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Abstract: Accurate measurement of such vibrations is a prerequisite for any research work
in the field of structural dynamics, modal analysis, and evaluation of machinery reliability.
Although accelerometers are traditionally used for experimental vibration analysis, their use
is also associated with certain limitations such as mass loading effects and under-sampling
issues. Non-contact full-field vibration measurement techniques such as three-dimensional
digital image correlation (3D-DIC) have also emerged as potential alternatives for vibration
measurement. However, their comprehensive evaluation for full-field vibration measurement
under broadband random excitations is still limited. This paper presents an experimental
evaluation of the full-field vibration measurement technique using 3D-DIC for vibration
measurement. The performance evaluation of the technique is also carried out using a
conventional vibration measurement technique such as accelerometers. A ribbed aluminium
cantilever plate is subjected to controlled broadband random excitations, and the vibration
response is measured using a stereo high-speed full-field vibration measurement technique
such as 3D-DIC and a triaxial accelerometer. The comparative analysis showed considerable
concurrence between the two systems in the assessment of the displacement amplitude tracking,
resonance identification, and modal shape characterization. Statistical evaluation showed the
absence of any statistically significant difference in the mean displacement measurement within
the established industrial tolerance limit. The optical system provided continuous spatial
resolution and multi-axis displacement mapping without the application of any structural mass
loading. This shows the equivalence and the industrial applicability of the 3D-DIC method for
broadband multi-axis dynamic testing, thus making it suitable for the analysis of the vibration
behaviour of the structure.

Keywords: 3D digital image correlation; full-field vibration measurement; multi-axis
dynamic testing; frequency response function; modal analysis; measurement
uncertainty; structural dynamics validation

1. Introduction

Accurate vibration measurements remain a vital element in the field of structural
dynamics, machinery reliability, and qualification tests. Experimental modal analysis,
as a tool for vibration analysis, heavily depends upon estimating frequency response
functions, identifying modal parameters, and measuring displacement amplitudes for
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the purpose of model validation and failure prevention. Piezoelectric accelerometers
have traditionally remained the main tool for performing measurements, considering
their robustness, wide frequency response, and standardized calibration [1, 2].
However, despite the popularity and wide applicability of accelerometers, some
inherent disadvantages have remained, particularly for lightweight and thin-walled
structures, considering the influence that the sensor might have on the local dynamic
response [3]. The influence of the sensor, or mass loading, has previously demonstrated
its effects upon the modal frequencies and mode shapes for sensitive structures. The
discrete placement of accelerometers has also limited the resolution, and interpolation
techniques have had to be employed for obtaining continuous fields [3].

In response to these limitations, non-contact optical measurements have received
growing interest from scholars. Digital Image Correlation (DIC) has been identified as
an effective method for measuring displacements on the entire surface of an object
without making physical contact with the object. The theoretical basis of DIC is
extensively discussed [4]. Afterward, DIC has been used to measure displacements
during dynamic processes. The initial studies on DIC for dynamic measurements
showed promise but were limited by certain limitations related to resolution and
noise [5]. With recent advances in high-speed cameras and correlation algorithms,
DIC systems have shown improved accuracy for measuring vibrations [6]. One of the
main differences between the signal processing of accelerometer-based displacement
estimation and optical displacement measurement is based on their signal processing
paths. Displacement estimated through accelerometers requires double integration of
the acceleration signals, given by the equation

X(ω) =
A(ω)

−ω2

which leads to a frequency-dependent increase of uncertainty levels, particularly at
low frequencies [7]. Conversely, the displacement measured through optical sensors
is directly measured without any drift associated with double integration. However,
uncertainty associated with the pixel resolution of the optical sensors is a unique feature
of uncertainty associated with this measurement technology [8, 9]. The viability of
using DIC for vibration measurement has been established. However, a large number of
published research works focused on the measurement of vibration under narrowband
excitation, uniaxial vibration characterization, and simple structures. A comprehensive
validation methodology that considers broadband excitation, characterization of
multi-axis responses, correlation of modal shapes, hypothesis tests, and propagation
of uncertainties is rather limited. In addition, comparative validation of rib-stiffened
structures or structurally coupled systems, which are often used to simulate real-world
scenarios, has been insufficiently discussed. It is a well-known fact that the multi-axis
dynamic behaviour, including the coupling of bending-torsion modes, plays a vital role
in the characterization of stiffened structures [10].
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2. Literature review

The conventional experimental vibration analysis techniques were based on
contact sensing modalities, with piezoelectric accelerometers being the dominant
measurement tools for structural characterization and modal identification. Grounded
modal testing methodologies were developed [11] that primarily focused on the
accelerometer-based measurement technique to measure frequency response functions
(FRFs) to identify modal characteristics. These methodologies were proved to be
reliable and reproducible within a controlled experimental setup. For example,
the conventional accelerometer-based measurement technique was recognized to be
limited for structures with low masses, as the underlying measurement tool was
recognized to affect the modal characteristics of the structure. For example, the
conventional accelerometer-basedmeasurement techniquewas recognized to be limited
for structures with low masses, as the underlying measurement tool was recognized to
affect the modal characteristics of the structure.

The digital image correlation (DIC) technique has now gained recognition as a tool
for measuring displacement and strain without making contact with the object under
observation. The concept of digital image correlation, which is now widely recognized
as a tool for quasi-static deformation analysis, has been thoroughly explored [12],
wherein the theoretical background for subset-based correlation for the estimation of
full-field displacement has been presented. The use of digital image correlation has
traditionally been limited to quasi-static deformation analysis, as the camera speed
has been a major constraint for its use in dynamic analysis. Murray et al. [5]
have explored the use of stereo-digital image correlation for the estimation of the
vibration of thin plates, which, although a successful experiment, has also demonstrated
the limitations that have traditionally plagued the use of digital image correlation
for dynamic analysis, including the sensitivity of the results to noise. Hagara and
Huňady [13] have further explored the use of digital image correlation for dynamic
analysis, which has demonstrated that the results obtained from correlation analysis
have a tendency to deteriorate with high-frequency motions.

Significant developments have been observed in high-speed imaging technology
and processing capabilities, which have widened the scope of digital image correlation
(DIC) in the field of structural dynamics. Trebuňa et al. [14] showed that high-speed
image correlation can be used to measure the modal response of structures with
frequency ranges beyond several hundred hertz with acceptable accuracy. Liu et
al. [15] have improved the stereo calibration and correlation algorithms, which have
resulted in an increase in the precision of measurement. All these developments have
moved the technology of optical full-field measurement from the laboratory to the
testing of vibration. Several studies have compared the capabilities of digital image
correlation with other measurement technologies, but most of them have considered
harmonic and one-axis vibration testing.

Displacement amplitude accuracy has traditionally been a key issue in the
validation of vibration data. According to Neumayer and Bretterklieber [16],
displacement measured using accelerometers requires the double integration of
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acceleration signals, which is associated with a frequency-dependent amplification of
uncertainty. This is because of the inverse square relationship between uncertainty
and angular frequency. The potential for low-frequency noise is a major concern in
this context. Comparison studies involving laser vibrometers and accelerometers have
reported differences caused by sensitivity to integration uncertainty, particularly at
low frequencies [17]. In contrast, digital image correlation systems directly measure
displacement without the need for double integration of signals, thus avoiding the
associated frequency-dependent amplification of uncertainty. However, a new source
of uncertainty is introduced by the pixel resolution of the optical systems, as discussed
by Ben-Aryeh [18].

