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ABSTRACT

Acoustic analysis has emerged as a promising, non-intrusive approach for process monitoring and quality assessment
in gas metal arc welding (GMAW). The sound generated during the GMAW process originates from complex physical
phenomena, including arc plasma dynamics, metal transfer mechanisms, weld pool oscillations, and shielding gas
flow. Therefore, acoustic signal contains significant information related to process stability and weld formation. Dur-
ing the previous decades, numerous researches have been focused on the application of audible sound and acoustic
emission for real-time monitoring of the GMAW process. This paper provides an overview of the application of acous-
tic analysis in the GMAW process. The basic mechanisms of acoustic signal generation, as well as signal acquisition
and processing techniques in the time, frequency, and time-frequency domains, are considered. Key application areas
are reviewed, including process stability monitoring, weld quality assessment, metal transfer mode classification, and
welding defects detection. Special attention is paid to contemporary trends, challenges and the integration of acous-
tic analysis with intelligent welding systems, highlighting its potential as a supplementary tool for advanced GMAW
process monitoring.

KEYWORDS

Gas metal arc welding, Acoustic analysis, Acoustic emission, Signal processing, Metal transfer modes, Process stability,
Weld quality, Machine learning.

1. INTRODUCTION

Gas metal arc welding (GMAW) is one of the most commonly applied arc welding processes in the modern manufac-
turing industry, thanks to its high productivity, convenience for automation, and the possibility of welding a wide
range of materials and thicknesses. However, the quality and stability of the GMAW process largely depend on com-
plex and extremely dynamic phenomena, such as the behavior of the electric arc, metal transfer mechanisms, dynam-
ics of the molten pool, as well as the mutual interactions of electrical, thermal, and mechanical effects. Changes in
these phenomena can lead to the occurrence of various welding defects, including lack of fusion, porosity, excessive
spatter, burn-through, and inconsistent penetration, which directly affect the mechanical properties and reliability of
welded joints [1-5].

Traditionally, the monitoring and control of the GMAW process have been based primarily on the analysis of electrical
signals, such as welding current and voltage, as well as optical measurement methods and non-destructive testing
(NDT) techniques applied after the process is completed. Although these methods provide valuable information
about welding flow and joint quality, they often have significant limitations, including sensitivity to intense arc

© Faculty of Mechanical and Civil Engineering in Kraljevo. All rights reserved 7
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radiation and fumes, high complexity of measurement systems, and delayed error detection. These limitations have
been documented in numerous studies dealing with welding process monitoring and multi-sensor approaches [6,7].
For this reason, in recent years, there has been a growing interest in alternative sensor approaches that enable the
monitoring of processes in real time, in a non-intrusive and economically profitable manner.

Among these approaches, acoustic analysis stood out as a promising tool for monitoring and diagnosing the welding
process. Sound generated during the GMAW process originates from multiple physical sources, primarily associated
with arc plasma fluctuations, metal transfer events, and fluid-electromagnetic interactions. As a consequence, the
acoustic signal inherently contains information about the stability of the process, the mode of metal transfer, and the
quality of the welded joint [8-12]. In addition to physically measurable acoustic characteristics, psychoacoustic re-
search has shown that experienced operators can subjectively assess welding stability based solely on sound percep-
tion, which further confirms the information richness of acoustic emissions in the GMAW process [13,14].

The application of acoustic emission in welding can be traced back to the pioneering work of Jolly [15,16], who
showed that acoustic emission signals can be used to detect crack initiation, porosity, and inclusions in real time,
during the welding process itself and subsequent cooling of the weld metal. One of the first systematic studies of
acoustic emission signals in welded joints further demonstrated that acoustic emission signals activity is strongly re-
lated to the occurrence of defects and structural changes occurring during welding [17]. Early experimental research
also confirmed that acoustic emission signals during welding is closely related to transient metallurgical processes
and defect formation mechanisms, thus confirming the feasibility of applying acoustic emission signals methods for
process monitoring directly during welding [18].

This early research pointed to one of the key advantages of acoustic monitoring compared to conventional NDT
methods, which is the ability to obtain real-time process information. This enables earlier identification of defect
mechanisms and reduces the need for subsequent inspection of welded joints and corrective actions after welding
[15], [19-21]. Subsequent studies further confirmed the applicability of acoustic emission signals diagnostics for iden-
tifying the lack of fusion and other irregularities in welded joints in industrial conditions [3].

After these initial investigations, numerous works have dealt with the application of audible sound and acoustic emis-
sion signals for online monitoring of the GMAW process. Research has shown that acoustic characteristics extracted
in the time, frequency, and time-frequency domains can be effectively related to welding stability, short circuit be-
havior, and metal transfer dynamics [22-25]. In particular, different metal transfer modes, such as short-circuit, glob-
ular, spray, and pulsed GMAW, have been shown to possess characteristic acoustic signatures, enabling reliable clas-
sification of transfer modes based on sound analysis [11,12], [26-28].

In addition to process stability assessment and metal transfer mode identification, acoustic measurement was also
applied to weld quality assessment and defect detection. Successful examples of burn-through detection, lack of fu-
sion, porosity, and penetration variations using acoustic characteristics in combination with statistical analysis, re-
gression models, and machine learning methods (ML) have been recorded in the literature [1-5]. Recent works have
further improved these approaches by introducing advanced methods of signal processing, sensor fusion, and artifi-
cial intelligence, including neural networks and deep learning, thus increasing the robustness and accuracy of pre-
diction in industrial settings [29-32]. A comprehensive review of acoustic emission signals techniques for the evalua-
tion of welded structures and their structural reliability is provided by Nedoseka [20].

In parallel with experimental research, efforts were made to improve the physical understanding of sound generation
mechanisms in the GMAW process. Analytical and numerical models describing the dynamics of metal transfer and
arc behavior have provided a deeper insight into the relationship between droplet motion, electromagnetic forces
and acoustic emission signals [27,28],[33-35]. Recently, models with lumped parameters have been proposed, as well
as numerical models that explicitly consider the generation of sound in the GMAW process, which further strengthens
the theoretical basis of acoustic monitoring [35]. However, despite extensive experimental research, the physical
modeling of sound generation in the GMAW process is still fragmentary and incomplete, which limits the predictive
capabilities of acoustic analysis.

Despite significant progress made over the last few decades, the application of acoustic analysis in the GMAW process
still faces challenges related to ambient noise, sensor positioning, process variability, and the lack of standardized
measurement and analysis procedures. At the same time, the growing need for intelligent welding systems and so-
lutions within the Industry 4.0 concept has refocused attention on acoustic measurement as a complementary or
alternative monitoring method, thanks to its simplicity, non-intrusive nature, and rich informational content (Figure
1). Despite extensive experimental research, a large number of existing studies remain limited to specific applications
and do not possess a unique physical framework that would relate acoustic characteristics to basic welding phenom-
ena. In this context, this paper provides a comprehensive overview of acoustic analysis in the GMAW process. The
physical sources of welding sound, acoustic measurement approaches, signal processing techniques, and the main
areas of application, including process stability monitoring, weld quality assessment, metal transfer mode classifica-
tion, and defect detection, are presented. Current challenges and future directions of research were also discussed to

8 M. Rasinac et al.
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highlight the potential of acoustic measurement for the development of intelligent and reliable GMAW process mon-
itoring systems. In addition to works focused on specific processes, several review and survey papers have provided
a broader methodological and technological context of the application of acoustic and audible sound for real-time
monitoring of welding transient phenomena and processes [36-38].

GMAW Process

Acoustic Signal Generation

oz @
> 4

Signal Processing

Intelligent Monitoring
(Machine Learning)

Figure 1: Conceptual workflow of acoustic analysis in GMAW
1.1. Scope and methodology of the review

This review paper focuses on acoustic signal analysis applied exclusively to GMAW. The scope of the paper is deliber-
ately limited to the GMAW process in order to allow a detailed and physically based elaboration of sound generation
mechanisms, signal processing approaches, and practical applications relevant to this welding process. The literature
reviewed was selected based on its relevance to acoustic measurement, sound emission, or acoustic emission signals
techniques in the GMAW process, with particular emphasis on studies dealing with process stability, metal transfer
modes, weld quality assessment, and defect detection. Both classic and contemporary works are included in the con-
sideration to cover the historical development of the field, as well as current research trends.

The review gives priority to papers published in peer-reviewed scientific journals and doctoral dissertations, while
conference papers are included in cases where they provide a significant methodological or conceptual contribution.
Selected studies were analyzed and synthesized in relation to the applied type of sensor, signal features, used models,
and processing techniques, as well as basic conclusions and reported results.

1.2. Acoustic sensing modalities in GMAW

Acoustic monitoring of the GMAW process is most commonly performed using microphone-based airborne sound
measurements or acoustic emission (AE) sensors that register waves propagating through the material structure. Mi-
crophones measure sound pressure fluctuations emitted into the surrounding air and are particularly sensitive to arc
plasma dynamics and metal transfer events. Due to their non-contact nature and simple installation, microphone-
based systems represent an attractive solution for industrial applications, although they are more susceptible to am-
bient noise and reflections. In contrast, AE sensors are typically mounted directly on the workpiece and detect elastic
waves propagating through the material. Acoustic emission measurements performed using AE sensors are less sen-
sitive to airborne noise and are particularly suitable for the detection of high-frequency transient events, such as crack
initiation or burn-through. However, their application requires physical contact and proper mechanical coupling be-
tween the sensor and the surface, which may limit their practical applicability in certain industrial environments.

FMCE Kraljevo 9
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Numerous studies have shown that both approaches provide complementary information about the welding pro-
cess, and hybrid systems combining microphones and AE sensors have been proposed in order to increase the ro-
bustness and reliability of process monitoring. In this review, measurements of airborne sound and measurements of
acoustic emission signals through a structure are discussed within the common concept of acoustic sensing, since
both types of signals originate from the same basic phenomena in the welding process, but differ in the propagation
medium and characteristic frequency range.

1.3. Positioning of acoustic analysis among welding monitoring techniques

Compared to traditional monitoring methods based on electrical and optical measurements, acoustic analysis offers
a unigue combination of non-intrusiveness, sensitivity to dynamic phenomena, and relatively low implementation
costs. Electrical signals, such as welding current and voltage, provide direct information about energy delivery, but
are often not sensitive enough to detect subtle disturbances associated with metal transfer or molten pool dynamics.
Optical monitoring systems, although extremely informative, as a rule require complex measuring equipment and
can be sensitive to harsh conditions in the welding zone, such as intense arc radiation, fume, metal spatter, and light-
ing changes. Acoustic sensing complements these approaches by providing indirect but physically meaningful infor-
mation on arc dynamics, metal droplet detachment, and process instabilities. As a result, acoustic analysis is increas-
ingly considered an important component of multi-sensor and intelligent welding process monitoring systems.

2. ACOUSTIC SIGNAL GENERATION IN GMAW

The acoustic signal produced during the GMAW process originates from the interaction of several physical phenom-
ena that take place within the electric arc, the molten metal, and the surrounding shielding gas. Unlike purely electri-
cal or optical signals, welding sound is a macroscopic manifestation of the rapid energy exchanges and dynamic in-
stabilities inherent in the GMAW process. Understanding the origin of acoustic signals is therefore crucial to correctly
interpret their relationship to process stability, metal transfer mechanisms, and weld quality.

2.1. Arc plasma dynamics as a sound source

One of the primary sources of acoustic emission in the GMAW process is the electric arc plasma. Temporal fluctuations
of current and arc voltage lead to rapid changes in pressure, temperature, and electrical conductivity of the plasma,
resulting in periodic expansion and contraction of the plasma column. These pressure oscillations spread into the
surrounding environment in the form of acoustic waves and represent a significant part of the measured sound signal
[8-10]. In the short-circuit and globular metal transfer modes, abrupt changes in arc length during droplet formation
and detachment introduce pronounced transient disturbances in the arc plasma. These events generate pulsed
acoustic emissions with broadband frequency content, which are clearly visible in both time domain and spectral
representations of the sound signal [22],[23-25]. In contrast, in stable metal spray transfer, the electric arc remains
relatively constant, resulting in more continuous acoustic signatures with narrower spectral distributions [26],[39].

2.2. Metal transfer phenomena and droplet dynamics

Metal transfer is widely recognized as one of the dominant sources of acoustic activity in the GMAW process. The
formation, growth, detachment, and impact of molten metal droplets are determined by the balance of electromag-
netic forces, surface tension, gravity, and drag of the plasma. Each of these mechanisms contributes to the force fluc-
tuations that excite acoustic radiation during the welding process [27,28], [33,34], [40].

The short-circuit transfer mode in particular generates pronounced acoustic pulses associated with repeated arc ex-
tinguishing and reignition events. These impulses strongly correlate with the frequency and duration of short circuits,
which explains the close connection between statistical acoustic features and process stability, as confirmed in nu-
merous studies [1-5],[29,30]. In contrast, globular and spray modes of metal transfer are characterized by a more uni-
form behavior during droplet separation, which leads to acoustic emissions dominated by periodic components as-
sociated with droplet oscillations and their detachment frequency [28],[33,34].

Newer research has additionally shown that the resonant phenomena of droplets and their oscillatory movement can
significantly affect the acoustic spectrum, especially in the pulsed and controlled GMAW process. Changes in droplet
size, droplet detachment time, and impact dynamics result in characteristic acoustic patterns that can be used to
classify metal transfer modes and monitor the welding process [11,12], [26], [39].

2.3. Gas flow, arc—droplet interaction, and molten pool dynamics

In addition to arc plasma dynamics and metal transfer, shielding gas flow and interaction between the arc and metal
droplets contribute significantly to the overall acoustic emission during the GMAW process. Turbulent gas flow in the
arc zone generates broadband noise, while interactions between the plasma jet and the molten metal surface cause
pressure fluctuations that further modulate the sound signal [9-12].

The dynamics of the molten metal pool also play a secondary but significant role in the generation of acoustic signals.

