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Abstract: In the current economic situation of many companies, the need to reduce production time
is a critical element. However, this cannot usually be carried out with a decrease in the quality
of the final product. This article presents a possible solution for reducing the time needed for
quality management. With the use of modern solutions such as optical measurement systems,
quality control can be performed without additional stoppage time. In the case of single-point
measurement with the Laser Doppler Vibrometer, the measurement can be performed quickly in a
matter of milliseconds for each product. This article presents an example of such quality assurance
measurements, with the use of fully non-contact methods, together with a proposed evaluation
criterion for quality assessment. The proposed quality assurance algorithm allows the comparison
of each of the products’ modal responses with the ideal template and stores this information in the
cloud, e.g., in the company’s supervisory system. This makes the presented 3D Laser Vibrometry
System an advanced instrumentation and data acquisition system which is the perfect application in
the case of a factory quality management system based on the Industry 4.0 concept.

Keywords: QA; QC; EMA; LDV; laser doppler vibrometer; modal analysis; quality control

1. Introduction

New hardware and software solutions for quality management (QM) in manufacturing
are being introduced as a result of advances in novel instrumentation and data acquisition
in conjunction with Industry 4.0 strategies for data management and analysis. The concept
of QM is important not only for product development and prototyping [1] but also for
product manufacturing [2], software solutions [3], and whole environments [4].

Using quality management and its methodology, any company can ensure that their
manufactured products are of high quality and consistent. There are usually two distinct
components to quality management: quality assurance (QA) and quality control (QC).
Despite the similarities, there are some distinct differences between the two. QA is more
concerned with how a process is accomplished or how a product is produced, while QC
is more concerned with how the product is inspected. For both QA and QC, there are
many options and strategies. Implementation depends on the type of production, system
installation possibilities, time, space, and personnel limitations, etc. In general, every QA
and QC strategy aims to achieve:

• The absence of manufacturing defects, limiting customers’ future complaints;
• No unexpected downtime increasing the production costs;
• No accidents caused by faulty equipment.

Software development for quality management purposes is also a key issue in the case
of Industry 4.0 concept implementation in production companies. With the use of Internet
of Things (IoT) sensors or sensor grids, it is possible to use cloud-based solutions for data
analysis [5], artificial intelligence (AI) and machine learning (ML) applications [6,7], big
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data and data mining [8,9], and emerging blockchain technologies [10,11]. Additionally, the
use of IoT sensors allows a continuous approach to predictive maintenance and production
line fault detection [12]. Finally, due to the extensive use of vision systems, novel methods
of visualization such as virtual reality can be used in connection with real-life data from
IoT sensors [13].

In the case of manufacturing process QA and QC, depending on the measuring tech-
nique used the methods can be divided into destructive and non-destructive testing [14–16].
In the case of the continuous production process, non-destructive methods are especially
interesting. One of the simplest QM systems based on non-contact solutions is using
visual inspections with, e.g., high-speed cameras. This approach is often also connected
with cloud solutions to analyze and compare data in production management systems [5].
Other optical-based solutions are based on using different optical scanners, digital image
correlation tools, spectroscopy, tomography, and microscopy. Additionally, not only are
image or video-based solutions used for the QA and QC applications but often the quality
of the vision system is evaluated with sophisticated algorithms to improve the QA results
as well as their perception by the human eye [17–19]. Another method of non-destructive
testing is to use a microphone or microphone grids to check the quality of the product as
well as to detect machine faults [20,21]. It is evident that the choice of solutions is wide,
and the use of specific tools is determined by the process, product, time, and costs. One of
the most versatile solutions is the possibility of using a 3D Laser Doppler Vibrometer (3D
LDV) as an optical-based sensor. The 3D LDV can be especially useful for measurements of
small, lightweight, or very fragile elements where other contact methods are not possible
or will take significant time and personal involvement for testing. This method is appliable
regardless of the material, thus can be appliable for testing elements obtained by additive
manufacturing and especially composite materials [22,23].

