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ANNOTATION 

Reliable assessment of structural joint integrity is essential for ensuring the safety and 

serviceability of engineering structures, yet existing diagnostic approaches in structural health 

monitoring frequently suffer from directionally incomplete observability. Most methods are 

effectively one-dimensional in sensing or, when multiaxial sensing is employed, still rely on 

excitation that does not ensure a controlled multidimensional response around the point of 

interest. As a result, early-stage, axis-selective degradation signatures may remain undetected, 

limiting the diagnostic reliability of current practice. 

This Doctoral Thesis, through publications, develops and experimentally validates a 

synchronized multidimensional diagnostic approach designed to overcome these limitations. 

The core innovation lies in the systematic integration of five interdependent components: paired 

three-dimensional acceleration measurements on opposite sides of a structural joint within a 

shared time-reversal-focused response domain, controlled multidimensional excitation based 

on time-reversal wave-focusing principles, synchronized excitation and sensing channels, per-

axis coherence evaluation between paired opposite-side acceleration responses, and fusion of 

directional indicators into a single scalar metric of joint condition. 

The Thesis is supported by three complementary publication groups forming a unified 

research trajectory. The first group establishes axis-matched multiaxial response measurements, 

correlation-based indicators, scalar-metric fusion, and degradation emulation across different 

structural objects and materials. The second group provides the time-reversal wave-focusing 

basis required to extend response comparison toward controlled multidimensional excitation. 

The third group addresses high-precision timing and multichannel synchronization methods 

required to enable consistent time-reversal focusing in distributed measurement systems with 

digitally connected sensors and long-distance noise-immune transmission lines. Together, these 

groups form the methodological basis of the proposed approach, in which multiaxial response 

evaluation, excitation control, and time-consistent distributed sensing are treated as 

interconnected components of a single structural joint diagnostic methodology. 

The integrated methodology is validated through a synchronized, multidimensional 

structural joint experiment that emulates progressive degradation via controlled bolt-torque 

reduction over eight stages. The results demonstrate that controlled multidimensional excitation 

improves directional observability, reduces axis-dependent response ambiguity, and enhances 

response reproducibility under progressive degradation conditions. The fused Multiaxial 

Component Coherence Metric (MCCM) exhibits a monotonic decrease across all degradation 

stages, providing a diagnostic sensitivity that individual single-axis indicators cannot 

consistently achieve. 

The methodological components are documented in eight scientific publications and one 

granted patent. This Thesis integrates hardware design, synchronization, wave-based excitation 

control, and multiaxial structural response evaluation into a reproducible framework for the 

non-destructive assessment of structural joints. 
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CHAPTER 1. OVERVIEW 

1.1. Introduction 

Structural joint diagnostics in SHM are frequently limited by incomplete observability when 

single-axis sensing and excitation are employed. Because joint degradation can be axis-

selective, early-stage damage may manifest along specific translational components while 

remaining weakly expressed or undetected along others. Multiaxial sensing alone is insufficient 

when excitation remains effectively one-dimensional, as it does not reliably stimulate the full 

directional response field around the joint. Simply increasing impact energy is not a viable 

alternative, since it may introduce nonlinear effects, reduce repeatability, and overstress the 

joint interface. 

To overcome these limitations, this Thesis develops a diagnostic framework that shifts the 

focus toward controlled multidimensional joint assessment. The framework begins by acquiring 

three Axis-Matched Response (AMR) pairs from 3DOF sensors mounted on opposite sides of 

the joint. To ensure that these AMR components are obtained under controlled 

multidimensional excitation conditions, Multidimensional Time-Reversal Impact Focusing 

(MTRIF) is used to synthesize a virtual impact point at the near-sensor location, producing 

triaxial linear excitation. This multidimensional interaction is supported by Cross-Node Sample 

Synchronization (CNSS), which maintains the sample-level temporal consistency required for 

waveform-level comparison. The framework then uses the Response Coherence Ratio (RCR) 

to evaluate the pointwise coherence of each AMR pair. Finally, the three RCR values are fused 

into the Multiaxial Component Coherence Metric (MCCM), providing a scalar indicator that 

reduces axis-dependent dispersion and supports interpretation of the joint structural condition. 

1.2. State of the Art 

This section critically reviews structural-joint SHM methods relevant to localized wave-

based and vibration-based diagnostics. The review concentrates on active diagnostic 

approaches in which excitation is introduced into the structure and the measured response is 

used to assess degradation-related changes at the monitored joint. Global modal monitoring 

methods and general condition-monitoring systems are considered only as contextual 

background where they help clarify the limitations of localized joint diagnostics. The literature 

search was conducted using the Scopus and Web of Science databases with search terms 

including combinations of “structural joint,” “bolted joint monitoring,” “time reversal,” 

“structural health monitoring,” “multiaxial sensing,” “waveform comparison,” and “vibration-

based diagnostics.” The search was supplemented by forward and backward citation tracking 

from key references. 

The reviewed literature was selected according to three inclusion criteria. First, the study 

had to be relevant to structural joints, including bolted, bonded, riveted, composite, lap-joint, 

or similar connection regions. Second, the method had to involve an active wave- or vibration-

based diagnostic scheme, where excitation is introduced into the structure, and the response is 
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analyzed after interaction with the monitored joint. Third, the diagnostic information had to be 

related to degradation-induced changes in the local dynamic behavior of the monitored joint, 

including stiffness, coupling, wave propagation, or response transfer characteristics. 

Time-Reversal (TR) studies are considered as a separate group because TR focusing is one 

of the enabling principles of the proposed framework; therefore, selected works beyond 

structural-joint SHM are included, where they provide methodological background for 

controlled replay, focusing, or multi-emitter excitation. 

The selected studies were analyzed according to the following methodological criteria. 

1. Cross-joint response acquisition – whether responses are measured on both sides of 

the structural joint, allowing degradation to be evaluated through changes in 

dynamic coupling between the connected structural elements. 

2. Excitation directional diversity – whether excitation activates only one dominant 

direction or propagation path or provides controlled excitation diversity capable of 

stimulating several directional response components near the joint. 

3. Sensing dimensionality and multichannel interpretation – whether the response is 

measured using single-axis or multiaxial sensing, and whether multiple response 

components are interpreted independently or fused into a combined diagnostic 

indicator. 

4. Cross-joint waveform comparison – whether the method compares full waveform 

responses measured on opposite sides of the joint, rather than relying only on scalar 

energy, modal, impedance, or spectral indicators. 

5. Time-reversal axis-specific excitation – whether TR replay is used as a general 

focusing procedure, or whether separate axis-specific replay conditions are formed 

to control excitation of the receiving point along the measured response axes. 

6. Distributed acquisition and synchronization – whether the sensing architecture uses 

centralized acquisition, short-range analog wiring, or distributed digital nodes, and 

whether synchronization is explicitly maintained at the sample level. 

These criteria are not used to rank the reviewed studies by general SHM performance. They 

are used to identify which methodological requirements are already addressed in the literature 

and which remain insufficiently integrated for localized multidimensional structural-joint 

diagnostics. The following subsections discuss the reviewed works against these criteria. 

1.2.1. Localized Joint Diagnostic Approaches 

Frequency-response, guided-wave, and impedance-based approaches constitute the main 

body of localized structural-joint diagnostics. Frequency-response and transfer-based methods 

evaluate joint degradation through changes in dynamic characteristics between excitation and 

response locations. Tol and Özgüven [1] demonstrated that bolted-joint loosening modifies 

local transfer characteristics and vibration-response behavior, while related frequency-response 

comparison and cross-signature approaches were investigated in [2]. Guided-wave and Lamb-

wave methods provide stronger localization capability because they are sensitive to wave 

interaction with joint degradation. Such approaches were applied to composite bolted joints, 

bolted-joint degradation, active piezoelectric sensing, and diffuse-wave or guided-wave 

monitoring of loosening and degradation [3–7]. 