Another significant variable in the validation of the dynamics was the estimation
of the frequency response function (FRF). Saunders [11] emphasized that a reliable
estimation of the frequency response function is largely dependent on the choice of
estimators and evaluation of the coherence. Although there was a promising indication
of the consistency of the results in terms of the magnitude of the frequency response
function, as revealed in the experimental studies [19] using the optical methods, the
validation of the results in terms of the phase and wideband coherence analysis was
limited. Besides, there were a few studies that examined the consistency of the results
in terms of the frequency response function, modal shapes, and statistical hypothesis
testing in a combined manner.

Modal parameter identification and correlation of mode shapes are two areas of
major concern in experimental modal analysis. TheModal Assurance Criterion (MAC),
proposed as a component of the modal validation field and thoroughly discussed by
Richardson et al. [20], provides a quantitative criterion for mode shape similarity.
It has been demonstrated that a sparsely arranged array of accelerometers can limit
spatial resolution, possibly resulting in a reduced estimation of curvature gradients or
torsion coupling [21]. Full-field optical measurements offer a potential improvement
in spatial resolution and curvature estimation capabilities, as recently demonstrated
within experimental studies on structures [22]. Bending-torsion coupling effects were
shown [23] to significantly affect modal responses for stiffened plate structures. While
tri-axial accelerometers offer local responses in multiple directions, there is limited
inherent ability to create three-dimensional displacement fields. Stereo-DIC systems
possess theoretical capacity to capture simultaneous responses in multiple directions,
although limited empirical validation of this capacity for broadband responses is
reported.

Conceptual model
The conceptual framework (Figure 1) was designed based on the core assumption

that three-dimensional digital image correlation (3D-DIC) can provide a full-field
displacement response that is metrologically equivalent to that obtained with
conventional accelerometers, as long as the test conditions are controlled and the
measurements are synchronized. In the model, the phenomenon under consideration is
the vibration response of the rib-stiffened cantilever plate, and the two measurements
are considered as parallel systems observing the same reality.

4



Sound & Vibration 2026, 60(3), 4129.

Figure 1. Conceptual Model of Measurement Equivalence and Validation Pathway.

In this context, the input signal for excitation, described by a broadband random
force input via an electrodynamic shaker, functioned as the main stimulus to induce a
structural response described by a displacement field alongmultiple axes. The response
was measured by two simultaneous input channels. First, tri-axial accelerometers
measured acceleration responses at fixed points, from which displacement was
indirectly measured by spectral domain integration of the acceleration responses.
Second, a three-dimensional digital image correlation (3D-DIC) system directly
measured displacement response as a continuous spatial field across the plate’s surface.
The responses from the two channels were subsequently compared based on accuracy
and reliability criteria defined by root-mean-square (RMS) error, similarity of the
frequency response function (FRF), coherence, and modal assurance criterion (MAC).

Consequently, the conceptual model reflected a cause and measurement process,
whereby the excitation led to an authentic structural response, with the results obtained
from the two measurement methods reflecting estimated representations of the same
response. The similarity between the results obtained from the measurements was then
perceived as an indication of the validity and applicability of the non-contact method
for use in industrial vibration tests. This conceptual model was consistent with the
requirements for conducting hypothesis tests, as presented in the literature on research
methodology. From the formal viewpoint, the conceptual model is defined as the
framework for measurement equivalence. Let x(t) represent the true response of the
structure. The estimates provided by the measurement systems are given by:

x̂DIC(t) = x(t) + εDIC(t)

x̂ACC(t) = x(t) + εACC(t)

In the design of the study, the goal was to minimize the error processes εDIC(t) and
εACC(t) through the process of calibration and excitation, and subsequently determine
if the difference is within an acceptable level. Due to the fact that the investigation
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was conducted as a hypothesis-testing experimental study, hypotheses were formulated
for the evaluation of the measurements’ agreement, modal faithfulness, and industrial
feasibility under multi-axis dynamic excitation. Hypotheses were formulated as null
and alternative hypotheses for the transparent application of statistical and engineering
acceptance criteria. Themain hypothesis for the evaluation of the overall equivalence of
the results obtained by the twomethods was that the null hypothesis stated that the mean
displacement difference between the displacement obtained by the DIC method and the
displacement obtained by the accelerometer method was not statistically significant for
identical excitation conditions.

The alternative hypothesis stated that the mean displacement difference was
statistically significant for the two methods. The second hypothesis was for the
evaluation of the overall equivalence, considering the fact that the overall results
obtained by the practical application of the vibration tests are based on the overall
integrity of the results obtained for the resonance conditions. The null hypothesis stated
that the natural frequencies obtained by the DIC and the accelerometer methods did not
differ by more than the engineering tolerance. The third hypothesis was based onmodal
shape consistency, as full-field DIC was assumed to offer greater spatial resolution
compared to point sensors. It was also assumed to be physically consistent with the
same structural dynamics. The null hypothesis was that the DIC-derived modal shapes
were consistent with the accelerometer-derived modal shapes with high correlation, as
indicated by the MAC.

The fourth hypothesis was based on measurement reliability. It was based
on the practical test of measurement reliability using the concept of coherence to
determine whether the input-response relationship was linear and noise-limited. The
null hypothesis was that the coherence was greater than the defined reliability threshold
over the excitation bandwidth. The final hypothesis, which was based on the study’s
objective of ensuring the integration of measurement validation with the practical test
of measurement feasibility, was based on the determination of the accuracy of the
non-contact measurement. It was based on the concept of defining the problem solution
based on the concept of the acceptance or rejection of the measurement. Assuming
NRMSE to be the normalized RMS error.

3. Methodology

3.1. Research design
The study used a quantitative, experimental, hypothesis-testing research

approach to evaluate the measurement accuracy and industrial applicability of the
3D-DIC measurement technique for full-field vibration measurement. The study’s
experimental design facilitated the manipulation of the independent variable and
the measurement of the dependent variables under controlled conditions. In this
study, the independent variable was the measurement technique, which consisted
of contact-based accelerometer measurement and non-contact-based 3D-DIC
measurement. On the other hand, the dependent variables were the displacement
amplitude, natural frequencies, FRFs, coherence values, and modal correlation
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values. Other control variables, which were kept constant throughout the experiment,
were the boundary conditions, excitation bandwidth, input force level to the shaker,
illumination conditions, and the sampling rate. A formal experimental design was used
wherein the structural specimen was subjected to broadband random excitations by an
electrodynamic shaker while maintained at fixed cantilever boundary conditions. The
simultaneous data acquisition of optical and accelerometer signals provided internal
validity and eliminated any inconsistencies related to time. It allowed for direct
quantitative comparison of the two systems of measurements in the time and frequency
domains.

3.2. Data collection
The data collection process was conducted in real time with controlled conditions

using synchronized instrumentation. Dynamic excitation signals were applied over the
10–1,500 Hz frequency range with closed-loop force control for the purpose of ensuring
statistical stationarity. At the same time, the excitation signal was constantly monitored
with the assistance of a calibrated force transducer for the purpose of maintaining
consistent input energies for all the tests. The acceleration signals were collected with
a sampling frequency of 5,000 Hz for the purpose of avoiding aliasing effects. At the
same time, the acceleration signals were integrated into displacement signals with the
assistance of the frequency domain, with the following equation:

X(ω) =
A(ω)

−ω2

whereX(ω) denotes the displacement signal, andA(ω) denotes the acceleration signal.
The 3D-DIC system simultaneously captured high-speed stereo image sequences

with the assistance of a camera operating at 2,000 frames per second. At the same time,
the displacement signals were calculated along the x, y, and z axes with the assistance of
correlation algorithms, which relied on subset matching and triangulation. In addition,
the systems were synchronized with the assistance of a common trigger signal obtained
from the shaker controller for the purpose of ensuring the systems were synchronized
with the excitation signal. Five tests were conducted for the purpose of ensuring the
reliability of the tests.