The primary use of the 3D LDV in the industry is for materials, samples, components
and whole systems testing. The system allows obtaining the data to confirm the finite
element method (FEM) simulations or provides specific data on the material itself. In civil
engineering and geoengineering, the method is used as an experimental way to establish a
failure criterion in order to predict future rock failure [24]. In materials, science engineering
3D LDV is used for non-destructive material characterization, e.g., while using the impact
excitation technique to calculate the elastic properties of a given sample using frequency
response data [25]. However, in the case of material testing applications, most applications
use modal analysis (MA) [22] and operational modal analysis (OMA) [26]. Another wider
group of applications is for structural health monitoring. In this case, the 3D LDV is
used as a means to check the dynamic conditions of civil engineering structures. Some
applications include structural monitoring of large industrial facilities [27], monitoring of
cooling and ventilation systems [28], and monitoring of renewable energy installations, e.g.,
wind turbines [29]. The third group of typical applications is quality testing in different
industries. Most often, the system is utilized as a way to detect internal material errors,
especially in composite or 3D-printed materials [30,31]. The method was also proven
effective for prototype quality testing with a data connection to simulations of created
virtual models [32]. The 3D LDV is also used for the inspection of especially problematic
elements during production, e.g., welds and other connections [33]. However, in those
cases, the application is usually limited to single samples, not serial production. The
primary use examples for mass production quality check inspections can be found in the
automotive industry [34]. In this case, the system is used for measurements of full surfaces
or parts as stationary operations, which require some time to perform the measurement.

During the literature review and state-of-the-art cross check, it was found that there is
no information about the possibility of using a 3D LDV system in mass production without
stopping the process to perform the measurement. Thus, this paper focuses on the first two
goals of the QA and QC strategy, which is finding a way to limit manufacturing defects
and at the same time decrease possible downtime (for QA and eventual machine faults).
These goals can be achieved with modern, advanced, and automated sensor technologies.
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Together with appropriate data collection and analysis (e.g., cloud solutions, big data,
etc.), the system enables the creation of a reliable quality management system within
Industry 4.0, whose main goal is to limit downtime in quality assessment. In particular,
the non-destructive, non-contact method is a good solution for monitoring processes and
products (according to ISO9000). As mentioned, one of the most advanced quality control
and monitoring systems is the 3D Laser Doppler Vibrometer. This system, often used
in the automotive industry [35], makes it possible to measure the frequency response of
one or more points (surfaces) of a product or machine without downtime. Although the
3D LDV is used for measurement, existing implementations generally continue to use
a contact method to energize the probed object (exciter). This is often achieved with an
electrodynamic shaker or automatic modal hammer. Although this method is suitable
for experimental modal analysis (EMA), it requires time and the influence of a quality
control engineer. This paper describes a completely non-contact approach using sound
pressure change as the excitation source (loudspeaker) and the 3D LDV (PSV-500, Polytec)
as the measurement system. Additionally, the architecture of the multilayer usage of
data is presented together with a QA comparison algorithm that can be used directly for
cloud analysis solutions or in connection with other possible, presented solutions. As
mentioned before, no direct applications of the system where no stopping of the production
process is required were found, and no information about the possible architecture of
such a system was mentioned in published studies. This is especially crucial taking into
account the Industry 4.0 concept where users need to obtain as much data as possible
from the process to optimize production and resources or to find new opportunities. Both
elements—the procedure for QA and QC measurements without process delay and the
architecture of the Industry 4.0 data acquisition and analysis system—are the key novelty
components of this paper. This paper is an extension of the study presented at the 2021 11th
IEEE International Conference on Intelligent Data Acquisition and Advanced Computing
Systems: Technology and Applications (IDAACS), where a modal analysis of a metallic
surface was presented [36].

2. Materials and Methods
2.1. Modal Analysis Techniques

The modal analysis involves determining the inherent dynamic characteristics of the
system in terms of natural frequencies, damping factors, and mode shapes and using
them to create a mathematical model of the dynamic behaviour of the system. Figure 1
presents the typical algorithm for obtaining modal data. A typical laboratory environmental
measurement system should consist of three parts. As an example, consider a simple case
with one input and one output. The first element of the measurement system is the one
responsible for inputting the energy to the tested object or system. The second element
aims to perform the measurement (sensor) and eventually to temporarily store the data
(e.g., shocklog sensors). The last element allows signal processing and data presentation in
the form of the frequency response function (FRF).