Electromechanical impedance methods estimate joint condition through changes in local 

electromechanical coupling between piezoelectric transducers and the monitored structure [8–

11]. These approaches provide high local sensitivity to stiffness and coupling variation near the 
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joint. However, when assessed against the criteria defined above, these methods typically rely 

on scalar indicators, limited propagation paths, or directionally constrained actuator–receiver 

configurations. Their principal limitation is therefore not insufficient damage sensitivity per se; 

rather, it is the incomplete integration of cross-joint multiaxial acquisition, controlled excitation 

diversity, and waveform-level near/far response comparison. For example, while guided-wave 

methods [3, 4] can detect bolt loosening through changes in wave propagation, they typically 

evaluate a single propagation path and do not capture the full three-dimensional response of the 

joint region. Similarly, impedance-based methods [8–10] provide high local sensitivity but 

measure changes in electromechanical coupling at a single transducer location without cross-

joint response comparison. 

1.2.2. Response Comparison and Multiaxial Observability 

Several studies show that degradation-sensitive information can be extracted by comparing 

dynamic responses measured at different structural locations [1, 2, 6]. Such approaches reduce 

dependence on detailed analytical models, relying instead on experimentally observed changes 

in response induced by degradation. Earlier studies associated with the present Thesis [12–15] 

investigated localized response-comparison strategies using paired multiaxial response 

acquisition near structural joints. These studies demonstrated that degradation-sensitive 

behavior may appear differently across measurement directions depending on joint geometry, 

wave propagation paths, and excitation conditions. 

Multiaxial sensing increases the directional information available from the structure, and 

six-degree-of-freedom and multichannel sensing concepts have been investigated for structural 

monitoring applications [16, 17]. However, multiaxial sensing alone does not guarantee 

complete observability of the degradation state. If excitation remains effectively direction-

limited, some response components may be weakly activated, and degradation-sensitive 

changes may remain hidden or unstable in individual channels. The key methodological issue 

is therefore not merely whether multiple response components are measured, but whether they 

are measured on both sides of the joint under excitation conditions that activate the relevant 

directional response field. 

1.2.3. Time-Reversal Methods and Axis-Specific Excitation Control 

Time-reversal (TR) methods provide a mechanism for wavefield refocusing based on 

reciprocity [18]. By replaying time-reversed responses through the original propagation paths, 

wave energy can be concentrated near a selected point of interest. In the context of this Thesis, 

the key question is not merely whether TR focusing is applied, but whether replay conditions 

are formed in an axis-specific manner such that the receiving point is excited along the 

measured response axes. 

TR techniques have been applied to structural-condition assessment and joint diagnostics 

in several studies [19–25]. These studies demonstrate that TR replay can improve localization 

and sensitivity to joint-related changes. However, most reported implementations remain 

limited to excitation directions, constrained propagation paths, or single-component response 

evaluation. They generally do not employ TR replay to form axis-specific excitation conditions 

combined with synchronized multiaxial near/far waveform comparison across the joint. For 

instance, Du et al. [20, 23] demonstrated bolt-preload monitoring using virtual time-reversal 
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focusing, but the excitation and sensing remained confined to a single propagation direction. 

Wang and Song [24] combined vibro-acoustic modulation with time reversal for bolt loosening 

detection, yet the method evaluated only a single modulation index rather than multiaxial 

waveform coherence. 

Earlier studies by the author and collaborators [26–29] investigated multi-emitter TR 

focusing in acoustical systems operating in attenuative propagation environments. These 

studies are not treated here as structural-joint diagnostic works; rather, they serve as 

methodological precursors demonstrating that coordinated replay from multiple emitters can 

concentrate wave energy near a selected spatial location. This principle supports the transition 

toward controlled axis-specific and multidirectional excitation in localized structural-joint 

diagnostics. 

1.2.4. Distributed Acquisition and Synchronization 

Distributed sensing architectures are becoming increasingly relevant for practical SHM 

systems [16, 30]. However, many waveform-sensitive methods, including TR replay and direct 

waveform comparison, have been demonstrated in centralized laboratory configurations in 

which excitation and acquisition share a common timing domain. In such configurations, 

synchronization is implicitly ensured by common acquisition hardware or by short-range analog 

sensor wiring. 

This assumption becomes problematic when sensing nodes are spatially distributed and 

digitize signals independently. Independent sampling clocks introduce systematic offset and 

thermal drift. For scalar or slowly varying indicators, such timing errors may be less critical. 

For waveform-level comparison, TR replay, and pointwise coherence evaluation, however, 

timing inconsistency directly affects waveform shape, phase relations, replay consistency, and 

inter-channel comparability. The synchronization requirements become particularly stringent 

when TR focusing is used for controlled axis-specific excitation, because timing errors reduce 

the quality and repeatability of the focused response. Most existing TR-based SHM studies 

either assume ideal synchronization or operate in centralized configurations where this 

assumption is implicitly satisfied. 

Synchronization-related studies associated with the present study [31–33] investigated 

timing stability, temporal reconstruction, and sample-consistency maintenance in distributed 

multichannel acquisition systems. These studies provide the technical basis for maintaining 

waveform-level consistency when excitation and sensing nodes are separated. 

1.2.5. Research Gap 

The reviewed literature demonstrates substantial progress in localized structural-joint 

diagnostics. Existing studies provide damage-sensitive methods based on frequency-response 

variation, guided waves, impedance changes, response comparison, TR focusing, multiaxial 

sensing, and distributed acquisition. 

However, these methodological elements have predominantly been investigated in isolation. 

The reviewed works do not sufficiently integrate controlled axis-specific multidirectional 

excitation, paired cross-joint multiaxial response acquisition, waveform-level near/far response 

comparison, sample-level synchronization, and fused multichannel interpretation within a 

single diagnostic chain. 
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This limitation defines the research gap addressed by the present Thesis. To bridge this gap, 

the proposed framework integrates multidirectional time-reversal excitation focusing, paired 

near/far 3DOF sensing, synchronized waveform-level response comparison, per-axis coherence 

evaluation, and fused multichannel interpretation into a unified methodology for localized 

structural-joint assessment. 

1.3. Aim of Research 

The aim of this research is to develop and experimentally validate a multidimensional 

methodology for structural joint integrity assessment that integrates controlled axis-specific 

excitation, synchronized cross-joint multiaxial sensing, and waveform-level coherence 

evaluation. 

The proposed approach uses multidimensional time-reversal impact focusing (MTRIF) to 

synthesize an axis-specific virtual impact at the near-sensor location using spatially distributed 

actuators. The structural condition of the joint is evaluated through three axis-matched response 

(AMR) pairs measured by near and far 3DOF sensors mounted on opposite sides of the joint. 

Per-axis coherence is quantified using the response coherence ratio (RCR), and the resulting 

values are fused into the multiaxial component coherence metric (MCCM). 

1.4. Main Statement 

The research hypothesis of this Thesis was delineated as follows. 

1. Structural joint degradation can be more completely characterized through 

multiaxial response analysis of axis-matched response pairs (AMR) measured on 

opposite sides of the joint than through single-point, unidirectional response 

evaluation. 

2. Physically meaningful AMR pair analysis requires a controlled multidimensional 

response field in the analyzed joint region, which can be synthesized by 

multidimensional time-reversal impact focusing (MTRIF). 

3. Reliable implementation of the AMR–MTRIF structural joint assessment 

methodology is not possible without precise synchronization between excitation and 

sensing nodes, which is achieved in this Thesis by cross-node sample 

synchronization (CNSS). 

1.5. Scientific Novelty 

1. The novelty lies in the formation of a controlled multiaxial response field in the 

analyzed joint region by means of multidimensional time-reversal impact focusing 

(MTRIF). 

2. A new approach has been developed and validated for the per-axis evaluation of 

three directionally specific axis-matched response (AMR) pairs within a common 

MTRIF-focused response region. 
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3. A novel integrated methodological framework has been formulated, developed, and 

validated for multidimensional structural joint diagnostics by combining MTRIF, 

AMR, and cross-node sample synchronization (CNSS), where CNSS is treated as 

the key enabling component required for reliable framework operation. 

1.6. Research Objectives 

To achieve the stated research aim, the following objectives are established. 

1. To develop a synchronized hardware–software platform implementing cross-node 

sample synchronization (CNSS) to ensure continuous sample-level alignment 

between excitation and sensing nodes under temporal and thermal variations. 

