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Abstract

This PhD research presents the design, development, and validation of miniaturized IoT-based

Structural Health Monitoring (SHM) systems to improve the reliability and safety of composite

structures. Conventional SHM approaches are often constrained by extensive cabling, limited

scalability, and bulky data acquisition units, posing significant challenges in weight-sensitive

aerospace applications. To overcome these limitations, this work introduces novel miniaturized

wireless SHM platforms.

The first proposed system integrates a multi-layer Printed Circuit Board (PCB), a Wireless

Sensor Network (WSN), and a Graphical User Interface (GUI), providing real-time data

acquisition while significantly reducing wiring complexity through ZigBee-based communication.

The second system, a Passive Sensing Node, is designed for impact detection and localization,

operating with a coin-cell battery-powered event-triggered comparator. Using Bluetooth Low

Energy (LE) and a shared clock for time synchronization, it enables ultra-low-power operation

with immediate response to impact events.

Building upon these developments, the third system is a multi-sensor platform that unifies a

piezoelectric transducer, a strain gauge, an accelerometer, and an environmental sensor on a

compact 3×3 cm flexible PCB. Designed for low-power Bluetooth LE communication, it enables

multi-modal data acquisition for comprehensive condition monitoring. Finally, the fourth system

integrates active and passive sensing within a single platform, combining an external Analog-to-

Digital Converter (ADC) and a Digital-to-Analog Converter (DAC) to facilitate both guided

wave-based inspections and spontaneous impact detection. In passive mode, impact-induced

signals are captured and transmitted wirelessly, while in active mode, the system successfully

generates actuation signals such as tone bursts for structural evaluation.

Collectively, these proposed systems offer a comprehensive solution to on-board SHM,

focusing on miniaturization, wireless data transmission, light-weight, and energy efficiency along

with a user interface. Experimental tests on composite panels confirm their capability for

real-time SHM and highlight their potential to protect the structural integrity of composite

structures.
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Chapter 1

Introduction

1.1 Overview

Structural Health Monitoring (SHM) is a promising engineering methodology that integrates

state-of-the-art sensor technologies, Data Acquisition (DAQ) systems, and signal processing

algorithms to enable continuous and real-time monitoring of structural integrity. SHM represents

a paradigm shift from traditional Non-Destructive Inspection (NDI) methods, which are often

periodic and risk overlooking early-stage damage. SHM has made it possible to promptly detect

potential issues by mitigating the risk of catastrophic failures and extending the service life of

critical structures.

The advantages of SHM extend beyond damage detection. It offers cost-effective solutions,

enhanced reliability, and long-term monitoring capabilities, making it an attractive alternative

for industries that prioritize safety and efficiency. The integration of SHM technologies in this

field has not only improved safety standards but also reduced operational costs and extended

the life of structural components.

The critical aspect of SHM systems is the effective selection and deployment of sensor

technologies deployed to specific monitoring needs. Commonly used sensors include fiber optic

sensors, ultrasonic transducers, strain gauges, and Piezoelectric Transducers (PZTs). Each

sensor type offers unique advantages:

• Fiber Optic Sensors (FOS): Known for their high sensitivity and resistance to Electro-
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magnetic Interference (EMI), these sensors are ideal for harsh environments.

• Ultrasonic Sensors: Particularly effective in identifying subsurface defects, these sensors

rely on high-frequency sound waves.

• Strain Gauges: Valued for their simplicity and reliability, these devices provide critical

data on stress distribution and deformation.

• PZTs: Distinguished by their dual functionality as actuators and sensors, PZTs support

both passive and active monitoring. Passive sensing enables real-time detection of dynamic

events, such as impacts, while active sensing employs controlled excitation to analyze wave

propagation and localize damage.

• Accelerometers: Utilized to capture vibrational characteristics and dynamic responses,

accelerometers provide valuable insights into the properties of structural integrity and

stiffness. Their ability to measure low-frequency motions and detect subtle changes in

natural frequencies makes them especially suitable for vibration-based damage detection

and assessing overall structural health.

PZTs have gained significance due to their compact size, ease of installation, and versatil-

ity. These sensors are crucial for SHM applications requiring energy efficiency and real-time

diagnostics, particularly in aerospace structures where weight and space constraints are critical.

SHM systems are extensively implemented in various engineering fields, including buildings,

bridges, and aircraft, to monitor structural responses to fatigue, environmental degradation, and

unexpected impacts. Early detection and mitigation of damage in these applications are vital

for ensuring public safety, reducing maintenance costs, and extending service life. Advanced

DAQ systems play a critical role in efficiently collecting and transmitting high-fidelity data,

enabling accurate structural health assessments even in remote or inaccessible locations.

Recent developments in SHM have underscored the importance of wireless communication

technologies, such as Wireless Sensor Networks (WSNs) and Internet of Things (IoT) systems.

These innovations address traditional wired system limitations, including high installation costs

and scalability issues. WSNs eliminate extensive cabling and facilitate monitoring through
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strategically deployed sensor nodes. Similarly, IoT integration enhances real-time monitoring

capabilities, providing centralized data processing and improved scalability for large-scale

structures.

The application of SHM in aerospace is particularly transformative due to the unique

challenges posed by composite materials and the demanding operational constraints. Lightweight

and high-strength composite materials are susceptible to complex damage mechanisms such as

delamination and fiber breakage. SHM systems equipped with advanced sensors and algorithms

enable early detection of such issues, ensuring operational safety and reducing maintenance

costs.

Wireless SHM systems used in aerospace often incorporate miniaturized and energy-efficient

hardware to meet weight and space limitations. Methods such as Time Difference of Arrival

(TDoA) and synchronized wireless networks further enhance the diagnostic accuracy of these

systems. Furthermore, protocols like Bluetooth LE and ZigBee support lightweight and energy-

efficient communication, making them suitable for on-board applications.

Despite significant advancements, SHM systems face challenges related to scalability, energy

efficiency, and data management. Wireless systems must address synchronization issues and

ensure reliable multi-node DAQ for complex structures. Moreover, the miniaturization and

cost-effectiveness of SHM hardware remains critical for widespread implementation, especially

in weight-sensitive aerospace environments.

Future research should focus on integrating advanced sensing technologies with robust

data processing to enhance diagnostic precision. Energy-efficient communication protocols

and innovative hardware designs will be crucial in overcoming existing limitations and offering

practical, scalable, and high-performing SHM solutions. The potential of SHM highlights its

growing importance in modern engineering and underscores the need for continued innovation,

especially in the aeronautics field.
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1.2 Problem Statement

The capability of SHM systems to detect possible problems has motivated significant research,

especially in fields such as aerospace, where operational safety, cost-effectiveness, and long-term

reliability are crucial. However, despite considerable advances in SHM technologies, several

limitations inhibit their practical application, particularly in aerospace environments.

Current SHM methodologies often rely on bulky and energy-intensive wired DAQ systems.

These systems, while effective under controlled laboratory conditions, are poorly suited for

deployment in real-world aerospace applications where weight, space, and energy efficiency are

critical constraints. In addition, the high installation costs, complex cable management, and

scalability challenges associated with wired systems make them impractical for large-scale or

remote structures such as aircraft. Consequently, there is a need for miniaturized, lightweight,

and energy-efficient SHM solutions that can operate reliably in real-world conditions.

WSNs have been proposed as a suitable alternative to traditional wired systems, offering

advantages such as reduced weight, simplified installation, and enhanced scalability. However,

their implementation introduces several challenges, including the requirement for precise time

synchronization among sensor nodes, the need for low-power operation to ensure extended service

life, and the demand for robust wireless communication to ensure reliable data transmission.

Furthermore, the lack of a commercial solution that fully addresses SHM implementation in

aerospace structures requires a specialized approach. For each specific use case, the WSNs

must be carefully designed and adapted to the unique operational and environmental conditions

of the structure, followed by strict manufacturing and testing to validate their reliability and

functionality throughout the service.

Recent advances in IoT technologies have further expanded the potential of SHM systems

by enabling real-time condition monitoring through extensive sensor networks. However, many

existing IoT-enabled SHM systems often rely on simple peer-to-peer communication between only

two nodes (central and peripheral), which is inadequate for the complex monitoring requirements

of large aerospace structures. Moreover, the limited miniaturization and integration of SHM

systems with lightweight wireless communication technologies, such as Bluetooth LE and ZigBee,
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restrict their applicability in weight-sensitive aerospace environments. The use of Bluetooth

LE and ZigBee in SHM is feasible particularly in scalable and secure multi-node network

configurations.

To address these limitations, there is a critical need for the development of innovative

SHM systems used in aerospace applications. Such systems must integrate miniaturized and

multifunctional hardware designs, establish robust wireless communication protocols, and imple-

ment energy-efficient DAQ units capable of operating under real-world conditions. In addition,

these systems must prioritize affordability and ease of implementation to facilitate widespread

implementation. Using advances in IoT, WSNs, and low-power wireless communication tech-

nologies, it is possible to design SHM solutions that overcome current limitations and meet the

requirements of the aerospace sector.

This research aims to address these challenges by proposing novel SHM solutions incorporating

miniaturized hardware, energy-efficient wireless networks, and precise time synchronization

mechanisms. These advances will enable real-time monitoring and impact detection in composite

structures, improving safety, operational efficiency, and maintenance practices in the aerospace

industry.

1.3 Aim and Objectives

The aim of this PhD research is to develop smart and miniaturized electronic systems, along

with wireless communication, to advance the field of SHM. The focus is on overcoming challenges

related to weight, power consumption, wireless communication, and system integration, with

the ultimate goal of creating a comprehensive and efficient SHM solution suitable for real-

world applications. This includes the development of both active and passive SHM systems,

incorporating miniaturized DAQ units with wireless communication modules, computational

software, and user-friendly graphical interfaces. In addition, the objectives of the study and how

this PhD research has contributed to the progress beyond the state-of-the-art for each objective

are listed below:

• Enhanced Wireless Communication: Developed a modular wireless network compris-
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ing multiple interconnected nodes to facilitate robust and efficient data exchange in SHM

systems, easily upscaled to large and complex structures.

• Miniaturization: Designed and tested low-cost miniaturized SHM systems suitable for

compact and weight-sensitive environments, particularly in aerospace settings, to expand

the applicability of SHM solutions.

• Low Power Consumption: Designed and implemented energy-efficient SHM systems

to address sustainability challenges and extend operational capabilities for longer periods,

especially in resource-constrained settings.

• Time Synchronization for Accurate Impact Localization: Implemented precise time

synchronization mechanisms across distributed wireless sensor nodes to enable accurate

calculation of the TDoA for damage localization.

• Simplified Implementation: Developed SHM systems that are easy to deploy, requiring

fewer resources such as cables, enabling widespread implementation and use.

• Extended Application to On-Board Scenarios: Adapted existing WSN-based SHM

techniques for on-board applications, particularly in aeronautical environments, meeting

low-weight and functionality requirements under real-world service conditions.

• User-Friendly Interfaces: Developed user-friendly graphical interfaces for SHM systems

to facilitate user interaction, data visualization, and processing.

• Comprehensive SHM Solution: Integrated miniaturized DAQ units integrated with

wireless communication modules, computational software, and user-friendly interfaces to

create a comprehensive and efficient SHM solution suitable for real-world applications.

By systematically addressing the defined objectives, this research has advanced SHM from an

early development stage to a set of tested, practical IoT-based systems including both active and

passive sensing strategies. Multiple sensor types, such as PZTs, strain gauges, accelerometers, and

environmental sensors, were utilized, prototyped, and integrated into lightweight miniaturized

platforms. These distributed wireless sensor networks, when implemented in composite structures,
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have demonstrated reliable real-time DAQ, continuous monitoring capabilities, and minimal

added mass. Furthermore, this research included the development of a dedicated Graphical

User Interface (GUI), which receives incoming data, executes processing procedures, generates

visual representations, and stores relevant information. Consequently, these accomplishments

confirm the feasibility of fully integrated SHM methods for composite aerostructures.

1.4 Thesis Organization

This thesis is presented in several chapters, each addressing a key element of miniaturized,

efficient, and wireless SHM in composite aerostructures.

Chapter 1 establishes the motivation for advanced SHM systems, highlighting the shortcom-

ings of traditional wired DAQ approaches and emphasizing the need for lightweight, scalable,

and real-time condition assessment in modern composite aerostructures. The chapter concludes

by detailing the main research problem, along with the aim and objectives of this work.

Chapter 2 surveys the scope of SHM methodologies, from established NDI to emerging WSN

solutions. The chapter discusses various sensor types, such as PZTs, fiber optic sensors, strain

gauges, accelerometers, and examines both active and passive sensing strategies. Attention

is paid to low-power communication protocols and the role of IoT. The review ends with the

identification of knowledge gaps, which is followed by the subsequent system designs in this

thesis.

Chapter 3 begins by outlining the essential system goals for compact, wireless, and low-power

monitoring in composite aerostructures, highlighting critical needs such as miniaturized PCB

design and real-time data handling. It then details a design philosophy focused on multi-

functional hardware, event-triggered architectures, user-friendly GUIs, and robust wireless

networks. This is followed by brief overviews of four proposed systems in this PhD research.

Furthermore, this chapter includes the design and development of a ZigBee-based SHM system

for composite structures.

Chapter 4 focuses on impact detection and localization with the proposed system called

Passive Sensing Node. Its architecture employs an event-triggered comparator, Bluetooth LE
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transmission, and a shared clock for time synchronization in WSN to detect and localize sudden

impacts on composite structures.

Chapter 5 extends the scope of SHM by presenting a Multi-Sensor System (MSS) on a flexible,

compact PCB that combines a Piezoelectric Transducer (PZT), strain gauge, accelerometer, and

environmental sensor. By measuring various parameters in real time, it provides comprehensive

information on structural condition and ambient influences.

Chapter 6 covers the concept of active and passive sensing combined on a single, multi-

channel platform. The external Analog-to-Digital Converter (ADC) and the Digital-to-Analog

Converter (DAC) enable actuation signal generation (for guided wave–based inspections) and

DAQ.

Chapter 7 concludes the main findings, emphasizing how the proposed platforms address the

crucial demands of composite structure monitoring from multi-modal sensors and low-energy

event-triggered acquisition to integrated active–passive sensing. In addition, potential future

work and directions are highlighted, such as a unified system architecture to establish an

ecosystem that accommodates all developed systems and the incorporation of energy-harvesting

approaches for extended service life. These advances would enrich and simplify future SHM

deployments in aeronautical engineering.
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Literature Review

2.1 SHM Systems

SHM represents a highly promising methodology that incorporates a range of advanced technolo-

gies, including sensors, DAQ systems, and signal processing algorithms, to enable continuous

monitoring and evaluation of the integrity of various structures [5, 63]. By providing real-time

insights into structural conditions, SHM offers a significant advantage over traditional NDI

techniques, which are typically employed during scheduled maintenance and repair cycles of

critical infrastructures. These traditional methods often rely on periodic checks and may

miss early-stage damage, whereas SHM systems are capable of identifying potential problems

promptly, thereby reducing the risk of catastrophic failures. This advantage has driven an

extensive research interest in SHM, as supported by a number of studies and publications

exploring various aspects of its application and development [14,23,51,77,92,97].

In addition to its damage detection capabilities, SHM also offers significant benefits such as

improved reliability and the ability to provide long-term monitoring solutions. These advantages

make it an attractive option for industries seeking to optimize structural maintenance and

safety protocols. In particular, SHM has been widely adopted in the aerospace sector, where

it is applied to monitor aircraft structures composed of composite materials, which are prone

to unique damage mechanisms that require sophisticated monitoring techniques [85,86]. The

integration of SHM into critical applications not only improves safety, but also contributes to
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(a) (b)

Figure 2.1: Sensor examples used in SHM (a) PZT (b) Strain gauge sensor

reduced operational costs and extended structural lifespans, underscoring its growing importance

in modern engineering practice.

Given the diverse conditions and challenges faced by different structures, the selection of

appropriate sensor technologies becomes a key determinant of the effectiveness of the SHM

system. Various damage detection methods with a wide range of sensor technologies, such

as fiber optic sensors, ultrasonic transducers, strain gauges, and PZTs, are essential for SHM

systems [1, 8, 35, 82,105,108]. Each sensor type brings unique advantages and characteristics to

the monitoring process, enabling the detection and assessment of damage in diverse structural

applications. For example, fiber optic sensors offer high sensitivity and immunity to EMI,

making them suitable for monitoring in challenging environments, while ultrasonic sensors are

highly effective in capturing subsurface defects through high-frequency sound waves. Strain

gauges, known for their simplicity and reliability, measure deformations in structures under

load, providing valuable information on stress distribution and potential areas of failure. As an

example, a PZT and a strain gauge are demonstrated in Fig. 2.1a and Fig. 2.1b, respectively.

Among these technologies, PZTs have gained particular importance because of their versatility,

ease of installation, compact size, and dual functionality as actuators and sensors. These

transducers can be used in two modes: passive and active. In passive sensing, PZTs function
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as receivers, capturing external impacts or vibrations to assess structural responses without

directly altering the system. This approach is particularly useful for detecting sudden impacts,

such as those caused by collisions or falling debris. In contrast, active sensing involves the PZTs

performing dual roles, where they actively excite the structure with controlled input signals

and subsequently measure the structural responses to these excitations. This method provides

more detailed diagnostic capabilities by enabling analysis of wave propagation characteristics

and localized damage within the monitored structure [45, 95, 114]. The ability of PZTs to

operate effectively in both passive and active modes enhances their applicability to a broad

spectrum of SHM tasks, from real-time impact detection to detailed damage localization. This

flexibility, combined with their lightweight and low-power requirements, has made PZTs an

essential component in the advancement of SHM technologies, particularly for applications

requiring compact and efficient monitoring systems.

The frequency regions associated with detecting local and global structural changes in SHM

are distinct due to the nature of the physical changes measured. Global structural changes are

captured mainly in the low-frequency range, typically involving the natural frequencies of the

structure. These frequencies are sensitive to widespread changes in mass or stiffness but often

miss small or localized damage [44, 87]. Local damage is more effectively detected at higher

frequencies, particularly in the kilohertz range. Methods like EMI or guided waves operating in

this range can detect small cracks and local delaminations [43,87].

SHM methods are extensively implemented in various engineering applications, including

buildings, bridges, and other critical infrastructure, to improve safety and prevent catastrophic

failures. These structures are exposed to many harmful influences throughout their service life,

including fatigue caused by repetitive loading, corrosion resulting from environmental exposure,

and unexpected damage caused by external impacts or natural disasters. Over time, such

conditions compromise the structural integrity and reliability of these systems, posing risks to

public safety and increasing maintenance costs. Therefore, early detection and monitoring of

damage in these structures is critical to extend their service life, improve operational safety, and

optimize maintenance schedules [1, 16, 35,95,105,114].

For effective SHM implementation, the use of energy-efficient and reliable DAQ units is
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critical. These systems are playing an important role for SHM by collecting, processing, and

transmitting data from sensors installed on the structure. Energy efficiency is particularly

crucial in remote or inaccessible locations, such as tall buildings, long-span bridges, or airborne

systems, where frequent maintenance or battery replacements are impractical. Furthermore,

the reliability of DAQ units ensures the consistent capture of high-fidelity data, which is

necessary to accurately diagnose structural health and detect even slight signs of damage.

Commercial DAQs are designed to integrate various types of sensors and record multiple sensor

outputs with high resolution and minimum noise and interference. Hence, they enable real-time

monitoring of different structural parameters such as strain, vibration, temperature, and acoustic

emissions under a large variation of load scenarios. Consequently, these systems are bulky and

expensive [1, 16, 35,95,105,114].

SHM systems have shown significant potential to detect and identify damage in composite

structures under controlled laboratory conditions. These environments allow for precise testing

of SHM technologies, ensuring their ability to identify structural defects such as cracks and

delaminations. However, the true value of SHM systems lies in their deployment on-board

operational platforms such as aircraft, where real-time monitoring can enhance safety and

maintenance efficiency. To achieve this, SHM systems must meet strict weight requirements

and operate reliably in service conditions such as fluctuating temperatures, vibrations, and

environmental exposure. Most DAQ systems for SHM have recently been designed for ground-

based testing in controlled environments. While essential for validating SHM technologies, these

systems are often too bulky and energy-intensive for on-board use. Miniaturized DAQ systems,

capable of operating in real-world conditions, have been successfully tested on aircraft structures

with only a few examples. These developments highlight the challenges and opportunities

to advance SHM technologies for practical in-service applications [16]. The progression of

miniaturized and reliable SHM systems is critical to realizing their full potential in aerospace

and beyond, enabling safer and more efficient monitoring of composite structures in real-time.

The SHM process involves multiple stages, as shown in Fig. 2.2 to ensure the effective

detection and localization of damage within critical structures, ultimately preventing catastrophic

failures. SHM systems mainly rely on sensor-equipped DAQ units to collect real-time information
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Figure 2.2: Main components of an SHM system

about structural condition. These sensors, which may include PZTs, fiber optics, strain gauges,

and ultrasonic devices, capture various physical parameters such as strain, vibration, temperature,

and acoustic emissions. The data collected are then processed using advanced algorithms to

analyze structural responses, identify anomalies, and pinpoint damage locations with high

precision. This systematic approach allows for timely maintenance interventions, extending the

useful life of critical infrastructure and improving the safety of critical infrastructure [40].

Recent advances in IoT technology have further revolutionized SHM, introducing new

possibilities for DAQ and monitoring. IoT enables the creation of extensive WSNs that facilitate

proper data transfer and remote monitoring capabilities. By integrating IoT with SHM systems,

real-time condition monitoring can be conducted more efficiently and cost-effectively. These

networks eliminate the need for extensive cabling, reducing installation complexity, and enabling

monitoring in previously inaccessible or remote locations. In addition, IoT allows for centralized

data processing, where information from distributed sensors is acquired and analyzed in central

stations such as PCs, providing comprehensive insights into structural health [74,97].

