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Abstract 
Experimental modal analysis is a useful tool in the aircraft industry to evaluate the effect of vibration in the 

structural endurance and the generation of noise in the cabin. Advances on High Speed Digital Image 

Correlation have made it possible to extend the use of this technique to real in service structures in a full-

field non-invasive manner. In this work the passenger window area of a front fuselage full-scale 

demonstrator has been analysed. The natural frequencies and the full-field Operational Deflection shapes 

have been obtained to evaluate the effect of in-flight environmental conditions in the modal behaviour. An 

image decomposition procedure has been performed to reduce the full-field information to a vector of shape 

descriptors coefficients, without relevant loss of information. Results reveals the effect of static deflection 

due to the differential pressure in the deflection shapes and the stiffening in the natural frequencies shifting. 

1 Introduction 

In the aerospace industry the level of noise inside aircraft is a main concern where the selection of materials 

and design are critical issues regarding the modal behaviour. Moreover, the different environment conditions 

that aircrafts undergo alter the modal response. Therefore, experimental modal analysis provides 

fundamental background to improve the design and numerical models [1]. In this industry, this 

characterization is commonly performed using accelerometers or other pointwise transducers that introduce 

some sources of error due to their invasive nature. Moreover, the instrumentation is time consuming in this 

large structures with a very low spatial resolution.  

Alternative techniques have been recently employed for experimental modal analysis providing contactless 

full-field information. Unlike traditional sensors, the dynamic response is not modified by mass and 

damping of transducers and cabling. Scanning Laser Doppler Vibrometry (LDV) is a interferometric 

technique that performs full-field velocity measurements in the laser beam direction by scanning the surface 

[2], [3]. In the last years digital image correlation with a stereoscopic system of high-speed cameras (HS 

3D-DIC) is gaining popularity in experimental modal analysis [4]. It is an optical technique for displacement 

and strain measurement [5]. HS 3D-DIC for experimental modal analysis is still in its infancy a there is no 

commercial software that deals with the data and longer processing is required. Nevertheless, this technique 

is able to provide dynamic information with higher spatial resolution in the three spatial directions using a 

simpler setup [6]–[8]. Moreover, HS 3D-DIC currently involves a cost reduction for 3D measurements. 

The full-field information is especially useful to characterise mode shapes and operational deflection shapes 

(ODS) using HS 3D-DIC. The most straightforward way is to carry out force normal excitation tests using 

sinusoidal signals at resonance of the system [6], [9]–[12]. Additionally, with broadband excitation it is also 

possible to obtain the full-field response of the specimen, such as frequency response functions (FRF) or 

other frequency domain transfer function. By analysing the peaks that maximize the response it is possible 

to estimate the natural frequencies and the damping ratios [7], [8], [13]–[16]. In some studies, image 

decomposition approaches have been proposed to reduce redundancies and the size of full-field data to just 

a few shape descriptors [17], [18].  
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Here, HS 3D-DIC has been explored for the evaluation of changes in the modal response of a front fuselage 

full-scale demonstrator due to different environmental conditions. In-flight conditions were experimentally 

simulated by applying differential pressure to the demonstrator. HS 3D-DIC measurements were conducted 

on the passenger window area, considered as relevant from the vibroacustic perspective. The experiments 

aimed for characterising the specific vibration modes with major significance in this sense. Firstly, sine tests 

were proposed for full-field ODS determination. Later, broadband random excitation test was applied to 

obtain the full-field transfer functions between the excitation and the window response. Hence, both natural 

frequencies and full-field ODSs could be obtained. For ODSs comparison, shape descriptor decomposition 

was performed to optimise the full-field data and find differences in the behaviour of the window. It was 

possible to identify changes in the modal behaviour and relate it with the deformation suffered due to 

pressure. 

2 Experimental tests 

Experiments were conducted using a full-scale composite cockpit demonstrator shown in Figure 1. This 

full-scale cockpit demonstrator was used for a comprehensive series of tests, including static and structural 

fatigue tests, impact damage tolerance, as well as vibroacoustic tests. It was in this context that the potential 

of HS 3D-DIC testing technology was evaluated for non-invasive structural dynamic testing, 

complementing conventional measurements using accelerometers.  

