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Abstract 

 

Digital image correlation (DIC) has been developed for decades as a non-contact optical 

technique of full-field displacement and strain measurement using precise and costly 

digital cameras with high image resolution and used in many applications, including 

material characterization, temperature deformation, fracture analysis, vibration analysis 

and so on. Traditional sensors, like contact or single-point types, are difficult to obtain 

the accurate and full-field vibration information in thin-wall parts measurement with 

experimental mechanics method. Simultaneously with the development of high-speed 

camera technology, vibration modes measurement based DIC is more and more 

attention, such as a series of beams vibration modes measurement research recently that 

is fit for the view of high frame rate and decreased resolution. In this paper, a high-

speed camera made in NAC Image Technology is used to DIC image acquisition, called 

MemreCam HX-3. A health plate vibration mode is measured including natural 

frequencies and mode shapes firstly. Then, a defective plate containing pre-cracking is 

measured and compared with the healthy one. Results show that 1) the resolution of 

natural frequencies measurement are less than 1Hz. 2) The relationship between pre-

cracking length and second order natural frequency are significant.  

 

 

1. Introduction 

 
Vibration measurements have been extensively implemented in many areas of 

engineering and industry, such as automotive, aerospace, shipping and railway, due to 

increasing concerns on the structural safety and durability [1-4]. These measurements 

not only provide necessary data for understanding the dynamic behaviour of structures, 

but also contribute to the optimal design of the structures and diagnose a variety of 

defectiveness. A number of technologies have been developed in order to collect 

accurate and adequate data for structural dynamic analysis including contact and non-

contact approaches
 
[5]. Traditional contacting techniques for vibration testing, like 

accelerometers and displacement transducers, can merely measure the response signals 

at the positions where attached. A few significant positions can be measured and used to 

signal processing. This simplification may lead into inaccuracy. Even worse, it is well 

known that the effects of contacting sensors’ mass cannot be ignored, especially in thin-

wall part and structure vibration measurement such as rotating blades. Because of the 

attachment of those additional sensors inevitably can change the natural frequencies and 

introduces extraneous damping inevitably. Therefore, non-contacting and full-field 
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measurement technique has been paid more and more attention and research recently. 

Digital image correlation (DIC) has been developed for decades as a non-contact optical 

technique of full-field displacement and strain measurement using precise digital 

cameras with high image resolution and used in many applications, including material 

characterization, temperature deformation, fracture analysis, vibration analysis and so 

on [6-8]. Traditional sensors, like contact or single-point types, are difficult to obtain the 

accurate and full-field vibration information in thin-wall part. Simultaneously with the 

development of high-speed camera performance in the last decade, digital image 

correlation method has been migrated to vibration measurement and application 

research, such as a series of beams vibration modes measurement research recently that 

is fit for the view of high frame rate and decreased resolution [9-10]. Because of earlier 

high-speed cameras using CCD cannot arbitrarily select region of interesting to decrease 

acquisition areas and increase frame rate but a narrow rectangle area. Comparing the 

traditional DIC technique, the frame rate of camera is one of the most critical and 

improved parameters from hundreds to ten thousands per second that is generally equal 

to sampling rate in high-speed DIC. It is advantageous to vibration measurement of 

rotating turbine blades in which the natural frequencies are distributed from hundreds to 

thousands Hz. In this paper, a single high-speed camera experimental method is 

designed and used to acquisition images. It is different with single-camera high-speed 

stereo-digital image correlation (SCHS stereo-DIC) method using a four-mirror adaptor 

[5]. Due to the full resolution of high-speed cameras are no more than 4MegaPixels 

(generally, 1MegaPixels), the sensor of camera are divided into left and right view parts 

by the SCHS stereo-DIC system, less than half resolution is used and disadvantageous 

to match and displacement field processing. And it’s also different with DICMAN 3D 

that is intended for the high-speed digital image correlation system Q-450 Dantec 

Dynamics [11]. However, the results are similarly with them. Firstly, healthy plate 

vibration mode are measured including natural frequencies and mode shapes. Then, a 

defective plate containing pre-cracking is measured and compared with the healthy one. 

Exactly as bending and torsional stiffness degradation caused by the pre-cracking,  it is 

obviously changed in first and second order  natural frequency. 