The application of IoT in industrial SHM contexts is particularly noteworthy. SHM systems

enabled with IoT ensure the continuous monitoring of machinery and structural components.
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This integration not only improves operational efficiency by minimizing downtime, but also

reduces maintenance costs by enabling predictive maintenance strategies. Similarly, in civil

engineering, IoT facilitates the remote monitoring of large-scale structures such as bridges, dams,

and pipelines, where traditional SHM approaches may be impractical. By deploying IoT, SHM

systems can deliver improved scalability and accessibility, marking a significant advancement in

condition monitoring practices [74,97]. These developments underline the transformative impact

of IoT on SHM, highlighting its potential to enhance safety, reliability, and cost-effectiveness in

the monitoring of critical structures.

Recent advances in the literature indicate that many of the limitations associated with SHM

systems relying on wired DAQ systems can be effectively addressed through the implementation

of WSNs [15, 68]. Traditional wired systems often face challenges such as high installation

costs, complex cable management, and limited scalability, especially for large-scale or remote

structures. In contrast, WSNs eliminate the need for extensive wiring, significantly reducing the

complexity of installation and maintenance while enhancing the flexibility and adaptability of

SHM systems. In these wireless practices, sensor nodes are strategically deployed throughout

the structure to monitor critical parameters such as vibration, strain, and temperature. The

collected data are then transmitted wirelessly to a central processing unit, where advanced

algorithms analyze signals for damage detection, localization, and assessment [15,68].

The literature reports on the successful application of WSNs in monitoring various civil

engineering structures, such as buildings, bridges, and dams [1,5, 105]. These implementations

highlight the capability of WSNs to enable real-time monitoring and timely actions, thereby

improving the safety and longevity of critical infrastructure. Beyond civil engineering, wireless

SHM systems have also been developed for composite structures, which are widely-used in

the aerospace industry. In this context, WSNs play a vital role in overcoming the challenges

associated with monitoring lightweight and highly stressed composite materials, ensuring the

early detection of issues such as delamination, cracks, or fiber breakage. Such systems are

commonly termed Cyber-Physical System (CPS), in which the physical component involves the

sensing process using PZTs or other sensors mounted to composite structures, while the cyber

component focuses on the wireless transmission of sensor data for further analysis [34,35].

28



CHAPTER 2. LITERATURE REVIEW

Further research into the design, optimization, and application of WSNs for SHM continues

to expand this field, with studies exploring advancements in sensor technologies, energy efficiency,

and data processing algorithms. Comprehensive discussions and insights into these developments

are provided in studies focused on wireless SHM, including those addressing civil and aerospace

applications [5, 92].

Although IoT-enabled SHM systems offer promising opportunities for scalability and cost-

effectiveness, their implementation also introduces several challenges related to data management,

synchronization, and system miniaturization. Current SHM systems face significant limitations

that obstruct their efficiency and practical application, particularly in aerospace applications.

Many existing systems rely on a simple peer-to-peer wireless communication model with only

two nodes, rather than an extensive network, making it difficult to scale for large structural com-

ponents such as aircraft. To fully monitor such structures, multiple sensing nodes are required.

Another critical challenge is the physical size of these systems, as a lack of miniaturization

limits their integration into weight-sensitive and compact aerospace environments. Further-

more, wireless networks involving multiple remote sensors require a shared clock for precise

time synchronization to capture accurate sensing data. Low power consumption is another

essential factor to ensure sustainability and extended operational capabilities. Overcoming these

limitations is crucial for the advancement of SHM technologies, enabling the development of

efficient, miniaturized, and high-performing systems that can meet real-world demands.

Although existing SHM techniques have proven to be effective in controlled laboratory

environments, cost-effective and easily implementable solutions are still needed for practical, real-

world applications. This PhD study has proposed innovative approaches involving miniaturized

and multifunctional hardware designs as a solution. RF microcontrollers are used to address

these gaps by establishing wireless networks that eliminate the need for cable connections. This

not only reduces system weight but also enhances portability, making these solutions more

suitable for on-board aerospace applications. A critical feature of some developed systems is

the implementation of a shared clock for time synchronization within the wireless network. For

example, the shared clock implementation allows for the precise capture of timestamps alongside

sensor data in the event of an impact, enabling accurate calculation of the TDoA for passive

29



CHAPTER 2. LITERATURE REVIEW

sensing signals across sensor nodes.

The proposed solutions also prioritize affordability, making them suitable for widespread

implementation. By optimizing power consumption, these systems achieve improved energy

efficiency, extending their operational life and reliability. For wireless data transmission, one of

the two most common wireless communication protocols is implemented based on projects, which

are ZigBee and Bluetooth LE. The integration of Bluetooth LE technology ensures compatibility

with smartphones, providing user-friendly control and monitoring capabilities. In addition,

these projects offer a comprehensive methodological framework, detailing clear implementation

processes that enhance the practicality of these approaches. With these advances, the proposed

systems have great potential to improve the on-board monitoring of the structural health of

composite structures by addressing current limitations.

2.2 Sensors Used in SHM

Sensors are critical components of SHM, enabling the assessment, detection, and evaluation

of structural conditions to ensure integrity and safety. Their ability to capture real-time data

on strain, temperature, vibration, and displacement is fundamental to identifying damage and

guiding maintenance strategies. This section reviews various sensor technologies applied in SHM,

focusing on their operating principles, applications, and advancements based on the selected

literature. PZTs and fiber optic sensors are commonly used in SHM applications.

PZT transducers have proven instrumental in detecting structural damage through high-

frequency techniques, including Lamb wave propagation and impedance measurements. These

sensors are used in generating and receiving ultrasonic guided waves, making them ideal for

monitoring defects such as cracks, delaminations, and corrosion. For example, PZT sensors

embedded in distributed networks were used in an aircraft wing panel, implementing ultrasonic

guided waves for defect detection and growth monitoring despite challenges caused by rivet rows

and paint-induced attenuation. The efficiency of the sensors was further enhanced by employing

the Reconstruction Algorithm for Probabilistic Inspection of Defects (RAPID) algorithm,

which provided accurate defect localization and size estimation through correlation-based data
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processing [113]. Experimental studies validated their effectiveness, demonstrating their ability

to detect and map defect growth in both simulated crack and corrosion scenarios.

The operational stability of PZT transducers is heavily influenced by their bonding integrity

to the structure. Bonding defects can alter the impedance spectrum and wave characteristics,

potentially leading to diagnostic errors. Techniques such as self-diagnostic monitoring have been

developed to ensure sensor reliability, distinguishing sensor failure from structural damage [78].

These advances underscore the importance of robust sensor diagnostics in maintaining the

reliability of SHM systems.

PZTs have become a cornerstone technology in the field of SHM due to their a number of

advantages, including ease of installation, lightweight design, and structural compactness. These

characteristics make PZTs highly adaptable for integration into a wide variety of monitoring

systems, particularly in applications where minimizing weight and preserving the structural

integrity of the monitored structure are critical. Their versatility and cost-effectiveness have

contributed to their widespread implementation in various industries, including civil engineering,

aerospace, and mechanical systems [73].

One of the primary methods for employing PZTs in SHM is passive sensing. In this approach,

PZTs serve solely as receivers, detecting and capturing external impacts or vibrational responses

from the structure. This passive method is particularly useful for monitoring dynamic events,

such as impacts, collisions, or sudden load changes, as it allows the PZT sensors to capture the

natural response of the structure. Passive sensing requires minimal energy consumption and is

well-suited for scenarios where external excitation of the structure is not feasible or desirable.

For instance, in aerospace applications, passive sensing can be used to detect bird strikes or

debris impacts on aircraft fuselages during flight [73].

In addition to passive sensing, active sensing is another widely employed method for damage

detection using PZTs. Unlike passive sensing, active sensing involves the dual functionality of

PZTs as both actuators and receivers. In this approach, PZTs actively excite the structure

by generating high-frequency signals, such as guided Lamb waves, which propagate through

the material. These waves interact with any defects or damage, such as cracks, delaminations,

and the PZTs subsequently measure the reflected or transmitted wave responses. This method

31



CHAPTER 2. LITERATURE REVIEW

enables the precise localization and characterization of damage within the structure [47,93].

Active sensing is particularly advantageous for detecting internal and subsurface damage,

which might be difficult to detect in traditional inspection methods or passive sensing alone. For

example, in composite materials used in aerospace applications, active sensing can effectively

detect delamination or matrix cracking by analysing the characteristics of wave propagation.

Moreover, controlling the excitation signal enables customization of wave frequency and ampli-

tude to improve the detection sensitivity for particular damage types. This flexibility makes

active sensing a powerful tool for comprehensive structural diagnostics [47].

Both passive and active sensing methods provide complementary capabilities, making

PZTs highly versatile for SHM applications. Passive sensing is good at energy efficiency and

monitoring dynamic external events, while active sensing offers deeper diagnostic insights and

greater precision in damage detection and localization. Integrating both methods into a single

SHM system can provide a robust and comprehensive monitoring solution capable of addressing

a wide range of structural health issues.

PZTs play a crucial role in SHM due to their adaptability and effectiveness in both passive

and active sensing modes. These methods, supported by advances in signal processing and data

analysis, continue to enhance the ability of SHM systems to provide accurate, reliable, and

real-time structural integrity assessments in critical applications.

Beyond PZTs, FOS is another widely-used sensor technology in SHM applications, offering

a lightweight design, high sensitivity, resistance to EMI, and durability in harsh environments

such as bridges and pipelines [21,75]. FOS can also provide spatial resolution to detect localized

damage in large structures, which complements the role of PZT transducers. More details on

FOS can be found in [7, 64].

In addition to PZTs and FOS, other sensors are also used in the SHM field to provide

additional information about the structure and its environmental condition. These sensors

are strain gauges, accelerometers, and environmental sensors that measure such as ambient

temperature, pressure, and humidity [14].

Strain gauges are widely used in SHM for measuring strain in structural elements, providing

essential data for assessing structural performance. Electrical resistance strain gauges are partic-
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ularly valued for their high sensitivity and ability to capture dynamic strain variations. However,

their low zero-stability often results in drift over time, necessitating frequent recalibration to

maintain accuracy. In contrast, vibrating wire strain gauges offer superior long-term stability,

making them ideal for quasi-static measurements in applications such as dams or bridges where

consistent monitoring over extended periods is critical. Despite their stability, vibrating wire

gauges are less effective for dynamic monitoring due to their design limitations [56].

Accelerometers play a crucial role in SHM by capturing the dynamic responses of structures,

including vibrations, modal properties, and acceleration levels. These sensors are essential for

assessing structural integrity, particularly in scenarios involving dynamic loads, environmental

influences, or operational stresses. Accelerometers are highly valued for their ability to provide

precise measurements that form the basis for vibration-based damage detection and modal

analysis, which are critical for evaluating the health of large and complex structures. A notable

example of their application is a bridge monitoring system, where Micro-Electro-Mechanical

Systems (MEMS) accelerometers were deployed to measure a wide range of structural responses.

These included high-intensity vibrations caused by extreme events, such as strong winds or

earthquakes, as well as low-amplitude ambient vibrations resulting from normal operational loads.

The versatility of MEMS accelerometers made them ideal for this application, as they could

capture both high-frequency and low-frequency responses with a high degree of precision [54].

Temperature sensors are a critical component in SHM systems due to the significant impact

that environmental conditions, particularly temperature fluctuations, can have on structural

performance and the accuracy of monitoring data. Variations in temperature can cause thermal

expansion or contraction in materials, which may be misinterpreted as structural damage if not

adequately considered. By incorporating temperature sensors, SHM systems can compensate

for these effects, ensuring more reliable and accurate measurements.

These sensors are often integrated with other monitoring technologies to provide a compre-

hensive understanding of structural behaviour under varying environmental conditions. For

example, in the SHM system installed on the Golden Gate Bridge, temperature sensors were

deployed alongside MEMS accelerometers. This integration ensured that temperature-induced

variations in material properties or sensor output did not compromise the accuracy of vibration
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measurements. The data from the temperature sensors allowed for environmental compensation

during structural analysis, allowing the monitoring system to distinguish between changes caused

by environmental effects and those indicative of potential damage [54].

The comparison of common sensor types used in SHM is demonstrated in Table 2.1 along

with their advantages and disadvantages.

Table 2.1: Comparison of common sensor types Used in SHM

Sensor Type Advantages Disadvantages

PZT (Piezoelec-

tric Transducers) • Suitable for both active and

passive sensing modes

• Lightweight and compact

• Capable of high-frequency ul-

trasonic wave generation and

reception

• Effective for internal damage

(e.g., delaminations, cracks)

• Cost-effective and easy to inte-

grate

• Performance depends on

proper bonding to structure

• Susceptible to bonding defects,

leading to false diagnostics

• May require external excita-

tion in active mode
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Sensor Type Advantages Disadvantages

Fiber Optic Sen-

sors (FOS) • Resistant to electromagnetic

interference (EMI)

• Lightweight and flexible

• High sensitivity

• Suitable for long-distance or

distributed sensing

• Resistant to harsh environ-

ments (e.g., pipelines, bridges)

• Higher initial cost

• Requires specialized interroga-

tion equipment

• Installation can be complex

and fragile under certain me-

chanical conditions

Strain Gauges

• High sensitivity to strain

changes

• Widely available and cost-

effective

• Suitable for dynamic and

static strain measurements

• Vibrating wire types offer long-

term stability

• Require frequent calibration

• Vibrating wire types are un-

suitable for dynamic loading

• Limited resistance to EMI

35



CHAPTER 2. LITERATURE REVIEW

Sensor Type Advantages Disadvantages

Accelerometers

• Capture dynamic structural re-

sponses (vibration, accelera-

tion)

• Suitable for modal analysis

and vibration-based damage

detection

• Wide frequency range

• Sensitive to environmental

noise

• Accuracy can be influenced by

temperature or drift

• Limited in detecting static or

slowly changing structural pa-

rameters

Environmental

Sensors (e.g.,

Temperature)

• Critical for compensating envi-

ronmental effects on structural

response

• Improve accuracy of other sen-

sor outputs (e.g., strain, vibra-

tion)

• Essential for long-term SHM

reliability

• Do not directly measure struc-

tural damage

• Must be used in conjunction

with other sensors

• Sensor drift or lag may affect

real-time compensation

2.3 WSNs in SHM

2.3.1 IoT, Wireless Systems, and WSN Architecture in SHM

The advancements in the field of the IoT have significantly expanded the capabilities of wireless

communication, enabling the formation of extensive networks of interconnected ”things” that
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can properly transfer data and facilitate intelligent remote actions. These IoT-enabled systems

rely on data generated by sensors that monitor ambient conditions such as temperature,

vibration, strain, and acoustic emissions [40]. By processing these real-time data, IoT systems

enable improved decision-making processes and automated responses, creating opportunities for

increased efficiency and reliability in various applications.

This transformative technology has gained considerable attention in the field of SHM, where

it provides reliable, cost-effective, and continuous condition monitoring. The integration of IoT

reduces the dependency on manual inspections and periodic checks by enabling the real-time

assessment of structural integrity. Such systems contribute to operational efficiency by reducing

maintenance effort and optimizing maintenance schedules, ensuring that resources are allocated

effectively while enhancing the safety and longevity of critical infrastructure [74].

Beyond general condition monitoring, IoT has also proven highly effective in damage detection

applications, where its capabilities are used to detect, localize, and evaluate structural damage

at an early stage. Through the deployment of advanced sensing networks, IoT systems can

capture critical data on structural responses under dynamic loads or environmental stressors,

enabling the precise diagnosis of damage such as cracks, delamination, or corrosion. This early

detection not only improves the service conditions of the structure by proactively addressing

potential failures, but also significantly reduces maintenance costs [97].

IoT represents a critical innovation in the field of SHM, providing enhanced reliability,

scalability, and cost-effectiveness for damage detection and condition monitoring applications.

Its ability to detect damage at an early-stage, improve structural service conditions, and reduce

maintenance costs demonstrates its significant potential in modern infrastructure management

[40,74,97].

SHM hardware equipped with wireless systems offers significant advantages over traditional

wired DAQ techniques. Wireless systems address many limitations of wired approaches, such

as the complexity of installation and scalability issues. These systems are highly scalable,

making them ideal for large-scale structures such as passenger aircraft and long-span bridges,

where extensive cabling would be impractical. In addition, its installation is simpler and less

labour-intensive compared to wired systems, offering greater flexibility and cost-efficiency [55,67].
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WSNs are a particularly promising component of SHM systems. These networks consist

of distributed sensor nodes that wirelessly collect and transmit data, enabling comprehensive

structural monitoring. WSNs improve system robustness and energy efficiency while reducing

the dependency on centralized processing. This makes WSNs an effective solution for real-time

damage detection and long-term monitoring applications. As an example in the aerospace field,

lightweight wireless systems meet strict weight constraints and enable real-time monitoring of

critical components by improving safety and reducing maintenance costs [1].

A detailed review of existing wireless SHM technologies and their applications can be found

in Abdulkarem et al. [1], which highlights the potential of WSNs to transform SHM practices

by improving efficiency, reliability, and scalability in various industries.

Recent advances in the field of SHM suggest that many of the challenges associated with

traditional wired DAQ systems can be effectively addressed through the implementation of

WSNs [15, 68]. Unlike wired systems, which require extensive cabling and complex installations,

WSNs offer a flexible approach by deploying wireless sensor nodes throughout the structure.

These nodes are designed to monitor critical structural health parameters, such as vibration,

strain, and temperature, allowing for real-time assessment of structural integrity.

In this wireless-based approach, the sensor nodes gather critical data during the monitoring

process, which is then transmitted wirelessly to a central station. This central hub serves as the

repository for collected data, where it performs processing and evaluation to detect, localize, and

quantify damage. Eliminating physical cabling not only simplifies installation, but also enhances

the scalability of the system, allowing it to be implemented in large or complex structures.

Furthermore, the wireless architecture supports monitoring in remote or inaccessible locations,

making it an attractive option for a wide range of applications [15,68].

Although SHM systems employing WSNs have been widely implemented in civil engineering

applications, such as the monitoring of bridges, buildings, and dams, there has also been growing

interest in their use for aerospace structures. In the aerospace industry, composite materials

are increasingly used due to their lightweight and high-strength properties, but these materials

also have unique damage mechanisms, such as delamination and matrix cracking. Wireless

SHM systems are particularly suited to monitor such composite structures, providing real-time
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information on their condition and enabling early detection of damage [34,35].

These wireless SHM systems are often categorized as CPSs, which integrate physical sensing

capabilities with wireless communication technologies. The “physical” component of CPS

in this context involves the sensing process, typically carried out by a DAQ unit equipped

with PZTs or other sensors mounted directly onto the composite structure. These sensors are

responsible for capturing structural responses under dynamic loads or external impacts. In

contrast, the “cyber” component refers to the wireless transmission of collected sensor data to a

central processing unit for analysis and decision-making. This integration of physical and cyber

elements enables efficient and accurate monitoring of critical structures, reducing the reliance

on manual inspections and periodic maintenance.

WSNs are playing a critical role in the advancement of SHM techniques, addressing many of

the limitations associated with traditional wired systems [1, 55, 67]. These wireless systems offer

significant advantages, including scalability for large-scale structures and simplified installation

processes. Eliminating extensive cable reduces both the complexity and cost of implementation,

making WSNs an attractive option to monitor various structures such as buildings, bridges, and

aircraft [55,67]. This flexibility has allowed WSNs to emerge as a critical technology in the field

of SHM.

One of the primary benefits of WSNs is their scalability, which enables the monitoring of

large or complex structures by deploying several sensor nodes in critical areas. These nodes

communicate wirelessly, allowing data to be collected from distributed points and transmitted

to a central station for processing and analysis. This architecture ensures that WSNs can

provide comprehensive coverage of structural health, even in challenging environments or remote

locations where wired systems would be impractical. Furthermore, the decentralized nature

of WSNs improves the robustness of the system, since failures in individual nodes can be

compensated for by re-routing data through alternative paths within the network [67].

Despite the numerous advantages offered by IoT, WSN architectures, their integration into

engineering applications, particularly in SHM, presents several technical challenges. A primary

limitation is the energy constraint inherent to battery-powered nodes, which necessitates trade-

offs between performance and power consumption, especially for real-time or high-resolution
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sensing. Wireless communication further introduces reliability concerns, as signal attenuation,

interference, and latency variability can compromise data transmission integrity. Maintaining

accurate time synchronization across distributed sensor nodes is also technically demanding

but essential for time-based localization techniques such as TDoA. In addition, these systems

increased network complexity as the number of nodes increases. Despite long-term benefits,

the cost of custom wireless modules, synchronization solutions, and power-efficient designs can

be significant, causing a higher initial setup cost. Finally, wireless and electronic performance

may degrade under extreme environmental conditions due to the effects of temperature and

humidity.

Researchers are increasingly focusing on algorithms and signal processing methods to

optimize the performance of WSN-based SHM systems. These efforts aim to enable real-time

data analysis, facilitating early detection of impacts or structural damage, and supporting

proactive maintenance strategies. For example, advanced algorithms are designed to analyze

wave propagation characteristics, strain signals, and vibration patterns to detect anomalies with

high precision. Signal processing techniques such as time-frequency decomposition, machine

learning models, and damage index calculations are being integrated to enhance the diagnostic

capabilities of WSNs [58,114].

In addition to real-time detection, researchers are also exploring solutions to optimize

the deployment and operation of WSNs. Sensor placement strategies are being developed to

maximize coverage while minimizing the number of sensors required, ensuring cost-effectiveness.

Data fusion techniques are used to combine information from multiple sensor nodes, improving

the reliability and accuracy of damage assessments. In addition, energy-efficient communication

protocols are being prioritized to extend the operational life of sensor nodes, particularly

in scenarios where battery replacement or frequent maintenance is not feasible. Low-power

hardware designs and energy harvesting technologies are also being investigated to enhance

sustainability and reduce the environmental footprint of WSNs [1].
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Figure 2.3: Wi-Act, top and bottom sides respectively [34]. Image reproduced with permission
of the rights holder, Elsevier Science & Technology Journals [A.1].