Figure 2 shows typical equipment used as both an excitation source and a sensing
element. In general, either contact and non-contact techniques or a mixture of both can be
used. One of the most important steps in the measurement process is to select an excitation
function (e.g., random noise) and an excitation system (e.g., a shaker) that is best suited to
the application. When selecting the excitation, consider both the type of function desired
and the type of excitation system available, as the two are interrelated. There are four main
features to consider when selecting vibration meters and analyzers: accuracy, sampling
frequency, and environmental conditions. The choice of equipment is particularly important
in the case of QM. Moreover, the modern concepts of Industry 4.0 require that data are
usually transmitted and analyzed in distributed systems. Therefore, the choice of devices
must allow easy data extraction and communication with, e.g., cloud-based solutions.
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In the following chapters, the concept of the contactless approach is presented. The
loudspeaker as an element supplying the energy to the system (sound pressure) is used, and
the PSV-500 (Polytec), a 3D Laser Doppler Vibrometer, is implemented as a sensing device.

2.2. The Principle of Operation of the 3D Laser Doppler Vibrometer

In addition to dynamic measurements of microstructures and large structures and
buildings [37,38], the 3D Laser Vibrometry System also measures environmental conditions
(temperature, electromagnetic field, radiation, etc.) and uses state-of-the-art technology
for data analysis and postprocessing. The high cost of this technology means it is used
mainly in the automotive industry [39], the aerospace industry [38], and for testing light
and ultra-light structures [22,23].

An LDV is generally a type of velocity measurement system that utilizes the Doppler
effect for its operation. When there is relative motion between a stationary observer and an
oscillating source, the Doppler effect is the change in frequency of a wave motion.

It is easy to apply the above definition to the situation when a laser source is used to
make the measurement (e.g., the laser used in an LDV) and the sample (object) moves at
velocity v. In this case, the vibrometer is a source of frequency f. During measurement, the
sample receives a frequency f ′ (1).

f ′ =

(
c−→v · →et

)
c

f (1)

Here,
→
et is the unit vector of the transmitter (source), and c is the speed of waves in

the given medium (in air, the speed of light). The velocity of the source is given relative
to the chosen medium. Moreover, its value is positive when the source moves away from
the receiver.

The examined target reflects the light beam and is the initial source of the frequency
f ′. Lastly, the vibrometer sensor is the receiver of the frequency f ′′ (Equations (2) and (3)).

f ′′ =
c(

c−→v · →er

) f ′ (2)

f ′′ =

 c(
c−→v · →er

)
( c−→v · →et

c

)
f ≈

1 +

→
v ·
(→

et −
→
er

)
c

 f (3)

Here,
→
er is the receiver unit vector. It is described as the velocity of the receiver relative

to the chosen medium. Consequently, it is positive when the receiver moves towards the
light source (the sensor in the stationary measuring head of the LDV).

While the c>>v, the adjustment in frequency depends generally on the relative velocity
of the original source and detector itself.

Moreover, if v is set parallel to the beam of the laser, the fractional change in the
detected frequency becomes (4).

∆ f = ( f ′′ − f ) =
2v
λ

(4)

The presented Equations (1)–(4) are the usual way to explain, in an easy way, the
working principle of the Doppler effect used for the laser-based sensors (LDV measurement
equipment) [40,41].

Although the LDV is a complex device, in a direct 2D LDV setup it only measures
the velocity component in the direct direction of the laser beam. When the velocity vector
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of the object and the normal of the wavefront form an angle θ (called the propagation or
scattering angle), the frequency shift changes to (5).

∆ f =
2
→
v · →e

λ
=

2 vx

λ
cosθ (5)

Using diffuse light from its target, the LDV measures velocity. As a result, the diffuse
reflection characteristics and rotational angular displacement of the object will undoubtedly
affect the final outcomes. When the observation direction changes angularly between
the surface normal and the observation direction of the object (a Lambertian light object),
diffuse reflection intensity follows the cosine law of the radiation source. A reduction in
light intensity received by the dual LDVs is observed whenever an object experiences an
angular displacement θ. Weakened light intensity is detected by the detectors of the LDVs.
Signal-to-noise ratios also deteriorate as a consequence. The rotation of the target and the
non-uniform reflectivity of the target surface lead to non-uniformity of the received light,
which leads to a decrease in the signal-to-noise ratio [22]. Commercially available LDVs
(such as Polytec’s PSV-500 used for this research) have a maximum relative measurement
error of 2% (measurement range: ±10◦) of angular displacement, which means that its
absolute measurement error is only 0.2◦. Moreover, the relationships observed for typical
scattering angle values can be seen in (6).