 

Figure 1: Full-scale cockpit demonstrator. 

 

Figure 2: Excitation of the cockpit demonstrator using a shaker. 

Measurements using HS 3D-DIC were performed in the window passenger area considering different types 

of tests hereafter described. The demonstrator was laterally excited by an electrodynamic shaker model LDS 

V450 (Bruel and Kjaer) using a stinger, as shown in Figure 2. 

(a) (b) 
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Under atmospheric pressure conditions, sine and random excitation signals were performed. In sine tests the 

ODSs at relevant natural frequencies of the structure were obtained. An impact hammer test was carried out 

to identify the natural frequencies for subsequent sine tests. A multi-input multi-output analysis was 

performed considering three measuring points and three excitation points. The location of these points was 

defined so that an optimal characterisation of the whole passenger window area could be made, as shown in 

Figure 3. The remaining accelerometers observed in the figure were intended for purposes unconnected with 

this study. A Photon+ Real Time Analyser of Bruel&Kjaer was employed to record the signals from three 

accelerometer together with  Bruel&Kjaer 8206-003 hammer with a sampling frequency of 5120 Hz. 

Frequency Response Functions were obtained by processing these signal considering 16384 frequency lines 

and 10 averaged windows. Eventually, natural frequencies were detected using the principal response 

functions (PRFs) as indicator through single-value decomposition of the FRFs matrix [1]. Two significant 

frequencies are selected for sine tests from the first two PRFs, as highlighted in Figure 4. From random 

excitation tests using HS 3D-DIC, natural frequencies and ODSs could be obtained and compared with the 

sine tests results. 

 

Figure 3: Setup for impact hammer tests on the passenger window (exterior view). 

 

Figure 4: Two first principal response functions from impact hammer tests. 

The influence of in-flight conditions was evaluated by applying a differential pressure of 5.5 psi (34,473.8 

Pa). Under these conditions, random excitation was applied in order to reveal variations in the natural 

frequencies and ODSs previously studied under atmospheric conditions.  
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3 HS 3D-DIC full-field measurements 

HS 3D-DIC measurements were carried out on the window from the inside. This setup consisted in two high 

speed cameras FASTCAM SA4 (Photron), providing a three-dimensional view, and a set of illumination 

lamps (Figure 5). In order to avoid the effect of the mass of these elements on the dynamic behaviour and 

isolate the cameras from vibration, the whole system was mounted on a rigid supporting bar which was 

designed to be fixed to the pressure bulkhead in the structure that supports the whole demonstrator. 

 

Figure 5: (a) Optical system mounted on the supporting bar. (b) 3D model of the global setup. 

For the sine tests, cameras sampling was set at 2000 fps (frames per second) to achieve a good definition of 

the vibration cycle, considering that the highest mode was 240 Hz. The same frame rate was employed for 

random tests to analyse the spectrum from 0–640 Hz, satisfying the Nyquist criterion. The spectral analysis 

was performed considering a frequency resolution of 1 Hz, anti-leakage Hanning windows, and an overlap 

of 50%. 

 

Figure 6: Speckle pattern painted on the passenger window. The area for shape descriptor analysis is 

highlighted in dotted line. 

3D-DIC processing was performed using the commercial software Vic-3D by Correlated Solutions. The 

surface was treated with paint to provide a grey random speckle pattern (Figure 6) to enable the correlation. 

The analysis was conducted using 19 pixels facets with a 5 pixel overlap. Hence, about 35,000 measurement 

points were obtained. Despite that 3D-DIC also provide in-plane motion quantification, out-of-plane 

displacements were employed as the main direction for the bending deformation of the window.  

(a) (b) 
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Full-field transfer functions were obtained in random tests. The excitation was monitored by an 

accelerometer on the shaker armature, shown in Figure 2b. NI USB-6251 DAQ system (National 

Instrument) was employed to synchronise cameras and accelerometer sampling. The natural frequencies 

were identified by peak-picking and ODSs by full-field depicting the amplitude of the peaks for every single 

point.  