2.3.2 Applications, Case Studies, and Challenges in SHM

Several studies have contributed to the enhancement of WSN-based SHM prototypes, demon-

strating the potential of these systems for real-world applications. Fu et al. [34] proposed an

energy-efficient CPS designed specifically to monitor the structural health of aircraft on-board.

This system utilizes a WSN with strategically distributed PZTs to detect damage in aircraft. The

approach ensures a comprehensive coverage of critical structural components while maintaining

energy efficiency to suit aerospace applications. The hardware prototype developed in their

study is shown in Fig. 2.3.

Building on this work, the same research group developed another system known as the

Wireless Structural Health Monitoring System (WSHMS). This system was specifically designed

to identify impacts on composite airframes, emphasizing low-power consumption and high

responsiveness to enable continuous monitoring without compromising battery life or performance.

By addressing the unique challenges associated with composite materials, such as delamination

and micro-cracks, the WSHMS provides a robust solution for the aerospace sector [35]. The

hardware prototype developed in their study is shown in Fig. 2.4.

In these two studies [34, 35], the ZigBee wireless communication protocol was implemented

to enable efficient data exchange during sensing operations. The low power requirements
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Figure 2.4: Wi-Pass [35]. © 2019 IEEE

and reliable short-range communication of ZigBee make it well-suited for SHM applications,

particularly in scenarios where energy efficiency is critical.

Swartz et al. [95] advanced the functionality of an existing wireless sensing unit by improving

its measurement accuracy and optimizing it for in-network data processing. To enable efficient

wireless communication, they integrated Chipcon CC2420, a single-chip IEEE 802.15.4-compliant

radio, making the system suitable for use in civil infrastructure applications such as bridges

and buildings. This integration ensured reliable data transmission and contributed to the

development of energy-efficient and scalable SHM systems.

Harms et al. [41] introduced a WSN-based on the SmartBrick device, a low-power solution

developed for SHM applications. SmartBrick serves as the base station, coordinating with sensor

nodes to measure key structural parameters such as vibration and strain. The system uses

ZigBee for short-range communication between sensor nodes, while Global System for Mobile

Communications (GSM) facilitates long-range communication and remote control capabilities.

This dual-communication architecture enables autonomous operation and supports the moni-

toring of larger structures, including multi-span bridges, by deploying multiple interconnected
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Figure 2.5: WISAN Coordinator and sensor node [84]. Image reproduced with permission of
the rights holder, Sage Publications [A.2]

devices. The primary focus of this system is to minimize power consumption, ensure long-term

sustainability, and reduce the need for frequent maintenance.

Sazonov et al. [84] proposed a Wireless Intelligent Sensor and Actuator Network (WISAN)

specifically designed for scalable SHM applications. The system addresses a critical challenge in

structural monitoring by achieving synchronous DAQ across multiple distributed sensors. This

capability is particularly important for vibration-based SHM, where accurate time synchroniza-

tion is essential for effective analysis. By enabling synchronous operations, WISAN provides a

robust solution for applications requiring precise structural health diagnostics, further advancing

the state of wireless SHM technologies. The hardware prototype developed in their study is

shown in Fig. 2.5.

In addition to these notable developments, other research efforts have further explored the

potential of WSN-based SHM systems. These include investigations into energy-efficient designs,

advanced sensing technologies, and robust DAQ frameworks to enhance the performance and

reliability of SHM systems in diverse applications. Notable contributions can be found in

studies that focus on areas such as environmental adaptability, algorithmic optimization, and

cost-effective sensor deployment strategies [5, 45,61,70,92,104,107,115].

Despite its significant advantages, such as ultra-low power consumption and compatibility

with smartphones, the utilization of Bluetooth LE in SHM remains relatively unexplored.

Bluetooth LE offers a promising solution for wireless data transmission. However, existing

studies reveal limitations in their current implementations for SHM.
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Figure 2.6: Fabricated hardware by Sidibe et al. [89]. Creative Commons CC BY 4.0 licence.

Sidibe et al. [89] introduced a battery-free wireless sensing node designed to monitor critical

parameters in reinforced concrete, such as temperature, humidity, and resistivity. The hardware

prototype developed in their study is shown in Fig. 2.6. The system used Bluetooth LE for

wireless data transmission but operated solely in broadcasting mode. In this mode, data are

transmitted without encryption or authentication, limiting its security and suitability for sensitive

applications. Furthermore, the broadcasting mode allows for only minimal data payloads,

restricting the ability of the system to handle larger datasets effectively. Similarly, Loubet et

al. [65] developed a battery-free wireless sensing node utilizing Bluetooth LE for monitoring

reinforced concrete, highlighting its energy efficiency but also operating in broadcasting mode,

which shares the same constraints.

Expanding on these concepts, Sinha et al. [90] proposed an innovative framework combining

WSNs with fog computing, utilizing Bluetooth LE for data transmission. The framework also

integrated 5G network features to reduce power consumption and enhance data processing

capabilities. A sensor algorithm was introduced to maximize the service life of the WSN. However,

while the framework demonstrated improved power efficiency, integration of a complete DAQ

system for SHM was not addressed.

Le et al. [59] presented another notable application of Bluetooth LE by integrating it into a
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Figure 2.7: Fabricated hardware by Le et al. [59]. Creative Commons CC BY 4.0 licence.

wireless sensor system embedded within smart ultra-high performance concrete. This system

was able to detect and wirelessly transmit real-time stress and impact data. Bluetooth LE

beacons were used for data transmission, but the system, like others, relied on broadcasting

mode, which limited its security and capacity for handling substantial data volumes. The

hardware prototype developed in their study is shown in Fig. 2.7. Similarly, Fort et al. [33]

developed an IoT sensor node utilizing Bluetooth LE for monitoring artworks and large wooden

structures, particularly in museums and church environments. While the system was customized

for specific applications, it also utilized broadcasting mode for data transmission, making it less

suitable for large-scale SHM applications that require robust and secure data handling. The

hardware prototype developed in their study is shown in Fig. 2.8.

Other existing wireless sensor node prototypes are presented in Fig. 2.9.

A key limitation of these studies is their broadcasting mode for data transmission. Although

broadcasting is energy efficient and suitable for simple applications, it lacks encryption, au-

thentication, and sufficient payload capacity, making it unsuitable for large-scale and secure

SHM systems. Furthermore, the proposed systems predominantly support peer-to-peer com-

munication, limiting their ability to collect sensing data simultaneously from multiple nodes.

This lack of a practical WSN approach for SHM inhibits the efficient acquisition and analysis of
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Figure 2.8: Fabricated hardware by Fort et al. [33]. Creative Commons CC BY 4.0 licence.

data in real-time, which is critical for monitoring large or complex structures. Future research

must focus on addressing these gaps by developing secure, scalable, and multi-node compatible

Bluetooth LE systems developed specifically for SHM applications.

Further studies in the field of WSNs for SHM emphasize key attributes such as system

responsiveness, robustness, and energy efficiency, which are critical for ensuring reliable and

sustainable monitoring solutions [74]. These advances have significantly contributed to the

evolution of WSN-based SHM methodologies, allowing them to be adapted to a wide range of

structural applications, including bridges, buildings, aircraft, and industrial facilities.

Despite the extensive exploration of ZigBee as a communication protocol in SHM systems,

the potential of Bluetooth LE technology has not been fully realized in this domain. Blue-

tooth LE offers several notable advantages over traditional protocols, particularly its ultra-low

power consumption and inherent compatibility with widely available consumer devices, such

as smartphones and tablets. These features make Bluetooth LE an attractive option for en-

abling real-time data access and user-friendly interfaces in SHM applications. However, studies

exploring the practical application of Bluetooth LE for SHM remain relatively limited, and

most efforts focus on small-scale prototypes or specific use cases rather than comprehensive and

scalable implementations [33,59,89,90].

One of the key advantages of Bluetooth LE lies in its ability to operate with minimal
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energy requirements, enabling the development of wireless sensing systems capable of extended

operational lifespans. This is particularly beneficial for SHM applications in remote or hard-to-

access locations, where frequent battery replacements are impractical. Moreover, its compatibility

with smartphones allows for easy integration of monitoring systems into existing practices,

enhancing accessibility for users, and reducing the need for specialized equipment. However,

despite these advantages, the application of Bluetooth LE in SHM faces challenges related to its

limited data transmission capacity and security features, particularly when using the broadcast

mode [59,89].

In addition, Bluetooth LE-based SHM systems currently lack the scalability and robustness

required for large-scale structural monitoring. While ZigBee has been extensively used to create

multi-node networks capable of aggregating data from numerous sensors, Bluetooth LE systems

predominantly support peer-to-peer communication or simple broadcasting, limiting their ability

to manage complex sensing operations effectively. This constraint has inhibited the widespread

implementation of Bluetooth LE in SHM applications where synchronized data collection and

centralized processing from multiple sensor nodes are essential [90].

Despite these limitations, recent studies have demonstrated the potential of Bluetooth LE

for SHM when coupled with innovative approaches. For example, researchers have proposed

combining Bluetooth LE with advanced algorithms and complementary technologies such as fog

computing and 5G networks to address its shortcomings in scalability and data management.

Such integrations aim to further reduce power consumption while improving the capacity for

real-time data processing and secure communication [90].

Although several studies have been recently conducted on monitoring structures using

the WSN-based SHM technologies discussed above, the majority of these systems have been

developed for civil engineering applications, including the monitoring of bridges, railways, and

buildings. In contrast, aircraft components are particularly constructed from advanced composite

materials.

The challenges associated with composite materials are particularly significant in the context

of WSN-based SHM systems. Unlike traditional materials, composites exhibit anisotropic

behaviour, which means that their mechanical properties vary depending on the direction of
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applied stress. This anisotropy, combined with the layered structure of the composites, makes

damage detection and localization more challenging. For example, delamination, a common

damage mode in composites, occurs between layers and is often invisible to surface inspections.

In addition, aircraft applications have strict constraints on weight, size, and energy con-

sumption, which must also be addressed in system design. Unlike civil engineering structures,

where power sources and space are often more readily available, aircraft SHM systems must

operate with minimal weight and within limited physical allowances to maintain fuel efficiency

and aerodynamic performance. Wireless communication protocols, such as ZigBee or Bluetooth

LE, must be optimized for energy efficiency and low latency to ensure reliable data transmission

without adding significant weight or complexity to the system.

In summary, while WSN-based SHM technologies have made significant advances in civil

engineering, their application to aerospace structures, particularly those involving composite

materials, presents distinct challenges. Addressing the requirements of aircraft systems is essential

for developing effective and reliable SHM solutions for the aerospace industry. This requires a

multidisciplinary approach that combines hardware design, advanced sensing technologies, and

energy-efficient wireless communication to meet the specific needs of this critical application

domain. This study introduces innovative miniaturized systems that incorporate wireless

communication, eliminating the need for physical wiring, and significantly improving practicality

for aerospace applications compared to similar existing prototypes [3, 33, 35, 45, 53, 59, 61, 84,

89, 91, 115] in the literature. For example, the PSN introduced in this study is the same size

as £2 and weighs 3.7 grams. Another system called MSS is built on a very thin flexible PCB

(thickness of 0.1 mm), and the weight of an MSS is only 0.5 grams. These proposed systems are

smaller and lighter than their counterparts. Another key difference in this study is the custom

GUI developed for data processing such as collection, visualization, decision-making, and saving.
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(a) (b)

(c) (d)

(e) (f)

Figure 2.9: Wireless sensor node prototypes: (a) Narada wireless sensing platform [53]. Image
reproduced with permission of the rights holder, American Society of Civil Engineers [A.3], (b)
WSNG2 Prototype [45]. Image reproduced with permission of the rights holder, Elsevier Science
& Technology Journals [A.4], (c) AEPod Prototype [61]. Image reproduced with permission of
the rights holder, Springer Nature BV [A.5], (d) Xnode smart sensor [115]. Creative Commons
CC BY 4.0 licence., (e) Fabricated hardware by Ando et al. [3]. © 2023 IEEE, (f) AUSAM+
system [91]. Creative Commons CC BY 4.0 licence.
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SHM System Design Principles and

Development Strategies

This chapter outlines the design principles and development strategies that are considered for

all SHM developments in this PhD study. To address the miniaturized and energy-efficient

requirements of in-service SHM, several CPS solutions are developed for specific SHM function-

ality. Tailoring the functionality of the system to dedicated tasks (e.g. passive only) will allow

flexibility in the design to reach the minimum weight and power targets.

The proposed SHM systems represent a convergence of advanced engineering and practical

innovation, with the aim of delivering a solution for in-service health monitoring. By addressing

critical challenges such as scalability, energy efficiency, and real-time monitoring, these systems

pave the way for the broader adoption of SHM technologies in aerospace and other industries.

The integration of machine learning further underscores the potential of systems to evolve into

intelligent monitoring platforms, ensuring long-term structural integrity and safety.

The following section outlines the specific CPS design objectives as well as design principles.

3.1 System Goals and Design Philosophy

The main goal of the proposed SHM systems is to develop compact, wireless, and energy-efficient

solutions specifically designed for composite structures. The proposed systems aim to address
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the current limitations in SHM by integrating advanced sensing, DAQ, wireless communication,

and machine learning technologies. Through this approach, the proposed systems ensure early

detection and localization of structural impacts while remaining lightweight, cost-effective, and

easy to implement in real-world settings.

The SHM systems proposed in this PhD study aim to accomplish the objectives listed below,

addressing the essential requirements associated with aerospace applications:

• Impact Detection and Localization:

– Enabling the precise detection and localization of structural damage, including impact

events, by implementing passive sensing methods with PZTs and advanced signal

processing techniques.

– Integrating a shared clock into the wireless network to capture the timestamp of the

impact event on composite panels.

• Miniaturization and Integration:

– Developing compact PCBs with integrated functionalities such as sensing, amplifica-

tion, DAQ, and wireless communication. Miniaturized systems ensure compatibility

with weight-sensitive aerospace environments.

• Energy Efficiency:

– Optimizing power consumption by implementing low-power components, event-

triggered sensing mechanisms, and sleep modes. The systems are designed to operate

for extended periods using batteries.

• Wireless Communication:

– Replacing traditional wired connections with WSNs using protocols such as Bluetooth

LE and ZigBee to improve scalability, portability, and simplicity of installation.

• Real-Time Monitoring and User Interaction:
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– Enabling real-time DAQ, transmission, and visualization through GUIs. The systems

ensure a proper integration with user-friendly platforms for data analysis and decision-

making.

• Machine Learning Integration:

– Using machine learning techniques, such as k-Nearest Neighbors (kNN), to improve the

accuracy and reliability of impact localization by training models on high-resolution

timestamp and signal data.

To achieve the above-mentioned objectives successfully, the design philosophy of the pro-

posed SHM systems is based on the principles of modularity, scalability, and interdisciplinary

integration, which are expanded below:

• Multi-Functional Hardware Design:

– Hardware components are developed to maximize functionality while minimizing size

and weight. For example, a Passive Sensing Node (PSN) integrates a microcontroller

with wireless communication capability, ADCs, and comparators into a compact

architecture.

• Event-Triggered Sensing:

– The systems adopt event-triggered architectures, activating DAQ only when critical

thresholds are exceeded. This minimizes false alarms and conserves power by focusing

on significant impact events.

• Software-Driven Flexibility:

– The development of GUIs in Python provides flexibility for data visualization, pro-

cessing, and storage. This software-centric approach eliminates dependencies on

proprietary tools such as LabView, promoting extensibility and accessibility.

• Scalability and Modularity:
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– The systems are designed to scale across multiple sensor nodes, allowing modular

deployment in large composite structures. Each node functions independently, but

integrates seamlessly within a centralized wireless network.

• Compliance with Aerospace Standards:

– The design complies with aerospace-specific requirements, including lightweight con-

struction, robust operation, and minimal interference with existing aircraft systems.

Given the emphasis on wireless communication for eliminating cabling and enabling modular

sensor deployment, regulatory compliance becomes a crucial factor in integrating the proposed

systems into aerospace environments. Wireless data transmission in aircraft structures must

comply with strict aviation regulations to ensure safe operation without interference with critical

avionics. In addition, power management strategies, particularly the use of lithium batteries,

require careful consideration to comply with aviation safety guidelines.

The systems proposed in this PhD study are powered by coin-cell or rechargeable lithium-

ion/polymer batteries, designed for long-term operation with minimal energy consumption.

While lithium batteries are widely used in wireless sensing applications, their use in aviation

environments is subject to regulatory approval. The Federal Aviation Administration (FAA)

provides guidance on electronic systems in aircraft through regulations such as the Advisory

Circular (AC) 20-184. FAA AC 20-184 provides specific guidelines for the safe use of lithium

batteries in aircraft systems, ensuring that they do not pose a risk of fire or explosion during

operation [29].

Wireless transmission in aircraft structures must comply with strict aviation regulations

to ensure that EMI does not affect critical avionics. The FAA enforces strict regulations

on the use of electronic devices, ensuring that wireless transmissions do not interfere with

avionics or critical aircraft systems. Furthermore, AC 91.21-1D provided by FAA outlines the

conditions under which wireless systems, including ZigBee and Bluetooth, can be used in aircraft

environments [30].
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3.2 Overview of the Proposed SHM Systems

The following four SHM systems have been designed, developed and tested, which form the

proposed CPSs within this PhD study.

1. Design and Development of a ZigBee-based SHM System for Composite

Structures: This system consists of a compact DAQ unit with multi-channel, a WSN, and

a dedicated software interface, all combined into a single platform (60 x 70 mm 4-layer PCB)

that does not depend on external tools such as LabView or Matlab. Its multi-stage approach

covers signal capture, wireless transmission through ZigBee, and integrated data processing for

composite structures.

2. Passive Sensing Node: It is specifically designed to detect impact events through a

miniature battery-driven architecture that transmits sensor data over Bluetooth LE. Rather than

capturing continuous signals, this system enters a low-power state until an impact energy higher

than a predefined threshold occurs, after which it is activated to sample the impact-induced

response within 0.1 µs. Due to its event-triggered operation and coin-cell power source, the

hardware achieves both small size (diameter of 28.4 mm and 3.7 grams) and extended operational

lifetime, making it ideal for applications requiring minimal maintenance. The design provides a

practical and affordable solution for distributed impact detection in composite structures.

3. Multi-Sensor SHM System: Unlike previous systems that focus on specific sensing

approaches, the Multi-Sensor SHM System integrates multiple sensing techniques into a single

flexible PCB measuring only 3 cm by 3 cm. It not only captures PZT-based signals, but also

records strain, vibration, and ambient parameters such as temperature, pressure, and humidity.

This capability provides a more comprehensive view of structural behaviour by correlating

mechanical responses with potential environmental influences. Its Bluetooth LE connection

enables wireless operation without external wiring. Hence, the proposed MSS is sufficiently

lightweight (around 0.5 grams) and compact for large-scale deployment.

4. Integrated Active-Passive Sensing System: This system unites guided wave

actuation and passive impact monitoring into a single four-channel platform (100 x 65 mm),

thus addressing the need for continuous monitoring in SHM applications. A dedicated DAC
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supplies controlled actuation waveforms, enabling effective excitation of composite panels and

subsequent acquisition of structural responses. The IAPS system allows to toggle smoothly

between active and passive methods.

This chapter presents the development and application of the first CPS: ZigBee-based SHM

system, while the remaining three proposed systems are presented in the following chapters.

3.3 Design and Development of a ZigBee-based SHM

System for Composite Structures

3.3.1 Introduction

The proposed system consists of a miniaturized on-board DAQ, WSN, and a user-friendly GUI.

The end-to-end functionality consists of DAQ, the transmission of sensing results wirelessly,

data visualization, and processing using the developed software with GUI. This approach does

not require other software tools, such as LabView and Matlab, to visualize and process sensor

data. All systems are integrated into one platform with this concept.

In the field of SHM, there are various detection methods consisting of different types of

sensors, such as fiber optic, ultrasonic, strain gauges, and PZTs [8,82,108]. PZTs especially have

a wide range of applications in the field of SHM because of their advantages such as their small

size and weight, low power, and ease of installation. When PZTs are only used as receivers to

sense and capture external events such as foreign object impacts, this implementation method

is called passive sensing [73]. Active sensing is also another widely-used method for damage

detection. In active sensing, PZTs act as both actuators and receivers in turn, to excite the

structure and measure the response [47,93].

WSN-based SHM has emerged as an effective approach for structural monitoring with the

objective of improving damage detection [14, 77, 97]. Comprehensive details on the existing

wireless technologies utilized in SHM can be found in the referenced review paper [1]. Table 3.1

presents a comparison of various WSN-based SHM prototypes, including the system developed

in this PhD study, based on critical attributes such as damage detection methodology, number
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Table 3.1: Comparison of the wireless sensor prototypes for WSN-based SHM

Prototypes Active Passive
Channel
Number

ADC
Resolution

MCU
Wireless
Module

WI-Act [34] Yes No 8 12-bit STM32L476ZET6 DIGI XBee
WI-Pass [35] No Yes 12 12-bit STM32L476ZET6 DIGI XBee
Narada [95] No Yes 4 16-bit Atmel Atmega128 Chipcon CC2420
Wireless sensor [104] No Yes 4 16-bit Atmel Atmega128 MaxStream 9XCite
Thinner wireless node [70] No Yes 8 10-bit Atmega128 L DIGI XBee
SmartBrick V2.0 [41] No Yes 2 12-bit TI CC2480 CC2420
WISAN coordinator [84] No Yes 12 12-bit TI MSP430F1611 Chipcon CC2420
WSNG2 [45] No Yes - 16-bit 2 processors-Arm CC2430
PWSMS [107] No Yes - - TI MSP430F149 CC2530
AEPod Prototype V1.0 [61] No Yes 8 12-bit Atmel Atmega1281 Atmel AT86RF23
Xnode smart sensor [115] No Yes 8 24-bit NXP LPC4357 Atmel AT86RF23
This study [19] Yes No 8 12-bit STM32L476ZET6 DIGI XBee 3

of acquisition channels and type of deployed RF module. Although several studies have explored

damage detection applications using WSN-based SHM systems, the majority of these systems

have been primarily designed for civil engineering applications, including bridges and buildings

which are not weight sensitive.