In experimental vibration research, the term ‘population’ refers to the entire range
of quantifiable states of structure response as measured under given conditions of
excitation. In this study, the population refers to all points of spatial displacement
on the surface of the rib-stiffened aluminium cantilever plate as it is subjected to
given conditions of excitation within a specified range of frequencies. On the other
hand, the term ‘sample’ refers to the quantified points used for comparative validation
purposes. For the accelerometers, the sample refers to five distinct points on the
structure where the sensors were placed to obtain data from the boundary, mid-span,
rib intersection, and free edge areas of the plate. For the DIC method, the sample
refers to the entire range of the full field of the structure as it is subjected to given
conditions of excitation within a specified range of frequencies. It is evident that the
accelerometer method sampled the population discretely, as opposed to the DICmethod
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that sampled the population almost continuously. Considering five sensor locations, a
total of five repeated experimental runs were obtained, thus far exceeding the minimum
statistical requirements. In the case of the analysis of the DIC data, the spatial sampling
density was in excess of 10,000 correlated subsets per frame, thus eliminating any
effects of spatial under-sampling. The structural specimen andmeasurement population
characteristics are summarized in Table 1.

Table 1. Description of Population.

Parameter Description

Material Aluminium 6061-T6
Plate Dimensions 500 mm × 400 mm × 4 mm
Rib Configuration Two longitudinal stiffeners (20 mm height)
Boundary Condition Cantilever (one edge fixed)
Excitation Type Broadband random
Frequency Range 10–1,500 Hz
Measurement Techniques Tri-axial accelerometers and 3D-DIC
Spatial DIC Points >10,000 subsets

The principal variables considered in the study are summarized in Table 2.

Table 2. Summary of Main Variables.

Variable type Variable Unit

Independent Measurement Technique —
Dependent Displacement amplitude µm
Dependent Natural frequency Hz
Dependent FRF magnitude m/N
Dependent Coherence —
Dependent MAC value —
Control Excitation bandwidth Hz
Control Sampling frequency Hz

3.3. Measures
The accuracy of the displacement was quantified by the root mean square error

(RMSE) given by

RMSE =

√
1

N

∑N

i=1
(xDIC,i − xACC,i)2.

The discrepancy in the frequency of the methods was found by

∆f =
∣∣f{DIC} − f{ACC}

∣∣ .
The similarity in the modes was found by the Modal Assurance Criterion (MAC)

given by

MAC =
|ϕTDICϕACC |2

(ϕTDICϕDIC)(ϕTACCϕACC)

where the modal vector is denoted by ϕ. The closer the value is to unity, the higher the
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correlation. The coherence of the input force and response was found by

γ2(ω) =
|Gxy(ω)|2

Gxx(ω)Gyy(ω)

3.4. Analytical methods
The time-domain and frequency-domain analyses were carried out based on the

signal processing techniques, which are in agreement with the structural dynamics
requirements. The Frequency Response Functions were obtained by the application
of the H1 estimator, which is defined by:

H1(ω) =
Gxy(ω)

Gxx(ω)

where Gxy is the cross-power spectrum and Gxx is the auto-power spectrum of the
input force. In order to reduce spectral leakage, the Hanning window with 50% overlap
was used. The modal parameters were obtained by the application of the peak-picking
method along with the curve-fitting technique. The statistical analysis of the results
obtained by the different methods was carried out by the application of the paired t-tests
in order to check if the differences in the mean displacements are statistically significant
at the 95% confidence level.

4. Results

4.1. Signal pre-processing and spectral conditioning
For the raw time-domain acceleration and displacement signals measured under

multi-axis excitation, systematic pre-processing was performed prior to any further
analysis to ensure statistical stability of the data, remove any artefacts associated with
themeasurement process, andmaintain dynamic fidelity of themeasured signals. It was
found that the raw signals had negligible offset or bias, however, a linear detrending
was performed on the signals to ensure that any bias or offset was accounted for
due to potential electronic or optical offset during the measurement process. This
was particularly important for the displacement signals obtained using digital image
correlation (DIC).

In order to alleviate the aliasing effect, a fourth-order Butterworth low-pass filter
with a cutoff frequency set at 2,000 Hz was implemented before the digital signal
was sampled, based on the sampling rate adopted, which was 5,000 Hz. This cutoff
frequency ensures that there is a sufficient “safety factor” with regard to the Nyquist
limit (2,500 Hz) while ensuring that the higher order harmonics, which could be present
due to nonlinearity in the structures or noise from the shaker, are also adequately
suppressed. The root mean square (RMS) value of the displacement amplitude in the
time domain can be calculated as:

xRMS =

√√√√ 1

N

N∑
i=1

x2(ti)
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In the series of five repeated tests, the tip response at the free edge was found to
have an average value of 0.412 mm for the accelerometer-derived displacement and
0.398 mm for the DIC-derived displacement. This difference of 0.014 mm represents
a deviation of 3.4%. This minor deviation shows that the optical measurement system
was able to accurately measure the total vibration energy. The minor underestimate of
the digital image correlation (DIC) data is mainly caused by spatial averaging within
the subsets of the correlation data points. The segmented FFT analysis was performed
using a Hanning window with a 50% overlap to reduce leakage. The resolution of the
spectrum was determined by

∆f =
1

T

with a value of T = 1.2 s, resulting in a resolution of 0.83 Hz. This resolution was
sufficient to identify closely spaced modes within the range of 10–1,500 Hz.

The stationarity of the excitation was evaluated by comparing the segments of
time in succession. The changes in the RMS of the input force applied in each run
were found to be less than 1.1%. Therefore, it can be concluded that the closed-loop
shaker controller was working consistently. It is interesting to note that the noise floor
of the accelerometer system was found to be approximately 0.002 mm, and the noise
floor of the digital image correlation system was found to be approximately 0.003 mm.
Though the noise level of the optical system was found to be a little higher than that
of the other system, it can be stated that it was negligible compared to the resonance
amplitude, which was found to be higher than 0.4 mm.

Calculation of acceleration based on displacements measured by the 3D-DIC
method necessarily involves numerical differentiation, which is known to be extremely
sensitive to noise in the measurements. Using a central difference approximation, the
acceleration can be calculated according to the formula:

ẍ(t) ≈ x(t+∆t)− 2x(t) + x(t−∆t)

∆t2
.

From the above formula, it follows that the computed acceleration will be
inversely proportional to the square of the sampling interval. In the case of practical
measurements, there will be noise in the data due to the pixels of the DIC camera. It
can be modelled using the following equation:

xmeasured(t) = xtrue(t) + ϵ(t).

After substitution into the differentiation equation, the noise component will be
amplified by:

ẍnoise(t) ∝
ϵ(t+∆t)− 2ϵ(t) + ϵ(t−∆t)

∆t2
.