θ = 2◦ ⇒ 0.06% error
θ = 8◦ ⇒ 1% error
θ = 45◦ ⇒ 29.3% error

(6)

Finally, Figure 3 shows in detail the schema for the relations described by the equations above.Sensors 2022, 22, x FOR PEER REVIEW 7 of 18 
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The system controller supplied with the 3D LDV allows all three measuring heads
to perform and save the measurement and to use specialized software to perform three-
dimensional velocity mapping. Finally, the results can be seen as a 3D virtual visualization
of the mode shapes of the analyzed object. The system can be used both as a single-point
measuring system and a multipoint one. If a quick scan is required, e.g., for a quality
assurance test, the single-point scan can be performed in under 100 ms, with most systems’
limit going down to 30 ms. This allows incorporating the system in a chosen place on
the production line and capturing the measurement of each product without process
interruption. However, in many cases, to assure an even better quality control, often some
products are chosen for detailed quality analysis. In this case, the chosen n-th object can be
scanned using multipoint settings (surface scan or 3D 360° scan with the use of mirrors).
Both approaches allow the detection of some specific changes in the production process
that effect the change in quality of the product. An example of such a process will be shown
in the next chapters.

2.3. Measurement Test Setup

The PSV-500 (manufactured by Polytec) is an LDV system that uses three separate
Laser Doppler Vibrometers (three heads), each equipped with a set of two mirrors (vertical
and horizontal), allowing the measuring laser to be moved over the multiple points as-
signed on the surface of the analyzed object. The laser used in the vibration measurement
system is a HeNe laser (λ = 633 nm), and its working distance ranges from 125 mm (fixed
laboratory mount) to about 100 m (field measurement stand). This allows high flexibility
in measurements. With the measurement of a surface possible from just a few mm2 to a
hundred m2, with a resolution of 0.01(µm/s)/

√
Hz (10 nm at 1 Hz) and frequency range

of 0–100 kHz, the system is able to measure any kind of object. The measurement range
from 0.001 to 10 m/2 also allows different excitation sources and, especially in the case of
civil engineering usage, the use of only the ground motion as an excitation source. Under
laboratory conditions where the environment is controlled and stable and there are no
additional optical disturbances, vibrometers perform measurements with an error of <10−5.
Moreover, the laser stabilization improves the overall signal-to-noise ratio which allows
good-quality measurements in the industrial environment.

Figure 4 shows the three heads of the 3D LDV in a laboratory test frame, a con-
troller, and a computer with specialized data analysis software and cloud connection. The
three heads can also be installed on a separate camera stand, in which case the system is
completely mobile and ready to measure particularly large structures or machines.

The measurement test setup is presented in Figure 4. In this case, a commercial
steel blade was the chosen object, which was clamped and fixed to the laboratory test
table. The three heads of the PSV-500-3D system were used as sensing equipment, and the
loudspeaker was the exciter used to deliver the energy to the object (with a specific function).
The loudspeaker also requires a wave generator, which is integrated into the controller
of the 3D LDV system. This allows, depending on the tested object and users’ needs, the
generation of all typical waveforms, both standardized and random ones. Typically, the
sweep or chirp signals are used; however, for testing with the use of the sound source
(loudspeaker), this is not always practical. In this case, the pseudo-random signal is a much
better choice. It can cover the entire frequency spectrum such as sweep or chirp signals but
is less problematic for the eventual people around the setup due to the emitted sound. This
choice is optimal for both laboratory testing and use in a production line environment.