In this PhD, a ZigBee-based SHM system was designed for wireless guided wave acquisition

and sensing. To enable wireless transmission of sensing data, a wireless network is established

using Radio Frequency (RF) modules compatible with various communication protocols, in-

cluding IEEE 802.15.4, ZigBee, and DigiMesh. Additionally, a GUI has been developed to

manage the entire system, addressing the complexity in this multi-stage SHM approach. In the

initial phase, a conceptual framework is presented to illustrate the integration and coordinated

operation of the the modules of the system; namely DAQ, WSN, and GUI.

The DAQ system and the RF module are integrated into a single electronic circuit board,

which includes a microcontroller and additional essential components such as signal amplifiers

and power supply circuits. The proposed unit has been designed to demonstrate key features such

as lightweight, energy efficiency, compact size, multi-channel sensing, and actuation capabilities.

Another critical goal is to provide a user-friendly GUI for efficient system management and

facilitate wireless data transmission through the WSN implemented with RF modules.
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3.3.2 ZigBee-based SHM System Design

Challenges

Establishing a wireless network comprising multiple sensors requires careful consideration of

various network topologies and wireless communication protocols to handle the transmission

of large volumes of sensing data effectively. In addition, a GUI must be developed to manage

the entire system, including monitoring, wireless network management, data visualization, and

damage detection and localization. Furthermore, considerations such as sampling rate, power

efficiency, and fault tolerance present additional constraints [1]. The critical factors that were

addressed in the design of WSN-based SHM include:

• Smart and miniaturized DAQ system with the capabilities of wireless data transmission,

battery operated, lightweight, high sensing accuracy, low power, reliability, and robustness.

• Wireless communication modules to establish a WSN with the capabilities of scalability

and flexibility.

• Interactive GUI with computational software to remotely and autonomously manage the

entire system.

The Proposed System Design

The developed system was constructed on a PCB that incorporates all necessary circuits,

including amplification and switching circuits, along with an RF module. The electronic circuit

board designed in this study is a 4-layer PCB. Additionally, a notable characteristic of the PCB

is its compactness, with outline dimensions of 60 mm by 70 mm in the printed prototype.

The PCB designed in this study incorporates five primary functional circuits, each serving a

critical role in the overall system. These include a Microcontroller Unit (MCU), an RF module

for wireless communication, op-amp circuits for actuation and sensing processes, and Integrated

Circuits (ICs) for switching purposes.

1. MCU: For the MCU, STM32L476ZE, an ARM-based microcontroller from STMicroelec-

tronics, was chosen. This high-performance microcontroller features a Cortex-M4 core
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with a 32-bit architecture and 144 pinouts, making it well-suited for the computational

and control demands of the system [94].

The MCU serves as the central control unit, coordinating all processes within the system

by executing predefined instructions. For instance, actuation signals are generated using

the DAC peripheral of the MCU based on predefined data sets, enabling precise actuation

control. Similarly, the sensing signals collected by the PZTs are initially in analog form.

These signals are digitized through the ADC peripheral available in the MCU, allowing

the data to be processed effectively. This combination of functional circuits and the

high-performance MCU ensures its proper operation by managing both the actuation and

sensing processes, as well as facilitating wireless communication through the RF module.

2. RF module: The RF module is a crucial component in achieving wireless communication

within the design. For this purpose, a XBee 3 RF module, developed by Digi International,

was selected. This module is highly versatile, supporting multiple wireless communication

protocols, including ZigBee, DigiMesh, and others, making it suitable for a wide range of

applications [25].

In addition to the transmitter and receiver pins that facilitate serial data communication

with microcontrollers, The XBee 3 is equipped with additional functional pins to enhance

design flexibility. For example, the XBee 3 features digital and analog input/output pins

that enable the direct integration of various external components, such as temperature

sensors, without requiring additional interfacing circuitry. Another particularly advan-

tageous feature is the inclusion of a sleep request pin, which allows the XBee 3 module

to enter a low-power sleep mode. This functionality is especially beneficial for reducing

power consumption in systems where data transmission is occasional or infrequent. These

essential pins have been integrated into the RF module to support various applications,

including those covered in this study.

3. Op-amp circuits for actuating: The amplification circuit for the actuating signal in

this design utilizes an operational amplifier configuration. This approach was selected due

to the nature of the MCU output, which generates a positive voltage ranging from 0 to
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3.3V. To meet the requirements of the actuating signal, it was necessary to amplify and

shift this output to achieve the desired voltage range of -3.3 V to +3.3 V. The inverting

op-amp configuration effectively converts the positive-only signal from the MCU into a

bipolar voltage range.

The IC component selected for this amplification circuit was a single op-amp configura-

tion. This indicates that each actuating channel requires an individual IC component to

perform the necessary amplification. While this design choice may increase the number of

components on the PCB, it provides flexibility and precision for each actuating channel.

This flexibility allows for customized amplification to meet the requirements of individual

channels by ensuring consistent and reliable performance across all actuating processes

within the system.

4. Op-amp circuits for sensing: To amplify the sensing signal and apply the necessary

offset, an IC component with a dual op-amp circuit configuration was selected. This

design choice allows each IC to handle two sensing channels simultaneously, reducing the

number of required components and optimizing the PCB layout. The use of a dual op-amp

IC enhances the efficiency of the system and minimizes the physical space occupied by

the sensing amplification circuit. This approach is particularly beneficial for applications

that require multiple sensing channels because it ensures scalability and maintains the

precision needed for accurate signal acquisition.

5. Switching mechanism: In the developed system, the actuating channels have been

sequentially selected by utilizing a switching module. This approach ensures the systematic

activation of channels for signal transmission. the MCU is tasked with transmitting both

the actuation signal and the corresponding channel selection command to the switching

module. This coordinated operation enables the switching module to route the generated

signal to the designated channel. While one channel actively transmits the actuating

signal, the remaining channels are configured to simultaneously collect the sensing signals,

which facilitates efficient DAQ and signal processing within the system.

In addition, the transistors utilized in both the actuating and sensing op-amp circuits
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(a) Top side (b) Bottom side

1 Channels 2 2-stage ADC amplification 3 Power supply circuit 4 Microcontroller
5 DAC amplification 6 Switching module 7 XBee 3 RF module

Figure 3.1: The design of the ZigBee-based SHM system, 4-layer PCB with the dimensions of
60x70 cm, (a) top side and (b) bottom side

serve an identical function. Specifically, they are incorporated to control the enable and

disable states of the amplification process by interfacing with the shutdown pins of the

IC components. This functionality is critical for implementing the switching mechanism,

which allows a single channel to perform dual functions, serving both the actuating and

sensing processes.

This design aspect significantly reduces power consumption by deactivating unused ampli-

fication circuits during operation. This feature is particularly advantageous for energy-

sensitive systems, such as those implemented in WSNs for SHM applications, where power

efficiency is a critical design consideration. In general, the use of switching transistors

allows one to enable dynamic switching between actuation and sensing functions by

preventing signal interference and considerably reduces power consumption.
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PCB layout and Considerations

In reference to the PCB layout illustrated in Fig. 3.1, the surface layers, specifically the top and

bottom layers, are utilized to mount electronic components and routing signal traces essential

for circuit operation. The majority of the components used in this layout are Surface-Mount

Devices (SMDs), which are soldered directly onto the PCB surface, which reflects a compact and

efficient assembly method. However, some components, such as pin headers, employ through-

hole mounting, which involves inserting their leads through the PCB for enhanced mechanical

strength.

The allocation of components between the layers is systematic to optimize the functionality

of the board by considering the available space. Components such as pin headers, MCU, and

sensing op-amp circuits are placed on the top layer. This layer is prioritized for elements that

require direct user interaction or frequent access during operation and testing. In contrast, the

bottom layer is designated for other critical components, including the actuating op-amp circuits,

the XBee 3 RF module, and the switching modules. This arrangement minimizes interference

between signal paths and ensures an efficient and organized layout by contributing to the overall

reliability and performance of the PCB design.

Some electronic components, such as RF modules, require precise considerations during their

placement on the PCB to ensure optimal functionality. For RF modules such as the XBee 3,

their positions must be carefully evaluated to maximize performance and reliability. A critical

requirement for wireless communication modules involves maintaining a designated keep-out

area around the RF antenna. This area must be left non-conductive and free from any metallic

objects to prevent interference or attenuation of RF signals, which could significantly degrade

communication efficiency.

Furthermore, the keep-out zone should adhere to the recommendations provided in the

datasheets or design notes accompanying the RF module. For example, the guidelines in the

user manual of the XBee 3 RF module specify that no ground planes, copper traces, or other

metallic components should be present within the area near the antenna. This ensures that the

radiation pattern remains unobstructed to enhance the transmitting and receiving signal. When

placed within enclosures, non-metallic materials are preferable to avoid blocking or reflecting RF
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signals; in cases where a metallic enclosure is unavoidable, external antennas are recommended.

These considerations are essential to ensure compliance with regulatory standards and achieving

the best possible RF performance for the designed system [25].

Signal interference is crucial in PCB design to ensure the development of a robust and

reliable electronic system. Interference between different signals, particularly in systems where

both high- and low-voltage signals operate simultaneously, can lead to degraded performance or

even system malfunction. In this specific design, careful attention has been paid to mitigate

potential cross-talk between sensing and actuating signals. To achieve this, the sensing and

actuating op-amp circuits have been placed adequately on separate PCB layers.

This strategic separation is particularly important given the difference in voltage levels

between signals. Actuating signals, which can reach higher voltage levels such as ±3.3 V, have

the potential to interfere with low-voltage sensing signals, often measured in millivolts. Such

interference could corrupt the integrity of the sensing signals, leading to inaccurate DAQ or

degraded functionality of the overall system. By isolating these circuits on different layers,

the design effectively minimizes electromagnetic coupling and ensures that the signals operate

independently without mutual disruption. This approach highlights the importance of PCB

layout optimization in achieving high-performance electronic designs.

System Implementation

To validate the functionality and multi-channel acquisition capability of the designed system, a

flat composite panel with eight PZT sensors was tested, as shown in Fig. 3.2.

The ZigBee-based SHM system was achieved with a miniaturized DAQ system integrated

with a wireless communication module. This compact unit was powered by a rechargeable

Lithium-Polymer (Li-Po) battery. The wireless connectivity of the unit is implemented through

the RF module, which facilitates proper data exchange in real time. Furthermore, the physical

connections between the DAQ unit and the composite panel were established using robust and

reliable connectors, specifically BNC and D-sub types, to ensure high-fidelity signal transmission

and ease of assembly during the experimental procedure.

One of the critical steps in active sensing applications is the generation of a actuating signal
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1 Battery-powered miniaturized DAQ system with RF module 2 Flat composite panel with
8 PZTs 3 Sensor connections using BNC and D-sub connectors

Figure 3.2: Experimental setup to monitor the structural health of the composite panel

to excite structures with guided waves for SHM. The excitation of the structure is typically

achieved using specific signal types, such as a sine wave modulated with a Hanning window

(commonly referred to as a tone-burst) or chirp signals. These signal types are selected because

of their suitability for propagating guided waves within the monitored structure.

To generate these signals, a predefined array of digital signal data is utilized within the DAC

peripheral of an MCU. Once the signal is generated, it is used to excite the composite structure

via the PZT sensor connected to the specified channel. Meanwhile, the remaining PZT sensors,

seven sensors in this configuration, detect and record the structural response caused by the

excitation.

The sensing signals captured by the piezoelectric sensors are at low voltage levels, typically

within the range of ±5 to ±10 mV. Due to this low amplitude, these signals are subjected to an
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31 2 4 5 6 7 8

Figure 3.3: Example record of the captured sensing signals from the composite structure

amplification process to ensure that they are suitable for further processing by the MCU.

The next critical step in signal processing is to convert these amplified signals from their

original analog form to digital format. This conversion is accomplished using the ADC peripheral

available in the MCU. This two-step process, signal amplification and analog-to-digital conversion,

ensures that the raw sensor data are appropriately conditioned and formatted for efficient

processing within the digital domain.

Once the composite panel was excited with the generated actuation signal, the structural

response was recorded by a set of PZTs. As an illustrative example, a single dataset of the

recorded signals is presented in Fig. 3.3. This dataset contains the recorded response from eight

individual PZT sensors, in a continuous string. Each channel is labelled in the figure for clarity.

The fourth PZT was acting as an actuator. Consequently, no sensing signal is present in the

channel.

The actuating-sensing cycle is performed sequentially for each PZT within the system,

following the predefined order specified in the application code. During each cycle, the designated

PZT transducer is tasked with actuation, while the remaining sensors capture the resulting

structural response. This process ensures that comprehensive data are collected for monitoring

the composite structure.

Afterwards, the sensing data acquired during each cycle are subsequently transmitted

wirelessly to a central processing unit (e.g., PC). This wireless communication enables efficient

data collection without the need for physical connections, making the system well-suited for

real-time monitoring applications. Once received by the central unit, the data are plotted and
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saved to be used for other processes.

To enable further analysis and evaluation of the acquired data, the developed GUI processes

and visualizes the transmitted signals. Fig. 3.4 presents the processed sensing data obtained

from the experimental procedure, in which each PZT sensor sequentially acted as an actuator

while the remaining sensors recorded the structural response. To improve the signal-to-noise

ratio and measurement reliability, the DAQ was repeated ten times for each actuation event. The

collected data were then wirelessly transmitted to the central processing unit, where they were

processed in the GUI. The results from these ten repetitions were averaged before plotting. The

GUI displays the processed signals in eight subplots, each corresponding to a different actuation

event. The numbering format (e.g., (8,1)) represents the actuation-response relationship, where

the first number indicates the actuating PZT sensor, and the second represents the sensor

capturing the response. This structured visualization provides a clear representation of the

structural response distribution and wave propagation characteristics across different sensing

locations.

Actuation Signal Generation

In the field of SHM, certain types of alternating signals are commonly utilized as actuating

signals due to their effectiveness in exciting the structure with certain frequency and mode, and

facilitating accurate response analysis. Among these, tone-burst and chirp signals are frequently

used, each offering distinct advantages for various SHM applications, such as frequency control,

mode selectivity, and signal clarity while reducing interference and spectral leakage. To generate

these actuating signals, a numerical array of signal data is first constructed, taking into account

a range of characteristic parameters. These parameters include the specific type of signal to

be generated, its amplitude, the number of cycles, and the frequency, all of which are carefully

defined to meet the requirements of the application.

The generation of these signals is carried out using the DAC peripheral integrated within the

STM32 MCU. This DAC operates with a 12-bit resolution, which allows the representation of

digital signal values within a range spanning from 0 to 4096 discrete levels. The high resolution

of the DAC ensures a precise translation of the digital numerical array into a corresponding

65



CHAPTER 3. SHM SYSTEM DESIGN PRINCIPLES AND DEVELOPMENT STRATEGIES

Figure 3.4: Active sensing results processed and visualized by the developed GUI

analog waveform. This capability is crucial for accurately exciting the structure and obtaining

reliable data for subsequent analysis in SHM processes.

The formulation of the actuation tone-burst signal, denoted as Stb, is given by

Stb = A · sin

(
2π ·N · i

ns

)
· 1

2

[
1 − cos

(
2πi

ns − 1

)]
+ A0, (i = 1, 2, 3, . . . , ns) (3.1)

where A represents the amplitude of the signal. The parameter N specifies the number of cycles

contained within a single actuation signal, while ns indicates the total number of samples used

to generate the waveform. In addition, A0 denotes the offset value, which shifts the amplitude

of the entire signal to centre it within a specific range by ensuring that the waveform oscillates

around a desired baseline.
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Figure 3.5: 250 kHz tone-burst signal with 5-cycle

According to the Nyquist theorem, the sampling frequency must be at least twice the

highest frequency present in the signal being sampled to ensure accurate reconstruction [18].

For the case of a tone-burst actuation signal, commonly employed to excite guided waves in

composite structures, the actuation signal is synthesized digitally and output through a DAC.

The actuation frequency (ftb), which defines the central frequency of the tone burst, is governed

by both the sampling frequency fs of the DAC and the number of discrete samples ns used to

represent a single period of the actuation signal.

The actuation frequency (ftb) can be expressed as

ftb =
N · fs
ns

(3.2)

where N denotes the number of cycles within the tone-burst waveform, and ns represents the

total number of samples over the complete waveform duration.

As an example, a 250 kHz tone-burst signal with 5-cycle is shown in Fig. 3.5 for a DAC

with a sampling frequency of 5 MHz. Considering a 12-bit resolution, the amplitude and offset

values of a desired tone-burst signal were determined.

The chirp signal is another widely-used actuation waveform. Unlike tone-burst signals, chirp

signals are formed by a frequency that varies over time. This variation allows chirp signals to

cover a range of frequencies within a single actuation, making them particularly effective for

applications requiring wide-spectrum excitation.
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Figure 3.6: Chirp signal varying from 50 to 350 kHz

To generate the chirp actuation signal, denoted as Sch, the mathematical expression is

defined as

Sch = A · sin

[
2π ·

(
f0 · t +

(f1 − f0)

2T
· t2

)]
+ A0 (3.3)

where f0 represents the initial frequency, while f1 denotes the final frequency of the chirp signal.

The parameter T defines the total duration of the chirp window, while t corresponds to the

elapsed time at each specific time step within this window. Both T and t are measured in

seconds to maintain consistency in temporal units. This formulation ensures precise control

over the frequency modulation characteristics of the chirp signal.

For the same DAC features (12-bit resolution and 5 MHz sampling frequency), an example

chirp signal is also plotted in Fig. 3.6. The range of the chirp signal is 50 to 350 kHz along

with a chirp window of 300 µs. The amplitude and offset values can be adjusted based on the

desired chirp signals.

ZigBee Wireless Communication

Each unit is equipped with a dedicated wireless communication module, which serves as a vital

component for data transmission in the SHM system. These sensing units can be strategically

distributed across critical regions of the aircraft, such as the wing and fuselage, where structural

integrity is vital. Furthermore, distributed sensing units are designed to establish a robust wireless

communication network among themselves. This network facilitates the proper transmission

of sensing data from local units to a central processing station. This arrangement not only
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improves the efficiency of DAQ and processing, but also minimizes the need for widespread

wiring. Therefore, weight and complexity are reduced in the SHM system of an aircraft.

The primary objective of implementing the RF module is to facilitate the wireless transmission

of the sensing data. Once the sensing data are transmitted wirelessly to a central station, they

are processed, visualized, and saved to be used in the analysis of the integrity of the structure.

The RF device utilized in this study was an XBee module from DIGI. This module offers

versatile functionality by supporting multiple wireless communication protocols, including IEEE

802.15.4, ZigBee, and DigiMesh. Among these, ZigBee is an industry-standard protocol widely

adopted and supported by numerous vendors beyond DIGI, ensuring compatibility across various

devices. In contrast, the DigiMesh protocol is company-specific to the XBee module, offering

unique features specific to the ecosystem of DIGI. In this study, the ZigBee protocol was selected

and implemented with the XBee 3 module, the most advanced iteration of the XBee series.

This combination was used to enable efficient and reliable over-the-air data transmission. The

adoption of the ZigBee protocol ensures robust communication with standardized reliability.

ZigBee Protocol:

The ZigBee protocol defines three distinct device types within its network architecture:

coordinator, router, and end device as shown in Fig. 3.7. Each type of device plays a

unique role in the network, enabling efficient communication and data management. In any

ZigBee network, there is a singular coordinator device which is responsible for initiating and

establishing the network, managing its overall configuration, and enabling other devices, such

as routers and end devices, to join the network. In addition, the coordinator ensures network

security by implementing appropriate encryption and authentication protocols. Due to its

central role in maintaining the integrity and functionality of the network, the coordinator must

remain continuously active and cannot enter a low-power or sleep mode [24].

Routers, in contrast, perform a dual function within the network. In addition to transmitting

and receiving data packets, they also facilitate the routing of these packets between other devices.

Although routers possess features similar to the coordinator, such as allowing other routers

and end devices to connect to the network, they lack the same degree of administrative control.

Importantly, such as the coordinator, routers cannot enter sleep mode and must remain active
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Figure 3.7: ZigBee star-topology network including central (C), router (R) and end device (E)

to maintain proper data flow within the network. However, unlike the coordinator, multiple

routers can coexist within a ZigBee network, contributing to its scalability and robustness [24].

End devices represent a simplified version of the router in terms of functionality. Unlike

coordinators and routers, end devices are not involved in routing or network management tasks.

A key distinction of end devices is their ability to enter low-power or sleep mode when not in

active use. This feature makes end devices particularly suitable for battery-powered applications

where energy efficiency is a critical consideration. In general, these three types of devices enable

the ZigBee protocol to provide a flexible, scalable, and energy-efficient solution for wireless

communication [24].

Network security is a critical component of the ZigBee protocol, given its widespread appli-

cation in wireless communication systems where data integrity, confidentiality, and protection

against unauthorized access are critical. To address varying levels of security requirements,

ZigBee supports three distinct security models, which are residential, standard, and high-security.

Each model is used to meet specific use-case scenarios, ranging from simple home automa-

tion systems to more demanding industrial or enterprise environments requiring enhanced

protection [24].

The XBee module incorporates robust encryption mechanisms to protect data. For example,
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a key element of its security architecture is the network key, which is utilized to encrypt both

the Application Support sub-layer and the data being transmitted over the network. This

encryption ensures that sensitive information remains protected from potential interception

during communication [24].

Wireless Concept for Entire SHM process with GUI

The proposed SHM system integrates various hardware components, including a microcontroller,

an RF module, and a central processing unit, each of which plays a critical role in achieving the

comprehensive goal of effective SHM. These devices are programmed using different programming

languages. However, they are required to operate in a synchronized manner to ensure proper

execution of the intended tasks.

