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Base motion excitation tests are very common when experimental modal analyses are required in 

real aerospace structures. In these cases, base motion represents better than a force excitation the 

behaviour of the structure. For general modal characterisation, some techniques such as laser vi-

brometry have been employed and compared with traditional transducers. More recently, the tech-

nique 3D Digital Image Correlation has been employed for modal characterisations using High 

Speed cameras (HS 3D-DIC). The advantage of HS 3D-DIC over traditional transducers is that it 

is non-invasive and provides a full-field measurement. Hence, this technique is particularly inter-

esting for mode shapes identification since it increases the spatial resolution. However, the 

amount of data that is managed involves long processing times. In this study, a methodology for 

modal parameter estimation based on HS 3D-DIC it is presented. Full-field transmissibility func-

tions of a cantilever beam were determined. An accelerometer was used to experimentally validate 

HS 3D-DIC measurements. Modal parameter estimation was performed using the circle-fit 

method. This method makes a single degree of freedom assumption, reducing the processing com-

putational costs. Since it is designed to deal with frequency response functions, a theoretical con-

version of transmissibility functions to FRFs is also proposed. Results were validated by numer-

ical and analytical models. Finally, the Modal Assurance Criterion (MAC) has been employed to 

compare the mode shapes. 

 Keywords: experimental modal analysis, Digital Image Correlation, damping ratios, high speed 

cameras, base motion excitation 

 

1. Introduction 

Experimental modal analysis is an important task in all the fields of industry for the identification 

of modal parameters and validation of numerical models [1]. Depending on the features of the studied 

element, there may be limitations on the use of invasive, pointwise transducers such as accelerome-

ters. Digital Image Correlation (DIC) [2], which is consolidated in experimental mechanics, is a non-

invasive full-field optical technique for displacement measuring that provides solutions to this limi-

tations. Particularly, it offers greater spatial resolution measurement, improving identification espe-

cially for mode shapes, and eludes mass-loading effect, providing measurement of the real behaviour. 

When used with high speed cameras, DIC is presented as a promising technique for full-field exper-

imental modal analysis. 

In fact, some research performed different methodologies for modal identification using DIC and 

high speed cameras (HS 3D-DIC) [3]–[5]. Results were compared and validated with accelerometer 

and Scanning Laser Doppler Vibrometry measurements. Despite achieving good results, just relation 

between displacement response and force excitation were considered. However, base motion tests are 

a common tool for vibration testing and modal identification considering base motion excitation in-

stead of force [6]. Ha et al. [7] considered this kind of excitation to explore HS 3D-DIC capabilities 

in an artificial beetle’s wing. Despite transfer functions were used for natural frequencies and damp-

ing ratios identification, damping ratios were calculated using half power method from the smoothed 
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transmissibility functions. Moreover, mode shapes were obtained carrying out additional tests, forc-

ing resonances with sinusoidal excitation. 

According to this, full-field transmissibility functions were employed in this study in order to carry 

out a complete modal parameter identification, involving natural frequencies, mode shapes and damp-

ing ratios, by means of a unique random excitation test. A stepped cantilever bar, manufactured in 

2024 aluminium, was the element of study (Figure 1). This bar is known as Reference Material (RM) 

and intended for optical sets calibration [8]. Vibration were induced in the thinner part of the stepped 

cantilever part whereas the thicker part is uses for clamping purposes. Modal identification were per-

formed using circle-fit approach [1] available in EasyMod [9], a free toolbox for modal identification 

in Matlab. The approach is intended for dealing with Frequency Response Functions (FRFs), so a 

theoretical transformation from transmissibility functions to FRFs were carried out, making single 

degree of freedom assumptions. 

Theoretical and Finite Element Method (FEM) models were evaluated so as to validate the exper-

imental methodology. Furthermore, accelerometers were used for experimental validation purpose. 

Modal Assurance Criterion (MAC) [10] was considered in order to provide a quantitative indicator 

regarding mode shapes. 

 

 

Figure 1: Reference Material 

2. Experimental analysis 

2.1 Experimental set-up 

Experimental test was performed applying a flat random excitation up to 1000 Hz by means of an 

electrodynamic shaker. The thinner part of the Reference Material behaves as a cantilever beam when 

the thicker part is fixed to the shaker’s armature what involves base motion excitation, as Figure 2 

shows. In this spectrum, the first two bending modes of the cantilever were excited.  