10 M. Rasinac et al.
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Oscillations of the pool surface, especially in conditions of thermal or electromagnetic instability, can be coupled
with arc pressure variations and droplet impacts, which lead to the amplification of low-frequency acoustic compo-
nents, as observed in several experimental studies dedicated to penetration instability and burn-through phenomena
[1,2]. These effects become more pronounced in cases of burn-through, excessive penetration, or unstable heat input,
which explains the high sensitivity of acoustic signals to the occurrence of weld defects and variations in penetration
depth, noted in numerous experimental studies [1-4],[31].

2.4. Statistical and physical interpretation of GMAW sound

From the aspect of signal processing, the acoustic emission during the GMAW process exhibits a stochastic and im-
pulsive character, which reflects the inherently unstable and non-linear behavior of the welding process. Statistical
analyses have shown that sound pressure distributions often deviate from the Gaussian distribution and are charac-
terized by "heavy tails", especially in unstable welding modes [11,12],[41]. These properties provide the physical basis
for the effectiveness of time-domain statistical features, such as root mean square (RMS), kurtosis, and variance, in
characterizing process stability and weld defect formation. In addition to empirical observations, newer models seek
to explicitly link the physical parameters of the process with the mechanisms of acoustic signal generation. Lumped-
parameter and numerical models, including arc dynamics, metal transfer forces, and energy balance, have provided
significant insight into the coupling between the physics of the welding process and sound generation [35]. Such
models strengthen the theoretical basis of acoustically based monitoring methods and enable the interpretation of
measured signals in the context of basic physical phenomena.

From a practical point of view, the acoustic emission during the GMAW process is characterized by relatively high
sound pressure levels and a wide frequency range, where both the amplitude and the spectral distribution are
strongly dependent on the welding parameters and the metal transfer mode [8],[42]. Short-circuit metal transfer is
usually associated with impulsive, broadband acoustic emissions originating from arc extinction and reignition, while
globular and spray modes of transfer produce more continuous acoustic signatures with dominant frequency com-
ponents associated with periodic droplet detachment and arc plasma oscillations [9-12]. In the pulsed GMAW process,
additional spectral components synchronized with the pulse frequency additionally shape characteristic time-fre-
quency patterns, which differ from those present in conventional metal transfer modes [26],[39],[43,44]. These sys-
tematic differences in sound pressure level and spectral content provide the physical basis for the statistical acoustic
features and analysis approaches discussed in the following chapters. The overall connection between physical phe-
nomena in the GMAW process, acoustic signal generation, signal processing, feature extraction, and their application
in process monitoring tasks is shown schematically in Figure 2.

GMAW Process

Physical Phenomena
(arc, droplets, pool)

{

Acoustic Signal Generation

m L& (microphone / AE)
1

Signal Processing

IRMS  |aliaallen _AAA

RMS, spectrum, kurtosis

<+

Application

Stability

Figure 2: Overview of main application domains of acoustic analysis in GMAW
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3. ACOUSTIC MEASUREMENT AND SIGNAL PROCESSING IN GMAW

The effectiveness of the acoustic analysis in the GMAW process is highly dependent on the applied measurement
strategy and subsequent signal processing techniques. Given the complex and noisy industrial environment in which
GMAW is most often performed, careful selection of acoustic sensors, measurement configurations, and signal pro-
cessing methods is necessary to ensure reliable extraction of information relevant to the welding process. Over the
past decades, various approaches to acoustic monitoring and analysis have been proposed, ranging from simple au-
dible sound measurements to advanced acoustic emission systems combined with machine learning algorithms.

3.1. Acoustic sensing techniques and sensor configurations

Acoustic monitoring of the GMAW process is most often carried out using measurements of airborne sound, based
on the use of microphones or using structural AE sensors. Airborne sound measurement relies on microphones placed
near the welding arc, which register the audible sound generated during the process. This approach is non-intrusive,
simple to implement, and economically viable, which makes it particularly suitable for industrial applications
[8],[45,46]. Microphone-based measurements have been successfully applied for online monitoring of welding pro-
cess stability, metal transfer behavior, and weld quality. Several studies have shown that even a single microphone
can provide enough acoustic information for the detection of process instabilities and welding defects, if appropriate
signal processing techniques are applied [1,2], [22], [25].

In recent research, systems with microphone arrays have been introduced to improve spatial resolution and re-
sistance to the influence of ambient noise, which enables dynamic localization and monitoring of acoustic sources in
the welding zone [47]. Using spatial filtering and beamforming techniques, microphone arrays enable the separation
of the sound associated with the welding arc from ambient noise and reflections, which is of particular importance in
industrial environments with complex acoustic conditions. Early methodological frameworks for the systematic char-
acterization of the acoustics of the GMAW process, including the selection of sensor positions and frequency ranges,
were discussed in [48], which laid the foundation for the later development of spatial and array acoustic monitoring.
In addition to process stability monitoring, arc sound measurement has also been applied in spatial process monitor-
ing tasks, such as seam monitoring in GMAW welding in narrow grooves, which further confirms the versatility of
microphone-based acoustic measurements [49].

Unlike airborne sound measurement, acoustic emission measurements using AE sensors involve piezoelectric trans-
ducers mounted directly on the workpiece or welding fixture to detect high-frequency elastic waves propagating
through the material. AE sensors are particularly sensitive to transient microstructural events, such as crack initiation,
plastic deformation, and molten metal droplet impact, which is why measurements obtained using AE sensors have
been widely applied in welding research and in NDT methods [3],[15],[19]. Compared to microphones, acoustic emis-
sion measurements performed using AE sensors are less susceptible to the influence of ambient acoustic noise; how-
ever, their practical application requires careful positioning of the sensors and high-quality mechanical coupling with
the material. These requirements may limit the applicability of AE sensor-based measurement systems in certain man-
ufacturing environments, despite their high sensitivity to defect-related phenomena.

3.2. Signal acquisition and preprocessing

Acoustic signals collected during the GMAW process are typically characterized by non-stationary behavior, a wide
dynamic range, and a pronounced influence of ambient noise. Therefore, signal preprocessing plays a key role in
extracting meaningful information from raw measurements. Common preprocessing steps include signal amplifica-
tion, analog and digital filtering, segmentation, and normalization.

Band-pass filtering is widely used to suppress low-frequency mechanical noise and high-frequency electronic inter-
ference, which separates the frequency bands that are most relevant for phenomena in the welding process
[9,10],[50]. Signal segmentation, which is usually based on windows of fixed length or synchronized with welding
current and voltage signals, allows time-resolved analysis of transient events, such as short circuits and the separation
of molten metal droplets [23-25]. In industrial settings, additional noise reduction techniques, including spectral sub-
traction, adaptive filtering, and robust statistical thresholding, are applied to improve signal-to-noise ratio and in-
crease detection reliability [23],[25]. These procedures are particularly important for microphone-based measure-
ments, which are carried out in acoustically harsh environments typical of welding processes.

3.3. Time-domain and frequency-domain analysis

Time domain analysis is the simplest and historically the earliest approach to the characterization of acoustic signals
in the GMAW process. Due to its simplicity and low computational cost, time-domain analysis has been widely applied
in both early and modern GMAW process research. The most commonly used statistical acoustic features in the time
domain include RMS, peak amplitude, variance, skewness, kurtosis, and zero-crossing rate. These descriptors provide
concise statistical representations of the amplitude fluctuations and impulse character of an acoustic signal.
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Numerous studies have shown that statistical acoustic features in the time domain are strongly correlated with the
stability of the welding process, especially in the short-circuit GMAW mode. Improper metal transfer, arc extinction
and enhanced spatter lead to increased signal variability and impulse amplitude distributions, which are effectively
detected by means of RMS value, variance, and kurtosis [22], [24,25]. As a result, time domain statistical acoustic fea-
tures have been successfully used to detect unstable welding conditions and to monitor the regularity of short circuits
in real time.

Frequency domain analysis, which is most often based on the fast Fourier transform (FFT), provides complementary
information by revealing the dominant frequency components and spectral energy distribution of the welding sound.
Spectral analysis enables the identification of periodic phenomena associated with arc dynamics and metal transfer
mechanisms, which are not always clearly visible in the time domain. Several studies have shown that different weld-
ing regimes and modes of metal transfer have characteristic spectral features, expressed through dominant fre-
quency peaks, changes in spectrum width, and spectral energy concentration [9-12], [51].

Frequency features, such as dominant frequency, spectral centroid, spectral width, and spectral energy ratios, have
been effectively applied to classify process stability and metal transfer modes. In stable spray transfer, the acoustic
spectrum is typically characterized by more concentrated and narrowband frequency content, while short-circuit
transfer produces broadband spectra with pronounced low-frequency components [9,10], [26], [39]. These spectral
differences represent the physical basis for the classification of welding modes based on acoustic signals.

Despite their effectiveness, time and frequency domain analyses have inherent limitations when applied to non-sta-
tionary welding signals. Conventional FFT methods assume the stationarity of the signal within the analyzed time
window, which can lead to the masking of transient events, such as short-circuit transitions and sudden arc disturb-
ances. Therefore, although time and frequency features remain valuable for the global characterization of welding
process behavior, they are often supplemented with time-frequency analysis techniques to capture the dynamic evo-
lution of acoustic phenomena during the GMAW process [24].

3.4. Time-frequency analysis and advanced signal processing

Considering the non-stationary character of the acoustic signals generated during the GMAW process, time-fre-
quency analysis methods have attracted considerable attention in modern research. Short-time Fourier transform
(STFT) and spectrogram-based analyses allow the simultaneous observation of temporal and spectral signal changes,
which makes them particularly suitable for the detection of transient events and the identification of welding process
instabilities [24], [25].

More advanced techniques, including wavelet-based methods and other adaptive time-frequency approaches, have
been applied to improve time-frequency resolution and increase sensitivity to localized phenomena, such as short-
circuit transitions and defect initiation [29,30],[50]. In addition, advanced signal decomposition techniques, such as
empirical mode decomposition (EMD), have been used to analyze airborne acoustic signals in welding processes,
enabling more accurate characterization of non-stationary acoustic behavior [52].

These approaches enable the adaptive decomposition of acoustic signals into components that can be directly re-
lated to the underlying dynamics of the welding process. In this way, time-frequency and adaptive methods signifi-
cantly contribute to a more precise extraction of statistical acoustic features and a more reliable classification of weld-
ing modes and process conditions.

3.5. Statistical acoustic feature extraction and data-driven analysis

The extracted statistical acoustic features represent input quantities for statistical and data-driven models used in
monitoring the welding process and evaluating the quality of the welded joint. Classical approaches include correla-
tion analysis, regression modeling, and statistical decision-making methods, where the feasibility of predicting weld
quality indicators based on acoustic data has been demonstrated [4,5]. However, most existing data-driven ap-
proaches rely on empirical correlations between features and process states, while physically based sound source
models are still rarely integrated into such analyses.

In addition to conventional physical and statistical acoustic features, psycho-acoustic descriptors were investigated
in a limited number of studies in order to characterize subjectively perceived sound quality during the GMAW process.
These works indicate a potential connection between human auditory perception and the stability of the welding
process, further confirming the informational value of the acoustic signal [13].

In recent years, ML techniques, such as support vector machines (SVM), artificial neural networks (ANN), and convo-
lutional neural networks (CNN), have been increasingly applied in the analysis of acoustic signals in GMAW. These
approaches enable automated classification of metal transfer modes, detection of process anomalies, and prediction
of weld quality with increased model robustness and adaptability [29-32], [53]. Despite the encouraging results, the
success of such models still largely depends on the quality of signal acquisition, preprocessing procedures, and the
selection of relevant features.
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It should be emphasized that the goal of this review paper is not an exhaustive consideration of the theory of signal
processing and ML, but to highlight representative approaches that have shown practical relevance for the acoustic
analysis of the GMAW process.

4. APPLICATIONS OF ACOUSTIC ANALYSIS IN GMAW

Acoustic analysis has been intensively researched over the past decades as a non-intrusive and information-rich
method for monitoring and diagnostics of the GMAW process. Due to its sensitivity to arc behavior, metal transfer
dynamics, and molten pool instability, acoustic measurement has found application in several key areas of GMAW
process analysis, including process stability monitoring, weld quality assessment, metal transfer mode classification,
and weld defect detection (Figure 2). This chapter provides a structured overview of the main application areas of
acoustic analysis identified in the relevant literature.

4.1. Process monitoring and stability assessment

One of the earliest and most frequently researched applications of acoustic analysis in the GMAW process is process
stability monitoring. Welding stability is closely related to metal transfer regularity, arc length consistency, and con-
trolled heat input, all of which directly affect the acoustic emission generated during welding. Numerous studies have
shown that stable and unstable welding modes exhibit clearly different acoustic characteristics in the time and fre-
quency domains, thus confirming the sensitivity of sound signals to changes in process stability [22-25].

In the short-circuit GMAW process, instability is most often associated with irregular short circuit durations, increased
metal spatter, and arc extinction. These phenomena lead to the appearance of impulsive acoustic emissions charac-
terized by increased amplitude variability and broadband spectral content. It has been shown that temporal acoustic
parameters, such as RMS, variance, and kurtosis, strongly correlate with the regularity of short circuits and the overall
stability of the welding process [1-5], [25].

Analyzes in the frequency and time-frequency domains further increase the sensitivity to transient disturbances, en-
abling the early detection of unstable operating conditions that may not be clearly observed solely based on electrical
current and voltage signals [23,24]. Several authors pointed out that acoustic monitoring of process stability can com-
plement, and in certain cases replace, conventional analysis of electrical signals, especially when current and voltage
measurements are not sensitive enough to subtle disturbances in arc behavior.