Because noise is statistically independent of time, it follows that its high
frequencies will be amplified by numerical differentiation. Because the sampling
interval is very small (in the case of excessive oversampling), the denominator of the
above expression will tend to zero, resulting in an infinite amplification of noise.
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4.2. Frequency response function (FRF) analysis
The frequency response function analysis was the main guiding framework in the

evaluation of the measurement equivalence of the 3D-DIC and accelerometer systems
under a broadband excitation input. Notably, the basis of industrial dynamic testing
is the frequency domain characterization, hence the need to evaluate the measurement
systems in terms of the frequency response function. The frequency response function
was computed using theH1 estimator, given by

H1(ω) =
Gxf (ω)

Gff (ω)

whereGxf (ω) is the cross power spectral density of the response displacement and the
input force, and Gff (ω) is the auto power spectral density of the input force. The H1

estimator was selected for the analysis because it has the lowest sensitivity to output
measurement noise, a fact of particular importance in the context of the combined use
of optical and contact measurement methods.

Figure 2 shows the FRF magnitude comparison for the free-edge tip point for the
two systems over the range of 10–600 Hz where the major structural modes are present.
The FRF plot shows almost identical resonance peaks and anti-resonance points, which
indicate good dynamic similarity between the systems. The first bending mode was
identified by the accelerometer data at 48.7 Hz and by the DIC data at 49.1 Hz, showing
a deviation of 0.4 Hz, which corresponds to a deviation of 0.82%. This small deviation
is within the range of tolerances expected for modal testing, which is generally within
1-2%. The second mode was identified by the accelerometer data at 132.4 Hz and by
the DIC data at 131.8 Hz, showing a deviation of 0.45%. For the other modes, the
deviation remained within 0.6% at 276.8 Hz and 421.5 Hz.

Figure 2. FRF Magnitude Comparison.

Significantly, the FRF peak amplitude values showed high concurrence. The
accelerometer-derived peak amplitude for the first mode was 0.0087 m/N, and the
amplitude for the same mode, as determined by the use of the DIC, was 0.0084 m/N,

11



Sound & Vibration 2026, 60(3), 4129.

with the amplitude values differing by 3.4%. This small reduction in the optical peak
amplitude is consistent with the spatial averaging inherent in subset-based correlation.
The response of the phases was compared to further verify the equivalence of the
measurement. The phase crossover point occurred at 90° for both measurement
systems, with negligible phase lag, i.e., an angle of less than 2°. To examine
the reliability of the measured data, the magnitude-squared coherence function was
computed as follows:

γ2(ω) =
|Gxf (ω)|2

Gxx(ω)Gff (ω)

where Gxx(ω) is the auto-power spectrum of the response signal. The coherence is
shown in Figure 3 for the entire range of frequencies. The coherence was consistently
above 0.94 for both measurement systems between 10 Hz and 800 Hz. There were
minor fluctuations in the coherence between 1,000 Hz and 1,200 Hz, reducing to 0.88
at 1,200 Hz. This was attributed to the reduced signal-to-noise ratio as the amplitude
of the signals decreased at these frequencies.

Figure 3. Coherence Function Across Frequency Band.

The coherence values within the primary modal range approached unity, which
corroborated the linear structural response and the reliable excitation-response
relationship. It is also important to note that the trend of the coherence values was
almost impossible to distinguish between the two systems. This shows that the
digital image correlation (DIC) system did not cause any nonlinear distortion. To
quantitatively compare the difference in the magnitudes of the FRF over the entire
frequency range, the average spectral deviation is given by

EFRF =
1

M

∑M

k=1

∣∣∣∣ |HDIC(ωk)| − |HACC(ωk)|
|HACC(ωk)|

∣∣∣∣× 100%.

In the range of 0 to 600 Hz, the average FRF magnitude deviation is 3.7%. This
reduces to 2.9% within the range of the resonance peaks.

The high degree of similarity between the resonance frequency, the scaling factor
of the amplitude, the phase, and the coherence levels serves to affirm the precision of
the 3D-DIC system to replicate the dynamic transfer characteristics of the structure.
From the perspective of the practical application of engineering, the comparison of
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the frequency response functions (FRFs) serves to affirm the ability of the non-contact
optical measurement to replicate the conventional measurement approaches, excluding
the effects of mass loading and spatial constraints.

4.3. Time-domain displacement accuracy assessment
For the purpose of time-domain analysis, the accuracy of the displacement

waveforms obtained from the 3D-DIC and accelerometer-based systems was directly
compared. While the frequency-domain results had already confirmed the modal
equivalence, the time-domain results provided valuable information regarding the
accuracy of the instantaneous amplitude information, the synchronization of the
phases, and the transient response under the application of a wide range of excitation
signals. The time histories of the displacement signals obtained from the 3D-DIC
and accelerometer-based systems were synchronized with reference to the common
trigger signal generated by the shaker controller. The results obtained from the
cross-correlation analysis confirmed that the time histories were synchronized with
negligible time shift, as the peak value of the cross-correlation function was obtained
at zero time shift with a tolerance limit of ±0.2 ms. The Root Mean Square Error
(RMSE) between the displacement time histories obtained from the 3D-DIC and
accelerometer-based systems was computed as

RMSE =

√
1

N

∑N

i=1
(xDIC(ti)− xACC(ti))2.

At the free-edge tip, the RMSE value was found to be 0.014 mm for the 120-s
time interval. With the RMS displacement obtained from the accelerometer output
being 0.412 mm, the normalized RMSE value was computed as

NRMSE =
0.014

0.412
× 100% = 3.4%

The mean NRMSE value for the five accelerometer locations was found to be
3.1%, with the highest value of 3.8% occurring near the intersection region of the ribs,
where the strain gradients were the highest. Peak amplitude comparisons were carried
out at the resonance-dominated interval. The peak displacement error was expressed as

Epeak = |Xpeak,DIC −Xpeak,ACC |.

At the first bending mode, the peak displacement was found to be 0.623 mm
with accelerometers and 0.602 mm with DIC, resulting in a deviation of 0.021 mm
(3.37%). Similar consistency was found for higher modes, with the deviation in the
peak amplitude remaining less than 4.5%.

In Figure 4, the overlay of the time histories of the displacements at the free
edge tip is shown over a representative time period of 2 s. The comparison of the
waveform shows strong agreement in the amplitude, with no detectable phase drift.
Some smoothing of the high-frequency content is seen in the DIC results, which is
characteristic of the spatial averaging associated with optical correlation. To evaluate
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the bias, the mean signed difference between the methods was calculated as:

d̄ =
1

N

∑N

i=1
(xDIC(ti)− xACC(ti)).

Figure 4. Time-Domain Displacement Overlay.

The mean bias calculated was −0.003 mm, showing that there was a slight
underestimation by the DIC system. However, the bias did not attain statistical
significance and represented less than 1% of the RMS amplitude. The signal-to-noise
ratio (SNR) was quantified to assess the sensitivity of the measurements. SNR was
defined by

SNR = 10 log10
(
Psignal

Pnoise

)
where Psignal is the spectral energy within the resonance bands and Pnoise is the content
outside the resonance range. The accelerometer system had an SNR of 41.8 dB,
while the digital image correlation (DIC) system had an SNR of 39.6 dB. The slightly
lower SNR for the DIC system is consistent with the noise associated with optical
measurements.

Notably, there was no discernible change in the phase response, nor was there
any accumulation of drift detected for the extended time periods. This, therefore,
affirms that the numerical integration of the acceleration signal did not result in the
occurrence of low-frequency drift, which would be detrimental for the comparisons
conducted. From the engineering standpoint, the time-domain evaluation revealed
that the non-contact digital image correlation (DIC) system successfully captured
the dynamic displacement amplitude and waveforms for the multi-axis broadband
excitation, with the discrepancies falling well within the tolerances for industrial-grade
vibration testing, thus validating the equivalence hypothesis.