Regarding measurement performance, a single-point scan or multipoint scan is pos-
sible. If a single-point scan is chosen, the measurement can be performed in just 30 ms;
however, it may be profitable to scan this point a few times to acquire the averaging param-
eter equal to the number of scans and improve the final results. In the case of a surface scan,
a grid of assigned points is scanned. If for any reason the system excludes any of the points
(low quality, lack of visibility, diffraction due to the dust in the air, etc.), the points are
remeasured at the end of the scan. With the use of a loudspeaker, the full measurement can
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be performed in a matter of a few minutes. Figure 5 presents the laser focus on one point
for single-point measurement (Figure 5, left) and assigned points for surface measurement
in the case of a multipoint scan (Figure 5, right).
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The system requires some preparatory steps to assure the quality of measurement
without errors. This includes 2D alignment where each head distance is aligned to multiple
points over the surface, 3D alignment where a coordinate system is created (Figure 6,
left), assignment of scan points, and finally the geometry scan and beam focusing. For
coordinate system creation (Figure 5) in the presented case, the X and Y directions are the
lateral directions of the blade, and the vertical component Z is perpendicular to the surface
(direction of the excitation). During this step, the system also checks the target quality and
informs about visibility and eventual problems (Figure 6, right). For laboratory tests and
industrial applications, the preferable target quality should be below 0.5 mm. In the case of
the field test and especially large structures such as bridges or buildings, this parameter
increases significantly and is highly dependent on environmental conditions.
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Figure 6. Test object coordinate system and 3 sensors’ (heads’) 3D alignment.

3. Results

The surface scan was performed for 120 points located as shown in Figure 5 (right).
Each point was remeasured three times to additionally increase the quality of data and the
postprocess animation. Figure 7 presents the results of the overall frequency response func-
tions (velocity magnitude). The data were obtained after averaging over all measurement
points of the full surface after the software excluded the points of insufficient quality.
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Figure 7. FFT results from measurements of velocity magnitude—measurement of the full surface
scan by 3D LDV in the range of 0–800 Hz.

Figure 8 shows static images of the first three bending modes taken by the scanner
system (also the green line picks in Figure 7). The measurement was made from several
surface points, and the final result is the visualization of the movement of all points. In this
way, the observer can exclude points that do not behave similarly to others (in terms of
amplitude or direction of movement). Thanks to the capabilities of the software, additional
mathematical operations are also possible, which allow better visualization of the final
spatial form. The animation can also be superimposed with the original image from the
main camera of the vibrating head. This approach improves the user’s understanding of
the data analysis and allows a correct assessment of the mode shape type.

The data can be presented in multiple ways. The main one is creating an FRF plot for
each point or averaged plot for all surface points. Additionally, the data can be extracted
and used in many other formats and in both commercial (Labview, MeScope, Matlab, etc.)
and free systems. The additional programs and plug-ins, e.g., Python codes, can also be
incorporated to send the data to production or companies’ distributed cloud software and
solutions (SCADA, MES, ERP, etc.). Then, the data can be directly applied for QA and QC
analysis, with the data and results stored in the chosen software.

In addition, Table 1 shows the natural frequencies and modal shapes of the investi-
gated steel blade in the range of 0–1.1 kHz. Thanks to the three measuring heads of the
Laser Doppler Vibrometry System (PSV-500), it is also possible to detect the directional de-
pendence of each vibration mode. Thus, not only the frequency but also the type of modal
shape can be detected and later animated. The frames presenting maximal curvatures are
presented in Figure 8.
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Table 1. Overall results of the modal analysis in the 0–1.1 kHz range.

Mode Number Modal Shape Frequency (Hz)

1 1st Bending 62
2 1st Torsional 138
3 2nd Bending 194
4 3rd Bending 466
5 1st Lateral 722
6 4th Bending 904
7 2nd Torsional 1004

4. Discussion and Significance of Results for Industrial QA and QC
4.1. Results’ Significance

It is worth mentioning that the laser sensor in each of the heads allows an angular
resolution of <0.001◦, an angular stability of <0.001◦/h, and up to 30 scan points/s. This
last parameter is especially useful while using the system in continuous measurements on a
production line without stopping the process for quality checks. Single-point measurement
is possible in just 30 ms. Additionally, if there is no change in position between each
product on the production line, there is no need to perform preparation tasks such as 2D
alignment, 3D alignment, scan point assignment, and laser beam focusing. This makes the
system perfect for QA and QC on the production line.

The author proposes a multilevel system for QA and QC based on the 3D Laser Vibrometer:
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• First layer: The sensing platform where the system can operate independently per-
forming 2D (single-point) or 3D (surface) measurements and providing warning
information if the data does not match the template product. This layer also allows
communication with higher-level software.

• Second layer: The middleware where the database system is implemented and infor-
mation can be stored in the cloud for future analysis. For production management, it
can be system control and data acquisition software (SCADA) in the case of produc-
tion control, and product data management (PDM) or product lifecycle management
(PLM) in the case of product information management (design, prototyping, volume
production, revisions, lifecycle tracking, etc.). This layer also allows communication
with decentralized platforms and enterprise services.