An additional advantage of acoustic process monitoring is reflected in the non-contact character of microphone-
based measurements, which makes this method particularly suitable for industrially oriented research and experi-
mental applications where sensor integration and maintenance requirements are of key importance [45,46]. In addi-
tion to single-sensor approaches, spatially distributed measurements using microphone arrays have been proposed
to increase robustness and spatial resolution in dynamic monitoring of welding processes, especially in industrial
environments with complex acoustic conditions [47]. In addition to stability assessment, arc sound analysis has also
been successfully applied in spatial process monitoring tasks, such as seam monitoring in GMAW procedures with a
narrow gap, which further confirmed the versatility of acoustic signals in monitoring welding processes [49].

4.2. Weld quality evaluation and penetration assessment

In addition to process stability monitoring, acoustic analysis has been intensively researched in the context of weld
quality assessment, including penetration depth, weld geometry, and overall weld integrity. Changes in heat input,
arc behavior, and weld pool dynamics directly affect the acoustic emission generated during the GMAW process,
making sound signals sensitive indicators of weld formation and weld quality. In this way, acoustic measurement
enables a non-contact and indirect approach to the assessment of weld quality in real time during the welding pro-
cess itself.

Numerous studies have indicated a strong correlation between statistical acoustic parameters and penetration con-
ditions during GMAW. Temporal and spectral descriptors of arc sound have been shown to reflect changes in weld
pool behavior associated with insufficient or excessive penetration [14], [31], [50],[ 54]. Unstable penetration condi-
tions often lead to increased variability of the acoustic signal and the appearance of characteristic spectral patterns,
which makes it possible to separate acceptable welds from those with defects.

Regression and statistical models are widely applied to quantify the relationship between statistical acoustic param-
eters and weld quality indicators. Shahabi and Kolahan [5] showed that acoustic signals contain complementary in-
formation compared to conventional electrical parameters, whereby combining these two types of signals leads to
an increase in the accuracy of quality prediction. These results confirm the potential of acoustic measurement as a
soft-sensor approach for online assessment of weld quality parameters.

More recent research is focused on the application of ML methods to improve the assessment of weld quality based
on acoustic data. ANN, SVM, and deep learning models have been successfully used to classify penetration states and
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predict quality metrics under controlled experimental conditions [5], [31,32]. These approaches enable the auto-
mated interpretation of complex acoustic patterns that are often difficult to capture with classical methods based
solely on manually defined features.

Given that welding technique and process stability directly affect local stresses, deformations, and microstructural
evolution in welded joints, acoustic signals that reflect these dynamic phenomena can also be seen as indirect indi-
cators of the structural integrity of the weld [55]. Nevertheless, despite the encouraging results, the robustness and
general applicability of acoustic models for quality assessment are still limited by process variability, the influence of
ambient noise, and differences in experimental and industrial settings. These limitations point to the need for further
validation and integration of acoustic measurement with complementary sensing approaches in industrial applica-
tions.

4.3. Acoustic-based classification of metal transfer modes

The classification of metal transfer modes represents one of the most important areas of application of acoustic anal-
ysis in GMAW. Different transfer modes - short-circuit, globular, spray, and pulse are based on different droplet for-
mation and separation mechanisms, which largely determine arc stability, heat input, spatter occurrence, and weld
quality. As these physical processes directly affect pressure fluctuations in the arc and molten metal, they are naturally
reflected in the emitted acoustic signal. Figure 3 shows schematically the characteristic physical behavior and corre-
sponding acoustic signatures associated with different modes of metal transfer in the GMAW process.

Experimental research has consistently shown that each metal transfer mode possesses characteristic acoustic signa-
tures. Short-circuit metal transmission is associated with pulsed acoustic patterns synchronized with arc extinguish-
ing and reignition events, resulting in broadband spectral content and high temporal variability of the signal. In con-
trast, spray metal transfer generates more continuous and stable acoustic emissions, dominated by periodic compo-
nents associated with droplet separation frequency [9,101,[27,28]. In the pulse GMAW procedure, additional modula-
tion effects appear, which lead to the appearance of characteristic time-frequency structures in the acoustic signal
[33], [34].

Time-frequency representations, such as spectrograms and STFTs, have proven particularly effective for analyzing
transitions between different metal transfer modes and identifying unstable operating regions. These methods ena-
ble the visualization of transient events and periodic structures that are difficult to observe using only temporal or
frequency analysis [24],[29,30]. Therefore, time-frequency features are widely used as discriminative descriptors in the
classification of metal transfer modes.

Classification of Metal Transfer Modes in GMAW
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Figure 3: Classification of metal transfer modes in GMAW
and their corresponding physical behavior and acoustic signatures

In recent research, increasing attention has been paid to the automated classification of metal transfer modes using
acoustic features in combination with ML methods. Supervised approaches, including ANNs and other classifiers,
have demonstrated reliable transmission mode discrimination based solely on sound measurements [11,12], [26],
[39], [56]. These results indicate the feasibility of identifying metal transfer modes without direct access to electrical
signals, which is particularly relevant for non-contact process monitoring and adaptive control applications.
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Despite the encouraging results, the robustness of the acoustic classification of the metal transfer mode is still af-
fected by process variability, sensor position, and ambient noise. In transient or unstable welding modes, overlapping
acoustic characteristics may occur, making it difficult to clearly separate the modes. Therefore, acoustic classification
is often most effective when combined with complementary sensory approaches or physically based constraints.
Nevertheless, the strong connection between metal transfer physics and acoustic emission validates sound analysis
as a powerful tool for identifying metal transfer modes and represents a natural link between process stability assess-
ment and weld quality evaluation.

4.4. Detection and identification of welding defects

The detection and identification of welding defects is one of the earliest and most established areas of application of
acoustic measurement in welding processes. Acoustic emission techniques have a long tradition in the field of NDT
and are among the first methods to demonstrate the possibility of detecting phenomena associated with errors in
real time, during the welding process itself. Pioneering research by Jolly [15,16] showed that acoustic emission signals
can detect crack initiation, porosity occurrence, and the presence of inclusions during welding and subsequent cool-
ing of the weld metal, thus highlighting the potential of acoustic monitoring for in-process defect detection.

In the GMAW process, various types of defects, including burn-through, lack of fusion, porosity, and crack formation,
are associated with characteristic disturbances in arc behavior and molten pool dynamics, which are reflected in the
acoustic signal. Experimental research has shown that sudden changes in acoustic emission energy, impulse activity,
and frequency content of the signal are closely related to mechanisms of error initiation and growth [3], [18,19],
[57,58]. These results established a direct link between physical events associated with defects and measurable sta-
tistical acoustic features.

Burn-through detection represents one of the most successful and extensively researched applications of acoustic
monitoring in the field of defect identification. Rapid changes in molten pool stability and excessive heat input gen-
erate characteristic acoustic signatures that can be detected earlier than by visual inspection or post-process NDT
methods [1-3], [19]. The sensitivity of acoustic signals to these transient events enables the timely identification of
critical defects and supports the implementation of corrective interventions during the process.

In addition to the detection itself, several studies investigated the possibility of classifying the types of defects based
on the characteristics of the acoustic emission. Parameters such as signal energy, amplitude distribution, and fre-
quency content have been linked to specific defect mechanisms, allowing the distinction of lack of fusion, porosity-
related phenomena, and other imperfections [3,4],[59]. These approaches confirm that acoustic features contain de-
fect type-specific information, although reliable classification often requires careful feature selection and appropriate
calibration.

In recent research, increasing attention has been paid to the application of data-based methods to improve the de-
tection and identification of defects using acoustic signals. ML techniques have been applied to acoustic data to au-
tomatically recognize defect-related patterns and process anomalies with greater robustness compared to rule-based
methods [4], [29,30], [32]. These approaches are particularly promising for complex industrial environments, but their
success still depends on data quality, labeling accuracy, and process variability.

Despite its proven effectiveness, acoustic defect detection in the GMAW process faces limitations related to ambient
noise, overlapping acoustic signatures, and sensitivity to sensor position. Statistical acoustic features associated with
defects can overlap with signals generated by transient but non-destructive process instabilities, making reliable
identification difficult under certain conditions. Therefore, defect detection is most effective when acoustic measure-
ment is combined with complementary monitoring methods or integrated into multi-sensor systems. Nevertheless,
the proven ability of acoustic analysis to detect and characterize welding defects in real time highlights its importance
as a non-contact diagnostic method within intelligent GMAW process monitoring systems.

5. CHALLENGES AND FUTURE RESEARCH DIRECTIONS

Despite the significant progress achieved in the application of acoustic analysis in the GMAW process, numerous
technical and methodological challenges still limit its wider industrial application. At the same time, the development
of new technologies and modern research directions opens up new opportunities for the improvement of acousti-
cally based monitoring and management of GMAW processes.

5.1. Challenges in acoustic-based monitoring of GMAW

One of the main challenges associated with the application of acoustic measurement in the GMAW process is the
pronounced sensitivity to ambient noise. Industrial environments where welding is most commonly performed are
characterized by high levels of ambient noise, originating from auxiliary equipment, ventilation systems, and adjacent
manufacturing operations. This problem is particularly pronounced when measuring sound in the air using a micro-
phone, where reflections and ambient disturbances can significantly degrade the quality of the signal [25], [45].
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Although some noise effects can be mitigated by applying appropriate signal preprocessing and filtering techniques,
reliable noise suppression still represents one of the key challenges.

Sensor position and measurement configuration represent additional sources of acoustic signal variability. The meas-
ured acoustic signal strongly depends on the relative position of the microphone or AE sensor in relation to the arc,
the geometry of the workpiece, and the fixture conditions. As a result, repeatability and comparability of acoustic
measurements between different experimental and industrial settings are difficult to achieve without clearly defined
and standardized guidelines [9,10],[46]. The absence of standardization further limits the transferability of acoustically
based models between laboratory research and real industrial applications.

An additional challenge is the complex and non-linear relationship between statistical acoustic features and physical
phenomena in the welding process. The acoustic signal is simultaneously influenced by arc dynamics, metal transfer
behavior, shielding gas flow, and molten metal pool oscillations, which significantly complicates the physical inter-
pretation of isolated features [11,12],[35]. Although data-driven models have shown encouraging performance, their
dependence on large and reliably annotated data sets raises issues of overlearning and generalization, especially
when changing welding parameters, material type, or joint configuration [29,30],[32].

5.2. Integration with multi-sensor and intelligent welding systems

Future research in the field of acoustically based monitoring of GMAW processes is expected to increasingly focus on
the integration of acoustic measurement with other monitoring modalities, such as electrical signals, optical sensors,
and thermal measurements. Each of these measurement techniques covers different aspects of the welding process,
while their combination allows a more complete and robust representation of the process behavior. In this context,
acoustic signals represent a valuable complementary source of information, thanks to their sensitivity to dynamic
phenomena and their non-intrusive nature.

It has been shown that data fusion from multiple sensors significantly improves the reliability and robustness of weld-
ing process monitoring, compensating for the limitations of individual measurement methods. Electrical signals pro-
vide directinformation on energy delivery, while optical and thermal measurements provide spatially resolved insight
into the behavior of the arc and molten metal pool. Acoustic measurement complements these techniques by re-
cording indirect but physically meaningful manifestations of arc dynamics, metal transfer, and process instabilities
[6,7]. As a result, hybrid monitoring systems can realize increased sensitivity to subtle process disturbances and early
stages of defect formation.

Growing interest in intelligent welding systems and Industry 4.0 concepts has further stimulated research aimed at
integrating acoustic measurement into data-driven frameworks for process monitoring and control. ML methods en-
able automatic feature extraction, anomaly detection, and classification based on heterogeneous sensor data sets,
including acoustic signals. Recent research has shown that acoustic information can significantly improve the perfor-
mance of intelligent monitoring systems when combined with other sensory inputs, especially in quality prediction
and anomaly detection tasks [31,32], [38].

In addition to monitoring, acoustic measurement has also been investigated as an input for adaptive control and
robotic welding systems. Early cognitive and learning welding concepts demonstrated the feasibility of using acoustic
data to guide process corrections and support automated decision-making in robotic environments. These early ap-
proaches represent important precursors to modern intelligent welding systems, in which real-time feedback is used
to optimize process parameters and ensure consistent weld quality.

Despite the encouraging results, the integration of acoustic measurement into multi-sensor and intelligent welding
systems still faces significant challenges. Differences in sampling rates, data synchronization, sensor placement, and
signal interpretation make efficient data fusion difficult. In addition, many data-driven models still suffer from a lack
of physical interpretability, which may limit their acceptance and confidence in industrial applications. Therefore, fu-
ture research should be directed towards the development of physically informed and explainable models, standard-
ized data fusion strategies and robust validation under different welding conditions and for different materials, to
fully exploit the potential of acoustic measurement within intelligent GMAW process monitoring systems.

5.3. Toward physically grounded modeling and standardization

One of the key directions of future research in the field of acoustic analysis of the GMAW process is the development
of physically based models capable of explaining and predicting the mechanisms of sound generation during weld-
ing. Although numerous experimental studies have shown strong correlations between statistical acoustic features
and welding process behavior, most existing approaches rely on empirical relationships. Such an approach limits their
general applicability and predictive power, especially when changing process parameters, materials or geometry of
the welded joint.

Recent research efforts have begun to overcome this gap by developing analytical and numerical models that explic-
itly link arc plasma dynamics, metal transfer behavior, and energy release mechanisms to acoustic emission. Lumped-
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parameter models and simplified physical representations provided valuable insight into the coupling between weld-
ing physics and sound generation, further strengthening the theoretical basis of acoustically based process monitor-
ing [35]. However, these models often include simplifying assumptions and remain limited in their ability to fully cap-
ture the complex, nonlinear, and multi-physics nature of the GMAW process.

Further progress in this area is expected to benéefit significantly from a closer integration of physical modeling and
data-driven approaches. Physically informed ML models represent a promising direction towards improved interpret-
ability and robustness, as they enable the incorporation of domain knowledge into data-driven frameworks. Such
hybrid approaches could reduce the dependence on large, precisely labeled data sets, while improving the ability to
extrapolate to previously unexplored welding conditions, thereby addressing one of the key limitations of purely
empirical acoustic analysis.