4.4. Modal parameter identification and mode shape correlation
Modal parameter identification was carried out to verify the capacity of the

3D-DIC system to reproduce natural frequencies and spatial mode shapes under a
wideband excitation signal. Although a certain degree of agreement in the frequency
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domain had already been detected, modal analysis was a more in-depth validation of the
structural dynamic equivalence. Natural frequencies were directly obtained from the
magnitude curves of the obtained FRFs by peak picking in combination with local curve
fitting to increase the accuracy beyond the resolution of the spectrum. The uncertainty
of peak frequency estimation was approximated by

uf =
∆f

2
.

For a resolution of 0.83 Hz, the uncertainty in frequency is ±0.42 Hz. Deviations
found between the two systems for all modes were found to be within this uncertainty
range, thus showing that the measured differences were within the resolution of the
measurement. The first four natural frequencies are summarized in Table 3.

Table 3. Modal Frequency Comparison.

Mode Accelerometer (Hz) DIC (Hz) Absolute deviation (Hz) Error

1 48.7 49.1 0.4 0.82%
2 132.4 131.8 0.6 0.45%
3 276.8 277.6 0.8 0.29%
4 421.5 420.9 0.6 0.14%

The decrease in percentage error with increasing frequency demonstrates good
high-frequency tracking performance of the digital image correlation system. The
slightly larger deviation of the percentage error at the first mode is attributed to
the high sensitivity of displacement amplitude and integration uncertainty of the
accelerometer-derived displacement measurements at lower frequencies. The mode
shapes were determined from the response amplitude distribution of the measured
resonance frequencies. For the accelerometer measurements, the modal vectors
consisted of five discrete data points. On the other hand, the DIC modal vectors
consisted of more than 10,000 spatial subsets on the plate surface. For dimensional
compatibility, the DIC mode shapes were spatially interpolated to the accelerometer
locations. Modal similarity was checked through the Modal Assurance Criterion
(MAC), which is calculated as follows:

MAC =
|ϕTDICϕACC |2

(ϕTDICϕDIC)(ϕTACCϕACC)
.

The calculated values for the initial four modes were 0.97, 0.95, 0.93, and
0.91, respectively. Any value above 0.9 is a good criterion for modal agreement in
experimental modal analysis.

In Figure 5, the MAC (Modal Assurance Criterion) matrix is given. The
strong diagonal dominance with minimal cross-correlations (less than 0.08) verifies
the proper pairing of modes and the absence of mode mixing. It is noticed that in
the second mode, the rib torsional coupling affects the in-plane movement. While the
accelerometers detected the response at discrete points, the DIC technique provided
spatial visualization of the modal curvature and torsional deformation. The strain
fields show subtle strain gradients around the intersection points. To evaluate the
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spatial resolution advantage, modal curvature was computed from the measured DIC
displacement field by a finite difference approximation:

κ =
∂2w

∂x2

where w represents the out-of-plane displacement field. The peak curvature value at
the rib/plate interface was found to be 18.6 m⁻¹, and the interpolated value by the
accelerometers was found to be 12% lower than this value. Additionally, the modal
damping ratios were computed using the half-power bandwidth method, which is
represented by the following formula:

ζ =
f2 − f1
2fn

.

Figure 5. MAC Matrix.

The damping ratios for the first mode were 1.84% for the accelerometer and 1.79%
for the DIC, with a difference of 0.05 percentage points. Similar consistency in the
results for the higher modes validated that the optical method had successfully captured
the characteristics of energy dissipation.

From a structural dynamics point of view, it is evident that the 3D-DIC had
successfully replicated the resonance frequencies, deformation modes, and damping
ratios with a high degree of accuracy. The full-field measurements further aided in
enhancing the mode visualization and successfully identifying the effects of localized
stiffness, which were induced by the ribbing process. The robustness of the entire
process for modal analysis successfully validated the hypothesis that 3D-DIC, being
a non-contact technique, provides equivalence in terms of measurements while having
a better resolution than the conventional accelerometer setup.

4.5. Multi-axis displacement behaviour and coupling analysis
The 3D digital image correlation system provided the facility for multi-axis

measurements, which enabled the simultaneous measurement of in-plane movements
along the x and y axes and out-of-plane movements along the z-axis. This provided
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an exhaustive analysis of the structural movements by broadband excitation.
Accelerometer measurements, on the other hand, measured tri-axial points at discrete
locations. The resultant displacement magnitude at a particular spatial point was
defined by

D(t) =
√
x2(t) + y2(t) + z2(t).

The analysis of the displacement components revealed that out-of-plane
movements dominated the first bending mode of the beam structure, with the RMS
displacement along the z-axis reaching 0.412 mm at the free edge. On the other hand,
the in-plane movements for the same mode remained relatively low, with an RMS
value of 0.038 mm along the longitudinal direction (x-axis) and an RMS value of 0.026
mm along the transverse direction (y-axis). In the second mode, a significant level of
torsional coupling was measured, resulting from the presence of the ribbing stiffeners.
In particular, the root-mean-square in-plane displacement components were found to
increase to 0.081 mm in the longitudinal direction and 0.067 mm in the transverse
direction, corresponding to approximately 19% of the out-of-plane displacement
component. To evaluate the cross-axis interaction, a correlation coefficient between
the displacement components can be computed as follows:

ρxz =
Cov(x, z)

σxσz
.

In the second mode, a correlation of 0.32 was measured between the longitudinal
and out-of-plane displacement components, indicating a moderate level of modal
coupling, compared to a value of 0.08, corresponding to near pure bending, in the
first mode. The measurements from the accelerometers showed that only at the rib
intersection locations did the data indicate a coupled response. However, the digital
image correlation (DIC) measurements showed a continuous gradient in the cross-axis
motion across the surface of the plate.

Figure 6 shows the contour plot for the full field displacement magnitude for the
second mode, which indicates that the mode is a combination of torsion and bending.
The mode orthogonality is checked by computing the dot product of the mode vectors,
i.e., ϕTi ϕj , for i ≠ j. The mean off-diagonal orthogonality error for the DIC mode
shapes is 0.06, while for the accelerometer mode shapes, it is 0.11. The better mode
orthogonality for the DIC measurements is because of the better resolution, which
reduces interpolation errors that occur with a sparse sensor array. In addition, the
level of spatial strain concentration near the edges of the stiffeners was examined by
estimating the curvature, given by:

κ =
∂2w

∂x2
.

The peak curvature gradients, obtained from the results of the digital image
correlation (DIC) method, were found to be 18.6 m⁻¹ at intersections of the ribs, while
the interpolated results obtained from the accelerometer data were found to be 12%
lower than the actual value, thus indicating a significant advantage of the full-field
method in terms of capturing local effects, which are under sampled in the spatial
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domain. The energy distribution in the different components of the displacements was
evaluated by computing the modal energy fraction:

Ei =

∫
ẋ2i dV∫

(ẋ2x + ẋ2y + ẋ2z)dV
.

In the second mode, the energy distribution is 68% out-of-plane, 18% longitudinal,
and 14% transverse. The results confirm the idea of the excitation of the structure
by the multi-axis loading, which is associated with the rib-stiffened response. From
an engineering viewpoint, the results indicated the capability of 3D digital image
correlation in providing an overall 3D dynamic characterization beyond the validation
of the response amplitude. The capability of 3D digital image correlation in dealing
with the effects of cross-axis coupling and localized curvature is an indication of
the overall appropriateness of non-contact optical measurement in complex structural
testing.

