturbances occurring. The influence of an adapted exposure time is 

determined experimentally as negligible in this test. The maximum shooting intensity is selected for TPS, though 

not overexposed. 
4 Here experimentally determined as optimal 
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However, it should be noted that the result-affecting measurement time at the TPS depends on the camera frame rate. 

The same measurement time as with the SPS could therefore only be achieved by a camera with a frame rate of 

1/[(3/4)*10-3 s] = 1,333 Hz. 

In general, the longitudinal measurement resolution is determined by the proportion of camera dynamics in which the 

intensity-modulated laser light is detected. Eq. 1 can be appropriately extended here by the ambient light intensity IA 

to eq. 7; Figure 9 shows the conditions schematically. For the experiment according to Figure 6, assuming an ideal 

laser modulation γ=1 with a 12 bit camera dynamic, a digitization of 2IL/IA*212  steps ≈ 7 steps over 180 ° (π) of the 
interference phase results, thus 14 steps for a 2π phase ramp. This digitization results in a longitudinal resolution of 

19 nm for a simple out-of-plane (for reasons of clarity) holography measurement5. With special sensors, as used in 

time-of-flight systems, the background light can be introduced as an analog reference, so that the full camera dynamics 

fall only on the measurement signal [8] [9]. 

 

 ������ = �� + �0 + �0� cos(�) (7) 

 

 

Figure 9: Schematic representation of the total intensity over the location in an interferometric measurement with 

ambient light 

4.2 ENHANCED MEASURING SPEED 

With SPS, the interference phase calculation can be carried out in the frame rate of the used camera. The test according 

to Figure 10 shows the potential of the possible measurement under dynamic excitation. A cantilever is deformed at a 

known speed and displacement by means of a piezo element. The measurement under static displacement results in an 

almost linear increase in inclination along the cantilever, cf. Figure 11 left. 

 

     

Figure 10: Dynamic displacement of a cantilever to determine the measuring speed of SPS 

                                                 
5 A phase ramp corresponds to a displacement in the size of half the laser wavelength, here λ=532 nm 
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Dynamic displacement can cause noise and even aliasing6, see Figure 11 on the right. The decisive factor here is the 

speed vN at which a pixel passes through for example several phase fringe orders N due to the displacement in a certain 

time ∆t. For reliable detection, the exposure frequency fe must be twice6 as fast as this phase speed, cf. eq. 8. Since the 

fixing point of the cantilever is located at the left edge of the image, the fringe order can be counted from left to right. 

 

 
2�∆� = 2�� = �� = 1�� (8) 

 

The measurement according to Figure 11 right takes place in a time interval ∆t according to the inverse camera frame 

rate of 40 Hz and with an exposure time te of 4 ms, whereby a fringe order of N≈3 can still be reliably detected. In 

order to measure fast deformations, the exposure time should be selected as low as possible, but this is directly con-

nected with the reduction of the longitudinal resolution. Increasing the camera speed does not change the phase speed, 

only the number of fringes within a measurement, so that only the lateral resolution can be adjusted. Instead, the re-

duction of the shear amount at the optical sensor structure, which means that a phase fringe corresponds to a larger 

inclination, is more effective. However, it is important to consider possible decorrelations in the case of excessive 

object deformations [10] p. 151. Shearographic measurements during dynamic excitation can make flaw-induced de-

formation anomalies visible which are dependent on the temporal load gradient, e.g. cracks and impact damage [7] p. 

46. The demand for a real-time measurement is mainly based on the efficiency of the effective lock-in procedure [7] 

p. 171. 
 

  

Figure 11: ESPSI measurement result of a cantilever displacement, left under static displacement, right under 

dynamic displacement; fringe order numbered consecutively from left to right 

 

With optimally set parameters for measurements under dynamic excitation, large deformations can be measured in a 

short time which otherwise lead to lateral phase decorrelation with static excitation, see Figure 12 left. Instead of two 

images for the unloaded and the loaded state, a whole series of images are taken of the loading. The partial deformation 

of two following images is calculated separately, cf. Figure 12 right, the total deformation is determined by adding 

them up. Table 1 shows the total inclination and displacement of the cantilever at the right edge of the image over the 

partial results of the image series. 13 images are captured with a camera frame rate of 16 Hz at an exposure time of 

5 ms, whereby a cosine-shaped displacement is applied. 