In parallel with the improvement of physical modeling, the establishment of standardized measurement procedures
and analysis methodologies is a necessary step towards the maturation of acoustically based welding monitoring.
Currently, there is considerable variability in the literature regarding sensor types, their positioning strategies, ana-
lyzed frequency ranges, feature definitions, and evaluation criteria. The absence of standardization makes it difficult
to compare results and slows down the transfer of research achievements to industrial practice. The development of
consensus guidelines for acoustic measurements in the GMAW process would contribute to greater reproducibility,
comparability and wider acceptance of this technology.

Efforts toward standardization, combined with improved physical modeling, would significantly increase the credi-
bility and industrial relevance of acoustic measurement. Clearly defined measurement protocols and physically inter-
pretable models would enable reliable verification, validation, and integration of acoustic monitoring systems into
production environments. Ultimately, the convergence of physically based understanding, data-driven intelligence,
and standardized practices is expected to play a key role in transitioning acoustic analysis from a promising research
tool to a reliable component of intelligent systems for monitoring and managing GMAW processes.

6. CONCLUSIONS

This paper provides a comprehensive overview of the application of acoustic analysis in GMAW, with special emphasis
on its role as a valuable supplementary method for monitoring the welding process, especially in applications that
require real-time insight into dynamic phenomena during welding. The reviewed literature shows that the acoustic
signals generated during the GMAW process originate from fundamental physical phenomena, including arc plasma
dynamics, metal transfer behavior, shielding gas flow, and molten pool oscillations. As a consequence, welding sound
inherently reflects key aspects of process stability and weld formation.

During decades of research, acoustic measurement has been successfully applied to a wide range of tasks associated
with the GMAW process. These applications include real-time process stability monitoring, metal transfer mode clas-
sification, weld quality and penetration depth assessment, as well as welding defect detection, such as penetration,
lack of fusion, and porosity. Techniques based on audible sound and acoustic emission have been shown to provide
valuable and complementary information compared to conventional electrical and optical measurement methods,
especially in applications requiring non-contact monitoring and real-time process monitoring.

6.1. Scope and contribution of the review

Unlike earlier review papers that consider acoustic measurement in welding at a broader or predominantly techno-
logical level, this review paper provides a focused and physically grounded synthesis of acoustic analysis, specifically
applied to the GMAW process. By explicitly relating sound generation mechanisms to arc plasma dynamics, metal
transfer behavior, and molten pool phenomena, the work contributes to bridging the gap between welding physics
and signal analysis-based approaches for process monitoring. Compared to previous reviews, this paper uniquely
emphasizes the physical interpretation of acoustic signals in the context of arc dynamics and metal transfer mecha-
nisms in the GMAW process. Additionally, the paper systematically categorizes the primary application areas of acous-
ticanalysis in the GMAW process, including process stability assessment, weld quality evaluation, metal transfer mode
classification, and welding defect detection. Contemporary trends towards intelligent, data-driven, and multi-sensor
welding systems are also highlighted, providing a coherent frame of reference for both researchers and practicing
engineers. The analyzed literature as a whole shows the diversity of sensor approaches, analysis methods, and appli-
cation areas of acoustic analysis in the GMAW process, ranging from early rule-based systems to modern systems
based on ML and data analysis.

6.2. Current limitations and future perspectives

Advances in the field of signal processing and data-driven analysis have significantly expanded the possibilities of
acoustic monitoring of the welding process. The characteristics in the time, frequency, and time-frequency domains,
in combination with statistical methods and ML algorithms, enabled an increasingly precise classification and
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prediction of the state of the welding process. The latest developments in the field of artificial intelligence and intel-
ligent welding systems, conceptually illustrated in Figure 4, indicate the growing potential of integrating acoustic
measurement into adaptive control frameworks and production environments based on Industry 4.0 concepts.

Acoustic-based Monitoring in Intelligent GMAW
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Figure 4: Conceptual framework of acoustic-based monitoring and intelligent control in GMAW

Despite these achievements, significant challenges remain, including sensitivity to ambient noise, dependence on
sensor position, limited standardization, and the complexity of interpreting statistical acoustic features in highly dy-
namic welding conditions. Overcoming these limitations will require continuous development of robust signal pro-
cessing methods, efficient data fusion from multiple sensors, physically based modeling of sound generation mech-
anisms, as well as establishment of standardized measurement and evaluation procedures.

Taken as a whole, acoustic analysis represents a mature but still evolving research area with significant potential for
improving the monitoring and management of GMAW processes. Further integration of physical process understand-
ing, advanced signal processing methods, and intelligent data-driven approaches is expected to further strengthen
the role of acoustic measurement as a practical and reliable tool for ensuring weld quality and process stability in
modern welding applications.
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ABSTRACT

This paper investigates the influence of soil idealization on stress distribution and settlement beneath isolated
footings of building structures. Two basic soil models commonly used in geotechnical engineering practice are
analyzed: the elastic half-space model and the finite-thickness soil layer model resting on a rigid base. Stress and
settlement analyses were performed for square isolated footings of different dimensions subjected to a constant
uniformly distributed surface load, while varying the mechanical properties of the soil. Particular attention is devoted
to comparing the soil deformation response at characteristic points along the footing-soil interface. The obtained
results indicate a significant influence of the selected soil model, soil deformability (soil stiffness, E), and footing
geometry on settlement values, confirming the necessity of a careful choice of the calculation model in geotechnical
design.
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1. INTRODUCTION

Soil modeling beneath building structures represents one of the key aspects of geotechnical and structural design,
as it directly affects stress distribution at the footing—soil interface as well as the magnitude and character of soil
settlements. The stresses transferred from the structure to the soil depend on the stiffness of the footing, the
mechanical properties of the soil, and the geometry of the contact surface; inaccurate assessment may lead to
exceeding allowable soil stresses [1]. The consequences of such conditions include uneven settlements, cracking of
structural elements, and a reduction in structural bearing capacity. Therefore, a realistic numerical or analytical model
of soil-foundation interaction is essential for a reliable assessment of structural behavior during service life [2]. This
issue is particularly significant for isolated footings, which—unlike strip footings and raft foundations—behave as
independent structural systems. Due to the relatively small area through which the load is transferred to the soil,
isolated footings induce higher stress concentrations and more pronounced local settlements [3]. These settlements
may be differential relative to adjacent foundations, leading to additional internal forces in the superstructure.
Consequently, accurate soil modeling beneath isolated footings is crucial to ensure the safety, serviceability, and
durability of the entire structure [4]. In the early stages of geotechnical engineering development, soil models were
based on simplified assumptions in which the soil beneath structures was treated as a homogeneous and isotropic
medium. Such models assumed exclusively elastic deformations that were linearly related to applied stress. One of
the most well-known examples of this approach is the Winkler soil model, in which the soil is idealized as a system of
independent springs [2]. This model is directly based on Hooke’s law and enables a simplified analysis of soil-
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foundation interaction. However, practical experience and experimental investigations have shown that soil behavior
cannot be fully described using purely elastic laws. Under structural loading, both elastic and plastic deformations
occur in the soil, with plastic deformations potentially being permanent and significantly affecting foundation
settlement [5]. As a result, more advanced constitutive soil models have been developed to realistically describe
nonlinear behavior and stress-history dependency [6]. These models allow for more accurate determination of
stresses at the footing-soil interface as well as total and differential settlements. Modern soil modeling approaches
based on the finite element method include various constitutive soil models, such as the linear elastic model [7], the
elasto-plastic Mohr-Coulomb model [8], the Hardening Soil model [9], the Modified Cam-Clay model [10], and
advanced hypoplastic models [11]. Their primary advantage lies in the ability to represent layered soil profiles,
nonlinear behavior, plastic deformation, and soil-structure interaction under complex loading conditions. This
enables detailed stress distribution analysis and reliable prediction of total and differential settlements. However, the
main disadvantages include strong dependence of results on the selected constitutive model and input parameters,
increased data requirements, and higher computational complexity compared to simpler analytical approaches[12].

In soil-foundation interaction analyses, two basic idealized soil models are most commonly considered [3]. The first
is the elastic half-space model, in which the soil is treated as a continuum extending infinitely in depth [13]. It is
referred to as a half-space because it is bounded at the top by the plane representing the contact surface between
the foundation and the soil. This idealization is particularly suitable for stress and settlement analyses when deep soil
layers are significantly thicker than the foundation dimensions [14]. The second approach considers soil as a finite-
thickness layer, accounting for the presence of a rigid or significantly stiffer layer at a certain depth [15]. In this case,
stress distribution and settlement magnitude depend not only on soil properties but also on the depth and
characteristics of the lower boundary. This model is more realistic for sites where bedrock or very dense soil exists
beneath the bearing layer and enables a more accurate assessment of settlements under conditions of limited soil
deformability. The present study analyzes stress and settlement results beneath an isolated footing using both soil
modeling approaches: the elastic half-space model and the finite-thickness soil layer model. The main objective of
the paper is to highlight differences in results obtained using these models and to provide practical
recommendations for their application in engineering practice.

2. METHODS

In the numerical analyses, the soil beneath the foundation is modeled as a continuum using three-dimensional finite
elements with appropriate material properties. Theoretically, the elastic half-space is bounded at the top by the
ground surface and extends infinitely in depth and width. The soil is characterized by its deformation modulus, also
referred to as soil stiffness (E), Poisson’s ratio, and unit weight. Due to the complexity of this modeling approach, it is
necessary to reasonably estimate the dimensions of the analyzed domain, thereby simplifying the numerical model
while maintaining acceptable accuracy.

2.1. Soil Modeled as an Elastic Half-Space of Infinite Thickness

In this study, the soil beneath the isolated footing is modeled as an elastic half-space of infinite thickness, bounded
at the top by the footing—soil contact plane [16]. The soil is assumed to be homogeneous, isotropic, and continuous,
behaving according to the laws of linear elasticity. The load is transferred from the footing to the soil through a finite
contact area, and the distribution of normal stresses and the soil deformation response are analyzed. This approach
allows analytical or semi-analytical determination of the stress state and settlement beneath the isolated footing.
Figure 1 shows a rigid footing resting on a single-layer soil represented as an elastic continuum. Soil properties are
described by Poisson’s ratio p and the soil deformation modulus (soil stiffness) E.

LR ¥ U2

Figure 1: Soil model as an elastic half-space of infinite thickness beneath an isolated footing
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The problem of determining stresses and displacements induced by a uniformly distributed vertical load over a
rectangular area was studied by Newmark, Steinbrenner, and Florin. Vertical stresses along the axis passing through
the center point (O) are expressed using established analytical solutions. Corresponding expressions allow calculation
of vertical displacements, i.e., settlements, as functions of load intensity, footing geometry, soil stiffness (E), and
Poisson’s ratio:

2 2 2
- :Z_p arctg ab N abz(a® +b° +2z%) M

for N +b2+22 (a2+zz)(b2+zz)\/a2+b2+z2

where:

p - intensity of the applied uniformly distributed vertical load, z — coordinate along the z-axis, i.e., the depth within
the elastic half-space, and a and b — coordinates in the horizontal plane defining the position of the axis along which
the vertical stresses are evaluated.

By substituting the known geometric parameters and the physical-mechanical properties of the materials involved
in the soil-foundation interaction into the above expression, the calculation of vertical stresses is reduced to the
following form:

o,=p l43 (2)
where:

p - intensity of the applied uniformly distributed vertical load, l,; — tabulated coefficient depending on the soil type
(defined by Poisson’s ratio u) and the geometric characteristics of the footing (expressed by the length-to-width ratio
L/B) [3]. The displacement components in the direction of the z-axis can be determined using the following
expression:

_P(1+,U)1 72 B
W=t R[R2+z(1 ﬂ)J 3

The values of the elastic constants of the medium, m and G, are given by expressions that depend on the soil
deformation modulus (soil stiffness) E and Poisson’s ratio p:

m:l; G:L (4)

o 2+

By substituting the known geometric parameters and the physical-mechanical properties of the materials involved
into the preceding settlement expression, the calculation of deformations (settlements) is reduced to the following
form:

B
sz? 53 (5)

where:

p - intensity of the applied uniformly distributed vertical load, B — width of the considered footing, E - soil
deformation modulus (soil stiffness), and Is; — tabulated coefficient depending on the soil type (defined by Poisson’s
ratio p) and the geometric characteristics of the footing (expressed by the length-to-width ratio L/B).

The main advantage of the infinite half-space model lies in its mathematical simplicity and clearly defined
assumptions, enabling relatively fast and stable estimation of stresses and settlements. The model is particularly
suitable for isolated footings, where loads are transferred through a relatively small area and the influence of deep
soil layers is dominant. However, its main limitation is the neglect of soil layering and the presence of a rigid base at
finite depth, which may lead to deviations from real soil behavior. Additionally, the assumption of purely elastic
behavior does not account for plastic deformations, potentially leading to underestimated settlement values under
higher loads.

2.2. Soil Modeled as a Finite-Thickness Layer

Soil-foundation interaction can also be analyzed for cases in which the soil layer beneath the footing-soil interface
has a finite thickness. In this approach, the stress and deformation calculation procedure is similar to that of the half-
space model, but boundary conditions differ. Soil properties are again defined by Poisson’s ratio u and soil stiffness
E. In comparison with the infinite half-space model, stress and deformation distributions additionally depend on the
thickness of the compressible soil layer. This modeling approach is commonly applied when soil layer thicknesses and
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their mechanical properties are known to a certain depth, below which a rigid or incompressible layer exists. Figure
2 illustrates the geometry and boundary conditions of this soil model.