 

 

Figure 2: Experimental set up for modal analysis 
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Figure 2 also shows the optical equipment for DIC measurement. The main elements are two Fast-

Cam SA4 (Photron) high speed cameras which recorded the RM during the test. Considering the 

maximum excitation frequency, 2000 frames per second were taken. Due to the short exposure time 

that high speed capture ratio involves, it was necessary to use a 150W lamp so as to achieve uniform 

light intensity. In order to obtain a transfer function between excitation and response, an accelerom-

eter was attached to the clamping system. The DAQ system (NI USB-6251 DAQ) was used for reg-

istering accelerometer signal and synchronising with high speed cameras. 

As previously said, experimental validation was required. Thus, an accelerometer was fixed to the 

rear surface of the beam, as seen in Figure 2, placed at 35 mm from the clamped edge of the beam. 

Close to the clamp, accelerometer’s mass inertia is non-significant, reducing mass-loading effect. 

Transmissibility function from both accelerometer was also obtained. 

2.2 Data processing 

Mainly, processing tasks involves DIC analysis of the images from the tests, transmissibility func-

tions calculation and modal identification algorithms execution.  

DIC measurement is based on the identification and tracking of small regions in the area of interest 

of the specimen, known as facets. The surface must present a grey-scale random pattern, known as 

speckle (Figure 3), making every facet different from each other. The commercial Vic-3D software 

(Correlated Solutions) was employed to carry out DIC processing of the images. It resulted in a matrix 

of 66x246 measurement points along the beam’s surface. At every point there is a time domain dis-

placement vector. Along with accelerometer signal, frequency analysis of the vectors was performed 

so as to determine the transmissibility functions. 

 

 

Figure 3: Speckle pattern for DIC measurement in the RM 

Before modal identification, it was necessary to adapt transmissibility functions to circle-fit ap-

proach algorithm. As previously said, circle-fit method is intended for managing FRFs. Based on 

single degree of freedom assumptions, in this study a theoretical approach is proposed for obtaining 

equivalent FRFs from transmissibility functions. As circle-fit approach evaluates the vicinity of the 

resonance in FRF [1], if there is reasonable distance between resonances, it may be assumed that FRF 

and transmissibility function are defined by Eqs. (1)-(2) respectively: 
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Both equations represent the theoretical expression of a single degree of freedom system with 

structural damping, 𝜂, where 𝜔𝑛 represents the natural frequency [1]. It can be found out a relation 

between both functions as: 
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Thus, Eq. (3) represents the equivalent FRF of the experimental transmissibility function in the 

vicinity of each resonance individually. Circle-fit method could be then done for proper modal iden-

tification. 

  

3. Theoretical analysis 

Theoretical expression for the calculation of natural frequencies and mode shapes of a cantilever 

beam are respectively defined in Eqs. (4)-(5) [11]: 
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They depend on specimen’s properties like Young’s Modulus, 𝐸, and mass, 𝑀, and the second 

moment of area, 𝐼. Additionally, there are two parameters, 𝛽𝑛 and 𝛼𝑛, whose values for the first two 

bending modes are presented in Table 1. For comparison purposes, mode shapes from Eq. (5) were 

normalised to unity. 

Table 1: Numerical parameters for analytical estimation of natural frequencies and mode shapes of the first 

two bending modes of a cantilever beam 

N 𝛽𝑛 𝛼𝑛 

1 11.719400 1.362221 

2 29.338069 0.981868 

4. Results 

First results, consisted of a matrix of full-field transmissibility functions representing the whole 

surface of the beam, showed two resonance peak. In Fig. 4, experimental transmissibility functions 

from DIC and the validation accelerometer measurement are plotted corresponding to a point placed 

at 35 mm from the clamping (see Fig. 2). It can be seen the mentioned two bending modes as two 

corresponding peaks. Both functions are almost identical despite the higher level of noise presented 

in DIC. Considering that accelerometers are transducers with high sensitivity, DIC measurement is 

noisier because displacement gets lower as frequency increases, as well. Comparison of Power Spec-

tral Density (PSD) at that point is shown in Fig. 5. It is observed that displacement at high frequency 

are lower than the noise floor of DIC (10−9 mm2/Hz). That is the reason why transmissibility func-

tions are not coincident in the interval from 850 Hz to 1000 Hz. An additional fact to be considered 

is that the point is close to the clamping, where the lowest displacement take place. However, anti-

resonance event after the first mode is perfectly characterised by DIC despite being low level re-

sponse. 