4 Shape descriptors 

In the tests, a very large number of points were obtained using HS 3D-DIC (~35000 points). In order to 

perform an efficient comparison of the results an image decomposition method was employed. This method 

essentially consists on compressing large amounts of two-dimensional data by reducing to a feature vector 

while preserving the information [19]. These feature vectors can be directly compared and are independent 

from original sized map or orientation [20]. The 2D data field could be reconstructed from a feature vector, 

as well. The adopted image decomposition method was based on Chebyshev polynomials Tk(i,j) to 

decompose contours I(i,j) into a set of coefficients or shape descriptors, sk, with the same units as the original 

sets of data: 

 I(i, j) = ∑ skTk(i, j)
N
k=0  (1)  

In this work, this method was applied to full-field ODSs considering the transparent region of the window 

of analysis, as highlighted in Figure 6, where the largest displacements occur.  

To ensure that the feature vector preserves the information, an appropriate number of shape descriptors must 

be used for the image decomposition. To find it, a sensitivity study was performed looking into 

improvements on the correlation coefficient between the original and the reconstructed results. In this case, 

only 20 shape descriptors are sufficient to represent the displacement (ODSs) maps analysed in this work 

with a correlation coefficient over 98%. 

5 Results 

From the impact tests, two natural frequencies were selected (124 Hz and 214 Hz) to obtain their ODSs 

during fixed-sine test. Analogous information can be extracted from random tests using HS 3D-DIC. In this 

case, the matrix of transfer functions represents the full-field behaviour of the window in the spectrum. By 

choosing a point at the centre of the window as representative of the main behaviour of the whole window, 

a wide variety of modes are detected from the transfer function, as shown in Figure 7. Although excitation 

covered up to 640 Hz, for illustration purposes the transfer function is truncated at 300 Hz, considering that 

the most relevant modes for this study were below this limit. Despite that the excitation was different for 

impact and random tests, similar resonance peaks to impact results were identified at 124 Hz y 214 Hz. 

ODSs analyses were subsequently performed. Fixed-sine ODSs were obtained from displacement 

measurements at the window during excitation. ODSs from random tests were determined by depicting the 

response at local peaks of the full-field Transfer Functions. ODSs are shown in Figure 8 for each mode 

previously identified. They were normalized to enhance the visual and numerical comparison of the shape 

descriptors. Results show a good agreement between fixed-sine and random tests with a correlation 

coefficient between shape descriptors of 0.9803 for the first mode (124 Hz) and 0.9593 for the second mode 

(214 Hz). In the first mode the window experiences a single bending with maximum displacement in the 

middle. The second one is in a more complex shape as it is expected from a higher order mode, showing 

alternative bending regions. 
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Figure 7: Transfer function obtained with HS 3D-DIC for a point at the centre of the window. 

 

Figure 8: Normalised Operational Deflection Shapes obtained using DIC under different excitation 

signals. 

 

Sine tests provide interesting advantages: the excitation energy is concentrated in just one single frequency 

considering ODSs and the results are less affected by noise due to higher displacements, additionally the 

execution and processing times are considerably shorter as only a small number of images are required. On 

the other hand, random test provides natural frequencies information in a broadband spectrum at a time and 

does not thus required additional tests. Despite that more structural information can be extracted, it is also 

more time-consuming if the number of modes is low and ODSs could be slightly noisier.  
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For instance, some additional resonance ODSs are shown in Figure 9 from random excitation. The resonance 

at 78 Hz corresponds to a global fuselage mode. In this study, impact energy is not enough to excite this sort 

of modes. The remaining two ODSs at 155 Hz and 267 Hz imply local behaviour and correspond to bending 

modes of increasing order of the window. Considering the high geometrical complexity of the presented 

ODSs, a sensor instrumentation, as that in Figure 3, would be sparse. 

  

Figure 9: Additional normalised Operational Deflection Shapes obtained using DIC in random test. 