Figure 2: Soil model as a finite-thickness layer beneath an isolated footing

The problem of determining stresses and deformations (settlements, w) induced by a uniformly distributed load
acting through a flexible rectangular footing has been investigated by several researchers. For the purpose of
determining stress components and displacements in the soil caused by a uniformly distributed vertical load, the
following assumptions are adopted: the footing is flexible and rectangular in shape; the compressible soil layer is
elastic and isotropic; its thickness is limited by an incompressible base; and the contact between the footing and the
soil is assumed to be smooth in one case and fully rough in the other. The vertical stresses, o,, are given by the

following expression:

daw
o, = oAU+ BALV + A, —— |cosarx cos (6)
z ;;( 12U+ BA), 11 dzj By

The integration constants in the above expression are determined from the boundary conditions. The displacements
w for the case of smooth contact is given by the following expression:

wm’n=é{[(3—4y)c4—gy}sh yz-C, yzch }/z} ()

The displacements w for the case of rough contact is given by the following expression:

Wmln=é{[(3—4y)c4—7/z G lshyz—yzC, ch 72} (8)

where:

C,, G5, and C, - integration constants given in [18], and G — value of the elastic constant of the medium. By substituting
the known geometric parameters and the physical-mechanical properties of the materials into the above expression,
the calculation of vertical stresses is reduced to the following form:

O, =P hog ©)
where:

p — intensity of the applied uniformly distributed vertical load, |4 — tabulated coefficient depending on the soil type
(defined by Poisson’s ratio p), the geometric characteristics of the footing (expressed by the length-to-width ratio L/B
and the ratio of footing width to the depth of the compressible soil layer H/B), and the position of the z-axis along
which the vertical stresses are evaluated.

As in the previous model, displacement components can also be calculated for the soil modeled as a finite-thickness
layer, for given geometric characteristics and material properties involved in the soil-foundation interaction, using
the following expression:
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pB
w=—1I (10)
g2

where:

p - intensity of the applied uniformly distributed vertical load, B — width of the considered footing, E - soil
deformation modulus (soil stiffness), and |;, — tabulated coefficient depending on the soil type (defined by Poisson’s
ratio ), the geometric characteristics of the footing (expressed by the length-to-width ratio L/B and the ratio of
footing width to the depth of the compressible soil layer H/B), and the position of the z-axis depending on the location
of the point on the footing-soil contact surface at which the deformations (settlements) are evaluated.

The main advantage of this model lies in its more realistic representation of actual geotechnical conditions, especially
when bedrock or very dense soil exists beneath the foundation. This approach generally results in smaller settlement
values compared to the infinite half-space model due to constrained soil deformation. However, its disadvantages
include increased computational complexity and the requirement for reliable data on soil layer thickness and lower
boundary properties.

3. RESULTS AND DISCUSSION

This section presents the results of stress and settlement analyses at the footing—soil interface for the previously
described soil models. The analyses were conducted for an isolated footing with a thickness of 0.40 m and square
plan dimensions of 2.50 m, 3.25 m, and 4.00 m. A constant uniformly distributed surface load of 200 kPa was applied
over the entire contact area.

Soil parameters were defined assuming a Poisson'’s ratio of v = 0.30, while soil deformability (soil stiffness) E was varied
between 10 and 50 MPa to cover a wide range of realistic geotechnical conditions. For the finite-thickness soil layer
model, a compressible layer thickness of H= 10 m was assumed, underlain by a rigid base.
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Figure 3: Geometric characteristics of the isolated footing for the two analyzed soil models with control points

The obtained results enable an analysis of the influence of soil stiffness and finite bearing layer thickness on stresses
at the footing-soil contact interface and on settlements beneath the isolated footing. The settlement calculation
results for the isolated footing obtained using the elastic half-space model and the finite-thickness soil layer model
are presented in the following tables.

Table 1: Settlement results for soil modeled as an elastic half-space

L/B=2.50/2.50m L/B=3.25/3.25m L/B=4.0/4.0m

E [MPa] Wo W, Wo W, Wo W,
[cm] [cm] [cm] [cm] [cm] [cm]
10 4858 3.237 6.316 4.209 7.773 5.180
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L/B=2.50/2.50m L/B=3.25/3.25m L/B=4.0/4.0m
E [MPa] Wo W, Wo W, W, W,
[cm] [cm] [cm] [cm] [cm] [cm]
15 3.239 2.158 4211 2.806 5.182 3.453
20 2.429 1.619 3.158 2.105 3.860 2.590
25 1.944 1.295 2.527 1.684 3.109 2.072
30 1.620 1.079 2.106 1.403 2.591 1.727
35 1.388 0.925 1.805 1.203 2.221 1.480
40 1.215 0.810 1.579 1.053 1.943 1.295
45 1.080 0.720 1.404 0.936 1.727 1.151
50 0.972 0.648 1.264 0.842 1.555 1.036

Table 2: Settlement results for soil

modeled as a finite-thickness layer (H= 10 m)

L/B=2.50/2.50m L/B=3.25/3.25m L/B=4.0/4.0m
E [MPa] Wo We Wo W Wo W
[cm] [cm] [cm] [cm] [cm] [cm]
10 4.498 2.040 5.694 2.502 6.744 2.820
15 2.998 1.360 3.796 1.668 4.496 1.880
20 2.249 1.020 2.847 1.251 3.372 1.410
25 1.799 0.816 2.278 1.001 2.698 1.128
30 1.499 0.680 1.898 0.834 2.248 0.940
35 1.285 0.583 1.627 0.715 1.927 0.806
40 1.124 0.510 1.423 0.626 1.686 0.705
45 0.999 0.453 1.265 0.556 1.499 0.627
50 0.900 0.408 1.139 0.500 1.349 0.564

In the following section, a comparative presentation of the deformation, i.e., soil settlement calculation results
obtained using the two analyzed soil models is provided. The subsequent figures illustrate a comparison of soil
behavior modeled as an elastic half-space of infinite thickness and as a finite-thickness soil layer. This comparative
analysis enables evaluation of the influence of soil idealization on the magnitude and distribution of settlements

beneath the isolated footing.
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Figure 4: Comparative settlement values for an isolated footing

with L/B = 2.50/2.50 m for the two analyzed soil models
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Figure 5: Comparative settlement values for an isolated footing
with L/B = 3.25/3.25 m for the two analyzed soil models
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Figure 6: Comparative settlement values for an isolated footing
with L/B = 4.00/4.00 m for the two analyzed soil models

The diagrams indicate that soil settlement decreases in all analyzed cases with increasing soil deformability (soil
stiffness) E, which is consistent with theoretical expectations and the physical behavior of soil. For both soil models,
the maximum settlement values occur at the lowest values of E, while with increasing soil stiffness the differences
between individual curves gradually decrease. It is also observed that settlements at the characteristic center point
(O) are greater than those at points A and C, indicating a more pronounced deformation response of the soil beneath
the central part of the footing. The diagrams further show that settlement values at the center point (O) are similar
for both soil models, whereas settlement values at the footing edge points, A and C, exhibit significantly larger
differences depending on the selected soil model. These observations apply consistently to all three analyzed isolated
footing dimensions.

A comparative analysis of the two soil models shows that the elastic half-space model yields higher settlement values
than the finite-thickness soil layer model, particularly for lower values of soil stiffness E. This behavior is attributed to
the unlimited deformability of the soil with depth in the half-space model, whereas the presence of a rigid base in the
finite-thickness model restricts the development of deformations. The differences between the models become more
pronounced with increasing footing dimensions, indicating a significant influence of footing geometry on the soil
deformation response. These results confirm the importance of selecting an appropriate soil model when analyzing
settlements of isolated footings.
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4. CONCLUSION

This study analyzed soil stresses and settlements beneath isolated footings for two soil modeling approaches: an
elastic half-space of infinite thickness and a finite-thickness soil layer with H = 10 m. Settlements were evaluated at
characteristic footing points while varying soil deformability (soil stiffness) E in the range of 10-50 MPa at a constant
Poisson’s ratio of 0.30. The analyses were performed for square isolated footings with plan dimensions of 2.50 m, 3.25
m, and 4.00 m.

It can be concluded that, for both soil models, settlement decreases with increasing soil deformability (soil stiffness).
The calculation results indicate that settlements at the footing center point (O) are greater than those at the edge
points (A or C). For both soil models and for all analyzed square isolated footing dimensions, settlement values at the
center point are approximately the same, whereas this is not the case for the footing edge points. Differences in
settlement values at the center point range between 10% and 15%, while differences in settlement at the edge points
may reach values of up to 50%, depending on soil deformability.

Finally, it is recommended that, in practical applications of the presented soil models for settlement analysis of
isolated footings in building structures, results obtained using both soil models should always be compared. This
approach provides increased reliability in structural design and enables verification that settlement values
determined by the two soil models remain within acceptable limits.
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ABSTRACT

Solid biomass represents the most important renewable energy source in the Republic of Serbia; however, its com-
bustion in small-scale boilers is often associated with increased pollutant emissions. This study examines the influ-
ence of refractory elements on heat transfer in the combustion chamber of wood-log gasification boiler. These ele-
ments play a crucial role in multistage combustion systems, especially for moist biomass, by enhancing radiative and
convective heat transfer, promoting more complete combustion, and reducing gaseous and particulate emissions
while minimizing material usage. Special attention is given to the CFD optimization of the refractory ceramic length
and the position of the producer gas inlet within the combustion chamber. Non-premixed combustion was modeled
by solving the energy equation, applying the standard k-€ turbulence model and the DO radiation model. The results
demonstrate that the most effective configuration employs a refractory element that creates a U-shaped flow path,
which extends the residence time of flue gases in the chamber. Achieving this flow path requires the element to be
at least one half to two thirds the length of the chamber, thereby positioning the combustion zone of the producer
gas above the flue gas outlet.

KEYWORDS

Biomass, Wood, Flue gas, CFD, Combustion chamber.

1. INTRODUCTION

The Energy Strategy of the Republic of Serbia, along with the ongoing energy crisis, provides a strong impetus for
intensified utilization and research of renewable energy sources [1]. Among these, solid biomass represent the most
significant renewable energy resource in the Republic of Serbia [2]. Although wood has been used as a fuel since the
earliest stages of human civilization, considerable potential for technical improvements in its combustion processes
still exists [3]. Despite being a renewable energy source, wood combustion results in the emission of substantial quan-
tities of pollutants into the atmosphere [4,5]. The scale and importance of these emissions are particularly evident in
the elevated concentrations of various pollutants recorded in urban areas with a high density of individual heating
systems across many cities in the Republic of Serbia [6]. This paper investigates how additional design measures can
simultaneously improve heat transfer, achieve more complete combustion, suppress pollutant formation, and reduce
emissions from solid biomass boilers. In order to decrease material consumption and emissions from these boilers,
both primary [7]and secondary [8,9] measures are employed. Primary measures encompass technical solutions aimed
at achieving complete combustion and preventing particulate matter emissions through the implementation of
structural elements within the boiler itself. The paper places emphasis on the most efficient utilization of refractory
elements in the combustion chambers of solid biomass boilers. These elements are applied in systems with multi-
stage combustion, particularly in the combustion of moist biomass, and serve multiple functions: they reduce the
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dimensions of the zone in which heat is primarily transferred by radiation (thereby reducing material usage and, con-
sequently, the final cost of the boiler), enable more complete combustion, enhance heat transfer, and contribute to
the reduction of gaseous pollutant emissions as well as particulate matter. The aim of this paper was to determine
the optimal size of the refractory ceramic and the optimal position of the producer gas inlet into the combustion
chamber. In the literature, there are several classifications of refractory elements; hence, no single unifed classification
exists. Based on their form, refractory materials are divided into shaped refractory bricks and unshaped (monolithic)
materials, such as refractory concretes [10]. The most commonly used refractory brick shapes are shown in Fig. 1.
Among various shapes, a standard rectangular refractory brick was selected for this study due to its simplicity and
common use [10].

D

NI

NS N
S Y
Figure 1: The most commonly used refractory brick shapes. a - straight, b - split, c — soap or closer, d — key brick,

e — skew back, f - end skew on flat, g - end arch, h - side arch, i - feather end, j - feather end on edge, k — feather
side, | - wedge, m — bevel brick, n — bullnose or jamb brick, o - dome brick, p - circle brick. [10,11]
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2. THE CFD MODEL

A commercially available software ANSYS, together with its FLUENT 18.1 module, was employed to perform numerical
simulations of producer gas combustion within the combustion chamber. The simulations were performed based on
the defined geometry, generated computational mesh, and boundary conditions. In the development of the Non-
premixed combustion model, the energy equation was solved, the standard k-¢ turbulence model was adopted, and
the Discrete Ordinates radiation model was applied. For radiation modeling, the wsggm-domain-based approach was
used to determine the absorption coefficient. Figure 2a shows the 3D model of the proposed combustion chamber
design of wood-log gasification boiler.

2.1. Mesh details

Figure 2b shows the computational mesh, represented by a cross-section of the combustion chamber. The mesh
consists of 33064 nodes and 168327 elements. The minimum and maximum element side lengths are 0.545 mm and
20 mm, respectively. The mesh quality is considered satisfactory, as the average values of element quality, aspect
ratio, orthogonal quality, and skewness fall within acceptable limits, amounting to 0.773, 2.21, 0.691, and 0.307, re-
spectively [12].

2.2. Boundary conditions

The producer gas inlet (0.00373 kg/s, 497°C) to the combustion chamber was defined as a mass flow inlet with a
uniform distribution over the cross-section (1 in Fig. 2). Combustion air (0.00713 kg/s, 300°C) was supplied through
two inlet locations, both modeled as mass flow inlets with uniformly distributed flow (2 in Fig. 2). The flue gas outlet,
corresponding to the inlet of the tubular heat exchanger (6 in Fig. 2), was specified as a pressure outlet with a relative
static pressure of 0 Pa. Similarly, the boiler water inlet (0.2 kg/s, 55°C) was defined as a mass flow inlet with uniform
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distribution (8 in Fig. 2), while the water outlet was modeled as a pressure outlet with a relative pressure of 0 Pa (9 in
Fig. 2). All remaining surfaces were defined as wall boundary conditions. The parameters used in the numerical simu-
lations for the refractory ceramics (corundum 90) were taken from [13] and are as follows: A=2.33 W/mK, C,=1.118
kJ/kgK, and p=2.83 g/cm3. Table 1 presents the composition of producer gas used in the numerical simulations.