 

2. Experiments 
 

2.1 Measurement principles 

Traditional single camera DIC method requires the measured object to be perpendicular 

to the optical axis, thus to overcome the virtual strain caused by large out of plane 

displacement. As schematically shown in Figure 1 differently, an inclination θ is set 

intentionally to obtain the in plane projection displacement from actual vibration 

displacement. The other component in direction out of plane cannot be detected, but 

projection displacement in plane can be tracked accurately through DIC matching. The 

reason of an inclination θ and how to make use of out of plane displacement is 

important. Speckles size must be three pixels as a best practice including both the white 

and black regions 
[12]

. Due to test plates fixed by bolts, the damping ratio is very small. 

There are 2501 images acquired in health plates test, or so duration is 1.25s. In the 

reference image, there are forty nodes marked to track in Figure 2(Left). Each pair of 

adjacent nodes of them are 10mm apart approximately. According to lateral spatial 

resolution 18.51pixel/mm and vertical spatial resolution 16.70pixel/mm can estimate the 
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inclination angle 25.55° in Figure 2(Right). Because of the lateral direction is almost 

perpendicular to optic axis and the vertical direction is (π/2-θ) angle to the optic axis. As 

usual, traditional DIC method includes grid meshing, initial guess and sub-pixel 

matching. 

 
Figure 1. Schematic of tilt and projection relationship 

 

    

Figure 2. Nodes position and series (Left), spatial resolution (Right) 

 

2.2 Experimental set-up 

 

As is shown in Figure 3, the high-speed digital image correlation system consists of 

high-speed camera placed before the test plates, a zoom lens and a pairs of LED light 

and so on. The high-speed camera made in NAC Image Technology is used to DIC 

image acquisition, called MemreCam HX-3. Test simple are a group of thin steel plates 

size of 120mm×80mm×0.5mm(W×H×T). During the vibration tests, test simple is 

excited by an impulse hammer.  

 

Figure 3. Schematic of high-speed digital image correlation system 
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The high-speed camera frame rate is set as 2000 fps at full resolution of 2560×1920 

pixel, shutter speed at 80 µs and in black-white image type. The surface is illuminated 

using two high power LED to provide sufficient light in such low exposure time. 

Considering of depth of field, the exposure time can not be too small. The plates are 

aslant clamped in bench vice which mass is more than 15 kilogrammes. The practicality 

plate and bench vice are shown in Figure 4. 
 

 
Figure 4. Practicality plate and bench vice 

 

3. Analysis and Results 

 
3.1 Noise floor of high-speed DIC system 

 

According to the experiment principle, forty nodes’ projection displacements are 

calculated as shown in Figure 5(Left). To assess the accuracy of the test system, the 

interval before excited is magnified in Figure 5(Right) and shown that static errors is 

less than ±0.05pixel, namely 0.05/16.7≈±3µm. That is deemed to be the noise floor of 

high-speed DIC system basically. Comparing with the displacement tracking error 

0.02pixel popular, there is a disparity due to the limitation of depth of field and DIC 

algorithm mainly. However, that is perfectly adequate the vibration measurement. 

 

 
Figure 5. Vibration displacement (Left), magnify before excited and static errors (Right) 

 

3.2 Measurement of Displacements  

 

As is shown in Figure 6, a group of projection displacements V are calculated at 

different time through DIC algorithm from 0.100s to 0.300s. The vibration responses on 

the left (x=0) border are all close to zero due to the clamped edge, while those on other 

area indicate a complicated distribution as a result of combination of different mode 

shapes. The different time projection displacements also indicate that the bending and 
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torsional combined deformation is obvious and has the same order of magnitude of 

modal participation factors. 

 

 
Figure 6. Full-field vibration displacement responses at different time under the excitation of an 

impulse hammer. 

 

3.3 Identification of modal parameters 

 

Natural frequency is one of the most basic attributes of structural dynamic modal 

parameter. Therefore, the four nodes (N1, N8, N40, and N33) natural frequencies of 

health plate are calculated firstly. This nodes position are marked and shown in Figure 

4(Left). Figure 7 shows the four nodes’ displacement v from 0s~1.200s(Left) and partial 

enlarged details (Right) in time domain. It’s seen clearly that the amplitudes of those 

vibration responses notably decrease with the time due to the dissipation of energy, and 

the amplitudes of N1 and N33 (close to the short free edge) are much higher those of N8 

and N40 (close to the clamped edge).  