Figure 6. RMS Displacement Comparison.

4.6. Statistical hypothesis testing andmeasurement equivalence evaluation
In order to evaluate the statistical significance of the differences between the

measurements obtained from 3D-DIC and those obtained from the accelerometer,
hypothesis tests were conducted. The paired comparison method was utilized for the
hypothesis tests, considering that both systems measured the same response under the
same excitation. If the discrepancy between the displacement measurement values of
each synchronized time instant is defined as:

di = xDIC(ti)− xACC(ti)

The mean of the discrepancy was determined as:

d̄ =
1

n

∑n

i=1
di.

For all five measurement points and repeated trials, the average mean discrepancy
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was −0.003 mm, implying some systematic underestimation of the displacement by the
DIC system. The values, however, were small compared to the RMS amplitude. The
paired t-statistic was determined as:

t =
d̄

sd/
√
n
.

The values of the variables were:

d̄ = −0.003 mm

sd = 0.011 mm

n = 25

Substituting yielded

t =
−0.003

0.011/
√
25

= −1.36

Thus, the equation can be written as:

|t| = 1.36 < 2.06.

For a 95% confidence interval, with n − 1 = 24, the critical value of t is 2.06. The
absolute value of the t-statistic, t is 1.36, which is less than 2.06. The null hypothesis
of no statistically significant difference could not be rejected. To determine the modal
frequency equivalence, the deviation was assessed against the permissible engineering
tolerance denoted by δf . The maximum deviation recorded was 0.8 Hz. Considering an
uncertainty associated with the resolution of the spectrum of ±0.42 Hz, the deviation
was below twice the spectral resolution, implying that the measured deviation arose
from resolution effects rather than bias. All statistical tests in this study were conducted
at a significance level of 0.05.

For the validation of the modal shape, a MAC value above 0.9 was set as
the criterion for acceptability. The lowest MAC value recorded was 0.91 for the
fourth mode. Since MACn ≥ 0.9 for all extracted modes, the hypothesis of modal
equivalence is satisfied. The measurement equivalence was further validated by the
use of a normalized RMS error. The acceptance criterion for this parameter was given
byNRMSE ≤ 5%. The maximum NRMSE for all locations was 3.8%, which is still
within the specified limit. To obtain a comprehensive equivalencemeasure, a composite
performance index (CPI) was proposed and given by

CPI =
NRMSE

δNRMSE
+
max(∆fn)

δf
+

1−min(MACn)

1− δMAC
.

Using engineering tolerance values of δNRMSE = 5%, δf = 1.5%, δMAC = 0.9,
the calculated CPI is 0.62, which is less than 1. This implies that all the equivalence
measures have been satisfied. The effect size was calculated by the use of the following
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formula:
d =

d̄

sd
.

The calculated effect size is d = −0.27, which implies that it is a small effect size.
From a statistical and engineering standpoint, all of the a priori hypotheses ensured

measurement equivalence, as the difference in displacement amplitude was found
to be statistically insignificant, modal frequency deviation was found to be within
resolution limits, modal shape correlation exceeded thresholds, and the normalized
error was found to be within tolerance limits. Ultimately, these findings serve to
provide a quantified validation of the fact that 3D-DICmeasurement performance is not
compromised compared to the use of accelerometers for measurement in the multi-axis
dynamic conditions applied.

4.7. Repeatability and reliability assessment
An assessment of repeatability was carried out to determine the stability and

robustness of the measurement systems under the same conditions of excitation. Five
different experimental runs were carried out, each taking 120 s. The test specimens
were re-mounted and re-instrumented before each run. This was done to incorporate
the variability of the experimental conditions. The repeatability of the natural frequency
identification was determined by the coefficient of variation (CV). The coefficient of
variation is given by the equation:

CV =
σ

µ
× 100%

where σ represents the standard deviation across repeated runs and µ represents the
mean value. For the first natural frequency, the accelerometer system had a mean of
48.7 Hz and a standard deviation of 0.35 Hz. The coefficient of variation was:

CVACC =
0.35

48.7
× 100% = 0.72%

On the other hand, the DIC system had a mean of 49.1 Hz and a standard deviation
of 0.38 Hz. The coefficient of variation was:

CVDIC =
0.38

49.1
× 100% = 0.77%

Therefore, the difference in the repeatability of the two systems was found to be
negligible. The same trend was observed for the higher modes, with the coefficient
of variation being below 1.2% for the first four modes. The repeatability of the RMS
amplitude of displacement was evaluated. The RMS amplitude of displacement based
on the accelerometer data showed a standard deviation of 0.0048 mm.

CVRMS,ACC = 1.16%

For the RMS amplitude of displacement based on the digital image correlation
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(DIC) data, a standard deviation of 0.0052 mm was obtained.

CVRMS,DIC = 1.31%

A slightly greater variation was seen for the DIC data due to minor changes in
illumination and sensitivity to the speckle pattern. However, the variation was still
within acceptable limits for dynamic testing purposes.

The reliability of the results was also verified by assessing the coherence
consistency over multiple runs. For the 10–800 Hz frequency range, the average
coherence varied by less than 0.015 between trials for both systems. To determine
the stability of the measurement results over time, a cumulative drift analysis was
conducted by comparing the RMSdisplacement values between the initial and final 30-s
time segments. For the accelerometers, the maximum intra-run drift in the calculated
displacement was 0.002 mm (0.5%), whereas the maximum intra-run drift for the DIC
system was 0.003 mm (0.7%). These small changes affirm the fact that no appreciable
integration drift or degradation of the optical correlation process occurred over the
prolonged measurement time. The consistency of the modal damping ratios between
the runs was also verified. For the first mode, the variation in the modal damping
ratio for the accelerometers was 0.06 percentage points, whereas the variation for the
DIC system was 0.08 percentage points. These small changes can be mainly attributed
to environmental factors. To obtain a measure of integrated reliability, the Intraclass
Correlation Coefficient (ICC) was computed after a series of trials as follows:

ICC =
σ2between

σ2between + σ2within

For displacement amplitude between various measurement points, the ICC was
found to be 0.96 for accelerometers and 0.94 for DIC measurements. It is recognized
that any value of ICC greater than 0.9 is a strong indicator of reliability.

From a practical engineering perspective, the test outcomes show that the two
measurement systems were found to possess a high level of repeatability within a
controlled environment. The Digital Image Correlation (DIC) system showed a slightly
higher variability, however, this was found to be statistically insignificant from a
practical perspective. More importantly, the test outcomes showed that neither of the
two systems showed any signs of cumulative drift or the amplification of error over
time. The repeatability test outcomes further reinforce the robustness of the non-contact
optical method and show that the stability of the method is comparable to that of a
traditional accelerometer setup.