Table 1: Producer gas composition used in the numerical simulations.

CO% CO, % CH4 % H, % H,0 % N, % 0,% C;Hi6 %
2.344 19.043 0.293 0.195 21.484 53.906 0.293 2.442
26
X oeH
® _.
- :
a)

Figure 2: a - 3D model of the combustion chamber design of wood log gasification boiler, b — the computational
mesh represented by a cross-section of the combustion chamber. 1 — producer gas inlet, 2 — combustion air inlet,
3 - refractory ceramics separating the gasification from the combustion chamber, 4 - combustion chamber,

5 - refractory ceramics inside the combustion chamber, 6 - flue gas outlet, 7 - boiler steel plate,

8 - boiler water inlet, 9 - boiler water outlet.

2.3. Effect of refractory length and gas inlet position on heat transfer

A total of 25 configurations were analyzed, combining five different lengths of the refractory ceramic with five posi-
tions of the producer gas inlet, as listed in Tab. 2. The producer gas inlet position is denoted by x, and the refractory
ceramic length by y. Each configuration is labeled as xyy;, with the index i ranging from 1 to 5, starting from x;y; up to
XsYs.

Table 2: Configurations xyy; used in the numerical simulations.

Refractory ceramic length (y)
=300 mm

Producer gas inlet position (x;)
X;=150 mm
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Producer gas inlet position (x) | Refractory ceramic length (y;)
X;=250 mm y-=375 mm
X3=350 mm y3=450 mm
X4=450 mm ¥4=525 mm
Xs=550 mm ys=600 mm
Figure 3 shows the CFD model of the combustion chamber.
Xi
l-—»
Producer gas inlet l
Combustion air inlet _> g -—
Boiler water ]
inlet = e
) yi Adiabatic
wall
i

Flue gas
outlet

Boiler water
outlet

Figure 3: CFD model of the combustion chamber.

3. RESULTS

The results of the numerical simulations are presented in Fig. 4. The convergence criterion (< 1x107*) was achieved
just before the 13000% iteration, corresponding to a total computational time of approximately 35 minutes. In Fig. 4,
the total heat transfer from the flue gas to the boiler water obtained from the CFD simulations is depicted by the black
line, while the total energy brought in the combustion chamber is shown by the red dashed-dotted line. The analysis
reveals that the most favorable heat transfer performance is achieved when the producer gas inlet is positioned clos-
est to the flue gas outlet and the refractory ceramic length is at least half the combustion chamber length. Specifically,
configurations x;ys, X;y4, and x;ys (highlighted in gold) demonstrate this optimal geometry. In these cases, the ex-
tended refractory element creates a longer flow path, thereby increasing the residence time of the flue gases and
enhancing heat transfer. The total heat transfer for these optimal configurations shows minimal variation, ranging
from 13.33 to 13.5 kW. Conversely, the least favorable performance is observed when the producer gas inlet is posi-
tioned near the boiler water inlet, as seen in configurations xsy;, x3y,, and x,y; (highlighted in green). In these arrange-
ments, heat transfer is significantly reduced, with values varying only slightly between 10.91 and 10.99 kW. Overall,
the difference between the most and least favorable configurations is approximately 2.5 kW.
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Combinations of various refractory ceramic lengths and various positions of the producer gas inlet in the combustion chamber

Figure 4: Results of CFD simulations.

In Fig. 4, radiative heat transfer from the flue gas to the boiler water is shown by the dark red dashed line. Regression
analysis was used to derive the following mathematical equation (in watts) describing this process:
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Qr_reg =CtGp + C2Ir +G (pr / Ir )2 +¢y (ATgas /ATwarer )2 +Cs (ATgas - ATwarer )2 ¢ (Tgasmean /Twater,"ean )2 + )
/T,

water, ., )3 + Cio (pr / Ir )4 + C11(AT / ATwater )4 + C12(Tg / Twater )4

gas mean

c,(p, /1) +cg (AT, / AT,

3
gas water ) + Cy (Tg

ASmean Smean

Where ¢; are constants (Tab. 3), p,=p/L and /=I/L denote the relative inlet position and refractory length, respectively,
with L=900 mm. AT,es and AT, are the gas and water inlet-outlet temperature differences, and Tyas_mean aNd Twater_mean
are the corresponding mean temperatures.

Table 3: Constants used in (1)

Co C1 C G Ca Cs Ce C7 Cg Co Cio Cn C12
322835 | 3644.1 | -399.7 | -8198.9 | 15.6 | 0.22 | -267997.9 | 8131.5 | -26.1 | 133772.7 | -2197.2 | 3.5 | -18662.9

Configuration p,/; was selected as optimal, as it achieves near-maximal heat transfer performance while employing a
shorter refractory length, thereby offering a favorable balance between efficiency and material economy. The numer-
ical results for this configuration are shown in Fig. 5a. The flue gas temperature field indicates outlet temperatures
between 425 and 549°C, confirming that the extended flow path, and correspondingly increased flue gas residence
time, significantly enhances heat transfer. Although the primary role of the refractory ceramic is to separate the gas
inlet from the outlet, positioning it closer to the outlet enhances convective heat transfer and promotes radiative heat
exchange from hotter to cooler regions. The simulations also indicate an average water temperature rise of 9-20°C
during heat exchange. Conversely, Fig. 5b presents configuration p.l;, which exhibits unfavorable heat transfer char-
acteristics, with clearly visible colder zones caused by the more distant producer gas inlet position.

Temperature
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Figure 5: Results of CFD simulations. a - the optimal configuration p;/;, b - the least favorable configuration p.ls.
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4. CONCLUSIONS

This paper investigates how the geometry and placement of refractory ceramics influence heat transfer and combus-
tion performance in wood-log gasification boilers. The results shows that refractory ceramics in wood-log gasification
boilers should be treated as flow-shaping and radiative elements rather than merely as thermal protection. By con-
trolling the residence time, flow topology, and exposure of hot gas to radiative surfaces, the refractory layout governs
the dominant heat-transfer mechanisms inside the combustion chamber.

The CFD simulations shows that the most effective configurations create a U-shaped flow path that separates the gas
inlet from the outlet and extends the flue-gas residence time. A refractory length of approximately one half to two
thirds of the chamber length is sufficient to achieve this effect. Positioning the ceramic closer to the gas outlet pro-
motes heat transfer by directing radiative and convective fluxes from hotter to cooler regions.
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ABSTRACT

This paper presents a hybrid control strategy combining proportional-integral-derivative (PID) feedback with model-
based feedforward compensation for precise trajectory tracking in two-degree-of-freedom (2-DOF) robotic manipu-
lators. The approach addresses nonlinear dynamics, including inertial coupling, Coriolis effects, and gravity, by deriv-
ing the Euler-Lagrange equations for a planar arm and implementing a computed torque feedforward term aug-
mented by PID correction. Theoretical stability is analyzed using Lyapunov methods, ensuring asymptotic conver-
gence of tracking errors. Simulations demonstrate superior performance compared to standalone PID, with root-
mean-square errors reduced to 0.5751° for the first joint and 1.4416° for the second under sinusoidal references. Re-
sults include phase portraits, torque decompositions, and sensitivity analysis to parameter variations, validating the
method's robustness for industrial applications.

KEYWORDS

Hybrid control, PID-feedforward, Trajectory tracking, 2-DOF manipulator, Robotic systems, Stability analysis.

1. INTRODUCTION

Robotic manipulators with multiple degrees of freedom represent cornerstone technologies in contemporary auto-
mation landscapes, facilitating high-precision tasks across diverse sectors such as industrial manufacturing, medical
surgery, space exploration, and agricultural operations. These systems, often embodying complex kinematic chains,
enable dexterous interactions with environments, yet their inherent nonlinear dynamics, encompassing variable in-
ertia, centrifugal and Coriolis forces, gravitational loads, and joint couplings, impose formidable challenges on control
design, particularly for trajectory tracking applications. Conventional control paradigms, like proportional-integral-
derivative (PID) regulators, offer simplicity and ease of implementation but frequently falter under these nonlineari-
ties, manifesting in persistent steady-state errors, oscillatory responses, or even instability during rapid maneuvers or
under payload variations [1,2,6,7,10]. To address such limitations, hybrid control frameworks that merge feedback
mechanisms with feedforward compensation have gained prominence, capitalizing on a priori model knowledge to
anticipate disturbances while relying on real-time feedback for corrective actions, thereby enhancing overall system
robustness and performance [3,8,9,11,13]. The evolution of robotic control strategies has been marked by significant
advancements in hybrid methodologies, driven by the need for improved accuracy and efficiency in dynamic envi-
ronments. For example, Ngo et al. [1] conducted a comprehensive review of control trends in parallel robot manipu-
lators for rehabilitation, highlighting hybrid position-force schemes that integrate feedforward elements with feed-
back loops to achieve seamless trajectory tracking, albeit with emphasis on parallel rather than serial configurations.
Complementing this, Aner et al. [2] provided a decade-long survey on soft robotic manipulators, underscoring the
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role of bio-inspired hybrid controllers that blend model-based feedforward with adaptive feedback to handle mate-
rial nonlinearities and external uncertainties, offering insights applicable to rigid systems through analogy. In the
domain of agricultural robotics, Nkwocha et al. [3] explored PID augmented with feedforward techniques for percep-
tion to coordination pipelines, demonstrating enhanced precision in field operations but noting gaps in stability un-
der varying terrains. Further, Della Santina et al. [4] investigated model-based dynamic feedback for planar soft ro-
bots, achieving trajectory tracking via feedforward compensation of environmental interactions, which parallels rigid
manipulator challenges in gravity-dominated planes. Tusset et al. [5] proposed a PID-LQR hybrid for pneumatic ma-
nipulators, focusing on positioning accuracy under non-ideal excitations, revealing benefits in vibration suppression
that could extend to multi-DOF arms.

Building on these, Zou et al. [6] examined shape-changeable parts in robotic assembly, incorporating feedforward
strategies to adapt to geometric variations, while Zhang et al. [7] designed parallel wrist rehabilitation robots with
PID tuning for compliance, emphasizing error minimization in human-robot interactions. Xie et al. [8] analyzed hu-
man-exoskeleton coupling with series elastic actuators, using hybrid control to mitigate dynamic mismatches, a con-
cept transferable to manipulator torque management. Falkenhahn et al. [9] developed dynamic control for bionic
handling assistants, leveraging feedforward for continuum-like flexibility, and Garabini et al. [10] surveyed variable
stiffness actuators from a user perspective, advocating hybrid approaches for safe and efficient tracking. Rone et al.
[11] derived continuum manipulator statics via virtual work, informing feedforward models, whereas Thuruthel et al.
[12] surveyed control strategies for soft manipulators, stressing the integration of feedback and feedforward for non-
linear compliance. George Thuruthel et al. [13] explored model-based control of soft actuators with learned discrete-
time models, highlighting data-driven enhancements to hybrid schemes. Rus et al. [14] discussed design and control
of soft robots, emphasizing feedforward in fabrication-aware dynamics, and Katzschmann et al. [15] introduced
Peano-HASEL actuators for muscle-mimetic contraction, with implications for hybrid torque generation in manipula-
tors. These contributions collectively illustrate the hybrid paradigm's versatility but often underexplore rigorous sta-
bility analyses or quantitative metrics like root-mean-square errors in varied operational regimes, particularly for 2-
DOF planar systems subject to gravitational perturbations [4,9,12].

The core problem tackled in this work is the formulation of an optimized hybrid PID-feedforward controller tailored
for 2-DOF planar manipulators operating with partially unknown or varying dynamics, striving for asymptotic conver-
gence in tracking smooth reference trajectories while optimizing control effort and mitigating actuator strain. Diverg-
ing from exclusively model-dependent techniques [4,11,14], which demand precise parameter identification, or
purely data-intensive methods such as adaptive dynamic programming [3,12,13], this investigation fuses analytical
derivations with empirical validations through simulations. Key novelties encompass: (i) a customized Lyapunov-
based stability framework for the closed-loop hybrid system, accounting for integral action and feedforward residu-
als; (ii) detailed torque decomposition analyses to empirically quantify the feedforward's contribution in alleviating
feedback burden; and (iii) extensive sensitivity evaluations to parametric uncertainties, bridging gaps in prior hybrid
implementations and paving the way for hardware transitions [1,5,7,15]. By addressing these aspects, the proposed
methodology not only advances theoretical understanding but also holds practical promise for scalable robotic de-
ployments in constrained environments.

This paper is organized as follows: Section 2 elucidates the dynamic model via Lagrange formulation. Section 3 delin-
eates the hybrid control design, encompassing PID tuning, feedforward computation, and stability proofs. Section 4
elucidates simulation outcomes, including error metrics, phase diagrams, and comparative assessments. Finally, Sec-
tion 5 synthesizes conclusions and outlines prospective research avenues.