The implementation of this approach requires a detailed examination of each stage, which

includes DAQ, wireless data transmission, and subsequent data processing. Each phase of

the system must be carefully coordinated to maintain precision and reliability throughout

the monitoring process. To achieve this, the proposed methodology introduces a structured

framework that clearly outlines the functionality of each device and the interactions between

them, ensuring that all components work in coordination.

To facilitate understanding of the operation of the system, a model has been developed.

This model provides an explanation of the individual stages and highlights the interrelationships

among the devices. The proposed model and its operational framework are visually represented

in Fig. 3.8, which offers a clear illustration of how the various elements are integrated to form a

cohesive and efficient SHM system.

The MCU is programmed using the C programming language, which offers the low-level

control and efficiency required for precise operations. Within this system, the MCU plays a

crucial role in handling critical functions such as DAQ, actuation, and sensing. Specifically, the

MCU is responsible for exciting the actuator, collecting multiple sensor data, and ensuring that

the sensing process operates with accuracy and reliability.

Once the sensing data are collected from the PZTs mounted on the composite panel, the

MCU interfaces with the RF module to execute the wireless transmission of these data. This
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Figure 3.8: ZigBee-based SHM data flow

communication is achieved through the use of the Universal Asynchronous Receiver Transmitter

(UART) protocol, a widely adopted serial communication standard. The UART protocol

establishes a direct, point-to-point communication link between the MCU and the RF module

using two dedicated pins. These pins are configured as a transmitter (Tx) and a receiver (Rx),

enabling bi-directional data exchange between the two components.

In the RF module interfaced with the MCU, data is prepared for wireless transmission

to the central device within the network. XBee devices provide support for the Application

Programming Interface (API) operating mode, which defines the structure and methodology

for data exchange. In this mode, information is transmitted in the form of packets, commonly

referred to as API frames. These frames contain not only the core data that are being transmitted,

but also additional metadata essential for communication. This metadata includes addressing

details to identify target and source nodes, transmission-specific information, and indicators of

success or failure during the transmission process [24]. All of this information ensures accurate

routing, reliable delivery, and comprehensive feedback on the status of each transmission.

To facilitate wireless transmission through the ZigBee protocol, all relevant information

must be organized into a structured packet format that adheres to the API frame standard.

This structuring process is achieved by programming the XBee module using the MicroPython

language, an efficient programming language specifically developed for embedded systems. This

approach ensures proper integration between the MCU and the RF module for effective and

reliable wireless communication.

Afterwards, the data packet containing the sensing information is transmitted wirelessly

72



CHAPTER 3. SHM SYSTEM DESIGN PRINCIPLES AND DEVELOPMENT STRATEGIES

to another XBee module interfaced with a central station, such as a PC. The exchange of

information between the coordinator module and the central station is also performed through

UART. This particular XBee module serves as the coordinator within the ZigBee-based network

architecture. As the central node, the coordinator is responsible for managing the network and

receiving data packets from distributed sensing units.

Once the data packet reaches the central station, the necessary information is extracted. This

includes not only the sensing data collected from the monitored structure, but also metadata

such as the address of the sending device. These details are crucial for ensuring the traceability

and organization of data within the monitoring system.

The central station has many functions and capabilities. Its primary functions include

visualizing and processing the collected data and providing a user-friendly GUI as shown in Fig.

3.9. These functionalities are essential for the successful implementation and operation of the

proposed system, as they enable efficient data handling and proper user engagement.

To achieve these objectives, software development is essential for properly managing the

system. During the software development phase, the Python programming language was chosen

as the primary tool due to its numerous advantages. Python offers an extensive library and

framework ecosystem that significantly accelerates development tasks such as data processing,

visualization, and network communication. Additionally, the portability of Python ensures

that the software can be easily adapted to different platforms and environments, enhancing the

flexibility and scalability of the system.

In addition, the integration of components programmed in different programming languages

poses its own set of challenges. Each component must be designed to work in harmony with the

others, regardless of the language used in its development. This interoperability is crucial for

the proposed system to perform its intended functions. Therefore, a comprehensive approach

to system design, which includes both software and hardware considerations, is necessary to

overcome these challenges to achieve a reliable and effective SHM system.
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Figure 3.9: The GUI developed for the ZigBee-based SHM system

3.3.3 Conclusions

This study presents a design framework for a ZigBee-based DAQ and processing system tailored

for SHM applications. The research examines the challenges associated with developing and

implementing such a system, focusing on compact on-board DAQ and reliable wireless commu-

nication. The proposed design addresses these challenges by integrating key functionalities into

a unified platform.

The developed system consists of a compact PCB integrating a DAQ unit and an RF module,

powered by a microcontroller. Its technical specifications, design considerations, and integration

within the complete SHM system was discussed comprehensively. In addition, the study details

the methods used to generate essential actuation signals, such as tone-burst and chirp waveforms,

which are critical for structural excitation in SHM applications.

A key feature of the proposed system is the integration of RF modules and wireless commu-

nication protocols. The DIGI XBee 3 wireless module and the ZigBee protocol were selected to

establish a WSN. The entire framework was implemented through embedded programming in C

and MicroPython for the MCU and RF modules, respectively, while the GUI was developed in

Python. The GUI incorporates advanced data visualization, real-time processing, and WSN

management for seamless user interaction.

Beyond its core functionalities, the proposed system offers significant advantages by stream-

lining the entire SHM process. Unlike conventional approaches that require multiple software
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tools such as LabView or MATLAB for different tasks, this system centralizes DAQ, wireless

transmission, and GUI-based processing within a single integrated platform. While traditional

tools provide versatility, switching between them can be time-consuming and inefficient. The

proposed system eliminates this complexity, enhancing efficiency with a unified and user-friendly

interface. Furthermore, it is designed with flexibility, allowing future enhancements through

software modifications, making it scalable and adaptable to evolving SHM requirements.
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Chapter 4

Passive Sensing Node

This chapter is focused on the development of a modular, compact, and energy efficient Passive

Sensing Node (PSN) for impact detection and localization for the purpose of in-service SHM. The

system combines passive impact sensing using PZT sensors with a low-power WSN that employs

Bluetooth LE for data transmission and incorporates a shared-clock mechanism for precise time

synchronization and TDoA analysis. Key developments include a coin-cell battery-powered,

compact hardware design, a GUI for real-time data visualization and control, and the integration

of a kNN machine learning model that fuses TDoA and ADC amplitude features to accurately

localize impact events. The system performance is validated through a series of experiments to

detect and localize impact events on a composite plate.

4.1 Introduction

Passive SHM is essential for identifying external incidents such as impacts on structures,

particularly in lightweight composite plates that are commonly used in aerospace structures.

PZTs are essential components in SHM, as they generate electrical charges in response to

mechanical stress and vibrations. The signals recorded by PZTs enable impact localization [1].

Advanced algorithms for real-time data processing, such as those proposed by Zhong et al. [114],

have significantly improved the SHM capability to detect and localize impacts. Real-time

monitoring ensures the continuous acquisition and processing of data, providing timely detection

of structural changes. Advances in SHM, such as improved sensors, wireless communication
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protocols, and data analysis methods, enhance the accuracy and efficiency of these systems

[58,105].

Passive sensing for aircraft structures focuses on detecting, localizing, and analysing external

impact events by capturing and processing waves propagated through the structure. These

waves are generated by impact events and recorded by embedded PZT sensors within the

structure [36,86,88]. This approach enables the identification and characterization of impacts

that could potentially compromise the structural integrity of the aircraft.

However, not all detected impacts pose a significant risk to structural integrity. Impacts must

be carefully assessed to determine their criticality, as non-critical impacts can lead to unnecessary

false alarms, reducing the efficiency and reliability of the system. Differentiating between critical

and non-critical impacts is, therefore, a key component of a robust SHM system [52,85].

To address this challenge, a threshold-based mechanism is employed to enhance system

effectiveness. This threshold acts as a sensitivity filter, ensuring that only signals corresponding

to impacts considered relevant to structural integrity are recorded and processed. By suppressing

signals below the defined threshold value, the system minimizes unnecessary data collection

and processing, maintaining a focus on events of interest from the perspective of SHM. This

approach ensures that the monitoring system remains efficient and reduces the likelihood of false

alarms, thereby improving the overall reliability and operational utility of the SHM system [35].

WSNs consist of small low-power sensor nodes that wirelessly transmit data from their

environments, making them highly scalable and adaptable for monitoring large or inaccessible

structures [5]. Compared to traditional wired systems, WSNs simplify installation and reduce

maintenance costs, while enabling real-time detection of impacts in critical infrastructures such

as aircraft and bridges [92]. WSNs allow simultaneous detection and localization of impacts

through comprehensive sensing coverage and centralized data analysis, offering cost-effective

and energy-efficient solutions. By supporting remote monitoring and flexible system design,

WSN-based SHM systems enable efficient decision-making and proactive maintenance methods

in aerospace, civil engineering, and transportation sectors [77,97].

Research efforts focus on improving SHM including WSNs and PZT sensors. Fu et al.

[34] developed an energy-efficient cyber-physical system for SHM in aircraft, employing PZT
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transducers and strategically distributed sensor nodes throughout the structure . Their work

also introduced a low-power wireless structural health monitoring system (WSHMS) designed

to detect impacts in composite airframes [35]. Other contributions, such as those by Swartz et

al. [95] and Harms et al. [41], focused on optimizing wireless sensing units and integrating IEEE

802.15.4-compliant radios for improved accuracy and network performance in civil infrastructures.

Additional notable works on WSN-based SHM include those by Sazonov et al. [84] on synchronous

data acquisition and vibration analysis , and studies such as [45, 61, 70, 104, 107, 115], which

further advance WSN capabilities for SHM.

Bluetooth LE has seen limited application in SHM despite its notable benefits, including

low-power consumption and compatibility with smartphones. For example, Sidibe et al. [89]

developed a battery-free wireless sensing node designed to monitor physical parameters such as

temperature, humidity, and resistivity in reinforced concrete structures. This system employed

Bluetooth LE for wireless data transmission but operated exclusively in broadcasting mode.

In this mode, data are transmitted without encryption or authentication, and its low payload

capacity restricts the amount of data that can be sent.

Sinha et al. [90] proposed an advanced framework combining WSNs and fog computing,

utilizing Bluetooth LE for data transmission and integrating 5G network capabilities to minimize

power consumption. The framework included a head sensor algorithm designed to enhance

the service life of the WSN, although it did not incorporate a data acquisition system for

SHM. Another study by Le et al. [59] introduced a wireless sensor system integrated with

ultra-high-performance concrete, capable of sensing and transmitting real-time stress and impact

data. This system used Bluetooth LE beacons for data transmission. However, these beacons

also relied on broadcasting mode, which limits security and payload capacity.

Similarly, Fort et al. [33] developed an IoT sensor node utilizing Bluetooth LE for monitoring

large wooden structures and artworks, particularly in museums and churches . Like previous

studies, this system used broadcasting mode for data transmission. Although broadcasting

mode offers simplicity, it lacks the security required for robust wireless communication and is

not suitable for transmitting large volumes of sensing data. Furthermore, the systems proposed

in these studies rely primarily on peer-to-peer communication, including only two nodes (central
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and peripheral). None of them offers a practical WSN design capable of collecting data from

multiple nodes simultaneously during an SHM application, which remains a significant limitation

in using Bluetooth LE for SHM.

Although advances in hardware and wireless data transmission significantly enhance sensor

data collection, processing these data into actionable insights remains a critical challenge. To

address this, Machine Learning (ML) methods, particularly k-Nearest Neighbors (kNN), are

gaining attraction in SHM applications for their simplicity and efficacy in impact localization

tasks. This approach, as described by Farrar et al. [28] and Worden et al. [106], uses supervised

learning to compare new data with existing patterns and determine the location of structural

damage. kNN operates by identifying the nearest neighbours within a feature space to classify

or predict damage locations. Combined with signal features extracted through advanced

decomposition methods [114], kNN provides a robust framework for precise and real-time impact

localization in SHM systems.

The current state of SHM systems is marked by several significant limitations that obstruct

their efficiency and practical deployment. Most existing systems rely on basic peer-to-peer

wireless communication without a network consisting of multiple nodes, which is insufficient

for monitoring large structural components such as those found in aircraft. These structures

require multiple sensing nodes to ensure comprehensive on-board monitoring, a need that current

systems struggle to meet. Another critical issue is the use of low-computational-power processors,

which restrict the performance of SHM systems in applications that demand higher processing

capabilities.

The physical size of many SHM systems poses a further challenge, as their lack of minia-

turization limits their integration into compact and weight-sensitive aerospace environments.

For effective implementation in such settings, the systems must be considerably smaller and

lighter. Furthermore, wireless networks used in SHM systems require a shared clock to achieve

precise time synchronization among multiple remote sensors. This synchronization is essential

for acquiring accurate time-stamped sensing data, which is critical for effective damage detection

and localization.

Power consumption also remains a significant concern. SHM systems must operate with
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minimal energy requirements to ensure sustainability and enable continuous long-term monitoring.

Overcoming these limitations is essential for the advancement of SHM technologies, enabling

the development of more efficient, compact, and high-performance systems suitable for real-

world applications. Addressing these challenges will open new possibilities to improve the

safety, reliability, and operational capabilities of SHM in demanding environments. This

chapter introduces an innovative miniaturized system that incorporates wireless communication,

eliminating the need for physical wiring and significantly improving practicality for aerospace

applications. The system employs a WSN that uses the Bluetooth LE protocol.

4.2 The Proposed System

In the proposed system, PSNs are deployed as both peripheral and central nodes, each fulfilling

distinct roles within the WSN. The peripheral PSNs are distributed across the composite panel

as remote sensor nodes as shown in Fig. 4.1, responsible for detecting impact-induced signals

and wirelessly transmitting the acquired data. In contrast, a single central PSN, physically

connected to a PC via UART serial communication, functions as the network coordinator,

managing data collection and maintaining time synchronization across the system. Although

the same hardware platform is utilized for both central and peripheral PSNs, their operational

differences are defined by software variations tailored to their specific functions.

The central PSN firmware is designed to handle multiple simultaneous Bluetooth LE

connections, ensuring time synchronization with all peripheral nodes while forwarding collected

data to the PC for further processing. In contrast, peripheral PSNs operate in low-power mode,

remaining in the sleep state until an impact is detected. Upon activation, they acquire impact

signals using an ADC, timestamp the event with a shared clock, and wirelessly transmit the

processed data to the central PSN. This software-based differentiation enables efficient impact

monitoring, with synchronized timestamping and reliable data acquisition across the WSN.

Passive sensing with the proposed system is detailed in Fig. 4.2. When an external impact

occurs on the composite panel, the impact-induced signal is first attenuated and rectified. The

resulting signal is then analyzed by a comparator to assess its amplitude, which serves as an
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Figure 4.1: Composite panel with PZTs and Passive Sensing Nodes (PSNs)

indicator of the intensity of the event.

There are studies to estimate the impact force on composite plates to determine critical

impacts [36, 52, 85]. This study is based on the relevant impact energies that are probable in an

aircraft, considering the maximum amplitude of the generated signals and the sensing range of

the MCU.

There is a built-in comparator within the MCU, the comparator continuously monitors the

voltage signal and determines whether it exceeds a predefined threshold value. The threshold

value can be selected between 0 to 3.3 V, covering the entire range. Therefore, the proposed

system offers great flexibility because the threshold value varies on the basis of structural

properties such as thickness of the plate and material properties (e.g. damping).

The value of 1.2 V was determined for the composite panel used in the experiment with

a hammer to make impacts, to ensure accurate recording of the impact-induced signals and

to avoid noise. The threshold is adjustable based on probable impact energies, and for each

structure needs to be tuned. Another threshold value can be easily selected. This value is an

example to show the event-triggered mechanism.
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Figure 4.2: Passive sensing system with PSNs

If the threshold is surpassed, the system transitions from sleep mode to active state, triggering

the ADC peripheral. At this stage, a timestamp is captured from a shared clock, and the ADC

initiates the sampling process to convert the analog signals acquired from the PZTs into digital

data.

Since Bluetooth LE communication has a strict limitation on the number of bytes per packet,

the sampled signal is segmented into smaller data packets before transmission. These packets

contain both the sensing results and the corresponding timestamps.

Once the data packets are successfully collected in the central PSN, they are sent to a PC

through the UART serial interface. This enables a detailed assessment of the structural integrity

of the composite panel, facilitating real-time impact detection and monitoring.

In the following sections, several key aspects of the proposed system will be explored in

detail. First, the importance of time synchronization among multiple PSNs will be discussed,

highlighting the methods used to achieve precise timing coordination across the network. Second,

low-power operation will be examined in the system, focusing on sleep mode and event-triggered

wake-up mechanisms that ensure energy efficiency. The wireless data transmission approach
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will then be outlined, emphasizing its modularity and scalability for network expansion. In

addition, the lightweight and miniaturized design of the system will be presented, highlighting

its suitability for aerospace applications. The processing capabilities, including real-time impact

detection and localization will also be detailed. Finally, a dedicated GUI for data processing and

visualization will be introduced, illustrating its role in facilitating efficient data acquisition and

analysis. These sections collectively provide a comprehensive overview of the system architecture

and its suitability for SHM applications.

4.2.1 Time Synchronization among Multiple PSNs

When multiple PSNs are deployed on a large structure, it becomes essential to record timestamp

information alongside the sensing data collected from these nodes. Accurate timing is critical for

understanding the sequence and correlation of events detected by the network. The proposed

system in this study has been specifically designed to address the challenges of timing accuracy

and synchronization within a WSN. Its primary objective is to ensure that events and tasks across

multiple devices are synchronized with both high precision and minimal power consumption,

which is particularly important for energy-constrained systems.

The inclusion of precise timestamp data is crucial in calculating the TDoA of impact signals

between the PSNs mounted on the composite panel. Using high-resolution timing information,

the system can accurately determine the relative time at which signals reach different nodes.

This capability not only enhances the precision of impact localization but also ensures efficient

operation without compromising energy efficiency.

In the presented system, the central PSN plays a dual role in managing the WSN. It not

only establishes the network for wireless data communication with multiple peripheral PSNs but

also serves as the primary timing reference for the entire system. The central device maintains

a master clock and periodically transmits synchronization packets to peripheral devices within

the network. These peripherals then adjust their local timers based on the information received

in the synchronization packets, ensuring that all devices within the network operate according

to a unified time reference and ensures precise timestamping of impact events.

Wireless communication protocols, such as Bluetooth LE, abstract the complexities of
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managing radio hardware, simplifying the process of developing applications. However, when

precise synchronization is necessary, the operational characteristics of these protocols play

a critical role, especially if they do not inherently support timekeeping functionalities. For

example, in the case of Bluetooth LE, the protocol ensures reliable data packet delivery

through mechanisms such as retransmissions. These retransmissions occur transparently in the

application layer, which can introduce challenges in achieving precise synchronization, as the

timing behaviour of such processes is not directly accessible to the application.

The configuration of RF parameters is a crucial step in enabling effective communication

between devices, particularly for achieving time synchronization within a wireless network. Key

parameters such as the RF channel and the device address are set to establish a dedicated

communication pathway. In this study, a single RF channel is utilized specifically for transmitting

time synchronization packets. The channel selected for this purpose is channel 80, which

corresponds to a frequency of 2480 MHz. This channel is one of the designated frequencies used

by Bluetooth LE during the advertising phase of its communication protocol, as outlined in [26].

By using a dedicated channel for synchronization packets, the potential interference with other

BLE operations is minimized, ensuring more reliable timing communication between devices.

In the wireless network, one node is designated as the timing master, responsible for

transmitting synchronization packets at predefined intervals. The remaining nodes, known as

timing slaves, adjust their timers based on the synchronization information received from the

master. Each timing slave operates an independent 16 MHz free-running timer to manage local

timing. This process ensures a synchronized timing reference across all nodes in the network.

To enable accurate timing operations and provide a mechanism for visualizing timer states,

hardware features such as GPIO Tasks and Events (GPIOTE) and Programmable Peripheral

Interconnect (PPI) are utilized. GPIOTE allows for precise control of General-Purpose In-

put/Output (GPIO) events triggered by the timer, while PPI enables efficient communication

between peripherals without involving the CPU.

Unlike timing slaves, the timing master uses two distinct timers to maintain the primary

clock for network synchronization. The first timer, known as the synchronization timer, runs

continuously without interruption and remains unmodified by the timing master, ensuring a
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stable reference for the network.

The second timer in the timing master operates in counter mode and is tasked with tracking

the number of times the synchronization timer overflows or resets. This functionality is essential

for maintaining an accurate measure of time beyond the range of the synchronization timer. To

calculate precise timestamp information, the timing master combines the count of overflows or

resets recorded by the second timer with the current value of the synchronization timer. This

method ensures that the timestamp remains accurate even over extended periods.

This approach provides an effective solution for achieving wireless timer synchronization. The

system is capable of reaching high levels of synchronization accuracy. However, various practical

challenges, such as packet loss, propagation delays, and signal reflections, may introduce errors

and affect the overall precision of the synchronization process. Addressing these factors is critical

to maintaining reliability and performance in real-world applications.

4.2.2 Low-Power Operation (Sleep Mode & Triggered Wake-Up,

Battery-Powered)

The proposed system is designed to operate with minimal energy consumption, ensuring long-

term functionality without the need for frequent maintenance. To achieve this, a combination

of event-triggered wake-up functionality and optimized power management techniques has been

implemented.

One of the key strategies employed is the use of a sleep mode, where the system remains in

a low-power state when no significant structural events are detected. This significantly reduces

energy consumption during idle periods, conserving battery life. The system transitions from

sleep mode to active operation when an impact event is detected. This transition is managed

through a programmable comparator that monitors the incoming signal from the PZT sensors.

When the amplitude of the detected signal exceeds a predefined threshold value, the comparator

triggers the activation of the system, allowing data acquisition and processing to begin.