 

 
Figure 7. Four nodes vibration displacement response 

 

Then using the Fast Fourier Transform (FFT), the natural frequencies of the plate can be 

extracted from the FFT spectrums. There are 2501 images acquired and the frequency 

resolution is 0.8Hz. As is shown in Figure 8, each peak represents the natural frequency 

of certain mode. The first four natural frequencies of the plate can be easily obtained 

and details in Table 1. A parallel-controlled approach is used to measure and calculate 
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this four nodes’ frequencies independently. Almost the same frequencies show that the 

errors of natural frequencies measurement are very small. 

 

 

Figure 8. FFT spectrums of the four nodes displacement 

 

Table 1. Natural frequencies of the four nodes measured respectively 

Frequency/Hz N1 N8 N40 N33 

1
st
 mode 28.8 28.8 28.0 28.8 

2
nd

 mode 109.6 109.6 109.6 109.6 

3
rd

 mode 181.6 181.6 181.6 181.6 

4
th

 mode 344.0 344.0 344.0 344.0 

 

Modal shape is one of the other most basic attributes of structural dynamic modal 

parameter. Moreover, it is intuitively presented the vibration deformation. The plate was 

excited by an impact near the tip, and the signal of the impact force is unmeasured. 

Therefore, Experimental Modal Analysis (EMA) has to be applied to find the dynamic 

characteristic, including its modal frequency modal damping and modal shape. As is 

shown in Figure 9, inputs are the forty nodes’ displacement signal in time domain and 

outputs are visually modal shapes. Firstly, Node 1 and Node 33 are taken as the 

reference points for PSD
+
 matrix (Power Spectral Density with only a positive time lag) 

calculation. Then the poly-reference Least-Squares Complex Frequency-domain (p-

LSCF) parameter estimation method [13] is employed to fit PSD+ curves and get 

corresponding modal parameters. Finally, a stabilization diagram is constructed, and the 

first four stable modes poles are selected as the results.  

 

 

Figure 9. Experimental Modal Analysis  
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Figure10 shows the corresponding modal shapes of the first four modes. Mode 1 and 

mode 3 are bending, while mode 2 and mode 4 are torsional. The modal frequencies and 

dampings of the first four modes is shown in Table 2 in next section.  

 

  

  
Figure 10. Modal shapes of the first four order  

 

3.4 Comparing of defective plate and health one 

 

Crack is the most common defect in engineering practice. Therefore, a defective pre-

crack plate is prepared and measured to compare with the health one in this section. In 

Figure 11, the length of defective pre-cracking is about 11mm (the crack-length ratio is 

11/80×100%＝13.75%), and the width is about 1mm. All the other conditions are the 

same that include clamping, excitation, image acquisition, displacement calculation, and 

vibration analysis. 

 

 
Figure 11. Defective pre-crack plate 

 

Figure 12 and 13 represents the defective plate vibration responses, corresponding to 

Figure 6 and 8 respectively. Full-field vibration displacement responses of defective 

plate show that the pre-cracking has little influence overall vibration form, but a little 

influence on the local vibration form. The vibration responses on the left (x=0) border 

are all close to zero also due to the clamped edge, while those on other area indicate a 

combination of different modal shapes. In Figure 13, compared with Figure 8 the most 

obvious change is the second order natural frequency, which is deceased from 109.6Hz 

to 100Hz, approximately 9%. In addition, more detailed data is shown in Table 2.  
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Figure 12. Full-field vibration displacement responses of defective plate corresponding to figure 6 

 

 
Figure 13. FFT spectrums of the defective plate corresponding to figure 8 

 

As is shown in Table 2, the first four modes of natural frequency and damping ratio are 

compared between the health plate and the defect one. And all of these were identified 

by the method mentioned in 3.3(FFT) and 3.4(EMA). The frequency resolution of FFT 

is 0.8Hz. It is worth noting that the first and second order natural frequencies decrease 

obviously corresponding to bending and torsional stiffness degradation respectively. 

Especially, the second order natural frequency shift ratio up to -8.7%. It proves that 

torsional stiffness is decreased by the pre-cracking notably. 
 