5.1 Modal response under in-flight environmental conditions 

Differential pressure introduces static deformation in the structure that modifies the modal behaviour. This 

deformation is shown in Figure 10 measured by 3D-DIC. It is observed that maximum deformation, more 

than 8 mm outwards, occurs at the centre of the window where the stiffness is lower. Hence the shape of the 

window has been perturbed, increasing the curvature and, thus, providing a stiffer configuration. In the 

random tests this fact is confirmed by the resonant frequency shifting of the corresponding modes in ambient 

conditions towards higher frequencies, as shown in Table 1.  

 

Figure 10: Static deflection under differential pressure. 
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Mode designation Non-Pressurized (Hz) Differential Pressure (Hz) 

1 124 148 

2 155 196 

3 215 252 

4 267 276 

 

Table 1: Frequency shifting of the resonances identified in both pressurized states in specimen 1. 

The ODSs are shown in Figure 11. To evaluate the variations of the four modes regarding the ambient 

behaviour, the differences between the features vector of both environmental states were reconstructed. 

Results of the subtractions are presented as percentages in Figure 12, considering the ambient state as a 

reference. It was found that the maximum positive difference is located in the centre of the window, where 

maximum static deformation due to pressure was found. Therefore, this region experienced more 

deformation with no differential pressure. Thus, the correlation between variations in ODSs and the pressure 

deformation is shown. The third mode is an exception as a consequence of the non-symmetrical shape. 

 

Figure 11: Normalised Operational Deflection Shapes obtained using DIC in random test under in-flight 

environmental conditions. 
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Figure 12: Normalised Operational Deflection Shapes obtained using DIC in random test under in-flight 

environmental conditions. 

6 Conclusions 

This work has presented the evaluation of the modal behaviour of the passenger window of a real aircraft 

structure using HS 3D-DIC under different environmental conditions. Additionally, the potential of HS 3D-

DIC for sine and random excitation has been demonstrated. Sine excitation is more suitable to obtain low 

noise results of individual modes with few images. On the other hand, random allows to determine ODSs 

of many modes in a unique tests as well as natural frequencies. 

It has been shown the effect of a local structural modification due to in-flight pressure conditions. The 

resonance shifting indicated the stiffening of the window. Moreover, the changes of ODSs showed a 

common deformation trend due to differential pressure. For this purpose, shape descriptor decomposition 

was employed to ease the managing and enhance the analysis of the full-field data.  

Besides the advantages of the contactless measurement, the full-field results demonstrate the capabilities of 

the technique, avoiding spatial aliasing of pointwise sensors and showing potential for comparison with 

numerical simulations. Furthermore, this study involves an industrial application of HS 3D-DIC for modal 

characterisations in a final stage of assembly, presenting it as a complement to traditional instrumentations.  

References 

[1] D. J. Ewins, Modal Testing: Theory, Practice, and Application, 2nd ed., Research Studies Press LTD, 

Baldock, Hertfordshire, England (2000). 

[2] A. B. Stanbridge, D. J. Ewins, Modal testing using a scanning laser doppler vibrometer, Mechanical 

Systems and Signal Processing, Vol. 13, No. 2, Elsevier (1999), pp. 255–270. 

DYNAMIC TESTING: METHODS AND INSTRUMENTATION 1243



[3] L. Bertini, P. Neri, C. Santus, A. Guglielmo, Automated Experimental Modal Analysis of Bladed 

Wheels with an Anthropomorphic Robotic Station, Experimental Mechanics, Vol. 57, No. 2, Springer 

(2017), pp. 273–285. 

[4] J. Baqersad, P. Poozesh, C. Niezrecki, P. Avitabile, Photogrammetry and optical methods in structural 

dynamics – A review, Mechanical Systems and Signal Processing, Vol. 86, Elsevier (2017), pp. 17–34. 

[5] H. Schreier, J.-J. Orteu, M. A. Sutton, Image Correlation for Shape, Motion and Deformation 

Measurements, Springer US, Boston, MA (2009). 

[6] M. N. Helfrick, C. Niezrecki, P. Avitabile, T. Schmidt, 3D digital image correlation methods for full-

field vibration measurement, Mechanical Systems and Signal Processing, Vol. 25, No. 3, Elsevier 

(2011), pp. 917–927. 