• Third layer: The distributed system level where whole company data can be analyzed,
stored and compared. With the use of modern technologies (big data, blockchain), the
data can be used in a wider range of areas, e.g., to optimize production processes and
limit the number of production faults.

Figure 9 presents the overall architecture of data acquisition and its usage in the case
of the production process.
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Figure 9. The proposed approach to QA and QC with 3D LDV.

In most QA and QC implementations, only randomly chosen elements, sets, or pro-
duction series are chosen for control purposes. However, if the measurement can be limited
to only 30 ms, this can be performed on the go without losing time for each of the prod-
ucts, thereby limiting the number of faulty products sent to companies’ clients. Figure 10
presents the proposed QA process where each element is tested with a single-point mea-
surement and every n-product is tested with a surface scan (few minutes’ measurement).
Data for every single point and surface measurement can then be stored in the cloud for
comparison purposes and later can be analyzed in the enterprise services.

To allow a data comparison (e.g., using cloud solutions), some kind of evaluation
algorithm is necessary. The chosen algorithm will strongly depend on the field of usage
and the sensor used. In the following chapter, a possible solution for on-the-go comparison
with the template will be presented.
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4.2. Proposed QA Algorithm and Evaluation Process

Due to its capability for quick measurements, the QA process will require some kind
of performance evaluation criterion. The proposed method uses an algorithm based on
the comparison of the benchmark product (LDVre f ) with the specific product (LDVproduct).
This case does not require the person responsible for the QA process to do anything more
than define the level of acceptable positive evaluation for the product.

By using the software provided with the LDVs, a cloud-based application, or the
SCADA system for the production line, the QA engineer can calculate the maximal dif-
ference (D1) and RMS difference (D2) between the two readings. Using each scan point’s
value, the maximum difference is calculated. In the case of ‘n’ scan points, the difference is
calculated using Equation (7).

D1(i) =
(

abs
(

LDVre f (i)− LDVproduct(i)
))

(7)

Thus, the maximum percentage difference is calculated from (8).

D1(%) =

 max(D1)

max
(

abs
(

LDVre f

))
 ∗ 100 (8)

Alternatively, it is convenient to calculate RMS differences for ‘n’ sampling points
from (9).

RMSDi f f =

√√√√∑n
i=1

(
LDVre f (i)− LDVproduct(i)

)2

n
(9)
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As the last step, the RMS difference normalized by the range can be calculated by (10).

D2(%) =

 RMSDi f f

max
(

LDVre f

)
−min

(
LDVre f

)
 ∗ 100 (10)

A similar method, but for the overall performance assessment of measurement quality
for civil engineering structures and the validation of displacement sensors, was used by
Gomez et al. [42] and Garg [43] with good results. Thus, the algorithm presented is a
known algorithm for the assessment of the displacement of civil engineering structures.
However, the typical usage is with the implementation of typical displacement sensors or
accelerometers in the case of dynamic measurements. The proposed approach incorporates
a novel optical measurement system, the 3D Laser Doppler Vibrometer. Additionally, the
implementation in the previous usage of this algorithm was for dynamic measurements of
the structures under typical excitations (traffic). The proposed approach is the implementa-
tion of such a system and algorithm for ultra-fast measurements (just a few milliseconds)
that allows it to be used also for QA and QC. This is a novel approach.

5. Conclusions

In summary, dynamic measurements play a critical role in the design and analysis of
equipment and quality control. Moreover, the use of novel, optical techniques like 3D laser
vibration measurement systems in quality control processes, especially quality assurance
and quality control as part of an Industry 4.0 strategy, is very advantageous. The QA&C
engineer can measure and compare the frequency response of mass-production products.
The potential use of non-contact excitation allows such systems to be implemented in
production lines to perform product quality assessments without additional stops and
human involvement. This single-point measurement takes only a few milliseconds and can
be synchronized with the flow of the production process. Moreover, due to the globalization
effect, one company can have factories in different parts of the world, but the quality of
the same products must be the same, and in many cases the clients require proof of quality.
With cloud-based solutions and the possibility of easy data storage and comparison, this can
be assured smoothly with the use of the presented system. This paper also presents a simple
QA comparison algorithm that can be used in such a process. Future research will focus on
connecting the 3D LDV production data with AI solutions for predictive maintenance.