 

  

Figure 12: left: Measurement result after complete loading of the cantilever with laterally decorrelated phase 

fringes; right: partial result of loading divided into 13 images; lightly average filtered for better visibility 

                                                 
6 Alias effect: frequency to be sampled > double sampling frequency, see Nyquist-Shannon-sampling theorem; 

In order to clearly determine the phase value, the exposure frequency should be higher than twice the phase fre-

quency, otherwise smearing (time-averaged phase value) may occur. In the present case, however, the results are 

sufficiently stable at an exposure frequency of exactly twice the phase frequency. 

noise aliasing 
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Table 1: Summed displacement an inclination of the cantilever at the right edge of the measuring area (cf. Figure 

12) over the partial results of the image series; the acquisition frame rate is 16 Hz, thus the total measuring time 

is under 1 second 

4.3 VIBRATION INSENSITIVITY 

Until now, industrial ESPSI applications have mostly taken place under laboratory-like conditions on vibration-isolat-

ing tables. The increased measurement stability and the shorter measurement time due to only one image acquisition 

per interference phase calculation result in enormous vibration resistance. This enables successful measurements under 

the simplest environmental conditions for the first time.  Figure 13 shows the demonstrator of an automated optical 

series inspection in the OGKB technical center. 

 

 

Figure 13: Demonstrator "Optical Series Monitoring" in the OGKB technical center  

 

 

Figure 14: Measuring setup for ESPSI measurement on a running conveyor belt 
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An ESPSI sensor is temporarily mounted, see Figure 14, and comparative TPS and SPS measurements are per-

formed on a simple, fixed object. The conveyor belt and a cooling fan are in operation, and vibrations are caused 

by people walking around. In contrast to the TPS, the SPS measurements are largely stable, see Figure 15. Future 

investigations will refer to quantifiable disturbances. In this context, methods for stabilizing the results, such as 

averaging them etc., are to be developed. 
 

 

Figure 15: ESPSI measurement result under environmental vibrations, left with TPS, right with SPS 

5. IMPLEMENTATION OF SPS IN THE INTERFEROSKOP 5.0 

The Interferoskop is a measuring instrument for optical strain measurement for NDT, developed by the technical 

center OGKB of the University of Applied Sciences Trier. It combines shearography with endoscopy for the use 

in areas that are difficult to access, cf. Figure 16. Due to the further development of the device to version 5.0 with 

SPS according to the carrier frequency method, it will now be possible for the first time to inspect turbine blades 

in the installed condition, thus without disassembling the turbines before. This is an enormous advantage for cost-

intensive NDT inspections on aircraft and in power plants [11] [12]. A practical trial is yet to be carried out. Figure 

17 shows first results for the optimized measurement of turbine blades with the new device. 

 

 
Figure 16: Interferoskop Version 5.0 with aperture module for SPS using the carrier frequency method 

 

 Undamaged turbine blade Turbine blade with defect 

  
Figure 17: Comparison of the filtered difference phase images of an undamaged (left) and a damaged (right) tur-

bine blade; the measurement was carried out on blades heated to approx. 750 °C with a cooling time of approx. 

one second at ambient temperature 
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Because SPS is insensitive to ambient light, glowing blades can be measured. The high temperature gradient of 

the blades towards the environment causes a rapid cooling, which allows an equally fast measuring time. However, 

the dynamic shrinkage of the blades must then be recorded in a single image, which is ensured by SPS. In addition, 

the increased measurement stability allows successful, still improvable tests in hand-held measuring mode for the 

first time. 

6. CONCLUSION 

At the beginning of the paper the general procedure of shearography for NDT is presented. The necessary phase 

shift, which is performed temporally according to the current state of the art, is explained. Then, the method of 

spatial phase shifting using the carrier frequency method, which is possible due to the further development of the 

camera technology, is shown. This results in three advantages: insensitivity to ambient light, higher measuring 

speed and increased vibration resistance. The advantages are illustrated in practical tests and are therefore de-

scribed in general terms. Finally, the application of spatial phase shift shearography according to the carrier fre-

quency method is shown on the improved measuring device Interferoskop 5.0 for the NDT of heated turbine blades. 
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