[7] C. Warren, C. Niezrecki, P. Avitabile, P. Pingle, Comparison of FRF measurements and mode shapes 

determined using optically image based, laser, and accelerometer measurements, Mechanical Systems 

and Signal Processing, Vol. 25, No. 6, Elsevier (2011), pp. 2191–2202. 

[8] P. L. Reu, D. P. Rohe, L. D. Jacobs, Comparison of DIC and LDV for practical vibration and modal 

measurements, Mechanical Systems and Signal Processing, Vol. 86, Elsevier (2017), pp. 2–16. 

[9] N. S. Ha, T. Jin, N. S. Goo, Modal analysis of an artificial wing mimicking an Allomyrina dichotoma 

beetle’s hind wing for flapping-wing micro air vehicles by noncontact measurement techniques, Optics 

and Lasers in Engineering, Vol. 51, No. 5, Elsevier (2013), pp. 560–570. 

[10] D. A. Ehrhardt, M. S. Allen, S. Yang, T. J. Beberniss, Full-field linear and nonlinear measurements 

using Continuous-Scan Laser Doppler Vibrometry and high speed Three-Dimensional Digital Image 

Correlation, Mechanical Systems and Signal Processing, Vol. 86, Elsevier (2017), pp. 82–97. 

[11] R. B. Berke, C. M. Sebastian, R. Chona, E. A. Patterson, J. Lambros, High Temperature Vibratory 

Response of Hastelloy-X: Stereo-DIC Measurements and Image Decomposition Analysis, 

Experimental Mechanics, Vol. 56, No. 2, Springer (2015), pp. 231–243. 

[12] A. J. Molina-Viedma, L. Felipe-Sesé, E. López-Alba, F. A. Díaz, 3D mode shapes characterisation 

using phase-based motion magnification in large structures using stereoscopic DIC, Mechanical 

Systems and Signal Processing, Vol. 108, Elsevier (2018), pp. 140–155. 

[13] F. Trebuňa, M. Hagara, Experimental modal analysis performed by high-speed digital image 

correlation system, Measurement, Vol. 50, Elsevier (2014), pp. 78–85. 

[14] Á. J. Molina-Viedma, E. López-Alba, L. Felipe-Sesé, F. A. Díaz, Full-field modal analysis during base 

motion excitation using high-speed 3D digital image correlation, Measurement Science and 

Technology, Vol. 28, No. 10, IOPscience (2017), p. 105402. 

[15] R. Huňady, M. Hagara, A new procedure of modal parameter estimation for high-speed digital image 

correlation, Mechanical Systems and Signal Processing, Vol. 93, Elsevier (2017), pp. 66–79. 

[16] Á. Molina-Viedma, E. López-Alba, L. Felipe-Sesé, F. Díaz, Modal Identification in an Automotive 

Multi-Component System Using HS 3D-DIC, Materials, Vol. 11, No. 2, MDPI (2017), p. 241. 

[17] W. Wang, J. E. Mottershead, C. Mares, Vibration mode shape recognition using image processing, 

Journal of Sound and Vibration, Vol. 326, No. 3–5, Elsevier (2009), pp. 909–938. 

[18] W. Wang, J. E. Mottershead, T. Siebert, A. Pipino, Frequency response functions of shape features 

from full-field vibration measurements using digital image correlation, Mechanical Systems and 

Signal Processing, Vol. 28, Elsevier (2012), pp. 333–347. 

[19] G. Lampeas, V. Pasialis, X. Lin, E. A. Patterson, On the validation of solid mechanics models using 

optical measurements and data decomposition, Simulation Modelling Practice and Theory, Vol. 52, 

Elsevier (2015), pp. 92–107. 

[20] C. Sebastian, E. Hack, E. Patterson, An approach to the validation of computational solid mechanics 

models for strain analysis, Journal of Strain Analysis for Engineering Design, Vol. 48, No. 1, Sage 

(2013), pp. 36–47. 

 

1244 PROCEEDINGS OF ISMA2018 AND USD2018