In this implementation, the activation time of the ADC and the threshold value are critical

parameters to ensure that the ADC is activated on time and the severity of the impact is
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examined correctly. Based on these considerations, the comparator is configured before operation.

In the configuration, the threshold value can be selected in a 64-level reference ladder. For faster

activation of the ADC, the interrupt event of the comparator is generated in high-speed mode.

The time required to generate an interrupt event is demonstrated when the comparator is in

different modes in Table 4.1 [100].

Table 4.1: Time to generate interrupt event in the different modes of the comparator

Mode Required time
t powersave 0.6 µs
t balanced 0.2 µs
t speed 0.1 µs

The fast activation of the ADC in the proposed system ensures that no data is lost once the

threshold value is exceeded. Given that the sampling frequency is set to 200 kHz, each sample

is acquired every 5 µs. The comparator, configured in high-speed mode, generates an interrupt

event in just 0.1 µs, which is significantly faster than the sampling period. This rapid response

guarantees that the ADC is triggered almost instantaneously an impact event occurs, allowing

it to start sampling without delay. As a result, the system effectively captures critical signal

variations immediately after the threshold is crossed, preserving the integrity and accuracy of

the acquired data.

This event-triggered mechanism ensures that the system prioritizes critical impact events

while ignoring minor disturbances that do not pose a threat to the structural integrity of the

monitored structure.

To further optimize the power efficiency of the system, the management of clock sources

plays a crucial role. The ANNA-B402 module is equipped with two types of clocks: a high-

frequency clock and a low-frequency clock. The high-frequency clock is provided internally by a

high-precision 32 MHz crystal integrated into the module. In contrast, the low-frequency clock

can be provided by the Resistor–Capacitor (RC) oscillator, synthesized from the fast clock, or

externally by a 32.768 kHz crystal. For applications requiring minimal current consumption,

particularly in power-saving modes, it is essential to use an external high-precision 32.768 kHz

crystal [100].

When an external crystal is not used, the module relies on periodic calibration of its internal
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clocks to maintain accuracy. However, this calibration process results in increased power

consumption, which can be a significant drawback for battery-operated systems. To address this

issue and optimize the energy efficiency of the system, an external 32.768 kHz crystal has been

integrated into the system design, along with the necessary capacitors. This addition ensures

that the low-frequency clock operates with high precision, eliminating the need for frequent

calibration, and thereby significantly reducing overall power consumption.

For power supply, each PSN operates on a compact coin-cell battery (CR-2032), which

provides a stable voltage of 3 V and an energy storage capacity of 240 mAh. The components

of the system have been carefully selected to ensure compatibility with low-power operation,

including the RP604 buck-boost DC/DC converter, which maintains a regulated 3.3 V power

supply while consuming minimal quiescent current (0.3 µA). This voltage regulation circuit

ensures efficient power delivery while preventing fluctuations that could compromise system

stability.

The combination of event-triggered sensing, optimized power management, and a compact

battery-operated design makes the system energy-efficient, cost-effective, and suitable for

deployment in remote or inaccessible locations where regular battery replacement is impractical.

4.2.3 Wireless Data Transmission

The proposed system utilizes wireless data transmission to eliminate the need for wired connec-

tions, ensuring flexibility, modularity, and ease of deployment in SHM applications. The system

is designed to support multiple PSNs in a distributed sensing architecture, allowing scalability

and network expansion.

Wireless communication within the system is facilitated by a star-topology network estab-

lished using Bluetooth LE. A central device acts as the primary hub, managing connections

with multiple peripheral sensor nodes. This setup allows data from spatially distributed PSNs

to be collected and processed efficiently, enabling real-time impact detection and localization.

Each PSN is equipped with an RF microcontroller, which integrates both processing and

wireless communication functionalities, eliminating the need for external RF modules. This

compact and modular design enhances system adaptability, making it possible to deploy

87



CHAPTER 4. PASSIVE SENSING NODE

additional sensing nodes without significant reconfiguration. The Bluetooth LE protocol enables

low-power, energy-efficient communication while ensuring reliable data exchange across the

wireless network.

Data transmission is performed in structured packets, where each PSN sends digitized impact

response signals and precise timestamp information wirelessly to the central device. These

packets contain unique sensor identifiers, ensuring that incoming data can be correctly attributed

to its originating node. Given the nature of wireless communication, packets may arrive in

a non-sequential order; however, the inclusion of sensor identifiers allows for accurate data

management.

The modularity of the proposed system is further enhanced through network expansion

capabilities. The Multi-Nordic UART Service (Multi-NUS) framework has been employed,

allowing the central device to manage multiple simultaneous connections with PSNs. By

modifying and extending the standard NUS Central Role, the system can support communication

with up to 20 peripheral devices. Additionally, the network architecture can be designed to be

expanded further by introducing additional hubs or configuring certain nodes to function as

sub-network hubs.

Antenna design is a critical aspect of wireless communication systems as it has a direct impact

on the reliability and range of the communication link. Recognizing its importance, an antenna

pattern has been specifically designed to optimize the performance of the integrated internal

antenna within the ANNA-B402 module, as shown in Fig. 4.3. The design approach strictly

followed the protocols specified in the system integration manual [99], ensuring compatibility

with the module specifications and achieving effective signal transmission.

A key consideration in the design is a specified keep-out area around the antenna pattern.

This keep-out area, which must remain non-conductive, is required on both the top and bottom

layers of the PCB. The absence of conductive materials in this region is essential to prevent radio

signals from being reflected by nearby conductive components. Such reflections can interfere

with the propagation of the signal, potentially causing data loss or communication failures.

By ensuring the proper implementation of this design requirement, the risk of missing data is

minimized, allowing reliable and uninterrupted wireless transmission of PSN data.
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Figure 4.3: Antenna pattern design

To enhance the security of wireless communication within the WSN, the Filter Accept List

method has been employed. This method introduces a security layer by restricting access to

only specific devices identified in the predefined list during the advertising and scanning phases

of the Bluetooth LE connection process. By allowing communication only with authorized and

pre-approved devices, the Filter Accept List ensures that only bonded and authenticated devices

can establish connections within the network. This approach effectively mitigates the risk of

unauthorized access, thereby safeguarding the integrity and confidentiality of the data that are

exchanged in the WSN.

By eliminating wired connections, the proposed system achieves greater flexibility in de-

ployment, reduced installation complexity, and lower overall system weight, critical factors in

aerospace applications. The distributed sensing capability enabled by wireless transmission

ensures that impact events can be accurately detected and localized across composite struc-

tures. Furthermore, the ability to easily add new sensing nodes without modifying the core

infrastructure makes the system highly adaptable for various monitoring scenarios.

4.2.4 Lightweight and Miniaturized Design

The proposed system is designed with a strong emphasis on miniaturization and lightweight con-

struction, making it particularly well-suited for aerospace applications where weight constraints

are critical. The weight of SHM systems directly impacts the overall efficiency and performance

of aircraft, making it essential to develop a compact and lightweight sensing solution. The

integration of PSN on a compact PCB ensures ease of deployment while maintaining the required
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sensing and processing functionalities.

To achieve these objectives, the ANNA-B402 [101] RF microcontroller module was selected as

the core processing unit, as it integrates both microcontroller and Bluetooth LE communication

functionalities within a single ultra-compact package. This advanced module is built on the

Nordic Semiconductor nRF52833 chip, which combines a high-performance RF core with an Arm

Cortex-M4 processor. With a footprint of only 6.5 × 6.5 × 1.2 mm, this module significantly

reduces the space required for processing and wireless communication, eliminating the need

for additional external RF modules, which would otherwise increase the overall PCB size and

complexity. This integration enables a high level of miniaturization while preserving processing

power and communication capabilities.

The PCB layout has been optimized for low-profile, lightweight implementation, follow-

ing strict design constraints to minimize the overall form factor. The use of surface-mount

components further enhances compactness and ensures a low-weight, highly efficient circuit

board. The thin and lightweight PCB structure makes the system suitable for direct installation

on composite aircraft structures without adding significant mass or bulk, which is crucial in

applications where additional weight must be minimized.

By integrating sensing, processing, and wireless transmission within a single compact PCB,

the system eliminates the need for bulky wiring or additional external hardware, significantly

reducing both installation complexity and overall weight. This lightweight and self-contained

design ensures that the system remains scalable and adaptable, making it highly effective for

real-world aerospace applications where weight constraints and space efficiency are paramount.

4.2.5 Processing Capability (Decision-Making, Detection, Localiza-

tion)

The proposed system integrates an advanced processing framework that enables real-time

decision-making, impact detection, and localization of structural events. This capability is

essential for assessing the health and integrity of composite structures under operational

conditions.
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The processing unit within each PSN is responsible for handling data acquisition, pre-

processing, and wireless transmission. The system is designed to operate with minimal latency,

ensuring that impact events are detected and processed efficiently. To achieve this, the microcon-

troller embedded within the PSN manages real-time data collection from the PZT sensors and

converts the signals into digital format through a built-in ADC, and transmits the structured

data packets to a central node.

At the central node, data packets are sent to a base station such as a PC to implement an

ML-based impact localization algorithm. The system utilizes TDoA features in combination

with ADC-based impact response data to estimate the impact location. A kNN model has been

trained using controlled impact experiments, allowing the system to predict impact locations

with high accuracy. This approach utilizes spatial information from multiple PSNs, improving

the reliability of impact localization.

The decision-making process within the system follows a hierarchical structure:

1. Local Event Detection: Each PSN evaluates the incoming PZT sensor data using a

programmable comparator to determine if the signal exceeds a predefined value.

2. Wireless Data Transmission: If an event is detected, the digitized sensor response and

timestamp data are transmitted to the central node.

3. Impact Localization: The central node sends data to a PC through serial communication

(UART). The developed GUI applies time-synchronized analysis in conjunction with PZT

sensor data across multiple PSNs to estimate the impact location.

The ability to perform real-time impact detection and localization enhances the effectiveness

of the system in SHM applications. With ML-based localization, the proposed system enables

efficient monitoring of composite structures.

4.2.6 GUI for Data Processing

To facilitate efficient data acquisition, post-processing, and visualization, a dedicated GUI

has been developed using Python. This GUI provides a flexible and user-friendly platform
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for monitoring and analysing the data collected from the wireless sensing network. Unlike

proprietary software solutions such as LabVIEW, the custom-developed GUI offers a cost-

effective and adaptable alternative, specifically tailored to meet the requirements of passive

sensing applications in SHM.

The GUI is designed to support real-time visualization of impact events and structural

responses. With the wireless data transmission system, it ensures the efficient handling of sensor

data packets received from multiple PSNs. The interface provides a direct means for users

to assess the structural response without requiring additional post-processing tools such as

MATLAB, thereby streamlining the workflow.

By implementing the robust data processing capabilities of Python, the GUI efficiently

manages and processes large volumes of sensor data while maintaining a lightweight and

responsive interface. Its customizable nature allows for modifications and expansions based

on specific application needs, ensuring adaptability across different SHM scenarios. This

development significantly improves the practicality of the proposed system by providing a

streamlined and efficient approach to real-time data acquisition, processing, and impact analysis.

4.3 System Implementation

The proposed system was implemented on a two-layer PCB, with the design objective of achieving

a compact form. To achieve this goal, components of minimal dimensions were selected, provided

that they met the necessary performance criteria. In terms of physical dimensions, the circular

PCB measures 28.4 mm in diameter, which corresponds to the size of a 2-pound coin, as

illustrated in Fig. 4.4.

In addition to its compact size, the system is also remarkably lightweight. The developed

PSN weighs only 3.7 grams in its basic configuration without a battery. When equipped with

a coin-cell battery, the total weight increases to just 6.6 grams, making it highly suitable for

applications requiring minimal weight.

Another notable aspect of this system is its affordability. The cost of producing a single

PSN unit amounts to approximately £25, highlighting its potential for cost-effective deployment.
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Figure 4.4: Comparison of PSN and £2 coin

A summary of these key specifications, including size, weight, and cost, is provided in Table 4.2.

All components of the system were carefully arranged on the top layer of the PCB, with the

only exception being the battery holder, which was mounted on the bottom layer to optimize

the overall layout and functionality. This arrangement was chosen to ensure effective use of the

available space while maintaining the desired compact design.

To provide a comprehensive overview of the system structure, the block diagram of the PSN

is illustrated in Fig. 4.5. Each functional block within the diagram is labelled with its specific

role, enabling a clear understanding of how the various components contribute to the operation

of the system.

The designed PSN consists of three primary functional modules, each developed to effectively

execute the passive sensing process. These modules are illustrated in Fig. 4.6 and include the

sensor circuit, which incorporates rectification and attenuation features; the power supply unit,

which includes a buck-boost DC/DC converter; and the RF microcontroller, which integrates

an ADC, a comparator and wireless communication capabilities.

In the sensor circuit, the sensing signal captured by a PZT sensor is initially in analog form

and contains both positive and negative voltage components. However, MCUs cannot process

Table 4.2: The specifications of PSN

Specifications
Diameter 28.4 mm
Weight 3.7 g
Cost 25 £
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Figure 4.5: The system block diagram of the PSN with their functions

signals with negative voltages, requiring signal transformation before digital processing. To

achieve this, a dedicated rectifying circuit is implemented to eliminate negative components. In

addition, the signal is subjected to attenuation to limit its voltage within the operational range

of the MCU. This step is crucial, as excessive voltage levels could potentially damage the MCU.

By combining rectification and attenuation, the processed signal becomes suitable for safe and

accurate digital processing by the microcontroller.

The system is powered by a CR-2032 coin-cell battery, which can be conveniently inserted

into the battery holder located on the underside of the PCB. This compact design successfully

accommodates all necessary functions while eliminating the need for external cable connections.

The overall configuration ensures that the PSN is not only efficient, but also practical for

applications that require minimal size and wireless operation.

(a) (b)

Figure 4.6: The modules of PSN, (a) Top view (b) Bottom view
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Figure 4.7: The installation of a peripheral PSN to the PZT sensor mounted on the composite
panel

The passive sensing process and wireless communication using Bluetooth LE were experimen-

tally evaluated to determine the overall performance of the system. During the experiments, a

total of five PSNs were utilized. Four of these PSNs were installed on a composite panel, which

functions as peripheral devices within the Bluetooth LE wireless network. The installation of

one of the peripheral PSNs on the composite panel is illustrated in Fig. 4.7.

To establish the sensor connection between the PSNs and the PZTs, the two pads (+/-)

on each PZT were soldered directly to their corresponding pins on the PSN. This method

ensures that only two pins need to be soldered for the successful installation of each PSN onto

the composite panel. This straightforward process significantly simplifies the installation and

replacement of PSNs by avoiding the complexity of installing the wired system. This ease of

implementation makes the system highly practical for real-world applications.

The proposed system has been developed with low power consumption as a fundamental

design consideration. As a result, it can operate efficiently using a compact coin-cell battery,

which provides sufficient energy to perform all essential tasks, including data acquisition and

wireless communication. In the experimental setup, a CR2032 coin-cell battery was selected

and used, as shown in Fig. 4.8.

The central PSN is connected to a computer via UART serial communication. This central

device plays a key role in managing the wireless network, which it achieves by scanning for
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Figure 4.8: CR2032 coin-cell battery (3V, 240 mAh) used to supply power to each PSN

available peripheral devices and transmitting connection requests to establish communication.

In addition to initiating and maintaining the network, the central device has another

crucial function: it serves as the primary clock of the system. By generating and distributing

synchronization packets, it ensures that all peripheral devices in the network operate with

synchronized timing, which is essential for coordinated data acquisition and communication.

To interface with a PC, the central PSN is linked through a USB-to-TTL converter, enabling

proper communication between the PSN and the computer. The connection setup is illustrated

in Fig. 4.9.

The process of verifying time synchronization within the wireless network was conducted

by monitoring the behaviour of a GPIO pin available on both the peripheral and the central

devices. This specific pin was assigned as a debug pin. The debug pin toggles its state under

the control of the timer, which functions as a shared clock across the network.

Figure 4.9: The central PSN connected to the PC with USB-TTL converter
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Figure 4.10: Non-synchronous timers of master (central) and slave (peripheral) devices

To assess synchronization accuracy, the outputs of the toggling debug pins on the central

PSN and the peripheral PSN devices were compared. This comparison allowed for the detection

of any timing differences between the devices. The verification procedure was carried out using

a digital oscilloscope, specifically the TiePie Handyscope HS5, which enabled precise observation

and analysis of the timing signals. This approach ensured that the synchronization mechanism

within the network was functioning as intended.

When time synchronization is not enabled within the wireless network, the synchronization

timers of the central and peripheral devices operate independently, resulting in a lack of

coordination between them. This asynchronous behaviour is clearly demonstrated in Fig. 4.10,

which highlights the disparity. In this scenario, the debug pins of the central and peripheral

devices fail to toggle simultaneously, indicating the absence of synchronization across the

network.

When the central device transmits synchronization packets, the peripheral devices use

the information contained in these packets to update their local timers accordingly. This

synchronization process is performed periodically at a defined interval, ensuring that the devices

maintain coordinated timing within the network. The frequency at which these synchronization

packets are transmitted can be configured within the application code, providing flexibility for

different operational requirements.

Once synchronization is established, a shared clock is successfully implemented across the

wireless network. The effectiveness of this synchronization can be observed by monitoring

the debug pins of the devices. When synchronized, the debug pins toggle simultaneously, as
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Figure 4.11: Synchronous timers of master (central) and slave (peripheral) devices

illustrated in Fig. 4.11. The comparison is made by examining the overlap of the vertical signals,

where the toggling times indicate successful synchronization.

It is important to note that slight variations in the minimum and maximum voltage levels

between the devices may occur. These differences are attributed to the use of different voltage

sources, which can influence precise output levels but do not affect the overall synchronization

accuracy.

The difference in timing between the signals of the central device and the peripheral devices

within the wireless network, under conditions of time synchronization, is illustrated in Fig. 4.12.

This figure provides a clear representation of the slight temporal offset that exists between the

devices.

According to measurements taken using the oscilloscope, this difference is approximately 100

nanoseconds. This minor variation indicates the level of precision achieved by the synchronization

mechanism. Although devices are highly synchronized, the observed time offset may result from

factors such as signal propagation delays, hardware processing times, or inherent limitations in

clock accuracy. However, the small scale of this time difference demonstrates the effectiveness of

the synchronization process in maintaining closely coordinated timing across the network.

To improve the wireless communication process using Bluetooth LE, several protocol specifi-

cations were adjusted, including changes to Physical Layer (PHY) radio modes, data length

parameters, and Maximum Transfer Unit (MTU). Moreover, the memory buffers on both the

peripheral and central devices must be updated appropriately to achieve data exchange properly.

Failure to update these buffers can result in loss of data during wireless transmission between

peripheral and central devices. These buffers play a critical role in ensuring that all data
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Figure 4.12: Time difference between master (central) and slave (peripheral) devices

Figure 4.13: Bluetooth LE packet created to wirelessly transmit sensing results

transmitted over the air are properly stored, preventing any loss of information during the

communication process.

The various components of the Bluetooth LE data packet, created to transmit the sensing

results, are illustrated in detail in Fig. 4.13. Each data packet contains specific headers, as

specified by the requirements of wireless communication protocols. For this application, sensing

results up to 200 bytes in size can be included within each data packet. Additionally, a 1-byte

unique identifier is appended to each packet to distinguish the source PSN transmitting the

data packets. Alongside these headers and the sensing data, a complete Protocol Data Unit is

formed, preparing the packet for transmission over the Bluetooth LE network.
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In this experiment, one of the protocol specifications that was modified is the PHY radio

mode. The default PHY mode, referred to as 1M PHY, operates at a data rate of 1 megabit

per second (1 Mbps) and is universally supported by all Bluetooth LE devices. Beyond this

standard mode, Bluetooth version 5.0 introduced two additional radio modes: 2M PHY and

Coded PHY. Each of these modes addresses different purposes depending on the requirements of

the application. For example, the 2M PHY mode is advantageous when faster data transmission

is required, as it doubles the data rate to 2 Mbps. However, this mode comes with trade-offs,

including increased power consumption and a reduced communication range. In contrast, the

Coded PHY mode is optimized for extending the communication range, but it achieves this at

the expense of a lower data rate compared to the other modes. In the context of this study,

the 2M PHY mode was selected because the application involves the wireless transmission of a

significant volume of sensing data.

The MTU and the data length are two distinct parameters in Bluetooth LE communication,

although they are often closely related in practice. The MTU specifies the maximum number of

bytes that can be transmitted in a single Generic Attribute Profile (GATT) operation, while the

data length defines the maximum number of bytes that can be included in a single Bluetooth

LE packet. If the MTU exceeds the data length, the data are fragmented into smaller segments

for transmission. In contrast, transmitting all data in a single packet improves efficiency by

reducing the number of bytes sent over the air. This is because each Bluetooth LE packet

contains a 3-byte header, and minimizing the number of packets reduces the overhead, ultimately

saving time and energy. These improvements result in higher throughput for the Bluetooth LE

connection.

In this study, to improve the efficiency of wireless data transmission, the MTU and data length

were updated to their respective maximum allowable values of 247 and 251 bytes. Following

these adjustments, the data packet size and the corresponding buffer sizes were configured

to accommodate 201 bytes, which includes a 1-byte unique identifier for each packet. This

setup enables efficient wireless transmission of passive sensing results with the updated system

specifications.
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Figure 4.14: PSNs and the distance between the sensors

4.4 PSN Performance Evaluation

The performance of the PSN was systematically evaluated at every stage of the process, covering

data acquisition, wireless transmission, time synchronization, and data visualization. When an

event, such as an impact, is detected by the PZT sensor, signal processing begins by removing

the negative portion of the sensing signal. The positive portion is then attenuated to ensure

that it remains within a range that the MCU can handle. If the voltage of the processed signal

exceeds a predefined threshold value, the system is awakened by the built-in comparator.