2. SYSTEM MODEL

The system under investigation is a two-degree-of-freedom (2-DOF) planar robotic manipulator, a widely used bench-
mark in control theory and robotics research due to its representation of fundamental nonlinear phenomena while
maintaining analytical tractability. This manipulator comprises two rigid links interconnected by revolute joints, con-
fined to motion in a vertical plane where gravitational influences are prominent, simulating real-world scenarios such
as industrial arms or exoskeletons. The generalized coordinates are selected as the angular displacements: ¢, denotes

the angle of the proximal link relative to the horizontal base, and ¢, represents the relative angle between the distal
and proximal links, both measured counterclockwise. The associated velocities ¢, and ¢, , along with accelerations ¢,
and g, , fully describe the system's state. Key assumptions include rigid body links with no flexibility, absence of joint

friction or viscous damping, negligible backlash, and point masses at centers of gravity, which simplify the model
while focusing on core dynamics like configuration-dependent inertia and velocity-induced forces [1,4,9,10]. These
simplifications are standard in preliminary studies, allowing derivation of equations that can later incorporate uncer-
tainties for robustness testing, as seen in applications ranging from precision assembly to rehabilitation robotics
[2,6,7,11].
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To formulate the governing equations, the Euler-Lagrange approach is employed, leveraging the Lagrangian L as
the kinetic energy T minus the potential energy V' : L =T —V . The kinetic energy T encapsulates both translational
and rotational contributions from each link. For the first link, it involves the mass m1 at distance Ic1 from the pivot,
contributing to linear velocity terms, plus the rotational inertia 7, about the center of mass. The second link introduces

additional terms due to its position dependent on both ¢, and g, , including cross-coupling via cosine terms that re-
flect geometric interdependence. The explicit expression for T is:

T= %ml (L4, +%Ilq'f + %mz [(llq‘1 cosq, +1,(q4, +4,)cos(q, +q,))* +
HldySing, + LG+ 4)sin(a, 4420 451,00, + 0,
Simplifying the squared terms yields:
T= %[mllf1 +m P+ 1147 + %[mzlf2 +1L,1(q, +4,)" +myLl ,q,(4, +q,)cosq, )
This form highlights the quadratic velocity dependence and configuration variability, essential for understanding en-

ergy dissipation in control contexts [3,5,8,12].

The potential energy V stems exclusively from gravitational potential, assuming the base joint at zero height and
upward-positive y-axis:

V =mgl , sing, +m,g[l sing, +1_, sin(g, +¢,)] (3)

where g =9.81m /s’ acts downward, and sine terms arise from height projections [13,14]. Alternative conventions

use cosine with negative g, but sine aligns with standard upward potential increase; the choice affects gravity vector
signs but not overall dynamics [15].

The Euler-Lagrange equations are derived as d / dt(dL/d¢,)—dL/ dq, =7,for i =1,2, where 7, are applied joint tor-
ques. Computing partials leads to the compact matrix form:

M(q)§+C(q,9)g+G(q)=7 (4)

where M (g)is the symmetric, positive definite inertia matrix ensuring kinetic energy positivity and system invertibil-
ity for forward dynamics simulation. Explicitly:

M, = mllfl +m, (112 + lfz +241,,

My, =M, =my (I, +11,, cosq,) + 1, (5)
M,, =m)}, +1,.

cosq,)+1 +1,,

The ¢, -dependent off-diagonals illustrate joint coupling, a hallmark of serial manipulators that complicates decou-
pled control [1,4,9].

The Coriolis/centrifugal matrix C(q,q)is:

G, =-myll,sing,q,,

Ci, =—myll , sing, (4, +q,), ©6)
G, =myll,sing,q,,

C,, =0.

Notably, the matrix C —2C is skew-symmetric, a property exploited in passivity-based controls for energy shaping
[2,5,10,12]. The gravity vector G(q) is:

G, =mgl, cosq, +m,g(l, cosq, +1., cos(q, +q,)),

(7)
G, =m,gl_, cos(q, +q,).

Parameters are m, = 5kg, m, =3kg, [, = 0.8m, I, =0.6m, lc, = 0.4m, lc, = 0.3m, I, = 0.5kgm’ , I, = 0.3kgm
g =9.81m/ s” selected to mimic a compact laboratory robot with realistic mass distribution, facilitating comparison

with benchmarks like double pendulums or SCARA arms [7,8,13,14,15]. This model supports numerical integration
(e.g., Euler or Runge-Kutta) for state evolution and inverse kinematics for end-effector paths, setting the stage for
control synthesis in the subsequent section.
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3. CONTROL DESIGN

The control design focuses on a hybrid architecture that synergizes model-based feedforward (FF) compensation with
proportional-integral-derivative (PID) feedback to attain high-fidelity trajectory tracking amid nonlinearities and po-
tential disturbances. The overarching control input T is formulated as

T=T,+7T,, (8)

where 7, proactively nullifies anticipated dynamic terms derived from the system model, and 7, reactively miti-

gates tracking discrepancies, model inaccuracies, or exogenous perturbations [1,4,9,10,12]. This duality capitalizes on
FF's predictive capability for efficiency in nominal scenarios and PID's robustness for error handling, rendering the
approach suitable for applications demanding precision, such as robotic welding, painting, or medical interventions
where trajectory adherence is critical [2,6,7,11,13]. Compared to purely feedback-oriented methods like sliding mode
control, which may induce chattering, or model predictive control requiring heavy computation, this hybrid strikes a
balance in complexity and performance [3,5,8,14].

The feedforward component is rooted in inverse dynamics, utilizing desired trajectory signals ¢, (t),q,(?),g,(?) to
compute compensatory torques. Ideally,

7, =M(9)q, +C(q,9)q, +G(q) )
but to circumvent dependency on noisy measured states g and ¢, a reference-based variant is adopted:
Ty =M(q,)4, +C(q,,9,)9, +G(q,) (10)

This approximation assumes small tracking errors, effectively decoupling the system into independent double inte-
grators for linear control overlay, a technique known as computed torque control that linearizes nonlinear plants [15].
In practice, trajectory planning ensures smooth g, profiles (e.g., sinusoidal or spline-interpolated), avoiding acceler-

ation discontinuities that could excite unmodeled modes [1,4].

The PID feedback augments FF by addressing the error vectore = ¢, — ¢ , its derivative é= ¢, —¢ . (approximated via

filtered differences to suppress noise), and integral Jed: (via discrete summation with anti-windup). The law is
7, =K, e+K [edt+K,é (1)
with diagonal gain matrices: Kp = diag(800,600), Ki = diag(50,30), Kd = diag(40,25) for joints 1 and 2, respectively.

In selection draws from empirical methods like Ziegler-Nichols, starting with proportional tuning for critical oscilla-
tion, then adjusting integral for offset removal and derivative for damping, fine-tuned via simulation to minimize
overshoot while ensuring quick settling [2,5,9,11]. Anti-windup logic resets the integrator upon torque saturation,
preventing instability in actuator-limited systems [3,6,10].

To rigorously establish closed-loop stability, Lyapunov theory is invoked. Substituting T into the dynamics yields the
error equation:

M(q)e+C(q,9)é+K e+ K, Jedt+K,e=5 (12)

where § encapsulates FF mismatches (e.g., due to parametric errors or state discrepancies). A suitable Lyapunov func-
tion is

1 1 1 T
V=—0"M(@é+—e K e+—(ledt) K ([edt)+ pe’ (edt 13
LML K e et K (feat) e () 03
with £ > 0tuned for cross-term positivity.

This augmented candidate ensures J > 0 for non-zero errors, leveraging positive definite matrices. The time deriva-
tive is

V=e" [M e+%Me} +e'Ter+(fedt)T K.e+ Bé" (jedt) +pe'e (14)
Exploiting the skew-symmetry of C —2C , the velocity quadratic cancels, simplifying to

V =¢é" (—Kpe—Kil edt — Kdé + &) +é" Kpe + (| edt)” Kie+ (15)

terms.
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Further reduction yields
V=& K,e+é" 5+ fe et " (ledt)+(Jedt) Kie (16)
For nominal 6 =0, appropriate S (e.g., f =K, /2) renders the cross terms negative semi-definite, ensuring
V <—¢" (Kd - pl)é—(Jedt) (Kil2)(Jedt) <0 17)

with equality at origin, implying global asymptotic stability via LaSalle [7,8,13,14]. Under bounded ¢ (e.g., |0 <A

from uncertainty bounds), V <0 outside a compact set, yielding uniform ultimate boundedness with error balls pro-
portional to A/ Kd [12,15]. Contributions encompass: (i) seamless FF-PID fusion with discrete implementation de-
tails, (i) extended Lyapunov analysis including integrals for offset-free tracking, and (iii) comparative edges over al-
ternatives like LQR or MPC in computational simplicity [3,5,10,11]. This design paves the way for simulation verifica-
tion, highlighting practical viability.

4. SIMULATION RESULTS

Simulations were performed using MATLAB environment with a time step d¢ = 0.001s and total simulation duration
¢ ima =10s . The desired trajectories were defined as ¢,, = sin(t)rad for the first jointand g,, = 0.5*cos(t)rad for the

second joint, representing smooth, periodic motions suitable for testing dynamic tracking performance. Initial con-
ditions were set to zero positions and velocities (¢,(1) = 0,4,(1) =0,4,,,,(1) = 0,4,,,,(1) = 0) , introducing an initial error
that the controller must compensate. The hybrid PID-feedforward controller was implemented as described, with PID
gains tuned empirically for aggressive response and feedforward based on nominal model parameters [1,4,9]. To
evaluate robustness, additional runs compared the hybrid approach against a standalone PID controller (by disabling
the feedforward term, T, = 0) and assessed sensitivity to parameter variations, such as +20% changes in link masses

m1and m2.
100 T T T T T T T T T
g 50
=
o
c 0
ie]
3
o -50 = = = Desired
Actual
_100 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10
40 T T T T T T T T T
= = = Desired
g 20 Actual
=
o
s 0
iel
2
g -20
_40 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

Time [s]
Figure1: Joint Position Tracking

Joint position tracking is illustrated in Figure 1, placed immediately after this paragraph for direct reference. The ac-
tual positions (solid blue lines) closely follow the desired references (dashed red lines), with convergence achieved
within approximately 1-2 seconds despite initial offsets. For joint 1, the position in degrees shows minimal overshoot,
while joint 2 exhibits a slightly larger transient due to its smaller inertia and stronger gravitational coupling, as ex-
pected from the model dynamics [2,6].

Tracking errors are detailed in Figure 2, inserted here to highlight error evolution. Errors e1 and e2 (in degrees) decay
exponentially to near-zero values, with root-mean-square (RMS) errors of 0.5751° for e1 and 1.4416° for e2 over the
full simulation. Maximum absolute errors are 5.36° for e1 and 28.65° for €2, occurring during the initial phase, which
is improved by 45-60% compared to pure PID simulations where RMS errors exceed 1° and 2.5°, respectively [3,7,10].
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Figure 2: Tracking Errors.

Joint velocities are analyzed in Figure 3, positioned following this description. Desired velocities (dashed red) and
actual ones (solid blue) align well, with derivatives computed accurately via finite differences in the simulation loop.
This confirms the controller's ability to handle dynamic terms like Coriolis effects, reducing velocity mismatches that
could amplify positioning errors [5,8].
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Figure 3: Joint Velocities.

Control torques 7,and 7, are shown in Figure 4, placed here for torque profile inspection. Mean absolute torques are
39.46 Nm for 7,and 6.31 Nm for 7, , reflecting the higher load on the base joint; peaks are limited, avoiding actuator
saturation in practical setups [11,12].
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Figure 4: Control Torques.

Torque decomposition into PID and feedforward components is visualized in Figure 5, inserted after this sentence.
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Figure 5: Torque Decomposition.

The feedforward term (red) dominates steady-state compensation (~80% of total torque), while PID (green) handles
transients and corrections (~20%), demonstrating efficiency gains over feedback-only methods [13,14]. Phase por-
traits for each joint appear in Figure 6 (for joint 1) and Figure 7 (for joint 2), placed sequentially here. These diagrams
show actual trajectories (solid blue) converging to desired loops (dashed red), indicating bounded and asymptotically
stable behavior as per the Lyapunov analysis [2,15].
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Figure 6: Phase Portrait for Joint 1
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Figure 7: Phase Portrait for Joint 2.

Cartesian end-effector trajectory is depicted in Figure 8, positioned following the phase portrait discussion.
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Figure 8: Cartesian End-Effector Trajectory.

The actual path (solid blue) closely matches the desired elliptical trajectory (dashed red), with deviations under 0.01
m, computed via forward kinematics x = /,cos(q,) +,cos(q, + q,),y = l;sin(q,) +1,sin(q, + q,) . Moving RMS errors over

a 500-sample window are plotted in Figure 9 (semilog scale), inserted here, showing rapid decay below 0.05° after 2
s for both joints, underscoring transient performance [3,6].
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Figure 9: Moving RMS Tracking Errors.

Robot configurations at snapshots t=1,3,5,7,9 s are illustrated in Figure 10, placed at the end of this section. These
show progressive arm poses, confirming smooth motion without singularities.
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t=3s
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0.6 - B

05 0 0.5 1 15 2
x [m]
Figure 10: Robot Configurations at Selected Time Instances.

Sensitivity analysis revealed that mass perturbations increase RMS errors by up to 15%, but stability is maintained due
to PID robustness; inertia variations had lesser impact, aligning with prior studies on parameter uncertainty [7,10,12].
Overall, the hybrid controller outperforms benchmarks in convergence speed and error metrics, validating its applica-
bility for real-time robotic tasks [1,4,9,14].

5. CONCLUSIONS

This paper has presented a comprehensive framework for hybrid PID-feedforward control applied to trajectory track-
ing in two-degree-of-freedom (2-DOF) planar robotic manipulators, addressing the challenges posed by nonlinear
dynamics such as inertial coupling, Coriolis effects, and gravitational torques. By deriving the system model through
Euler-Lagrange equations and integrating a computed torque feedforward component with PID feedback, the pro-
posed approach ensures precise compensation of nominal disturbances while correcting residual errors in real time.
The control design, supported by Lyapunov-based stability analysis, guarantees asymptotic convergence of tracking
errors under nominal conditions and bounded errors in the presence of model uncertainties, extending theoretical
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foundations from prior works on hybrid systems [1,2,4,5,9]. Simulations conducted in MATLAB R2015a validated the
method's efficacy, demonstrating root-mean-square (RMS) position errors of 0.5751° for the first joint and 1.4416° for
the second under sinusoidal reference trajectories, with maximum errors limited to 5.36° and 28.65°, respectively.
Compared to standalone PID control, the hybrid strategy reduced RMS errors by 45-60%, minimized actuator effort
through torque decomposition (feedforward handling ~80% of the load), and maintained robustness in sensitivity
tests with +20% parameter variations, as evidenced by phase portraits, Cartesian paths, and moving RMS plots that
showed rapid decay below 0.05° after initial transients [3,6,7,10,12].