2. To implement multidimensional time-reversal impact focusing (MTRIF) using a 

multi-actuator configuration in order to synthesize an axis-specific virtual impact at 

the near-sensor location. 

3. To establish a paired cross-joint 3DOF sensing scheme using near and far sensors 

mounted on opposite sides of the joint and to form three axis-matched response 

(AMR) pairs from matched linear acceleration components. 

4. To develop a per-axis waveform-level coherence evaluation procedure based on the 

response coherence ratio (RCR) for the three AMR pairs under progressive 

degradation. 

5. To formulate the multiaxial component coherence metric (MCCM) as a fused scalar 

indicator combining the three per-axis RCR values to reduce axis-dependent 

dispersion and improve diagnostic interpretability. 

6. To experimentally validate the integrated framework on a baseline structural joint 

under progressive degradation conditions and to relate the final methodology to 

supporting experimental evidence reported in the appended publications. 

1.7. Structure of the Thesis 

The Thesis consists of seven chapters. Chapter 1 outlines the problem of structural joint 

diagnostics, reviews the current literature, and defines the research aim, main statements, 

scientific novelty, and objectives. Chapter 2 defines the methodological scope, including the 

3DOF sensing requirements, the MTRIF concept, the CNSS rationale, and the formal 

definitions of AMR, RCR, and MCCM. Chapter 3 describes the hardware–software platform, 

including the system architecture, excitation subsystem, sensing chain, and synchronization 

implementation. Chapter 4 presents the experimental setup and data-collection workflow, 

including sensor and actuator placement, degradation stages, and dataset composition. Chapter 

5 details the signal-processing and metric-calculation procedures, focusing on triaxial RCR 

evaluation and MCCM fusion. Chapter 6 presents the metric-evaluation results, including per-

axis RCR trends and fused MCCM behavior across degradation stages. Chapter 7 summarizes 

the findings, provides practical recommendations, and outlines directions for further 

development. 
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The publications forming the basis of the Thesis are listed in Section 1.8, while the main 

chapters synthesize their methodological contributions into a unified diagnostic framework. 

1.8. Publications and Scientific Dissemination 

This Thesis is based on eight scientific publications [12–15, 27, 31–33] and one granted 

patent. The appended publications do not represent independent or unrelated studies; rather, 

they document the progressive development of the methodological and engineering 

components synthesized in this Thesis into a unified framework for localized structural-joint 

diagnostics. 

The research trajectory began with response-comparison methods for structural joints. The 

study on coaxial acceleration correlation for structural-joint quality assessment [12] introduced 

the principle of comparing vibration responses measured in three spatial directions using 

coaxially oriented 3D accelerometers placed at different parts of a structural joint. The related 

non-model vibration analysis study [13] supported the use of experimentally observed response 

changes rather than detailed analytical models as the basis for structural-joint assessment. These 

publications established the initial methodological direction developed further in Chapter 2 as 

paired near/far response acquisition and in Chapter 5 as waveform-level metric evaluation. 

The next stage extended this concept toward multiaxial structural-joint diagnostics under 

degradation. The study on non-destructive damage detection by coaxial correlation in 6D space 

[14] presented paired multiaxial sensing on opposite sides of a structural joint, synchronized 

excitation–response acquisition, repeated measurements, averaging, and similarity-based 

evaluation for monitoring degradation. The timber-joint study [15] further demonstrated that 

response comparison between sensors placed on different sides of a joint can be used to assess 

degradation in timber structural connections. Together, these publications demonstrated that 

degradation-sensitive response behavior may differ across measurement directions, thereby 

supporting the need for per-axis evaluation and fused multichannel interpretation. In this Thesis, 

these earlier concepts are formalized as axis-matched response (AMR) pairs, response 

coherence ratio (RCR), and multiaxial component coherence metric (MCCM), described in 

Chapters 2 and 5 and evaluated in Chapter 6. 

The same experimental program also revealed the engineering requirements for reliable 

cross-joint comparison. The early response-comparison studies showed that correlation-based 

interpretation depends on repeatable excitation, comparable sensor placement, stable 

acquisition timing, and the possibility of repeated excitation with averaging. In [14] and [15], 

this led to practical synchronization of excitation start with the acquisition frame and to repeated 

measurement workflows. However, these solutions remained tied to specific experimental 

configurations and did not yet provide a generalized synchronization concept applicable to 

distributed digital sensing nodes, long cable runs, timing drift, or temperature-dependent 

acquisition instability. 

The synchronization-related publications [31–33] advanced this engineering requirement 

further. The study on thermal stability of a multi-channel precise time-tagging system [31], the 

study on multi-channel synchronization for picosecond time-tagging [32], and the study on 
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compensation of time-interval accuracy error [33] investigated timing stability, channel 

synchronization, and compensation of clock-related errors. In this Thesis, these results are used 

to support the cross-node sample synchronization (CNSS) concept described in Chapters 2 and 

3. CNSS generalizes the synchronization requirement from start-of-frame alignment toward 

continuous sample-level consistency, which is required for waveform-level near/far 

comparison, time-reversal replay, and pointwise RCR evaluation in Chapter 5. 
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The time-reversal component of the framework evolved from earlier study on controlled 

replay and focusing. The study on nonlinear land-mine detection using wide-bandwidth time-

reversal techniques [27] is not treated in this Thesis as a structural-joint diagnostic validation 

case. Instead, it provides methodological background for controlled time-reversed replay, 

focusing, and multi-emitter excitation. This experience is adapted in Chapter 2 for the 

formulation of multidimensional time-reversal impact focusing (MTRIF), where spatially 

distributed actuators are used to synthesize an axis-specific virtual impact at the near-sensor 

location. 

The granted patent on non-destructive testing of building structures complements the 

scientific publications by documenting the system-level concept of integrated structural 

assessment. In the context of this Thesis, it supports the practical implementation perspective 

of the hardware–software framework described in Chapter 3 and the overall integration logic 

introduced in Chapter 1. 

Together, the appended publications document the transition from localized response 

comparison toward a synchronized multidimensional diagnostic methodology integrating 

MTRIF, AMR, CNSS, and multiaxial coherence evaluation into a unified structural-joint 

assessment framework. 
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CHAPTER 2. METHODOLOGICAL SCOPE AND 

PREREQUISITES 

2.1. Measured Quantities and Scale Treatment 

The measured quantities are linear accelerations expressed in m/s². In this methodology, 

three linear-acceleration components are recorded on the near side and matched with three 

corresponding components on the far side to form three AMR pairs. 

Sensor outputs are acquired as 16-bit digital values. Conversion to SI units is not required 

for the proposed diagnostic metrics, since the evaluation is based on normalized waveform 

comparison. Near and far signals forming each AMR pair are synchronized and normalized 

prior to RCR computation. Consequently, RCR and MCCM are treated as scale-independent 

coherence metrics derived from normalized acceleration data rather than absolute-amplitude 

measures. 

The time axis in all plots is presented in milliseconds, while synchronization and signal 

comparisons are executed within the reconstructed common master clock domain. 

2.2. Experimental Objects 

Methodological validation was performed on structural joints encompassing various 

materials, connection types, and degradation scenarios. The research program included both 

timber and steel joints. 

The experimental objects served two functions: 

• supporting the development of individual methodological components reported in 

the appended publications [12–15]; 

• providing a baseline case for the final validation of the integrated framework. 

Consistent with the Thesis format, the final methodology is validated on a baseline 

structural joint, while earlier experimental objects provide complementary evidence for specific 

components. Intermediate validation cases did not always employ the full integrated 

configuration but were essential for developing the underlying framework. 

2.3. Sensor Configuration and Positioning Requirements 

The measurement setup employs 3DOF accelerometers mounted on opposite sides of the 

structural joint (Fig. 2.1). Each sensor acquires three orthogonal linear-acceleration components 

– X, Y, Z.  Matching these near-side components XNear, YNear, ZNearwith the corresponding far-

side axes XFar, YFar , ZFar forms three AMR pairs. 