Once the comparator activates the system, a timestamp is immediately captured from the

shared clock, and the ADC peripheral is triggered to sample the sensing signal simultaneously.

After the sampling process is complete, the digitized sensing signal along with the timestamp is

packaged into data packets and transmitted wirelessly to the central device using Bluetooth LE.

In this experimental setup, the central device receives these data packets from four separate

PSNs on composite plate as shown in Fig. 4.14. Subsequently, the central device forwards

the received packets, which include both the sampled sensing signals and their corresponding

timestamps, to a PC. On the PC, the transmitted data are processed and displayed in real-time

as plotted signals. In addition, all data received are saved to a specified directory on the PC.

This is achieved through a custom-developed GUI. This comprehensive process ensures effective

collection, transmission, and analysis of the sensing data at all stages of the experiment.
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4.4.1 Integrated GUI for PSN

An image of the GUI panel is presented in Fig. 4.15, which illustrates the user interface

developed for managing communication and data processing tasks. The panel includes two

drop-down menus that allow users to select the appropriate port and baud rate to establish

serial communication between the central device and the PC. This setup enables efficient data

exchange between the two devices. The timestamps from the four wireless sensor nodes are

displayed in microseconds, providing precise temporal information for each event.

The GUI includes several interactive buttons to control various functions. The “Start Serial”

and “Stop Serial” buttons are used to initiate or terminate the serial communication channel,

ensuring proper operation during data transfer. Another important feature is the “Select Save

Directory” button, which allows users to choose a specific directory on the PC to store the

received timestamp and ADC data.

The interface also integrates machine learning functions. The “Start Training” button

initiates the system training process using the kNN machine learning method. Once the model

is trained, the “Load Model” button enables users to upload both the trained model and the

associated training data for subsequent tasks. After loading the model, the “Estimate Impact

Location” button becomes active, allowing users to begin the process of estimating the impact

locations based on the available data.

In cases where the necessary data are not fully collected, for example, if an impact fails

to trigger all sensor nodes, the “Reset Buffers” button is provided. This feature allows the

user to clear and refresh the data buffers, enabling another attempt at data collection for both

system training and impact location estimation. This design ensures flexibility and reliability in

handling incomplete data scenarios.

4.4.2 Acquisition and Digital Conversion of Passive Sensing Signals

with GUI-Based Visualization

In this experiment, passive sensing signals are captured and digitized using an ADC configured

with a sampling rate of 200 kHz and a resolution of 8 bits. As a result, the ADC outputs digital
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Figure 4.15: The developed GUI for PSN

values represented as unsigned 8-bit integers, which can range from 0 to 255. These digital

values correspond to the sampled amplitude of the input signal and are used to quantify the

voltage levels.

To interpret the ADC output in terms of voltage, a mathematical conversion is applied. This

conversion maps the digital values back to their corresponding voltage levels, using the following

formula given by

Vconv =
D · Vref

2n ·G
(4.1)

where Vconv is results of the voltage after conversion, D is the digital output of ADC, Vref is the

internal reference voltage of ADC, n is the resolution, and G is the gain of ADC. n is 8 due to

8-bit resolution as specified before. Vref and G are, respectively, set to 0.6 V and 1/6 in the

ADC configuration settings of the microcontroller.

The ratio Vref/G also determines the input range of the ADC. Therefore, the input range,

[(0.6V )/(1/6)], is 3.6 V for the ADC of the microcontroller. Using information, the input range

for the passive sensing signal can also be calculated in the PSN system. To achieve this, the

attenuation level should be considered. The attenuation level is set to 2 in the sensor circuit,

which results in the passive sensing signal being captured up to approximately 8 V using PSN.

Impacts are applied to the composite panel equipped with PSNs using a hammer to simulate
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(a) (b)

(c) (d)

Figure 4.16: Wirelessly-Transmitted Passive Sensing Results, (a) PSN 1 (b) PSN 2 (c) PSN 3
(d) PSN 4

events for testing and evaluation purposes. Following these impacts, the passive sensing signals

and corresponding timestamps are successfully transmitted from the four PSNs to the central

device. The transmitted data, which include the sensing results and time information, is then

processed and visualized using the GUI. The GUI effectively displays the results, as demonstrated

in Fig. 4.16, providing a clear and comprehensive representation of the signals and timestamps

collected during the experiment.

The developed GUI provides the functionality to plot the sensor data transmitted by each

PSN individually. This feature is particularly important because not all PSNs may be triggered

during an impact event, especially if the impact occurs at a location far from a specific sensor.

In such scenarios, the signal amplitude may fall below the predefined threshold value, preventing

the PSN from activating and initiating signal sampling.
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Figure 4.17: All PSN Data

On the other hand, when all PSNs successfully capture and transmit their respective sensor

data, the GUI is capable of plotting all the data together on a single graph. This combined

visualization allows for a more straightforward comparison of the signals from different PSNs.

An example of such a graph combining data from all PSNs into one display, is shown in Fig.

4.17. This dual functionality ensures that the GUI provides flexibility in data representation,

accommodating both individual and collective analyses of the sensing results.

105



CHAPTER 4. PASSIVE SENSING NODE

4.4.3 Comparative Validation of PSN Measurements Against Digital

Oscilloscope Data

The accuracy and effectiveness of the proposed system were validated by performing a compara-

tive analysis with the performance of a digital oscilloscope (TiePie Handyscope HS5). To ensure

consistency and compatibility between the measurements, several settings of the oscilloscope

were configured to match those used in the PSN. Specifically, the oscilloscope was set to operate

with an 8-bit resolution and a sampling rate of 200 kHz, identical to the parameters employed

in the PSN system.

In addition, the trigger level of the oscilloscope, used as the threshold for signal detection,

was adjusted to correspond to the threshold voltage of the PSN system. Given the attenuation

level of 2 in the sensor circuit, the threshold value on the oscilloscope was set to 1.2 V, which

is equivalent to the PSN threshold voltage of 0.6 V multiplied by the attenuation level. This

alignment of settings ensured a meaningful comparison between the proposed system and the

oscilloscope, providing a reliable basis for evaluating the system performance.

To conduct a comparison between the results, the PZT sensor was simultaneously connected

to both the oscilloscope and the PSN. This setup ensured that both systems recorded the same

impact event under identical conditions. The impact was generated with a hammer and the

resulting signal was captured by both devices.

The captured signal from the oscilloscope was saved using its dedicated software tool.

Meanwhile, the signal captured by the PSN was wirelessly transmitted to the central device.

From there, it was processed and stored using the GUI developed for this system.

The data collected from the oscilloscope are presented in Fig. 4.18, while the corresponding

data obtained from the PSN is illustrated in Fig. 4.19. These visualizations provide a clear

basis for comparing the performance of the two systems in capturing and processing the same

sensing signals.

To compare the results, only the positive portion of the signal recorded by the oscilloscope is

considered, as the PSN system processes signals with the negative portion removed. To ensure

consistency in the comparison, the signal obtained from the PSN is scaled by multiplying it with
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Figure 4.18: Digital oscilloscope result
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Figure 4.19: PSN result

the attenuation factor, which is set to 2. The resulting comparison is illustrated in Fig. 4.20.

As shown in the figure, the signal patterns from both systems are identical, demonstrating

a high degree of agreement in their respective waveforms. The signals are closely matched in

the time domain, validating their temporal precision. Although there is a slight variation in

amplitude between the two, this difference is minimal and does not significantly affect the overall

comparison. These results validate the capability of the PSN system to accurately capture and

transmit sensing data comparable to that of the oscilloscope.

The comparison test was also conducted for other PSNs positioned at different locations on
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Figure 4.20: The comparison of the oscilloscope and PSN data
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Table 4.3: Timestamps and TDoA in the event of impact around each sensor

Impact 1 Impact 2 Impact 3 Impact 4
Timestamp TDoA Timestamp TDoA Timestamp TDoA Timestamp TDoA

PSN 1 (µs) 55683878 0 156390678 257 236497760 922 274343172 295
PSN 2 (µs) 55684205 327 156390421 0 236497265 427 274343530 653
PSN 3 (µs) 55684386 508 156390873 452 236496838 0 274343150 273
PSN 4 (µs) 55684224 346 156391073 652 236497295 457 274342877 0

the composite plate, producing highly consistent results. These findings further validate the

robustness and reliability of the PSN system in accurately capturing and processing impact

signals.

4.4.4 Timestamp Acquisition and TDoA Analysis in Impact Testing

When an impact occurs on the composite panel, a timestamp is captured from the shared clock

within the wireless network, alongside the passive sensing signal. This timestamp is recorded

in microseconds to enable a more precise observation of the TDoA for each PZT sensor. The

timestamp in microseconds is stored as a 64-bit integer to prevent overflow and ensure accurate

timekeeping.

To evaluate the performance of the shared clock and the time synchronization mechanism

within the wireless network, deliberate impacts were applied near each sensor using a hammer.

Following each impact event, the corresponding timestamps were transmitted wirelessly to the

central device for analysis. The recorded timestamps for sensors 1 through 4, as received by the

central device, are demonstrated in Table 4.3.

The results in the table confirm the expected behavior of the system: the timestamp

consistently exhibits the smallest value for the sensor located closest to the point of impact.

These results demonstrate the accuracy and reliability of the shared clock and synchronization

within the wireless network.

4.4.5 Power Consumption

The energy efficiency of the PSN is critical to ensure an extended operational lifetime. To

quantify the power consumption of the system, current measurements were performed using the
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Table 4.4: Measured current consumption under different operating conditions

Operating Condition Current Consumption
Standby (No wireless connection) 45 µA
Time synchronization 1.3 mA
Impact Detection (Wireless transmission active) 6.7 mA

Digital Multimeter 34465A from Keysight. These measurements were performed under three

distinct operating conditions that represent the typical states of the PSN:

1. Standby Mode: In this state, the sensor node is maintained in a low-power sleep mode

with no active wireless connection or data transmission. This condition reflects the baseline

energy consumption when the system is idle.

2. Time synchronization: In this mode, the PSN has successfully established a wireless

link, and time synchronization is maintained across the network. The increased activity

associated with maintaining connectivity results in higher power usage compared to the

standby state.

3. Impact Detection: During this condition, the sensor node is fully active, processing

the impact event, triggering the ADC for signal sampling and transmitting data wire-

lessly. Power consumption remains constrained until all data packets are transmitted in

milliseconds, which includes the total energy required for acquisition, processing, and

communication.

Table 4.4 summarizes the measured current consumption for each operating condition. These

measurements are fundamental for assessing the overall energy requirements of the PSN.

To calculate power consumption, the fundamental electrical formula can be expressed as

P = I · V (4.2)

where P is power in watts (W), I is current in amperes (A), V is voltage in volts (V). PSN

operates at a supply voltage of 3.3 V. Using this voltage, the power consumptions are calculated

and presented for each mode in Table 4.5.
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Table 4.5: Power consumption under different operating conditions

Operating Condition Power Consumption
Standby (No wireless connection) 148.5 µW
Time synchronization 4.29 mW
Impact Detection (Wireless transmission active) 22.11 mW

4.4.6 Range Testing

The appropriate range in wireless communication is critical to successfully transmit data between

peripheral and central devices in the network. The wireless communication range is influenced

by factors including the modulation scheme (e.g., standard 1M PHY versus long-range coded

PHY), transmit power, and the propagation environment, where real-world conditions such

as absorption and reflection can significantly degrade signal strength. Furthermore, antenna

orientation and type further affect the effective range achieved [38,98].

To evaluate the communication range in the proposed system, all experiments were conducted

outdoors under line-of-sight conditions to minimize multipath fading and signal absorption

effects that are typically encountered indoors.

To determine the maximum reliable distance, the devices initially established a communica-

tion link. The peripheral and central nodes were then gradually separated while maintaining

the connection. The test concluded when the connection can no longer be re-established, using

the LED on the PSN as a visual tool indicating the connection status.

In this evaluation, the effective communication range was examined using different levels of

radio transmission power and modulation schemes. Two TX power levels (0 dBm and +8 dBm)

were tested alongside three modulation schemes: Coded PHY, 1M PHY, and 2M PHY. The

lower TX power setting serves as a baseline measurement for the radio sensitivity, while the

higher TX power setting is used to examine potential range extension. Furthermore, comparing

the modulation schemes provides insight into the range improvements achieved with advanced

long-range coding techniques. Table 4.6 summarizes the measured range performance for each

combination.
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Table 4.6: Effective Communication Range for Different TX Powers and Modulation Schemes

TX Power Coded PHY 1M PHY 2M PHY
0 dBm 65 m 35 m 20 m
+8 dBm 170 m 95 m 50 m

4.5 Impact Localization

The proposed system consists of wireless sensor nodes that are responsible for recording data

generated by impact events. Each sensor node, called the PSN, is designed to capture the

timestamp of an impact event along with the corresponding ADC signals. Once these data are

collected, they are wirelessly transmitted to the central device within the network.

The central device serves as the hub for collecting all data received from the individual

sensor nodes. After gathering the information, it promptly forwards the collected timestamps

and ADC signals to a central station via a serial port interface. This ensures that the acquired

data are available for further processing, analysis, or visualization at the central station.

This application incorporates a total of four PSNs and one central device to maintain and

manage the wireless network. The PSNs are strategically positioned at the four corners of the

panel to ensure adequate coverage for data collection. Impact data is collected from 17 distinct

points evenly distributed across the surface of the panel.

These 17 points represent the locations where impact data are recorded for training purposes,

enabling the system to effectively learn and predict the relationships between impact positions

and the corresponding sensor data. This process, including training and impact location

estimation, was achieved with the ML-based kNN algorithm. The kNN algorithm is a supervised

learning method used for classification and regression. In the context of impact localization,

the kNN regression estimates the coordinates of an unknown impact by finding the k nearest

training samples in the feature space and averaging their positions.

For a given test sample, the predicted impact location ypred is computed with the following

equation given by

ypred =
1

k

k∑
i=1

y(i) (4.3)
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Figure 4.21: Impact estimation training setup

where k is the number of nearest neighbours, y(i) represents the known coordinates of the n-th

nearest neighbour.

The neighbours are determined on the basis of the smallest Euclidean distance between the

feature vectors. The Euclidean distance d between two feature vectors x1 and x2 is calculated

with the following equation defined as

d(x1,x2) =

√√√√ n∑
j=1

(x1,j − x2,j)2 (4.4)

where n is the number of features in the feature vector.

The placement of the PSNs at the corners of the panel, along with the distribution of the

17 training points, is illustrated in Fig. 4.21. This arrangement highlights the experimental

setup, which is designed to ensure reliable data collection for the ML model while maximizing

the accuracy of the system performance.

Fig. 4.22 shows the kNN-based impact localization for different k (k = 1, 2, 3) values,

demonstrating how the kNN model is used to estimate an unknown impact location based on

learned training data. A smaller k can make the estimation more sensitive to noise, while a

larger k can cause overly smoothed estimations, potentially reducing precision.

In the context of feature extraction for this application, two distinct types of feature are

utilized to determine the localization of impacts: TDoA and ADC signal values. These features
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Figure 4.22: Visualization of kNN-based impact localization for different k values

are combined into a well-organized format to serve as input for training the impact localization

model. Specifically, the extracted features are structured into a unified vector representation

that integrates both the TDoA and the ADC signal values associated with each impact event.

This standardized feature vector provides a consistent framework for describing impact

events, enabling the system to effectively process the data for machine learning purposes. Once

the feature vectors are prepared, they are used to train the kNN model, which is designed to

estimate the location of future impacts based on the learned relationships between the input

features and their corresponding spatial positions.

For every impact event, the timestamp corresponding to the arrival of the impact signal is

recorded at each sensor in the network. To extract meaningful spatial information about the

impact location, the TDoA values are calculated for unique pairs of sensors. These TDoA values

capture the relative differences in signal arrival times between sensors, providing critical data

about the spatial distribution of the impact signal across the sensor array.

In this setup, TDoA values are calculated for six unique pairs of PSNs. The computed

TDoA values are organized into a six-dimensional vector, represented as TDoA = [PSN1 −

PSN2, PSN1 − PSN3, PSN1 − PSN4, PSN2 − PSN3, PSN2 − PSN4, PSN3 − PSN4].

Each element of this vector corresponds to the time difference between signal arrivals at two

specific sensors in the array.

The ADC signal values provide essential information about the amplitude of the detected

impact signal at each sensor. These values are characterized by two key metrics: the peak and
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the average of the ADC results for each sensor. For every sensor in the network, the peak and

average ADC values are calculated based on the sampled signal generated by the impact event.

In the case of four PSNs, this process results in eight distinct ADC values, two for each

sensor. These values are organized into an eight-dimensional vector, expressed as ADC =[Peak1,

Avg1, Peak2, Avg2, Peak3, Avg3, Peak4, Avg4]. Each entry in the vector represents either the

peak or average ADC result from a specific sensor, with Peakn and Avgn corresponding to n-th

the sensor.

A combined feature format is used for the purpose of training the machine learning model.

In this format, the training data for each impact point is constructed by integrating the TDoA

and ADC feature vectors, which incorporate both temporal and amplitude-related information

about the impact event.

This integration results in the creation of a 14-dimensional feature vector for each recorded

impact event. The combined feature vector is represented as FeatureV ector = [TDoA,ADC],

where the six-dimensional TDoA vector provides information about the relative arrival times of

the impact signal at the sensors, and the eight-dimensional ADC vector represents the amplitude

characteristics of the detected signal, including the peak and average values for each sensor.

During the training phase, each feature vector is associated with the corresponding coordinates

(x, y) of the known impact location. This pairing ensures that the spatial position of each impact

is accurately mapped to its respective feature vector. The kNN algorithm utilizes these feature

vectors to analyze and learn the spatial relationships present in the timing and amplitude data.

Identifying patterns within the training dataset, the model develops the ability to estimate

the location of new impact events by comparing their feature vectors to those stored in the

training dataset. The robustness of the KNN model can be enhanced by increasing the size

of the training data set, which can involve repeating measurements or introducing additional

impact points.

The trained kNN model is subsequently employed for the real-time localization of impact

events. When a new impact is detected, the system immediately captures the TDoA and ADC

values from each sensor, processing these data in real-time to estimate the location of the impact.

The estimated location is then displayed, providing a continuous and dynamic visualization of
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Figure 4.23: Real-time impact location estimation with the GUI

all recorded impacts.

This visualization is updated with each new estimation, plotting the most recent impact

location while preserving the previous estimations for easy reference. An example of this

visualization can be observed in Fig. 4.23, which illustrates the functionality of the system for

impact localization. In the figure, gray points represent the estimated locations of previous

impacts, while the most recent impact is highlighted in red. This colour distinction ensures that

the latest impact is easily identifiable, enabling straightforward tracking and analysis of impact

locations over time.

To quantify the performance of the impact localization system, the dataset was partitioned

into distinct training and testing subsets using an 80/20 split. The target variables, which

represent the known impact positions, were separated from the remaining feature set.

Afterwards, a kNN regression model was trained on the training dataset. The model, having

learned the mapping between the combined feature vectors and the corresponding spatial

coordinates, was subsequently used to estimate the impact locations for the test data.
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(a) k = 2 (b) k = 4

(c) k = 6 (d) k = 8

Figure 4.24: Visualization of true vs estimated impact locations for different number of neighbours
(k) values

Fig. 4.24 shows the true and estimated impact locations on the composite panel for different

k values in the proposed kNN-based impact localization model. True impact points are marked

in blue, while estimated locations are shown in red, with dashed lines indicating the localization

error. The green numerical values represent the Euclidean error at each point. As k increases,

predictions become more stable due to averaging, reducing sensitivity to noise but sometimes

shifting further from the actual impact locations. Smaller k values allow more precise estimations,

but can be more affected by local variations. The optimal k balances accuracy and robustness,

minimizing localization errors while maintaining reliability.
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Figure 4.25: Effect of number of neighbours (k) on impact localization error

Fig. 4.25 illustrates the effect of the number of neighbours (k) on the Euclidean localization

error in the proposed kNN-based impact localization. As k increases, the localization error

follows an upward trend, indicating that using a larger number of neighbours leads to a reduced

precision in impact localization. For smaller k values, the error remains relatively low, suggesting

that the model effectively captures local variations in the sensor data.

To evaluate the localization accuracy, the Euclidean error between the predicted and true

impact coordinates was calculated for each impact event using the following equation that can

be expressed as

ei =
√

(xpred,i − xtrue,i)2 + (ypred,i − ytrue,i)2 (4.5)

where (xtrue,i, ytrue,i) denotes the true impact location and (xpred,i, ypred,i) the estimated location

for the i-th sample.

Based on the Euclidean error, the metrics were calculated as follows:

• Mean Euclidean Error (MEE):

MEE =
1

N

N∑
i=1

ei (4.6)
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which provides the average distance between the estimated and the true locations.

• Root Mean Squared Error (RMSE):

RMSE =

√√√√ 1

N

N∑
i=1

e2i (4.7)

emphasizing larger errors by squaring the deviations before averaging.

• Standard Deviation (SD) of error:

SD =

√√√√ 1

N

N∑
i=1

(
ei − MEE

)2
(4.8)

reflecting the variability or consistency of the error distribution across samples.

In Equation 4.6, 4.7 and 4.8, N represents the total number of samples (i.e., impact events)

in the dataset for which both the true and estimated locations are available. Essentially, it is

the number of individual predictions over which the error metrics are averaged or analysed.

Each of these equations plays an important role in quantifying different aspects of the model

performance in impact location estimation.

Fig. 4.26 shows the error metrics calculated for the proposed kNN-based impact localization,

showing different number of neighbours (k) values. The MEE provides an overall measure of

accuracy by indicating the typical distance between the estimated and the true impact locations,

while the RMSE emphasizes larger deviations by squaring individual errors before averaging.