Table 2. Natural frequencies and damping ratios comparison  

  Health plate Defective plate Ratio of frequency shift 

FFT EMA FFT EMA FFT EMA 

1
st
 mode 

Natural frequency/Hz 28.8 29.23 28.0 27.94 -2.78% -4.41% 

Damping ratio/% - 0.32 - 1.34 - - 

2
nd

 mode 
Natural frequency/Hz 109.6 110.36 100.0 100.77 -8.76% -8.69% 

Damping ratio/% - <0.01 - 0.19 - - 

3
rd

 mode 
Natural frequency/Hz 181.6 182.07 179.2 180.08 -1.32% -1.10% 

Damping ratio/% - <0.01 - 0.07 - - 

4
th

 mode 
Natural frequency/Hz 345.8 344.69 344.0 344.04 0 -0.19% 

Damping ratio/% - <0.01 - <0.01 - - 
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4.  Conclusions 
 

An ingenious method is implemented in this paper, using a single high-speed camera 

and an inclination angle which is set intentionally to obtain the in plane projection 

displacement from actual vibration displacement. Especially, it works out a good result 

of modal parameters identification, including natural frequencies, damping ratios and 

mode shapes, comparing with the SCHS stereo-DIC system mentioned above. Moreover, 

a defective plate containing pre-cracking was measured and compared with the healthy 

one. Results confirm that  the bending and torsional stiffness degradation caused by pre-

cracking lead to significant changes of first and second order natural frequencies 

respectively. However, the pre-cracking local vibration shapes are not measured clearly 

because of insufficient spatial resolution and depth of field limitation. More details in 

local modal shapes and strain of deformation are next works. 

 

Acknowledgements 

 

This research program was jointly funded by Jiangsu Six Talent Peaks program, 

announced by Education Department of Jiangsu Province and by National key research 

and development program of Ministry of science and technology (2016YFF0203300). 

 

References 

 

1. X Dai, X Shao, Z Geng, F Yang and Y Jiang, “Vibration measurement based on 

electronic speckle pattern interferometry and radial basis function”, Opt. Commun. 

355, pp 33-43, 2015. 

2. R Tao, A Moussawi, G Lubineau and B Pan, “Accurate kinematic measurement at 

interfaces between dissimilar materials using conforming finite-element-based 

digital image correlation”, Opt. Laser Eng. 81, pp 103-112, 2016. 

3. Y Chemisky, F Meraghni, N Bourgeois, S Cornell, R Echchorfi and E Patoor, 

“Analysis of the deformation paths and thermomechanical parameter identification 

of a shape memory alloy using digital image correlation over heterogeneous tests”, 

Int. J. Mech. Sci. 96, pp 13-24, 2015. 

4. T Moore, T Statsenko, V Chatziioannou and W Ksusel, “Methods of phase 

reconstruction for time-averaging electronic speckle pattern interferometry”, Appl. 

Optics 55(8), pp 1913-1919, 2016. 

5. L Yu and B Pan, “Single-camera high-speed stereo-digital image correlation for 

full-field vibration measurement”, Mech. Syst. Signal Pr. 94, pp 374-383, 2017. 

6. GJ Pataky and H Sehitoglu, “Experimental methodology for studying strain 

heterogeneity with microstructural data from high temperature deformation”, Exp. 

Mech. 55(1), pp 53-63, 2015. 

7. SJ O’Connor, D Nowell and KI Dragnevski, “Measurement of fatigue crack 

deformation on the macro-and micro-scale: Uniform and non-uniform loading”, 

Int. J. Fatigue 89, pp 66-76, 2016. 

8. Q Han, L Wang and J Xu, “Experimental research on fracture behaviors of 

damaged CFRP tendons: Fracture mode and failure analysis”, Constr. Build. 

Mater. 112, pp 1013-1024, 2016. 

Postgraduate Research &Practice Innovation Program of Jiangsu Province.(KYCX18_0261)



 10 

9. AJ Molinaviedma, L Felipesesé, E Lópezalba and F Diaz, “High frequency mode 

shapes characterisation using Digital Image Correlation and phase-based motion 

magnification”, Mech. Syst. Signal Pr. 102, pp 245-261, 2018. 

10. DA Ehrhardt, MS Allen, S Yang and TJ Beberniss, “Full-field linear and 

nonlinear measurements using continuous-scan laser doppler vibrometry and high 

speed three-dimensional digital image correlation”, Mech. Syst. Signal Pr. 86, pp 

82-97, 2017. 

11. R Huňady and M Hagara, “A new procedure of modal parameter estimation for 

high-speed digital image correlation”, Mech. Syst. Signal Pr. 93, pp 66-79, 2017. 

12. P Reu, “All about speckles: Speckle Size Measurement”, Exp. Techniques 38(6), 

pp 1-2, 2015. 

13. B Peeters, VDA Herman, P Guillaume and J Leuridan, “The PolyMAX frequency-

domain method: a new standard for modal parameter estimation”, Shock Vib. 11, 

pp 395-409, 2004. 

 