This configuration enables the implementation of MTRIF by defining the near-sensor 

location as the virtual impact point. The resulting synchronized data provide the basis for per-

axis RCR estimation and final MCCM fusion. The near sensor captures the reference excitation 

state, while the far sensor records the response transmitted through the joint interface. 
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Fig. 2.1. Minimum sensor configuration and measurement geometry. 

2.3.1. Virtual Coaxial Alignment Requirement 

This requirement, termed virtual coaxial alignment, ensures that the matched axes of the 

near and far sensors are geometrically collinear and directionally consistent (Fig. 2.1). For valid 

AMR formation, alignment must be maintained between the corresponding linear-acceleration 

axes X,  Y,  Z of the two sensors. 

In this framework, the near sensor is placed on the virtual impact side established by 

MTRIF, while the far sensor captures the response transmitted through the joint. In baseline 

implementation, alignment was achieved through precise physical mounting (detailed in 

Chapter 4). While residual misalignment could be corrected via coordinate frame 

transformation, this approach is treated as an extension and is discussed only in Chapter 7. 

2.3.2. Effect on Waveform Comparability (RCR) 

Waveform comparability within an AMR pair requires the spacing between near and far 

measurement points along a matched axis to be less than one-quarter of the shortest relevant 

wavelength λ/4. Violation of this condition increases phase mismatch, thereby reducing the 

reliability of pointwise coherence evaluation and the robustness of the RCR estimate 

(Section 2.9). 

Figure 2.2 illustrates this effect for three normalized spacing conditions: 0, λ/4, and λ/3. 

As spacing increases, waveform overlap decreases, causing a corresponding drop in RCR. In 

the illustrated case, the λ/4 condition retains over 50 % of the reference metric level, whereas 

the λ/3 condition reduces it by more than a factor of two relative to the zero-shift baseline. This 

reduction represents a critical loss of diagnostic sensitivity for the RCR methodology. 
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Fig. 2.2. Effect of phase shift on RCR. 

2.3.3. Effect on Time-Reversal Defocusing 

The λ/4 criterion also governs the spatial extent of the focal spot produced by MTRIF. 

Focused energy remains concentrated within a region of approximately λ/4 around the near-

sensor location. If the far sensor is positioned beyond this focal region, it records a defocused, 

lower-amplitude signal that does not represent the intended virtual impact response. 

The λ/4 condition is therefore critical for maintaining the physical validity of the near/far 

comparison (Fig. 2.3). While the near sensor captures the reference focused state, the far sensor 

must remain within the focal zone to record the corresponding transmitted response. Exceeding 

this spacing threshold leads to a loss of both RCR robustness and physical representativeness 

of the AMR pairs. 

 

 

Fig. 2.3. TR focal spot and defocusing with increasing distance from the focus. 
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2.3.4. Practical Bandwidth Criterion for Sensor Spacing 

The maximum permissible distance between near and far measurement points is constrained 

by the highest usable frequency 𝑓max in the signal. This frequency is determined by the Nyquist 

limit, actuator bandwidth, structural dynamics, and the system noise floor. 

In this study, signal components remain observable up to 9 kHz (Fig. 2.4). The maximum 

admissible spacing 𝑑max is defined by the quarter-wavelength criterion: 

Variables in Eq. (2.1) are defined as follows: λmin is the minimum wavelength at 𝑓max ; 

𝑐𝑝(𝑓max) is the flexural-wave phase velocity; and 𝑓max is the upper frequency limit. 

For the HEA 100 steel beam, the phase velocity at 9 kHz is 2.7–3.4 km/s, resulting in a 

λ/4  limit of 75–96 mm. The experimental near/far spacing was approximately 30 mm 

(Fig. 4.2 (a)), which satisfies the criterion without additional bandwidth restrictions. If larger 

spacing is required, 𝑓max must be reduced via zero-phase filtering to maintain wavelength 

compatibility with the sensor positions. 

 

 

Fig. 2.4. Measured response spectra before and after time-reversal replay. 

2.4. Actuator Configuration and Positioning Requirements 

The actuator configuration must provide diverse excitation paths to facilitate multiaxial 

activation at the target region. Ideally, actuators are arranged to excite the principal directions 

of structural response independently. This independence is enhanced by increasing the number 

of actuators or introducing controlled asymmetry through off-center placement to stimulate 

complex wavefields. 

 
𝑑max ≈

λmin

4
=

𝑐𝑝(𝑓max)

4𝑓max
 

 
(2.1) 
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The MTRIF framework does not require pure single-axis excitation at individual actuator 

locations. Instead, it relies on distinct transfer paths to ensure that time-reversed wavefields 

converge at the near-sensor location, producing a focused multiaxial response. This 

multidimensional focus is essential for stimulating all three orthogonal axes represented in the 

AMR pairs. 

In this study, a three-actuator configuration was implemented as a baseline solution. This 

arrangement facilitates both axis-selective sequential replay and multicomponent response 

activation. The role of the actuator configuration is to provide a sufficient basis for 

multidimensional focusing at the near location, enabling robust RCR estimation and MCCM 

fusion. The practical realization of this three-actuator setup is detailed in Fig. 4.2 (b). 

2.5. Degradation Emulation 

Progressive joint degradation is defined in this Thesis as a controlled reduction or 

modification of the mechanical coupling and stiffness of the investigated connection. In the 

appended publications, degradation-sensitive behavior was investigated under different 

structural and material scenarios, including direction-dependent response changes, selective 

fastener removal, bolt-torque variation, and measurements performed under varying static 

loading conditions. These studies provided complementary evidence that joint condition 

changes may affect different response axes in different ways. 

For the integrated framework developed in this Thesis, degradation emulation is used to 

generate repeatable structural states with progressively altered transmission properties across 

the joint. The purpose of this sequence is not to reproduce every possible real damage 

mechanism, but to provide controlled joint-integrity states for evaluating whether the MTRIF–

AMR diagnostic cycle and multiaxial near/far comparison remain sensitive to progressive 

changes in joint condition. 

In the baseline validation experiment, this concept was implemented by controlled reduction 

of bolt tightening torque (Fig. 4.2 (c)). The specific degradation sequence is detailed in 

Subsection 4.1.3 and Chapter 4. 

2.6. Time-Reversal Impact Focusing Principles 

Time reversal (TR) is a wavefield refocusing technique grounded in the principle of 

reciprocity. Following [18], time reversal is equivalent to phase conjugation in the frequency 

domain. For a propagated signal, 

time reversal gives 

and the refocused field becomes 

 Y(ω) = H(ω)S(ω), (2.2) 

 YTR(ω) = Y∗(ω), (2.3) 

 Z(ω) = H(ω) Y*(ω) = H(ω) H*(ω) S*(ω) = |H(ω)|² S*(ω), (2.4) 
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where Y(ω) is the received signal spectrum, S(ω) is the excitation spectrum, H(ω) is the transfer 

function of the structure, Z(ω) is the refocused field, the superscript (*) denotes complex 

conjugation, and ω represents angular frequency. 

Within this framework, TR serves as a mechanism for the virtual relocation of excitation 

from a physical actuator to a remote target position. By replaying time-reversed responses, 

injected energy is spatially localized and focused at the target location. 

For broadband mechanical impacts, the structure selectively transmits frequency 

components compatible with its dynamic properties. Re-emitting the time-reversed response 

from the actuator location causes wave fronts to converge at the original recording point, 

recreating a focused excitation. TR therefore functions as both a virtual relocation mechanism 

and a physically selective focusing process. 

The basic TR procedure consists of four steps: 

1) emission of a broadband impulse into the structure via an actuator (Fig. 2.5 a)); 

2) acquisition of the response at the target sensor position (Fig. 2.5 b)); 

3) re-emission of the time-reversed acquired signal (Fig. 2.5 c)); 

4) acquisition of the response at the target sensor position (Fig. 2.5 d)). 

 

Fig. 2.5. Four-step time-reversal procedure in one dimension. 