Once identified the two peaks and determined the equivalent FRFs, circle-fit approach is required. 

The vicinity of each peak had to be defined. After evaluating different intervals, 132 Hz up to 137 Hz 

for the first mode and 760 Hz up to 777 Hz for the second one, were eventually determined consid-

ering the stability of fitting and consistency of the results throughout the beam. The results of the 

fitting can be analysed observing the Nyquist and Bode diagrams, shown in Fig. 6, corresponding to 

the second mode when fitting the FRF of a point at the released tip of the beam. Similar results were 

obtained from the first peak with less frequency lines in the analysed range. 

As a result of this analysis, three matrices are provided corresponding to natural frequency, ampli-

tude and damping ratio. So as to reduce the matrices to an only value, natural frequency and damping 
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ratio were obtained by calculating the mean value of the matrices. Hence, the first natural frequency 

was 135.38 Hz and the structural damping ratio of this mode was 1.69%, whereas for the second 

mode the natural frequency was 767.78 Hz with the damping ratio of 1.45%. The standard deviation 

was less than 1% in any case studied. 

 

Figure 4: Transmissibility function at the point placed at 35 mm from the clamped edge, where the validation 

accelerometer was located 

 

Figure 5: Transmissibility function at the point placed at 35 mm from the clamped edge, where the validation 

accelerometer was located 
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Figure 6: Circle-fitting diagrams of the second mode at a point 

Table 2 contains the natural frequencies obtained by means of the three methods here proposed. 

Although slightly differences can be observed, results seem to be really consistent. 

Table 2: Natural frequencies (Hz) of the cantilever beam  

Mode Experimental FEM Theoretical 

1 135.38 131.03 129.34 

2 767.78 817.81 810.41 

 

 

Figure 7: Experimental mode shapes of the first two bending modes using DIC 

Experimental mode shape reconstruction consisted in plotting the amplitudes from every single 

point of the amplitude matrix. This representation is presented in Fig. 7, where both modes can be 

seen with non-dimensional normalised values. Both modes present maximum displacement at 160 

mm, i.e., the released tip and zero-displacement when getting closer to the clamping at 0 mm. The 

second mode presents another node of zero-displacement, located around 120 mm of length coordi-
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nate what is typical of this kind of second bending mode. Thus, results describes the expected behav-

iour, described by theoretical and FEM models as well. It can be seen that the second mode shape is 

noisier than the first one. It must be considered that the level of displacement at 767.78 Hz is much 

lower than at 135.38 Hz, as seen in Fig. 5. Despite that, DIC properly registered it. 

Finally, in order to validate the mode shapes obtained experimentally by DIC using the proposed 

methodology, MAC was applied between experimental mode shapes and those from FEM and theo-

retical analysis. The results, in Table 3, show that there is a great correspondence, indicated by cor-

relation values close to one. 

Table 3: MAC matrices comparing experimental mode shapes with FEM and theoretical modes 

  Experimental modal analysis 

  𝑓1 = 135.38 Hz 𝑓2 = 767.49 Hz 

FEM analysis 
𝑓1 = 130.19 Hz 1.0000 0.0175 

𝑓2 = 812.60 Hz 0.0020 0.9836 

Theoretical analysis 
𝑓1 = 128.52 Hz 0.9999 0.0167 

𝑓2 = 805.25 Hz 0.0023 0.9841 

 

5. Conclusions 

In this work are involved some interesting features for full-field modal identification using HS 3D-

DIC when base excitation test are required. Circle-fit approach is proposed as a non-demanding 

method considering the amount of processed data. Transmissibility function, directly obtained from 

measurements, are transformed into their equivalent FRFs for proper circle-fit method application 

under single degree of freedom assumptions. As a result, natural frequencies, mode shapes and damp-

ing ratios were determined without the support of any other techniques, nor the execution of addi-

tional tests. That would be the case of other studies which employed sinusoidal excitation so as to 

determine mode shapes. This methodology, applied to a cantilever beam, have proved to be consistent 

and accurate. Great homogeneity was achieve along the beam in natural frequencies and damping 

ratios full-field estimation. Accuracy was proved by comparing DIC measurement with accelerometer 

measurement. Furthermore, the methodology was validated by comparing with analytical and numer-

ical models. Experimental natural frequencies were similar with those from these models. In particu-

lar, mode shape comparison was quantitatively made by means of MAC indicator, which showed 

good correlation. 
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