Funding: This research received no external funding.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This paper and the research behind it would not have been possible without the
support and guidance from the scientific community and reviewers of the 2021 11th IEEE Interna-
tional Conference on Intelligent Data Acquisition and Advanced Computing Systems: Technology
and Applications (IDAACS), IEEE, Cracow, September 2021, where the first, basic concept of this
extended study was presented. I am also grateful to M. Guinchard, head of the Laboratory of Me-
chanical Measurements (CERN), for the use of the 3D Polytec PSV-500 vibrometry laser system, basic
training, and all useful pieces of advice regarding vibration measurements, sensing technology, and
data analysis.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Burggräf, P.; Wagner, J.; Heinbach, B.; Steinberg, F.; Pérez, M.A.R.; Schmallenbach, L.; Garcke, J.; Steffes-lai, D.; Wolter, M.

Predictive Analytics in Quality Assurance for Assembly Processes: Lessons Learned from a Case Study at an Industry 4.0
Demonstration Cell. Procedia CIRP 2021, 104, 641–646. [CrossRef]

2. Korotkov, A.; Korotkova, L.; Vidin, D. Quality Assurance for the Production of Metal-Cutting Tools from High-Speed Steels. IOP
Conf. Ser. Mater. Sci. Eng. 2020, 709, 022022. [CrossRef]

http://doi.org/10.1016/j.procir.2021.11.108
http://doi.org/10.1088/1757-899X/709/2/022022


Sensors 2023, 23, 1263 16 of 17

3. Wiemer, H.; Dementyev, A.; Ihlenfeldt, S. A Holistic Quality Assurance Approach for Machine Learning Applications in
Cyber-Physical Production Systems. Appl. Sci. 2021, 11, 9590. [CrossRef]

4. Gesangyangji; Vimont, D.J.; Holloway, T.; Lorenz, D.J. A Methodology for Evaluating the Effects of Climate Change on Climatic
Design Conditions for Buildings and Application to a Case Study in Madison, Wisconsin. Environ. Res. Infrastruct. Sustain. 2022,
2, 025007. [CrossRef]

5. Safari, P.; Shariati, B.; Przewozny, D.; Chojecki, P.; Fischer, J.K.; Freund, R.; Vick, A.; Chemnitz, M. Edge Cloud Based Visual
Inspection for Automatic Quality Assurance in Production. In Proceedings of the 2022 13th International Symposium on
Communication Systems, Networks and Digital Signal Processing (CSNDSP), Porto, Portugal, 20–22 July 2022; pp. 473–476.

6. Cioffi, R.; Travaglioni, M.; Piscitelli, G.; Petrillo, A.; De Felice, F. Artificial Intelligence and Machine Learning Applications in
Smart Production: Progress, Trends, and Directions. Sustainability 2020, 12, 492. [CrossRef]

7. Pérez-Lombard, L.; Ortiz, J.; Pout, C. A Review on Buildings Energy Consumption Information. Energy Build. 2008, 40, 394–398.
[CrossRef]

8. Ge, Z.; Song, Z.; Ding, S.X.; Huang, B. Data Mining and Analytics in the Process Industry: The Role of Machine Learning. IEEE
Access 2017, 5, 20590–20616. [CrossRef]

9. De Ketelaere, B.; Hubert, M.; Schmitt, E. Overview of PCA-Based Statistical Process-Monitoring Methods for Time-Dependent,
High-Dimensional Data. J. Qual. Technol. 2015, 47, 318–335. [CrossRef]

10. Zhong, B.; Guo, J.; Zhang, L.; Wu, H.; Li, H.; Wang, Y. A Blockchain-Based Framework for on-Site Construction Environmental
Monitoring: Proof of Concept. Build. Environ. 2022, 217, 109064. [CrossRef]

11. Cho, S.; Khan, M.; Pyeon, J.; Park, C. Blockchain-Based Network Concept Model for Reliable and Accessible Fine Dust Manage-
ment System at Construction Sites. Appl. Sci. 2021, 11, 8686. [CrossRef]

12. Kanawaday, A.; Sane, A. Machine Learning for Predictive Maintenance of Industrial Machines Using IoT Sensor Data. In
Proceedings of the 2017 8th IEEE International Conference on Software Engineering and Service Science (ICSESS), Beijing, China,
20–22 November 2017; pp. 87–90.