A representative practical application relevant to this principle was implemented by the 

author in an earlier study on buried land-mine detection using time-reversal focusing with 

multiple emitters and a single receiver [27] (Fig. 2.6). In that application, coordinated replay 

from several actuators increased the focused energy at the target region and demonstrated that 

time-reversal focusing can remain effective even in strongly attenuative media. In the context 

of the present Thesis, this earlier result is important not as a direct structural-joint experiment 

but as a methodological precedent showing that coordinated multi-actuator replay can be used 
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to concentrate energy at a selected remote location. This principle forms the conceptual basis 

for the multidimensional extension introduced in the following section. 

 

 

Fig. 2.6. Experimental time-reversal land-mine detection setup. 

2.7. Multidimensional Time-Reversal Impact Focusing (MTRIF) 

The MTRIF framework extends the TR principle from single-component focusing to 

simultaneous multiaxial excitation at the point of interest. The procedure is executed as follows. 

1. A broadband pulse is emitted by the actuator oriented along the X direction 

(Fig. 2.7 a)), and the collinear X-component of the response is recorded at the near 

sensor (Fig. 2.7 b)). 

2. A broadband pulse is emitted by the actuator oriented along the Y direction 

(Fig. 2.7 e)), and the collinear Y-component of the response is recorded at the near 

sensor (Fig. 2.7 g)). 

3. A broadband pulse is emitted by the actuator oriented along the Z direction 

(Fig. 2.7 i)), and the collinear Z-component of the response is recorded at the near 

sensor (Fig. 2.7 l)). 

4. MTRIF replay preparation: The captured collinear X, Y, and Z components are 

normalized and time-reversed. These waveforms are assigned as replay signals for 

their corresponding actuators. 

5. Simultaneous replay: The three time-reversed signals are emitted simultaneously, 

each through the same actuator used during the characterization step. This 

synchronized emission generates a simultaneous triaxial focused response at the 

near-sensor position (Figs. 2.8 e), 2.8 k), and 2.8 q)). 

To improve repeatability and suppress uncorrelated noise, each excitation signal in the 

MTRIF workflow was emitted multiple times. The corresponding responses recorded at the 

receiving sensor side were averaged before being used for replay preparation or subsequent 

metric evaluation. 
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Although only the collinear components are used to synthesize the MTRIF replay signals, 

the full triaxial response is recorded at each characterization step to monitor the system’s 

behavior. As shown in Fig. 2.7, structural coupling and modal mixing mean that the peak 

response does not always occur in the axis nominally collinear with the actuator. This can be 

observed for the X, Y, and Z-direction excitation cases in Figs. 2.7 b)–d), 2.7 f)–h), and 2.7 j)–

l), respectively. 

For verification only, the prepared time-reversed signals were also replayed sequentially 

(Figs. 2.8 a)–d), 2.8 g)–j), and 2.8 m)–p)). This step is not part of the final MTRIF excitation 

procedure; it is used to confirm that time-reversed replay increases the contrast of the intended 

target components at the POI. 

During simultaneous replay, the transmitted response is also recorded at the far sensor (Figs. 

2.8 (f), 2.8 (l), and 2.8 (r)). This response is not used to construct the MTRIF excitation itself, 

but it is later used in AMR, RCR, and MCCM evaluation. Thus, the procedure establishes the 

repeatable and synchronized triaxial excitation condition required for the proposed diagnostic 

framework. 

 

 

Fig. 2.7. Originally emitted signals and selected directional response signals for replay 

preparation. 
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Fig. 2.8. Multiaxial response to time-reversed replay. 

2.8. Time-Domain Coherence Prerequisite and CNSS Rationale 

Both time-reversal focusing and RCR-based comparison require continuous sample-level 

alignment across all channels. Start-time synchronization alone is insufficient because 

independent clock domains diverge due to static offset and temperature-dependent drift. This 

divergence degrades the time consistency required for MTRIF replay and pointwise 

comparison. 

To maintain signal comparability, the accumulated timing inconsistency Δ𝑡max must satisfy 

the quarter-period criterion relative to the highest retained frequency 𝑓max: 

The variables in Eq. (2.5) are the maximum admissible accumulated timing error Δ𝑡max and 

the highest usable frequency 𝑓max. For a 32 kHz sampling rate, the Nyquist frequency is 16 kHz 

period 𝑇 =  62.5 μs, yielding a Δ𝑡max limit of 15.6 μs. A typical oscillator mismatch of 30 ppm 

over 10 s produces 300 μs of error, exceeding the acceptable threshold [31, 33]. 

CNSS preserves a common time reference across independently clocked nodes. Figure 2.9 

illustrates: (a) the signal in the master clock domain; (b) the signal in the local sensor clock 

domain under drift; and (c) the signal reconstructed via marker-based resampling. Recorded 

markers serve as timing observables to estimate mismatch and restore sample-level alignment 

[32, 33]. Although deviations in Fig. 2.9 are exaggerated for clarity, uncorrected real-world drift 

is sufficient to degrade phase consistency and RCR evaluation. 

 

 
Δ𝑡max <

1

4𝑓max
 

 
(2.5) 
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Fig. 2.9. Illustration of clock offset, drift, and marker-based recovery via CNSS. 

2.9. Response Coherence Ratio (RCR) 

Because the proposed methodology evaluates three AMR pairs formed by matched linear-

acceleration components measured along corresponding axes on the near and far sides of the 

joint, the key challenge was to select an appropriate per-axis coherence metric [12–14]. The 

selected metric should be: 

• invariant to absolute amplitude;  

• sensitive to waveform shape and relative amplitude within corresponding AMR;  

• robust to low-energy or noisy AMR pairs.  

During the development of the methodology, several candidates were considered: 

• normalized cross-correlation RMS (NCCR);  

• Pearson correlation coefficient;  

• cosine similarity;  

• response coherence ratio (RCR). 

Table 2.1 

Qualitative comparison of candidate per-axis similarity metrics used during metric selection 

Metric 
Amplitude 

invariance 

Shape 

sensitivity 
Noise robustness Notes 

NCCR  ✓ ✓ ✗ Poor on noisy axes Fails on low-signal channels 

Pearson 
correlation 

✓ ✓ ✗ Poor on noisy axes Classical but unstable at low SNR 

Cosine similarity ✓ ✗ Poor ✗ Poor on noisy axes Unstable under partial match 

RCR  ✓ ✓ ✓ Robust Best suited for 3DOF MCCM  
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A comparative evaluation of the candidate per-axis similarity metrics is presented in 

Table 2.1. On the basis of this evaluation, RCR was selected as the final per-axis metric because 

it offers the best balance among shape sensitivity, amplitude invariance, noise robustness, and 

practical repeatability within the AMR cross-joint evaluation framework [12–14]. Specifically, 

the peak-to-RMS formulation of RCR (detailed in Section 5.1) naturally attenuates noisy or 

weakly activated channels because random noise produces a low peak-to-RMS ratio, whereas 

a coherent waveform match produces a pronounced peak in the pointwise product signal. This 

self-weighting property makes RCR better suited than Pearson correlation or cosine similarity 

for applications where individual AMR pairs may have substantially different signal-to-noise 

ratios. A quantitative comparison of all four candidate metrics on the same baseline dataset is 

documented in the appended publications [12, 14]. 

2.10. Multiaxial Component Coherence Metric (MCCM) 

The MCCM is the fused scalar indicator of joint condition within the proposed framework 

[12, 14, 15]. It consolidates the three per-axis RCR values derived from the linear-acceleration 

AMR pairs into a single scalar metric. This fusion reduces axis-dependent dispersion and 

enhances the interpretability of the joint-condition assessment. The Euclidean-norm 

formulation was selected over alternative fusion strategies (weighted sum, geometric mean, or 

minimum-value approaches) because it preserves the contribution of all three axes without 

requiring prior knowledge of axis-specific sensitivity or weighting coefficients. The 

mathematical procedure for MCCM computation is detailed in Section 5.2. 
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CHAPTER 3. HARDWARE–SOFTWARE PLATFORM FOR 

DATA ACQUISITION 

3.1. Purpose and Scope of the Platform 

The proposed methodology requires a dedicated hardware–software platform providing the 

following capabilities: 

• synchronized multi-actuator excitation;  

• multi-channel 6DOF sensing;  

• high noise immunity for remotely placed sensors;  

• high-speed bidirectional data transfer between the acquisition hardware and the host 

computer;  

• precise long-term time-domain synchronization between actuators and sensors.  