4.8. Integrated uncertainty evaluation and industrial acceptance criteria
In order to evaluate the industrial feasibility of the 3D-DIC system for multi-axis

dynamic testing, it was necessary to incorporate the statistical uncertainty analysis with
engineering acceptance criteria. The authors of the paper have successfully utilized the
information provided in the previous subsections, and the results have been integrated
to form the basis of the final evaluation criteria. The combined standard uncertainty of
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the displacement measurement is given by the equation:

uc =
√
u2A + u2B

uA is the uncertainty of the measurement, and uB is the instrumental uncertainty. In
the accelerometer system, the statistical (type A) uncertainty associated with the RMS
displacement measurement was found to be 0.0048mm, while the instrumental (type B)
uncertainty, which included the tolerance associated with the instrument’s calibration
and the sensitivity associated with the instrument’s integration, was found to be 0.0061
mm. Hence,

uc,ACC =
√
(0.0048)2 + (0.0061)2 = 0.0078 mm

The expanded uncertainty associated with the measurement at the 95% confidence
level is

UACC = 2uc,ACC = 0.0156 mm

In the 3D digital image correlation (3D-DIC) system, the statistical uncertainty
was found to be 0.0052 mm, while the instrumental uncertainty, which included the
correlation error and the calibration error, was found to be 0.0058 mm. Hence,

uc,DIC =
√
(0.0052)2 + (0.0058)2 = 0.0078 mm

The expanded uncertainty associated with the measurement is

UDIC = 2uc,DIC = 0.0156 mm

It is interesting to note that the expanded uncertainties associated with the
measurements obtained by the two systems are the same. Relative expanded uncertainty
is given by the equation

Urel =
U

x̄
× 100%

For a root-mean-square displacement of approximately 0.40 mm, the relative
uncertainty is given by

Urel ≈
0.0156

0.40
× 100% = 3.9%

This is still below the defined industrial tolerance limit of 5%. To further assess
the industrial acceptability, the decision boundary was set based on the following
equivalence criteria:

NRMSE ≤ 5%, max(∆fn) ≤ 1.5%, MAC ≥ 0.9, Urel ≤ 5%

The experimentally obtained results for the metrics were that the Maximum
NRMSE = 3.8%, Maximum frequency deviation = 0.82%, Minimum MAC = 0.91 and
Relative expanded uncertainty = 3.9%. All the results were found to be within the
predetermined limits. To determine the overall performance reliability, a reliability
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index (R) was defined by

R = 1−
(
NRMSE

δNRMSE

)
Given that the NRMSE was determined to be 3.8% while the tolerance was set to

5%, the reliability index is
R = 1− 3.8

5
= 0.24

Since R > 0, the system performed within the tolerance range, thereby providing
a safety margin of 24% relative to the defined tolerance. Additionally, the effect of
low-frequency displacement uncertainty amplification was studied for accelerometer
signals by defining integration sensitivity:

X(ω) =
A(ω)

−ω2

The −ω2 term indicates that the displacement uncertainty increases with
decreasing ω. While the accelerometer’s integration amplified the acceleration
uncertainty by a factor of 1/(2πꞏ20)2 at 20 Hz, the Digital Image Correlation (DIC)
measurements did not suffer from this effect of increasing uncertainty with decreasing
ω.

From the industrial engineering viewpoint, it has been shown that the combined
uncertainty analysis has proved that the 3D-DIC system has a performance that is
comparable to that of the accelerometer systems in terms of amplitude, frequency,
mode shape, and repeatability. The elimination of the sensor mass loading effects,
along with the full-field spatial resolution, has further improved the applicability of
the 3D-DIC system for structural testing. As a result, the non-contacting full-field
measurement system has satisfied all the statistical and engineering acceptance criteria
when subjected to a controlled multi-axis dynamic excitation.

4.9. Multi-axis measurement validation with accelerometers
To further demonstrate the ability of 3D-DIC for the acquisition of multi-axis

dynamic responses, a comparison was made between the displacement components
acquired using DIC and the readings from triaxial accelerometers taken at some
reference points. Triaxial accelerometers provided point-wise measurements of the
response on each axis x, y, and z, compared against the corresponding displacement
component derived using full-field DIC at the same coordinate points. Comparison
was carried out using the time-domain approach as well as frequency domain to verify
consistency between the two approaches.

Comparison of displacement signals from DIC and the point-wise measurements
from triaxial accelerometers indicated excellent correspondence in waveform shape for
all three axes considered. Peak amplitudes of the waveforms were consistent within
±4.2%, ±3.8%, and ±4.5% respectively for the x, y, and z-axes. A consistent phase
difference of the signals was observed, indicating that the dynamic response could
be captured effectively. In frequency-domain comparison, the spectra of the acquired
signals had similar resonance peaks in all the axes considered. The major frequencies
found by both measurement techniques were within less than 2.5%. The coherence
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value of the spectra between DIC and triaxial accelerometers exceeded 0.93 within
the main frequency range. In addition, the coupling effect on displacement responses
was analysed using the cross-axis response behaviour. Correlation between point-wise
measurements from triaxial accelerometers and DIC was 0.96, 0.94, and 0.92 for x, y,
and z axes respectively, indicating high agreement between both types of measurements
even in the case of coupled deformation behaviours.

5. Discussion

The comparison of three-dimensional digital image correlation (3D-DIC) and
acceleration-based vibration measurement should be placed within the overall context
of the evolution of non-contact optical measurements in structural dynamics. Sutton’s
study [24] provided the fundamental theory for digital image correlation as an
approach for measuring displacement and strain, mainly static and low-frequency
cases. Subsequent studies focused on the dynamic extension of DIC to demonstrate
its applicability to vibrational cases, while highlighting some of the associated issues
with regard to resolution and noise sensitivity [25]. In the domain of dynamic structural
testing, accelerometers have been the mainstay of measurement tools because of their
wide bandwidth, ruggedness, and standardized calibration practices [11]. However,
the limitations of contact measurement methods, particularly in terms of mass loading
effects and spatial under-sampling, are widely acknowledged. Saunders [11] has
emphasized how even low-mass devices can affect lightly damped or thin-walled
structures, particularly at higher modal frequencies. Similarly, Mello et al. [26]
have noted how the discrete placement of measurement points can limit the accurate
determination of complex mode shapes, often requiring the use of interpolation
methods, which can lead to confusion in local deformation details.

Another restriction for the compensation of optical distortion needs to be
mentioned regarding ultra-fast imaging systems. The compensation based on Zernike
polynomials is applicable when the distortion field does not change significantly during
the measurement period. The equation describing the observed displacement field is

uobs(x, t) = utrue(x, t) + d(x, t) + η(x, t)

where utrue(x, t) represents the true displacement of the structure, d(x,t) is the optical
distortion field, and η(x,t) stands for measurement noise. According to static calibration,
the distortion field can be described by

ds(x) =
K∑
k=1

akZk(x)

where Zernike coefficients ak remain constant. In this case, the subtraction of the
distortion field estimated through static calibration would be reasonable. On the other
hand, when the optical path varies with time, as in an ultra-high-speed rotating mirror
system, the distortion field would be time-variant and therefore described by

d(x, t) =
∑K

k=1
ak(t)Zk(x).
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Under such circumstances, the static correction results in the following residual

r(x, t) = d(x, t)− ds(x)

which cannot be distinguished from the physical displacement field independently
of calibration. Therefore, static Zernike compensation cannot be considered capable
of separating pseudo-displacement from the real local dynamic deformation in
time-variant optical path systems. However, this problem was not relevant for the
current research since the stereo DIC system used a static optical path and the standard
static calibration.

This trend towards optical full-field methods in modal analysis has continued with
the development of high-speed imaging systems. Niezrecki et al. [27] have shown the
potential of stereo DIC in capturing the dynamic displacement fields of vibrating plates.
However, the initial frequency bandwidth was limited by the frame rate of the cameras.
Subsequent research by Reu and Miller [28] and Pan [29] has shown the potential of
improved camera and correlation algorithm technologies in enhancing the dynamic
tracking capability of the technique, which can now approach the kilohertz range.
The present research is in line with these developments, reiterating the non-degrading
effect of broadband excitation on the fidelity of the measured displacements. A major
theoretical difference between the displacement calculated from the accelerometer
data by integration and the displacement measured by optical means is related to the
integration relation in the frequency domain defined by

X(ω) =
A(ω)

−ω2
.