13. Ratava, J.; Penttilä, S.; Lund, H.; Lohtander, M.; Kah, P.; Ollikainen, M.; Varis, J. Quality Assurance and Process Control in Virtual
Reality. Procedia Manuf. 2019, 38, 497–504. [CrossRef]

14. Saremi, S.G.; Goulias, D.G.; Akhter, A.A. Non-Destructive Testing in Quality Assurance of Concrete for Assessing Production
Uniformity. Transp. Res. Rec. J. Transp. Res. Board 2022, 2677, 1259–1275. [CrossRef]

15. Musca, M.C. Quality Control of the Flexoral Strength in Concrete by Non-Destructive Tests 2019. Available online: https:
//inis.iaea.org/search/search.aspx?orig_q=RN:51108003(accessed on 10 November 2022).

16. Pollock, L.; O’Byrne, S.; Wild, G. Quality Assurance of Uncured Polymer Matrix Prepregs through the Application of Non-
Destructive Methods. NDT E. Int. 2022, 133, 102761. [CrossRef]

17. Zhou, W.; Chen, Z.; Li, W. Dual-Stream Interactive Networks for No-Reference Stereoscopic Image Quality Assessment. IEEE
Trans. Image Process. 2019, 28, 3946–3958. [CrossRef]

18. Cui, Y.; Yu, M.; Jiang, Z.; Peng, Z.; Chen, F. Blind Light Field Image Quality Assessment by Analyzing Angular-Spatial
Characteristics. Digit. Signal Process. 2021, 117, 103138. [CrossRef]

19. Xu, J.; Zhou, W.; Chen, Z. Blind Omnidirectional Image Quality Assessment with Viewport Oriented Graph Convolutional
Networks. IEEE Trans. Circuits Syst. Video Technol. 2020, 31, 1724–1737. [CrossRef]

20. Löffler, C.; Nickel, C.; Sobel, C.; Dzibela, D.; Braat, J.; Gruhler, B.; Woller, P.; Witt, N.; Mutschler, C. Automated Quality Assurance
for Hand-Held Tools via Embedded Classification and AutoML. In Joint European Conference on Machine Learning and Knowledge
Discovery in Databases; Springer: Cham, Switzerland, 2021; pp. 532–535.

21. Kaniak, G.; Rohringer, W.; Brauns, M.; Panzer, N.; Lucking, F.; Fischer, B.; Brand, S.; Grose, C. Enhanced Non-Contact Ultrasonic
Testing Using an Air-Coupled Optical Microphone. In Proceedings of the 2020 IEEE SENSORS, The Netherlands, 25–28 October
2020; pp. 1–4.

22. Guinchard, M.; Angeletti, M.; Boyer, F.; Catinaccio, A.; Gargiulo, C.; Lacny, L.; Laudi, E.; Scislo, L. Experimental Modal Analysis
of Lightweight Structures Used in Particle Detectors: Optical Non-Contact Method. In Proceedings of the 9th International
Particle Accelerator Conference, IPAC18, Vancouver, BC, Canada, 29 April–4 May 2018; pp. 2565–2567.

23. Scislo, L.; Guinchard, M. Non-Invasive Measurements of Ultra-Lightweight Composite Materials Using Laser Doppler Vibrometry
System. In Proceedings of the 26th International Congress on Sound and Vibration: Montreal Bridges, Montreal, QC, Canada,
7–11 July 2019; pp. 1–8.

24. Xie, Q.; Duan, J.; Ban, Y.; Fu, X.; Liu, S. Laser Vibration Characteristics of Marble Specimens and Failure Criterion. Appl. Sci. 2022,
12, 2223. [CrossRef]

25. Stanbridge, A.B.; Khan, A.Z.; Ewins, D.J. Modal Testing Using Impact Excitation and a Scanning LDV. Shock. Vib. 1998, 3411,
348–356. [CrossRef]

26. Marwitz, S.; Zabel, V. Operational Modal Analysis with a 3D Laser Vibrometer Without External Reference. In Rotating Machinery,
Hybrid Test Methods, Vibro-Acoustics & Laser Vibrometry; Springer: Cham, Switzerland, 2016; pp. 75–85.
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