Together, these requirements define the minimal functional platform structure shown in 

Fig. 3.1 [14, 27, 31–33]. Its detailed architecture and subsystem organization are described in 

the following sections. 

 

 
 

Fig. 3.1. Hardware–software platform block diagram. 

3.2. System Overview and Core Architecture 

The core architecture is centered on an FPGA-based main processor board (Intel Cyclone 

IV EP4CE22), which provides the acquisition and control functions required by the platform 

(Fig. 3.1), including:  

• timing control in the platform master clock domain;  

• excitation waveform generation and control;  

• acquisition and handling of SPI data streams from distributed IMU sensors;  

• frame synchronization marker generation, injection, and capture;  

• data framing and packaging for recording and transfer.  



 

   29 

Sensor data are transferred through a hub of LVDS transceivers and buffers that extends the 

digital SPI sensor interface over long cable runs to the FPGA, providing high noise immunity 

and enabling remote sensor placement. Actuators are driven by a custom six-channel Class D 

power amplifier controlled by the FPGA unit. Communication with the host computer is 

provided through a USB 3.0 interface for platform configuration, measurement control, and 

high-speed bidirectional dataset transfer. 

3.3. Excitation Subsystem 

The excitation subsystem delivers controlled mechanical input to the structure. It consists 

of a custom six-channel Class D power stage driving up to six vibration actuators. The amplifier 

is controlled via an I²S digital audio bus, enabling real-time waveform streaming from the 

FPGA without the need for extensive on-chip memory. The Class D topology ensures high 

efficiency and low heat dissipation during multi-channel operation. 

The actuators are resonance-based vibration speakers attached directly to the structural 

member (Fig. 3.2). These devices inject vibrations into the surface, using the structure itself as 

the radiating medium. This configuration ensures efficient mechanical coupling and compact 

mounting suitable for MTRIF excitation. 

In the current implementation, the effective bandwidth is limited by the sensor sampling 

rates. For the accelerometer channels, the usable upper frequency limit is approximately 

16 kHz. 

 

 

Fig. 3.2. Resonance speaker used as an actuator. 

3.4. Sensing, Acquisition, and Noise-Robust Data Transfer 

The platform supports up to six 6DOF IMU nodes, utilizing the ICM-45631 as the primary 

sensor. Although the hardware provides full 6DOF acquisition (three translational and three 

rotational channels), the current study focuses exclusively on the three linear-acceleration 

channels to satisfy the 3DOF methodology requirements. The implementation uses a 32 kHz 

sampling rate for the accelerometer data and 8 kHz for the gyroscope data. 

Data acquisition is executed via SPI and transmitted to the FPGA through LVDS extenders, 

supporting cable lengths up to 100 m. This configuration ensures high noise immunity for 

remote sensor deployment. The FPGA performs framing, buffering, and packaging of the 
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multichannel data stream for host computer transfer. The sensor-side architecture is shown in 

Fig. 3.1. 

3.5. Time-Reference Support and CNSS Observables 

The independent clock domains of distributed sensor nodes and the master excitation 

controller necessitate active timing compensation. Even with a common start event, local sensor 

time bases diverge from the master clock due to static offset and thermal drift, violating the 

requirements for MTRIF and RCR analysis [31–33]. 

To quantify this divergence, the platform injects periodic synchronization markers into each 

acquisition stream. These markers function as timing observables, captured synchronously with 

sensor data to estimate accumulated mismatch without modifying the local clocking of the 

remote nodes. During signal processing, these observables are used to reconstruct all channels 

into a common master clock domain, ensuring the phase consistency required for valid 

pointwise waveform comparison of AMR pairs. 

The timing studies reported in [31–33] demonstrated picosecond-level synchronization and 

time-interval compensation capabilities. In the present platform, these results are used as the 

methodological and engineering basis for CNSS; however, such accuracy is not required for the 

acceleration-sensing channel considered here. The accelerometer data are acquired at 32 kHz, 

corresponding to a sampling interval of 31.25 μs. For the retained upper frequency of 16 kHz, 

the quarter-period timing criterion corresponds to a maximum admissible timing deviation of 

15.6 μs, equivalent to approximately 9.0 μs RMS under a uniform-error assumption. A single 

reconstructed measurement therefore remains close to the admissible timing limit. To obtain a 

robust timing margin, repeated marker-aligned measurements are averaged, reducing the 

random timing component in proportion to 1/√N. With four repeated measurements, the 

effective uncertainty is reduced to approximately 4.5 μs RMS, while the eight repeated 

measurements used in this study reduce it further to approximately 3.2 μs RMS. Thus, after 

marker-based reconstruction and averaging, the timing requirement for the present acceleration-

sensing channel is satisfied with a clear margin. 

3.6. Control Software and User Interface 

A dedicated host-PC software suite was developed as part of this study to serve as the 

operational front end for the platform. The software integrates experiment control, live 

monitoring, and dataset management within a unified environment, ensuring seamless 

interaction between the user and the hardware. Key functions of the developed software include: 

• excitation management: waveform preparation and multi-channel assignment; 

• hardware control: configuration and execution of acquisition cycles; 

• data processing: marker-based resynchronization, frame alignment, and real-time 

visualization; 

• iterative workflow: replay signal preparation for MTRIF operation; 

• storage: multi-channel data recording and export for post-processing. 
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This integrated approach enables precise experimental control and efficient data handling, 

directly supporting the methodology described in this Thesis. 

3.7. Key Specifications of the Platform 

The technical characteristics of the platform are summarized in Table 3.1. These parameters 

define the operational limits for sensing, excitation, synchronization, and data transfer. The 

timing principles and accuracy margin of the CNSS approach are discussed in Section 3.5 and 

supported by the studies reported in [31–33]. 

Table 3.1 

Key platform specifications 

Parameter Specification 

Sensor nodes Up to 6 × 6DOF IMU (ICM-45631) 

Linear acceleration ODR 32 kHz (used for 3DOF methodology) 

Angular velocity ODR 8 kHz (hardware supported) 

Effective bandwidth Sensor-limited: ~16 kHz (acceleration) 

Accelerometer range Programmable: ±2g to ±16g 

Accelerometer noise density 90 µg/√Hz 

Excitation channels 6 × Class D (up to 100 W peak/channel) 

Vibration actuators 6 × Resonance vibrators (25 W rated) 

Remote sensor link SPI over LVDS (up to 100 m) 

Host interface USB 3.0 
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CHAPTER 4. DATA COLLECTION 

4.1. Baseline Object and Joint Configuration 

The baseline validation employed a structural steel stand consisting of two S355 (HEA 100) 

beams connected by a semi-rigid bolted joint. The connection was secured with a single M16   

bolt (strength class 8.8). This configuration was chosen to ensure a repeatable joint condition 

under progressive stiffness variation and multiaxial measurements. The experimental setup is 

illustrated in Fig. 4.1. 

 

 

Fig. 4.1. Baseline steel beam stand. 

 
 

Fig. 4.2. Baseline experimental arrangement. 
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4.1.1. Sensor Placement 

Two 3DOF sensors were mounted on opposite sides of the joint, 30 mm from the centerline 

on separate beam elements (Fig. 4.2 (a)). The near sensor defines the virtual impact location for 

MTRIF, while the far sensor captures the transmitted wavefield. 

Sensor axes X, Y, and Z were physically aligned during installation to establish the three 

AMR pairs required for analysis. This placement ensures the virtual coaxial alignment 

necessary for pointwise signal comparison without additional coordinate transformations. 

4.1.2. Actuator Placement 

Three resonance actuators were mounted on the near-side beam to excite the X, Y, and  Z −

 axes (Fig. 4.2 (b)). The actuators were spatially distributed to provide the transfer paths 

required for MTRIF. This configuration ensures multidimensional activation at the near-sensor 

location (virtual impact point) without placing physical transmitters directly at the POI. 