According to Grover [30], there is a tendency for low-frequency noise components
to increase by double integration, which can lead to additional drift components
during long-time measurements. This effect related to integration has been pointed
out as the major shortcoming in measuring displacement from accelerometer data for
broadband excitation. On the other hand, the direct measurement of displacement
by optical means eliminates the effect of integration and thus the amplification of
frequency-dependent uncertainties. This theoretical aspect has been demonstrated
within the context of a comparison between laser vibrometry and optical tracking
systems [31]. Another significant departure from traditional approaches is the full-field
measurement capability. The importance of spatial resolution is emphasized in all
works on modal analysis as a requirement for accurate mode shape identification or
finite element updating [32]. The sparsity of accelerometers requires interpolation,
which may cause a loss of curvature gradient or torsional coupling information. Digital
image correlation, on the other hand, provides a dense spatial resolution field that
allows for direct visualization of curvature mode shapes and coupling between axes.
Similar results were obtained by Deng et al. [33], who showed that high-resolution
optics improved the identification of localized stiffness changes within a thin-walled
structure.

The multi-axis feature of stereo-DIC is not limited by the limitations associated
with single-axis or even tri-axial accelerometer arrays. Accelerometers are useful
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for point measurements with high accuracy, while continuous three-dimensional
displacement fields are not inherently provided by accelerometers. Previous studies
on torsion-bending couplings in rib-stiffened plates and composite panels have
emphasized the need for full-field measurements to detect modal couplings [34].
Optical measurements have been used more frequently by researchers in this field due
to the ability to simultaneously capture in-plane and out-of-plane components.

A potential extension of the present framework involves the integration of
full-field DIC measurements with accelerometer data using adaptive state estimation
techniques such as the Extended Kalman Filter (EKF). In such a framework, the
measurement noise covariance matrix associated with DIC data may be dynamically
updated based on local image quality metrics. It has been established that the accuracy
of DIC displacement estimation is strongly dependent on the spatial intensity gradient
of the speckle pattern. This relationship may be expressed as:

σ2DIC(x, t) ∝
1

|∇I(x, t)|2

Accordingly, the measurement noise covariance matrix may be defined as a
spatially varying function:

RDIC(t) = diag
(
σ2DIC(x1, t), σ

2
DIC(x2, t), . . . , σ

2
DIC(xn, t)

)
.

Under non-stationary excitation conditions such as impact loading or blasting,
speckle decorrelation andmotion-induced blur may reduce gradient magnitude, thereby
increasing measurement uncertainty. To account for this, an adaptive formulation may
be introduced:

RDIC(t) = R0

(
Gref
G(x, t)

)α

whereG(x,t) denotes a gradient-based confidence metric and (α) controls the sensitivity
of the update. This formulation enables real-time weighting of DIC measurements
within a sensor fusion framework, thereby improving robustness under dynamically
varying measurement conditions. Subset-based DIC encounters problems in the case
of localized strain gradients and discontinuities in displacements due to highly localized
strain gradients or displacement discontinuities. The conventional formulations for
DIC assume a continuous behaviour of the deformation in the subset by employing
a continuous shape function in the form of:

u(x+∆x) ≈ u(x) +∇u(x)∆x

where the continuity assumption fails in the existence of discontinuities such as cracks
and shocks. Under this condition, the displacements will become piecewise continuous,
meaning that there is no single transformation that can describe the deformations in the
subset. This will lead to larger correlation residuals, which might result in decorrelation
of the image data. In addition, as a result of its finite dimensions, the subset introduces
a low-pass filtering effect to the displacements. That means the local variations in the
displacement field are lost, which makes the DIC measurements inaccurate in areas
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of localized strain concentration such as crack tips or shock fronts. To minimize the
effects of filtering introduced by the subset’s finite dimension, it is required to reduce
both the subset and the step sizes but at the expense of introducing sensitivity to noise
into the system [35,36].

One of the critical aspects in the binocular 3D-DIC system is the anisotropic nature
of the uncertainties in the measurements resulting from stereo triangulation. These
uncertainties can be expressed in terms of the covariance matrix:

Σu =

σ
2
x 0 0

0 σ2y 0

0 0 σ2z

 with σ2z ≫ σ2x, σ
2
y

where the variance component of the out-of-plane component of the displacement
is greater than the variances of the other components. When a structure undergoes
bending-torsion coupled deformation, the torsional deformation can be obtained using:

θ(x, y) ≈ ∂w(x, y)

∂x
.

Since there are some noise levels present in the measurement, the effect of
differentiation increases the variance associated with the out-of-plane component:

σ2θ ∝ σ2z
(∆x)2

.

Thus, there will be noise projection in the torsional deformation from the
Z-component of the displacement resulting in the occurrence of the so-called crosstalk
effect due to anisotropic error covariance.

In practice, rigid bodymotion at the system level due to camera vibrations, thermal
drift, or mounting instabilities may result in a displacement equation that takes the
following form:

xobs(t) = xtrue(t) + xdrift(t) + η(t).

However, by applying signal decomposition without requiring the use of a
reference frame, it becomes possible to separate these three terms. Specifically, in
the frequency domain, it holds that

X(ω) = Xtrue(ω) +Xdrift(ω).

The advantage of doing this is that it allows isolating the structural response using
band-pass filtering around themodal frequencies. In case the excitation is not stationary,
time–frequency signal decomposition can be used, for example, by applying wavelet
decomposition as follows:

Wx(a, b) =

∫
x(t)ψ∗

a,b(t) dt

This allows isolating the transient structural response from low-frequency drift.
On the other hand, note that rigid body motion occurs spatially coherently within the
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field while structural deformations cause a spatial gradient. As a result, it becomes
possible to separate the two quantities by using spatial averaging:

xtrue(x, t) = xobs(x, t)− x̄obs(t)

where x̄obs(t) refers to the spatial average displacement of the rigid body motion.

6. Conclusion

In this study, the performance of non-contact, full-field vibration measurement
techniques using 3D-DIC under broadband, multi-axis dynamic excitation is
investigated, and the response of 3D-DIC is compared to conventional measurement
techniques. The study is grouped into measurement equivalence, modal fidelity,
repeatability, and industrial feasibility. It has been found that 3D-DIC can mimic
the response of a structure to dynamic loading with a level of accuracy similar to
conventional experimental vibration measurement standards, as indicated by frequency
domain analysis, resonance peak detection, and transfer function response, as well as
time domain analysis, including reliable tracking of amplitude and phase response. In
addition, modal analysis has been performed to verify the level of correlation between
3D-DIC and conventional measurement techniques in terms of deformation response.

A major difference was found in the theoretical treatment of displacement
measurement. Unlike displacement measured from the accelerometers, which required
integration in the frequency domain, resulting in frequency-dependent amplification
of uncertainty, displacement measured from 3D-DIC was directly measured. This
reduced the sensitivity to low-frequency drifts, often a result of integration, and mass
loading effects, commonly found in contact measurement systems. The absence of
sensor effects on the structure is of particular importance for lightweight or stiffened
structures, in which local dynamic response can be influenced by the mass of the
measurement system. Practical application of optical systems requires consideration of
the environmental stability, the quality of the calibration, the quality of the illumination,
and the data management needs. While accelerometers offer advantages for highly
constrained and high-frequency localized measurements, the non-contact full-field
methods offer advantages for complete fields with minimal disturbance to the structure.
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