The key contributions of this study include: (i) a tailored Lyapunov candidate incorporating integral action for en-
hanced stability proofs in multi-joint systemes, (ii) detailed visualizations and metrics like torque breakdowns and con-
figuration snapshots that quantify feedforward benefits, and (iii) practical extensions such as anti-windup mecha-
nisms and empirical gain tuning, bridging gaps in literature focused on either purely adaptive or model-free methods
[8,11,13,14]. These advancements not only improve tracking performance in simulated environments but also pro-
vide a scalable blueprint for industrial robotics, where energy efficiency and precision are paramount. However, lim-
itations exist: the reliance on Euler integration may accumulate numerical errors in longer simulations, the model
assumes rigid links without friction or backlash, and evaluations are confined to simulations without real-world dis-
turbances like sensor noise or external forces [15]. Future research directions encompass experimental validation on
physical prototypes, such as SCARA-like arms, incorporation of adaptive elements for online parameter estimation to
handle uncertainties, and extension to higher-DOF systems or soft robotics, potentially integrating machine learning
for gain optimization [2,5,9,12]. Overall, this work underscores the potential of hybrid controls to elevate robotic ca-
pabilities, fostering safer and more efficient human-robot collaborations in dynamic settings.
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ABSTRACT

These days, optimization algorithms are widely used to tackle issues in a variety of scientific domains. The natural
behavior of an agent - which could be a physical or chemical agent, a human, an animal, or a plant - is typically the
source of inspiration for optimization algorithms. Animal behavior served as the inspiration for the majority of algo-
rithms that have been proposed in the past ten years. The wild horse optimizer (WHO), an optimizer algorithm in-
spired by the social behavior of wild horses, is used in this paper to identify damage to space truss constructions. As
we know, a stallion and a number of mares and foals typically make up a group of horses. Horses engage in a variety
of activities, including grazing, pursuing, leading, dominating, and mating. The decency of horses is an intriguing trait
that sets them apart from other animals. The offspring of the horse leave the group before they reach adolescence
and join other groups due to horse descent behavior. The purpose of this departure is to stop the father from mating
with the daughter or siblings. The key to WHO was established. In addition, based on finite element analysis to deter-
mine the natural frequencies and mode shapes of these space truss structures for the goal of establishing the objec-
tive function, the final results demonstrate a very good reaction to the suggested tasks.

KEYWORDS

Space truss structure, Identify damage, Finite element analysis, Natural frequency, Mode shape, Wild horse optimizer.

1. INTRODUCTION

The rapid advancement of science and technology has led to the widespread use of artificial intelligence techniques
in contemporary society. Because optimization can choose the optimum answer from a range of choices, it is an es-
sential part of artificial intelligence. Three basic components are typically included in an optimization problem: the
objective function(s), design variables, and constraints that require the optimization method to reach the global re-
sult. Because of their many advantages, including population-based mechanisms with multiple candidate solutions,
ease of implementation, high flexibility, lack of gradient information, and black-box processes with only inputs and
outputs, metaheuristic algorithms—a stochastic optimization technique inspired by natural behaviors-have become
more and more popular in the optimization fields. For optimization issues like those in mechanical design and civil
engineering, metaheuristic algorithms are therefore highly suitable. Particle Swarm Optimization (PSO) [1], Genetic
Algorithm (GA) [2], Gravitational Search Algorithm (GSA) [3], Salp Swarm Algorithm (SSA) [4], Artificial Bee Colony
(ABC) [5], Gray Wolf Optimizer (GWO) [6], Wild Horse Optimizer (WHO) [7], Evolution Strategies [8], Water Flow Opti-
mizer (WFO) [9], Sine Cosine Algorithm (SCA) [10], Black Widow Optimization Algorithm (BWOA) [11], Teaching-Learn-
ing-Based Optimization (TLBO) [12], Chaos Game Optimization (CGO) [13], and many other metaheuristic algorithms
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have already been developed by researchers and engineers. Even while metaheuristics range in their performance
and sources of inspiration, striking a balance between exploration and exploitation remains a common problem. Ex-
ploration refers to the search agents' ability to search globally, whereas exploitation is related to their ability to search
locally. A metaheuristic algorithm may experience local stagnation if it is unable to strike a balance between explora-
tion and exploitation. It is important to remember that because all metaheuristic algorithms rely on stochastic search,
they cannot guarantee global convergence for every optimization problem. Researchers can determine the ad-
vantages and disadvantages of the suggested metaheuristic algorithm as well as any potential drawbacks by carrying
out thorough experiments and algorithm comparisons. This is crucial when creating new metaheuristic algorithms
for optimization.
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Figure 1: Horse groups based on the initial population
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Figure 2: The creation of horse groups

In this study, damage to space truss structures is predicted using the Wild Horse Optimization (WHO), which was
inspired by the behavior of horse herds in the wild (Figures 1 and 2). Some formulas for calculating the natural fre-
quencies as well as mode shapes of a structure using the traditional finite element method should be read, such as
those included in the documents [14, 15].
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This paper is divided into the following sections: Section 2 presents a brief theory. Section 3 gives the results, and the
final section offers some remarks.

2. THE BRIEF RECALL ON WHO

Horses are classified into two social groups: territorial and non-territorial. The authors of WHO [7] concentrated on
the non-territorial group. They provided the following pseudo-code for the WHO algorithm:

Step 1: Initialize the first population of horses randomly

Step 2: Enter the required parameters PC and PS

Step 3: Calculate the fitness of horses

Step 4: Form groups of foals and choose stallions

Step 5: Find the best horse as the optimum

Step 6: While the end criterion is not satisfied, calculate TDR

TDR =1—iter / maxiter (1
Step 7: For the number of stallions, calculate Z, an adaptive mechanism.
Step 8: With sub-loop, for the number of foals of any group.
If rand > PC, update the position of the foal

X!, =2Z cos(27RZ)x(Stallion’ — X} )+ Stallion’ 2
with G is the number of horse groups.
Else, update the position of the foal

Xe, =Crossover(X§l,,,X§lj) (3)
with details stated in document [7].
End
Step 9:

If rand > 0.5, update the position of stallion ( Stallion; )
Stallion,, =22 cos(2zRZ )x(WH — Stallion, )+WH @

Else, update the position of stallion ( Stallion; )

Stallion;, =27 cos(2zRZ)x(WH - Stallion,, )~ WH (5)
in which WH is the position of the water hole.
End
Step 10:

If cost( Stallion,, ) < cost{( Stallion )
Stallion = Stallion; (6)

End
Step 11: Sort foals of group by cost. Select foal with minimum cost.
If cost( Foal ) < cost( Stallion ), exchange foal and stallion position
X, if cost(X,,)<cost(Stalliong )
Stallion, = 7)
Stalliong , if cost(Xj,)> cost(Stallion, )
End
Step 12: Update optimum and finish.

It should be noted that further parameters for the aforementioned formulas can be found in the pertinent literature
on the WHO's founding by [7]. Figure 3 displays the qualitative analysis results of the WHO approach in resolving a
number of typical optimization problems. Details and comprehensive information on these functions are described
in [4-6].
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3. RESULTS

Two space truss configurations with 25 and 72 bars are examined in this section, as shown in Figures 4 and 5 and
Tables 1 through 3.

Figure 4: 25-bar truss structure
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Figure 5: 72-bar truss structure
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Figure 7:

Engineering Today

-

—\\‘V;I/A

#6

The first six mode shapes of 72-bar truss structure

Table 1: Properties of bar

A E p

0.000707 m?

205e9 N/m?

7833 kg/m?

Table 2: Coordinates of nodes

25-bar truss structure 72-bar truss structure
Node | x(m) y(m) | z(m) | Node | x(m) | y(m) | z(m) | Node | x(m) | y(m) | z(m)
1 -0.9525 0 5.08 1 0 0 6.096 11 3.048 | 3.048 | 3.048
2 0.9525 0 5.08 2 3.048 0 6.096 12 0 3.048 | 3.048
3 -0.9525 | 0.9525 | 2.54 3 3.048 | 3.048 | 6.096 13 0 0 1.524
4 0.9525 | 0.9525 | 2.54 4 0 3.048 | 6.096 14 3.048 0 1.524
5 0.9525 | -0.9525 | 2.54 5 0 0 4572 15 3.048 | 3.048 | 1.524
6 -0.9525 | -0.9525 | 2.54 6 3.048 0 4572 16 0 3.048 | 1.524
7 -2.54 2.54 0 7 3.048 | 3.048 | 4.572 17 0 0 0
8 2.54 2.54 0 8 0 3.048 | 4.572 18 3.048 0 0
9 2.54 -2.54 0 9 0 0 3.048 19 3.048 | 3.048 0
10 -2.54 -2.54 0 10 | 3.048 0 3.048 20 0 3.048 0
Table 3: Two nodes of each bars
25-bar truss structure 72-bar truss structure
Bar Nodes Bar Nodes Bar Nodes Bar Nodes
1 1 2 1 1 5 26 6 11 51 11 12
2 1 4 2 2 6 27 8 12 52 9 12
3 2 3 3 3 7 28 7 12 53 9 11
4 1 5 4 4 8 29 8 9 54 10 12
5 2 6 5 1 6 30 5 12 55 13 17
6 2 4 6 2 5 31 5 6 56 14 18
7 2 5 7 3 6 32 6 7 57 15 19
8 1 3 8 2 7 33 7 8 58 16 20
9 1 6 9 4 7 34 5 8 59 13 18
10 3 6 10 3 8 35 5 7 60 14 17
11 4 5 11 4 5 36 6 8 61 15 18
12 3 4 12 1 8 37 9 13 62 14 19
13 5 6 13 1 2 38 10 14 63 16 19
14 3 10 14 2 3 39 11 15 64 15 20
15 6 7 15 3 4 40 12 16 65 16 17
16 4 9 16 1 4 41 9 14 66 13 20
17 5 8 17 1 3 42 10 13 67 13 14
18 4 7 18 2 4 43 11 14 68 14 15
19 3 8 19 5 9 44 10 15 69 15 16
20 5 10 20 6 10 45 12 15 70 13 16
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25-bar truss structure 72-bar truss structure
Bar Nodes Bar Nodes Bar Nodes Bar Nodes
21 6 9 21 7 11 46 11 16 71 13 15
22 6 10 22 8 12 47 12 13 72 14 16
23 3 7 23 5 10 48 9 16
24 4 8 24 6 9 49 9 10
25 5 9 25 7 10 50 10 11

Natural frequencies and mode shapes are combined to form the objective function (ob). Equation (8) must be solved
in order to determine these frequencies and mode shapes:

[M]d+[K]d=0 (8)
from which:
d=&sin(at + @) 9)
a=—a)2§sin(wt+(p) (10
So Equation (8) can be rewritten:
([K]-w'[mM])é=0 (11)
[K]-?[M] =0 (12)
Note that:
f=w/2r (13)

The global stiffness matrix K is going to decrease if any member of the truss structure is damaged. With K. as the
stiffness matrix of an element (a member), if it goes down r%, K also declines to a certain extent.

K¢ =(1-r%)K, (14)

Table 4: The damage situations of 25-bar truss structure

Situations Damage bar(s) Severity of damage
The first situation Bar 24 40%
I Bar 3 35%
The second situation Bar 25 25%
Bar 1 35%
The third situation Bar 10 25%
Bar 15 20%
Bar 1 35%
. Bar 4 30%
The fourth situation
Bar 10 25%
Bar 15 20%

Then the objective function is depicted by Equation (15):
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With 6 being the number of considered natural frequencies and mode shapes, (m) and (c) indicate the “measured”
and “computed”, fl and fl are the ith natural frequency and mode shape. Figures 6 & 7 depict the first six mode

shapes of 25-bar and 72-bar space truss structures.

50

0.45r
0.4
40%
035
2 03f
©
£
Jo2s¢
k]
£ 02t
8
@
» 015[
011
0.05F [—e—wHo]
a L L L L L L . L
0 5 0 15 20 25 30 3 40 45
Interation, bar 24
0.45r
0.4
35%
0.35r £
031
25%
0.25r
20%

Serevity of damage

—— WHO bar1
—fp—"WHO bari0
WHO bar1s

Serevity of damage

30 40 50 60 70 80 90
Interation, bars 1, 10 & 15

100

Serevity of damage

0451

04 r

35%
035
03r
25%
0251 pog ittt 000000000000
0.2
0151

017 —&— WHO bar3

—dp—WHO bar25

20 25 30 35 40 45 50
Interation, bars 3 & 25

15

35%

30%

25%

20%

—e— WHO bar1

iy WHO bard
WHO bar10

—a— WHO bar15

40 50 G0 70 80 a0 100

30
Interation, bars 1, 4, 10 & 15

Figure 8: The convergence for the damage situations of 25-bar truss structure

Table 5: The damage situations of 72-bar truss structure

Situations Damage bar(s) Severity of damage
The first situation Bar 13 40%
. . Bar 4 35%
The second situation
Bar 22 25%
Bar 25 35%
The third situation Bar 41 25%
Bar 69 20%
Bar 1 40%
. . Bar 25 35%
The fourth situation
Bar 41 25%
Bar 67 20%

To confirm the correctness, certain damage situations are shown in Tables 4 and 5. The results, which are shown in
Figures 8 to 9, demonstrate that the WHO produces the anticipated results for damage structure prediction. Further-
more, it is clear that the WHO only needs roughly 100 iterations to produce the necessary results.
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Figure 9: The convergence for the damage situations of 72-bar truss structure
4. CONCLUSION

This paper shows how to utilize the Wild Horse Optimizer (WHO) to identify damage in space truss structures. The
algorithm's performance is assessed in a variety of situations, ranging from straightforward to intricate, and the results
show how effectively the WHO predicts the position and magnitude of damage.
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