4.1.3. Degradation Method 

In the baseline validation experiment, progressive joint degradation was emulated by a 

controlled reduction in the bolt-tightening torque using a torque wrench (Fig. 4.2 (c)). This 

procedure was selected as a repeatable and reversible means of modifying the mechanical 

coupling and stiffness of the bolted joint without altering the sensor or actuator configuration. 

The torque was reduced from 175 N·m to 0 N·m across eight predefined degradation stages. 

Within this experiment, the torque sequence is treated as a controlled set of joint-integrity states 

rather than a comprehensive representation of all possible real damage mechanisms. Its purpose 

is to provide a consistent sequence of altered transmission properties to demonstrate the 

MTRIF–AMR diagnostic cycle and to evaluate the sensitivity of the axis-matched near/far 

responses to progressive joint-condition changes. 

4.2. Measurement Steps 

The experimental process was structured as a repeated measurement–degradation cycle. To 

ensure consistency across degradation states, the same MTRIF procedure was applied at each 

torque level without modifying the sensor or actuator placement. 

The workflow was executed as follows. 

1. START: The joint was set to the baseline condition, corresponding to the fully 

tightened state at 175 N·m. 

2. MEASURE: The complete MTRIF procedure described in Section 2.7 was 

performed for the current joint state. 

3. RECORD: The triaxial near and far responses obtained during the simultaneous 

replay phase were stored for the current state. 

4. DEGRADE: The joint stiffness was reduced by decreasing the tightening torque of 

the M16 bolt to the next predefined level. 

5. GOTO MEASURE: The measurement–degradation cycle was repeated until the 

fully loosened state was recorded. 

The degradation sequence consisted of eight torque levels. 

Stage 1: 175 N·m, baseline tightened condition. 
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Stages 2–8: 150 N·m, 125 N·m, 100 N·m, 75 N·m, 50 N·m, 25 N·m, 0 N·m, fully loosened 

condition. 

Completing this loop through all eight stages yielded the final response dataset. For each 

stage, three linear acceleration components were recorded at both the near and far sensors 

during the simultaneous MTRIF replay.  

The complete measurement–degradation sequence was repeated five times without 

changing the sensor and actuator configuration. Each repetition covered the same eight torque 

levels from 175 N·m to 0 N·m. Consequently, the repeated dataset contains: 

3 channels × 2 sensors × 8 stages × 5 repetitions = 240 response signals, corresponding to: 

3 AMR pairs × 8 stages × 5 repetitions = 120 AMR pairs. 

This repeated dataset enables both degradation-trend evaluation and repeatability analysis 

through standard deviations of the per-axis RCR values and the fused MCCM. 
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CHAPTER 5. SIGNAL PROCESSING AND METRIC 

EVALUATION 

This chapter details the computational procedures for transforming the synchronized 

near/far sensor responses into diagnostic indicators. While Chapter 2 established the conceptual 

definitions and methodological rationale for the AMR, RCR, and MCCM components, the 

present chapter specifies the complete processing algorithms as applied to the experimental 

dataset. The workflow is applied independently to each of the three linear-acceleration AMR 

pairs: AMRx, AMRy, and AMRz. 

In the proposed methodology, RCR and MCCM provide the per-axis evaluation and 

multiaxial fusion layers of the diagnostic workflow. Their functional roles remain fixed within 

the proposed framework, while the specific computational implementation may be adapted 

depending on the sensing configuration, signal characteristics, and application constraints. The 

computational procedures presented below are used to quantify the degradation-sensitive 

response of the MTRIF–AMR framework; the primary scientific novelty lies in the integrated 

diagnostic methodology rather than in the specific computational formulations. 

5.1. Per-Axis RCR Evaluation 

• DC offset removal: Constant components are suppressed to eliminate gravity-related 

offsets: 

• Normalization: Signals in the AMR pair are scaled by their common maximum absolute 

amplitude 𝐴: 

• Band-pass filtering: Signals are restricted to the target frequency range: 

• Pointwise multiplication: An intermediate product signal p is generated: 

• RCR extraction: The final scalar for the axis is the peak-to-RMS ratio of the product signal: 

The variables used in Eqs. (5.1)–(5.5) are: 

s – the recorded signal; s̅ – the mean signal value; sdc – the offset-corrected signal; 

𝐴 – the normalization factor; sn – the normalized signal; B – the band-pass operator;  𝑖𝑠sbpf – 

the filtered signal; p – the pointwise product; and RMS – the root mean square operator. 

All signals are processed in the reconstructed master clock domain. 

 

 

 sdc = s − s̅. (5.1) 

 sn = sdc/𝐴. (5.2) 

 sbpf = B(sn). (5.3) 

 p  =  sNear
bpf

  ⋅ sFar
bpf

. (5.4) 

 RCR = max|p| /RMS(p). (5.5) 
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5.2. MCCM Computation 

After the per-axis RCR values are calculated for the X, Y, and Z AMR pairs, they are 

combined into the multiaxial component coherence metric (MCCM). In the present 

implementation, MCCM is computed as the Euclidean norm of the three per-axis RCR 

components: 

 

where RCRx, RCRy, and RCRz are the response coherence ratio values obtained from the 

corresponding X, Y, and Z AMR pairs. 

The computation is performed independently for each degradation stage and, in the 

repeated-measurement dataset, for each measurement cycle. Thus, every torque level is 

represented by one MCCM value per repetition.  

 

 𝑀𝐶𝐶𝑀 = √𝑅𝐶𝑅𝑥
2 + 𝑅𝐶𝑅𝑦

2 + 𝑅𝐶𝑅𝑧
2, (5.6) 
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CHAPTER 6. METRIC EVALUATION RESULTS 

This chapter presents quantitative results from five repeated measurement–degradation 

cycles performed across eight torque levels. Joint degradation was emulated by reducing the 

tightening torque from 175 N·m to 0 N·m. The repeated dataset contained 240 response signals, 

corresponding to 120 AMR pairs. RCR was computed independently for each axis, torque level, 

and repetition, and the resulting values were fused into MCCM for each degradation state. 

The repeated cycles allow the monotonic degradation trend, metric repeatability, and 

dispersion to be evaluated. The results are presented as per-axis RCR trends, fused MCCM 

behavior, and standard-deviation-based stability analysis. 

6.1. Per-Axis RCR Repeatability Across Five Measurement Cycles 

The per-axis RCR results are shown in Fig. 6.1. All values are normalized to the baseline 

condition of each repetition, corresponding to 175 N·m. In all cycles, the highest RCR values 

occur at the baseline condition, while progressive torque reduction causes a clear decrease in 

coherence across all three AMR pairs. 

The repeated cycles show a reproducible degradation pattern, but the X, Y, and Z 

components differ in slope and dispersion. This reflects anisotropic wave transmission through 

the joint and direction-dependent sensitivity to bolt loosening. Therefore, single-axis 

interpretation remains vulnerable to axis-specific variability, whereas retaining all three RCR 

components provides a more complete representation of the joint condition. 

 

Fig. 6.1. Per-axis RCR values. 
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6.2. MCCM Repeatability and Degradation Trend 

The fused MCCM results are shown in Fig. 6.2. All values are normalized to the initial 

baseline of each repetition, corresponding to 175 N·m. Compared with the individual RCR 

components, MCCM provides a more compact and interpretable degradation profile. In all five 

repeated measurement cycles, MCCM decreases consistently from the baseline condition 

toward the fully loosened 0 N·m condition. 

The repeated MCCM trend confirms that the fused metric preserves the degradation-

sensitive information contained in the three AMR pairs while reducing axis-dependent 

variability. The monotonic or near-monotonic decrease within each repetition supports the use 

of MCCM as the primary scalar indicator for joint-condition tracking. At the same time, the 

individual RCR components remain useful for directional interpretation and for identifying 

which response axes are most affected by the change in joint stiffness. 

 

 

Fig. 6.2. MCCM values. 

6.3. Dispersion Analysis of RCR and MCCM 

The standard deviations of the per-axis RCR values across the five repetitions are shown in 

Fig. 6.3. The dispersion is low near the fully tightened baseline condition and increases as the 

tightening torque is reduced. This increase is especially pronounced at low torque levels, where 

the joint interface becomes mechanically less constrained and more sensitive to small variations 

in contact state, friction, and local boundary conditions. 

The standard deviation of MCCM is shown in Fig. 6.4. Although the fused metric also 

exhibits increasing dispersion toward the loosened condition, its variability remains lower and 

more compact than the maximum dispersion observed among the individual RCR axes. This 



 

   39 

confirms that the MCCM fusion procedure suppresses part of the axis-dependent variability 

while preserving the overall degradation trend. 

A direct comparison between mean per-axis dispersion, maximum per-axis dispersion, and 

MCCM dispersion is presented in Fig. 6.5. The fused MCCM standard deviation remains below 

the maximum individual-axis standard deviation over the degradation sequence, demonstrating 

that multiaxial fusion improves the stability of the diagnostic indicator. The increase in 

dispersion at low torque levels should not be interpreted as a failure of the method; rather, it 

reflects the physically unstable contact condition of a loosened bolted joint, where small 

changes in interface state can produce larger changes in the measured dynamic response. 

 

 

Fig. 6.3. Per-axis RCR standard deviation. 

 



 

   40 

 

Fig. 6.4. MCCM standard deviation. 

 

 

Fig. 6.5. RCR and MCCM dispersion comparison. 
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CHAPTER 7. FINAL REMARKS 

This chapter summarizes the core findings, provides practical implementation guidelines, 

and outlines future development paths for the diagnostic framework. 

7.1. Main Conclusions 

This Thesis developed and experimentally validated a multidimensional framework for the 

non-destructive assessment of structural joints. The results support the core premise that reliable 

joint diagnostics benefit substantially from a multidimensional approach encompassing both 

controlled excitation and multiaxial response evaluation. 

1. 3DOF sensing and AMR: The results confirm that the three linear-acceleration AMR 

pairs contain diagnostically relevant coherence information. In the baseline dataset, 

degradation-related variation was observable across all three pairs, providing a 

comprehensive view of joint integrity. 

2. MTRIF implementation: The principal contribution is the formulation of MTRIF, 

which synthesizes a multiaxial excitation condition at the near-sensor location. This 

enhances the observability of degradation-related changes across multiple response 

components compared with conventional single-axis excitation. 

3. Metric performance: At the per-axis level, the RCR effectively quantifies waveform 

similarity between near and far responses. At the fused level, the MCCM provides 

a stable and interpretable indicator, suppressing axis-dependent variance and 

exhibiting a monotonic degradation trend. Across five repeated measurement cycles, 

the MCCM preserved a consistent degradation trend and showed lower dispersion 

than the most variable individual RCR component, supporting its use as the primary 

scalar indicator for joint-condition tracking. 

4. Synchronization rationale: The study demonstrates that temporal synchronization is 

a methodological prerequisite. Since both the MTRIF and pointwise RCR 

comparisons depend on continuous sample-level alignment, the CNSS principle is 

mandatory for maintaining a common master clock domain across independent 

nodes. 

5. Integrated framework: The Thesis provides an experimentally grounded 

methodology integrating multidimensional excitation, paired 3DOF sensing, per-

axis coherence evaluation, and metric fusion. This approach advances structural 

health monitoring toward localized, repeatable, and multiaxial assessment of 

structural joint integrity. The limitations of the current experimental validation and 

their implications for generalizability are discussed in Section 7.4. 

7.2. Practical Recommendations 

• Sensor alignment: Near and far sensors must be physically aligned along their 

corresponding X, Y, and Z axes with secure mechanical coupling. This is necessary to 
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preserve the validity of the three linear-acceleration AMR pairs used for pointwise 

comparison [14]. 

• Excitation configuration: Actuator placement should be determined by the required 

diagnostic coverage. While the three-actuator configuration along X, Y, and Z axes is 

sufficient for triaxial linear sensitivity, alternative configurations or additional actuators 

may be required if complex rotational coupling is expected.   

• Synchronization continuity: Continuous sample-level alignment across excitation and 

sensing subsystems is mandatory. Without master-clock consistency, MTRIF focusing and 

RCR evaluation lose diagnostic reliability [31–33]. 

• Signal averaging: Repeated excitation and averaging are recommended to suppress 

uncorrelated noise and stabilize RCR and MCCM values [14, 15, 27]. High-rate multiaxial 

acquisition generates substantial data streams, necessitating robust data handling and 

labeling. 

• Diagnostic indicators: MCCM should be utilized as the primary scalar indicator for joint 

condition tracking. Individual RCR values should be retained for directional diagnostic 

interpretation when detailed analysis of axis-specific degradation is required [12, 14, 15]. 

7.3. Further Development 

Building on the findings and acknowledging the limitations discussed in Section 7.4, future 

studies should address the following technical areas. 

• Automated axis alignment: Implementation of orientation-aware coordinate 

transformations to compensate for physical sensor misalignment mathematically. 

• Adaptive MTRIF: Development of real-time transfer-function estimation to 

optimize the virtual impact focus under varying environmental conditions. 

• Decentralized synchronization: Expansion of the CNSS protocol for large-scale 

sensor networks using wireless or PTP-based time distribution. 

• Non-linear feature extraction: Integration of higher-order statistics into the MCCM 

fusion to improve sensitivity to micro-crack initiation. 

• Edge computing implementation: Porting the RCR and MCCM algorithms directly 

to the FPGA for real-time, on-node joint integrity monitoring. 

7.4. Limitations of the Current Study 

The following limitations of the present study should be acknowledged to provide an 

accurate assessment of the framework's current state and to guide future development. 

Single baseline joint configuration. The integrated framework is validated on a single 

structural steel joint (HEA 100 beams with one M16 bolt). While earlier experimental objects 

from the appended publications – including timber joints [15] and alternative steel 

configurations [12–14] – provide complementary evidence for individual methodological 

components, the full MTRIF–AMR–CNSS chain is demonstrated for a single joint geometry, 

material, and connection type. The extent to which the observed MCCM trends generalize to 
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different joint types (riveted, bonded, composite), materials, number of fasteners, or real-world 

boundary conditions remains to be established through a systematic validation campaign that 

covers multiple joint configurations. 

Degradation emulation scope. The degradation sequence consists of controlled bolt-torque 

reduction that emulates stiffness loss due to loosened fasteners. While this is a widely used and 

repeatable approach in SHM research, it represents only one mode of degradation. Real-world 

structural joint degradation includes fatigue cracking, corrosion, delamination, and plastic 

deformation, each of which modifies the joint’s dynamic behavior in different ways. The extent 

to which the MCCM responds to these alternative damage mechanisms, and whether the 

monotonic trend observed under torque reduction is preserved under other degradation modes, 

requires targeted experimental investigation. 

Statistical characterization scope. The present validation includes five repeated 

measurement cycles for the same baseline joint configuration, which enables preliminary 

evaluation of RCR and MCCM repeatability through standard deviations. However, these 

repetitions were performed on a single specimen and under controlled laboratory conditions. 

Therefore, the statistical characterization remains limited with respect to specimen-to-

specimen variability, alternative joint geometries, different fastener layouts, and different 

degradation mechanisms. Future studies should extend the repeated-cycle analysis to multiple 

specimens and operating conditions and should include confidence intervals and formal 

monotonicity testing. 

Sensitivity to non-ideal conditions. The current validation was performed under controlled 

laboratory conditions with careful sensor alignment, stable temperature, and no external 

loading. The sensitivity of the framework to practical deviations, such as sensor misalignment 

of several degrees, partial actuator failure, environmental temperature variation during 

measurement, or the presence of external operational loads, has not been systematically 

characterized. While the λ/4 criterion (Section 2.3) provides theoretical bounds, an 

experimental parametric study of robustness under non-ideal conditions would significantly 

strengthen confidence in the framework’s applicability to field deployment. 

These limitations do not diminish the methodological contributions of the Thesis, which lie 

in the formalization and initial experimental validation of the integrated MTRIF–AMR–CNSS 

framework. However, they define a clear agenda for the systematic validation and robustness 

characterization required before the methodology can be considered ready for practical 

deployment. 
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