As shown in Fig. 4.26, both MEE and RMSE remain relatively low at k = 2 but increase

significantly for larger k values, indicating that using more neighbours can degrade localization

accuracy. The maximum error highlights the worst-case scenario, rising from 32.6 at k = 2 to 53

at k = 8, which is especially critical for safety-sensitive applications. The minimum error is zero

at k = 2, 4, 6, reflecting the potential for perfect localization in some cases, but it increases to

7.8 at k = 8. Finally, the SD captures the consistency of the model performance, showing how

much the errors fluctuate around the mean. Collectively, these metrics underscore the trade-off

between accuracy and robustness: smaller k values can result in lower average errors but may
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Figure 4.26: Error metrics for different number of neighbours (k) values

be more susceptible to local variations, while larger k values tend to produce more stable but

less precise estimates.

The proposed system achieves impact localization by employing a combination of TDoA

calculations, signal amplitude analysis, and kNN regression. The integration of these features

into the kNN regression model allows the system to effectively analyze patterns within the data

and estimate the position of impacts with high accuracy. Designed for real-time operation, the

system is well-suited for applications requiring rapid and reliable localization of impacts within

a predefined area.

4.6 Conclusions

In conclusion, this study presents the PSN as an innovative and practical SHM system for

detecting and capturing impact signals in composite structures. Designed as a cost-efficient and

scalable solution, the PSN integrates compact data acquisition capabilities with an IoT-based
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framework. The compact PCB with a diameter of 28.4 mm and a lightweight construction of

3.7 grams without a battery (6.6 grams with a battery) ensure seamless integration into weight-

sensitive environments, making it particularly well-suited for aerospace and other structural

monitoring applications.

The proposed system introduces wireless communication, eliminating the need for physical

cabling and being especially advantageous for aerospace applications. The Bluetooth LE protocol

has been implemented for wireless data transmission. The system operates with minimal power

consumption, supported by a coin-cell battery.

Time synchronization within the wireless network was achieved by implementing a shared

clock. The central device transmits synchronization packets and the sensor nodes adjust their

local clocks using the data contained within these packets. This shared clock system allows

for the precise capture of timestamps when an impact occurs on the composite structure.

Timestamp data are essential for calculating the TDoA between sensors, providing critical

temporal information for impact localization.

The functionality of the shared clock was experimentally evaluated by generating impacts

near the sensors. The results demonstrated a clear variation in the arrival times of the signal at

different sensors, confirming the effectiveness of the synchronization mechanism. The shared

clock exhibits sensitivity at the microsecond level, enabling highly accurate measurements. This

precision supports more detailed and reliable assessments of impacts on the composite structure.

A set of experiments was conducted to assess the performance of the proposed system.

Following the visualization and analysis of the collected PZT signals, the findings confirmed the

ability of the system to accurately detect and capture passive sensing signals resulting from

impacts on composite structures. The accuracy of the system was validated by comparing

its results with those obtained from a digital oscilloscope, demonstrating the reliability of the

proposed approach.

The proposed impact localization system utilized four PSNs strategically positioned at the

corners of the panel, and specific impact points were defined to enable data collection and

model training. Two key features were extracted for impact localization: TDoA between unique

pairs of PSNs and the amplitude of the ADC signals. These features were structured into
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a standardized 14-dimensional vector, which was used to train a kNN model for accurately

estimating the locations of impact events. The impact localization system demonstrated high

precision, which makes it effective in detecting structural impacts in aerospace applications.

During real-time operation, the trained model continuously processed incoming data, allowing

the system to provide accurate and dynamic impact localization. The results were visually

represented by the GUI, showing the estimated locations of the impacts and enabling real-time

tracking of events over time. This approach integrated temporal and amplitude-based feature

analysis with the kNN algorithm, ensuring reliable performance for SHM applications that

require real-time localization of impacts.

Energy efficiency was evaluated through current measurements in different operating states,

including standby mode, time synchronization, and active impact detection. The results

demonstrated that the system operates with minimal power consumption, particularly in

standby mode. In addition, wireless communication range tests were also conducted under

line-of-sight conditions, evaluating the performance at different transmit power levels (0 and +8

dBm) and modulation schemes (CODED, 1M and 2M PHY). These evaluations confirm that

the system is both energy-efficient and is capable of maintaining robust wireless communication,

which makes it suitable for SHM applications in large-scale composite structures.

In summary, the developed SHM system establishes a framework for further research

and industrial adoption, particularly in applications involving impact detection in composite

structures.
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Multi-Sensor SHM System

This chapter presents a compact IoT-based Multi-Sensor System (MSS) for SHM. The system

integrates a PZT for impact detection, a strain gauge for measuring mechanical deformations,

an accelerometer for capturing dynamic responses, and an environmental sensor that monitors

temperature, pressure, and humidity, all mounted on a flexible 3 × 3 cm PCB. Dedicated analog

conditioning circuits ensure that PZT and strain signals are accurately processed, while wireless

communication through Bluetooth LE enables real-time DAQ and precise time synchronization

across sensor nodes. Experimental evaluations on composite panels and aluminium specimens

confirm that the system reliably records high-fidelity PZT signals, strain variations, and

acceleration responses, with performance comparable to commercial instruments. In general,

the proposed solution offers a low-power, miniaturized, and robust platform for the different

applications in SHM.

5.1 Introduction

SHM refers to the continuous observation and evaluation of the condition of a structure using in-

tegrated sensor systems during operation. Initially developed as an extension of Non-Destructive

Testing methods, SHM addresses the growing need for efficient maintenance strategies in modern

engineering fields such as aerospace, civil infrastructure, and transportation. The primary goals

of SHM are to improve the safety of structures, minimize the maintenance-related inoperative

period, and reduce the unnecessary mass associated with over-designed components [5, 80].
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These objectives are increasingly critical given the economic and environmental pressures faced

by industries to optimize resource use while maintaining high-reliability standards. Lightweight

structures, particularly in aerospace and transportation, require precise monitoring due to

uncertainties in loading conditions, environmental influences, and material properties, which can

lead to design redundancy and costly inspections [13]. SHM provides a pathway to predictive

maintenance strategies, reducing safety-related inspections and allowing condition-based repairs

that ensure structural reliability and regulatory standards [37].

Although SHM has significant potential to improve structural reliability and maintenance

strategies, there is no unique SHM solution that can detect all types of damage in metals and

composites, they often have to be tailored to the type and severity of potential damage in a

structure (e.g., delamination in composites or cracks in metals). [20, 57]. For example, dynamic

methods such as guided ultrasonic waves are sensitive to changes in stiffness, but can be heavily

influenced by environmental factors such as temperature and humidity, which introduce noise

and reduce accuracy [50]. Static methods, such as strain-based monitoring using fiber optic

sensors, are less susceptible to environmental variations but lack the ability to detect global

structural changes [42].

Among these challenges, the environmental sensitivity of many SHM techniques remains

a critical limitation to their effectiveness. For example, guided waves and electromechanical

impedance methods are strongly affected by temperature changes, which change material prop-

erties and signal propagation, leading to false alarms or reduced detection capabilities [20,50,81].

Noise from operational environments, such as mechanical vibrations or electromagnetic interfer-

ence, further complicates signal interpretation and often requires extensive signal processing to

extract meaningful data [6].

To overcome these limitations, multi-sensor systems have emerged as a transformative

approach in the field of SHM. Unlike conventional single-method systems, multi-sensor systems

combine multiple SHM techniques, implementing various physical principles to provide comple-

mentary data that improve the accuracy and reliability of damage detection and evaluation [42,92].

By integrating these techniques, multi-sensor systems enable the simultaneous evaluation of

global and localized structural changes, leading to more detailed damage assessments [1, 76].
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The integration of multiple sensor types not only enhances impact detection but also

enables usage monitoring through load reconstruction and shape sensing, while accounting

for environmental influences. By combining data from PZT, strain gauge, and accelerometer

sensors, it is possible to estimate applied loads and track structural deformations, facilitating a

more comprehensive evaluation of composite structures [76]. Furthermore, the use of additional

environmental sensors for the monitoring of temperature and humidity allows the system to

compensate for external influences, improving the robustness of the analysis [39,50].

More information on multi-sensor SHM systems can be found in [57]. This review paper

highlights the potential of multi-sensor SHM systems for comprehensive damage assessment

in metal and composite structures. By integrating static methods such as strain sensing with

dynamic methods such as guided waves, these systems effectively detect, localize, and quantify

damage under varying environmental conditions. Data fusion at raw, feature, and decision levels

ensures robust evaluation of diverse sensor inputs, overcoming the limitations of single-method

SHM. The importance and need for data fusion for multi-sensor systems are covered in these

studies [4, 12,49].

In recent years, various multi-sensor systems for SHM have been proposed, each offering

unique features suited for different structural and environmental conditions. Some systems

prioritize inertial measurements and tilt detection to monitor large civil structures, incorpo-

rating MEMS-based accelerometers and inclinometers with embedded controllers for real-time

data processing and management [3]. Others combine multiple sensing modalities, such as

guided wave-based inspections, optical fiber sensing, and piezoelectric transducers, to achieve

broader diagnostic capabilities in a single platform [91]. Advanced methodologies have emerged

that minimize requirement on baseline references by integrating symbolic data analysis and

clustering algorithms, improving the adaptability and real-time detection capabilities of SHM

frameworks [83]. Energy efficiency and scalability are also key considerations, with some sys-

tems employing modular architectures, low-power components, and frequency-hopping spread

spectrum communication to ensure reliable, long-term DAQ even in complex environments [71].

Multi-parameter sensory inputs, such as fiber optic strain sensors, chloride sensors, and resis-

tivity probes, have expanded the scope of SHM to include material degradation and corrosive
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processes [60], and the use of compressed sensing techniques has enabled the reconstruction of

high-fidelity signals from undersampled measurements [22]. Furthermore, emerging approaches

have integrated semi-passive RFID-based sensors to reduce energy consumption while providing

dynamic strain and acceleration measurements [48].

Despite these advances, current multi-sensor SHM systems generally face several limitations.

Many solutions adopt a single sensor modality or exclude important environmental parameters

that are crucial for comprehensive diagnostics. For example, while a given system may be

good at detecting inertial vibrations [3], it may lack environmental sensors needed to account

for temperature or humidity effects, potentially reducing the accuracy of damage detection.

Similarly, integrated solutions employing multiple sensing types often do not achieve a sufficiently

compact form factor or may rely on the combination of multiple rigid PCBs, limiting their

applicability in weight-sensitive platforms such as aircraft [3, 48,71,91].

Power consumption and communication constraints further complicate large-scale deploy-

ments. Wireless communication capabilities may consume significant energy due to the old

5 V powered Bluetooth modules [3] and may not be suitable to establish extensive sensor

networks that cover large structures due to their wireless communication topology [48,71]. These

shortcomings in wireless communication result in limited scalability and continuous long-term

monitoring.

Moreover, while some systems integrate multiple sensors, they may still fail to achieve true

multi-sensor capability due to the deployment of the same type of sensor rather than offering

different sensor types that provide more information about the structure and its operational

environment [83].

The implementation of multi-sensor SHM systems involves several challenges, primarily

due to the complexity of integrating diverse sensors, managing vast amounts of data, and

ensuring system reliability. WSNs for SHM must address issues such as sensor deployment,

and decentralized data processing to maintain connectivity and accuracy under resource con-

straints [9]. Moreover, the synchronization of sensing data across distributed networks poses

significant difficulties due to clock drift and hardware-induced delays, which requires advanced

synchronization algorithms [62]. Energy limitations also constrain the deployment of wireless
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sensors, which makes multi-source energy harvesting techniques vital for extending operational

lifespan [27,69].

These collective shortcomings, such as large dimensions, heavier configurations, the lack

of environmental sensors for compensation, elevated power consumption, and limited sensing

diversity, underscore the need for a more integrated and refined solution. This work addresses

these challenges by introducing a fully integrated, miniaturized, and IoT-based multi-sensor

platform specifically designed for on-board SHM applications in the aerospace industry. The

system features a flexible (3 cm × 3 cm) PCB that incorporates PZT, strain gauge, accelerometer,

and environmental sensors, offering comprehensive structural assessments while minimizing both

size and weight. The incorporation of low-power Bluetooth LE communication further enables

scalable wireless deployment, avoiding additional cabling, and enhancing suitability for aircraft

applications where weight and wiring complexity are critical concerns.

In addition to hardware developments, this work also presents a GUI for managing the

entire DAQ and communication process. The GUI facilitates data collection from a central

node within the WSN, providing capabilities for data visualization, analysis, and storage. This

ensures a streamlined and user-friendly environment for monitoring and analysing SHM data.

5.2 Principle of Multi-Sensor System for SHM

The proposed system is based on the idea of integrating several different sensing elements into a

single compact platform. Constructed on a flexible PCB dimensioned only 3 cm by 3 cm, the

system combines a PZT, a strain gauge, an accelerometer, and an environmental sensor that is

capable of measuring air temperature, humidity, and pressure. By integrating these sensors,

it enables the observation of both mechanical and ambient factors that influence structural

integrity and long-term performance.

Based on the proposed design, each sensing element plays a distinct role in monitoring

critical structural and environmental parameters for SHM applications. The PZT element

records the structural vibration that arises under loads and dynamic events. The strain gauge

monitors variations in strain distribution, which can indicate potential fatigue or accumulation
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of damage over time. The accelerometer quantifies structural responses to external forces, such

as aerodynamic effects or turbulence, thereby supporting the identification of shifts in dynamic

characteristics. Complementing these measurements are the environmental parameters recorded

by the combined sensor for temperature, humidity, and pressure, all of which influence material

properties and the behaviour of the structure under various operating conditions.

To enable effective DAQ and analysis, the data from each sensor is collected by a compact

on-board electronic unit, which processes the signals for subsequent wireless transmission.

Inclusion of Bluetooth LE communication removes the need for extensive wiring, allowing direct

placement of the sensor node on key structural areas. Such a configuration can be reproduced

across multiple locations to form a wireless sensing network, providing spatially distributed data

critical for understanding and predicting the health of the aircraft over time.

This wireless capability is complemented by a design that prioritizes low power consumption

and durability. Hence, this miniaturized system is designed to operate with low power require-

ments and withstand the demanding environment of flight operations. By achieving a balance

between functionality, mass, and form factor, the platform supports continuous or periodic

monitoring tasks.

In practice, these design principles allow multi-sensor systems to be strategically deployed on

critical regions of composite structures, enabling comprehensive monitoring. All data acquired

from the sensors available in the MSSs are transmitted through Bluetooth LE to the central

device in the wireless network. This central device is connected to a base station, such as a

PC. The base station is equipped with a GUI that can display these incoming sensor data

in real time and save them for long-term study. The central device performs data processing

steps to extract meaningful parameters from the raw signals. For example, it converts voltage

measurements from the strain gauge circuit into strain values and extracts the peak voltage

value from the PZT signal. The graphical interface then transforms these processed results into

graphs and charts that allow one to examine variations in structural behaviour over time. The

design and operational principles of the proposed miniaturized MSS for SHM are represented in

Fig. 5.1.
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Figure 5.1: Conceptual block diagram of the miniaturized MSS for SHM

5.3 Multi-Sensor SHM System

This section presents the architecture and key features of the Multi-Sensor SHM System, which

is designed for wireless, low-power, and miniaturized structural health monitoring. It covers

the RF MCU, which integrates Bluetooth LE for efficient data transmission, ensuring seamless

communication across sensor nodes. The power management strategy is discussed, highlighting

low-power operation, energy-efficient design, and battery selection for long-term functionality.

The Sensors and DAQ subsection describes the integrated sensing elements, including PZT

sensors, strain gauges, an accelerometer, and an environmental sensor, along with their roles

in structural monitoring. Additionally, the Wireless Communication subsection outlines the

antenna design and network topology, ensuring reliable data transmission for SHM applications.

5.3.1 RF MCU

The MSS incorporates Bluetooth LE communication, eliminating the need for external wireless

modules. This integrated Bluetooth LE functionality allows wireless data transmission between

sensor nodes and a central data collection unit, enabling real-time monitoring without physical

connections. Bluetooth LE communication supports a low-power, energy-efficient protocol,

making it suitable for long-term operation in SHM applications.

The core of the system is the ANNA-B402 module from uBlox, which is built on the Nordic
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Semiconductor nRF52833 chip. This module integrates a high-performance Arm Cortex-M4

processor, providing efficient processing for signal acquisition, filtering, and real-time data

analysis [101].

The ANNA-B402 module is a stand-alone Bluetooth 5.1 Low Energy solution, offering several

key features:

• Ultra-compact form factor (6.5 × 6.5 × 1.2 mm), making it ideal for miniaturized systems.

• Low power consumption with multiple power-saving modes (sleep mode, standby mode,

and power-off mode).

• Comprehensive range of interfaces, including SPI, I2C , UART, and GPIOs, allowing

seamless communication with various sensors and external components.

• Integrated RF core, reducing the need for external RF modules and simplifying hardware

design.

By incorporating both processing and wireless communication within a single compact

module, the MSS achieves an optimized balance between performance, power efficiency, and

miniaturization.

5.3.2 Power Management

To ensure reliable and efficient operation, the MSS employs a DC-DC buck-boost voltage

regulator, which provides a stable power supply when powered by either a coin-cell battery or

a lithium-ion/polymer battery. This regulator ensures a consistent voltage level, allowing the

system to function efficiently under varying power conditions.

The system is designed with low-power operation strategies to extend battery life. These

strategies include:

• Sleep Mode Implementation: The MSS remains in a low-power state when no impact

is detected, significantly reducing power consumption.
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• Threshold-Based System Activation: When an impact-induced signal exceeds a

predefined threshold value, the entire system is activated by the built-in comparator

within the RF MCU. The ADC begins sampling PZT and strain gauge sensor signals,

while the accelerometer measures acceleration, and the environmental sensor records air

temperature, pressure, and humidity.

To further enhance power efficiency, the MSS includes an external 32.768 kHz crystal

oscillator. The ANNA-B402 module is equipped with a high-frequency 32 MHz clock for

standard operations and a low-frequency clock, which can be sourced internally using an RC

oscillator or externally from a 32.768 kHz crystal [100].

When an external crystal is not used, the module must calibrate its internal clock periodically

to maintain accuracy. This calibration process increases power consumption, which is undesirable

for battery-operated systems. To avoid unnecessary power drain and ensure precise timing,

an external 32.768 kHz crystal has been incorporated into the system. This provides a stable

low-frequency clock, eliminating the need for frequent calibration and significantly reducing

overall power consumption.

The choice of a CR-2032 coin-cell battery is particularly beneficial for miniaturized SHM

applications. This battery offers a capacity of 240 mAh at 3 V, which is sufficient to support the

DAQ and wireless communication tasks in the proposed system. In addition, its small size (20

× 3.2 mm) makes it an ideal power source for compact embedded systems. While the CR-2032

is non-rechargeable, it presents a cost-effective alternative to lithium-ion batteries, which are

typically larger, heavier, and more expensive.

By integrating power-efficient hardware components and software-driven energy optimization

techniques, the MSS achieves long-term operation without frequent maintenance, making it

well-suited for SHM applications.
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Figure 5.2: Output voltage vs strain gauge resistance

5.3.3 Sensors and DAQ

Strain Gauge Sensor

The MSS incorporates a strain measurement module based on a quarter-Wheatstone bridge

configuration, designed to detect small mechanical deformations in composite structures. The

strain gauge sensor (120 ohm) is connected as one of the four resistive elements in the bridge,

while the remaining three are fixed precision resistors (120 ohm).

To accurately measure the differential voltage produced by strain-induced resistance changes,

the system employs an instrumentation amplifier (INA333 from Texas Instruments).

A precision voltage reference (REF35160 from Texas Instruments) supplies a stable low-noise

reference voltage to both the Wheatstone bridge and the instrumentation amplifier, ensuring

that any variations in the output are primarily due to mechanical strain rather than fluctuations

in power supply.

Once amplified, the strain signal is digitized using the ADC of the MCU, allowing for

real-time monitoring and further processing. By combining a precision reference source, a

stable bridge configuration, and a low-noise amplifier, the MSS achieves high-accuracy strain

measurement, making it well-suited for SHM applications. Based on the circuit configuration,

the expected output voltage is presented corresponding to the resistor value of the strain gauge

sensor as shown in Fig. 5.2.
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Figure 5.3: PZT signal acquisition stages

PZT sensor

The PZT sensor module is designed to detect impact-induced signals and convert them into

measurable voltage. To achieve this, the system employs a charge amplifier circuit based on an

operational amplifier (LTC6087 from Analog Devices).

The raw PZT signal undergoes several conditioning stages:

• Attenuation: The signal is first attenuated by a factor of 2 to prevent saturation and

maintain linearity.

• Filtering: A low-pass filter is applied with a resistor (51 ohm) and a capacitor (4.7 nF),

resulting in a cut-off frequency of 664 kHz to remove high-frequency noise and improve

signal clarity. If PZT signals are mostly less than 100 kHz, a cut-off around 500–700 kHz

is acceptable. For filter circuit design and capacitor-resistor values, the reference design

provided by Analog Devices was considered [2].

• Reference Voltage Adjustment: A reference voltage, generated using an operational

amplifier (AD8691 from Analog Devices), shifts the signal to ensure it remains within the

input range of the ADC.

After these adjustments, the processed analog signal is converted to digital form via the ADC

of the MCU, allowing real-time impact detection and further analysis. This ensures reliable

impact sensing and improves SHM accuracy. The acquisition stages of the PZT signal are

visualized in Fig. 5.3.
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Accelerometer

The MSS integrates a BMA400 accelerometer from Bosch Sensortec, designed for low-power

motion sensing applications. The accelerometer provides digital output via Serial Peripheral

Interface (SPI) protocol, ensuring efficient communication with the MCU. By using the SPI

interface, the system benefits from fast and reliable data transfer, reducing latency in impact

detection and motion analysis.

The BMA400 accelerometer supports [11]:

• Three-axis acceleration measurement, enabling comprehensive motion sensing and struc-

tural vibration analysis.

• Configurable measurement ranges of ±2g, ±4g, ±8g, and ±16g, allowing adaptability for

different SHM applications.

• 12-bit digital resolution, ensuring precise acceleration measurements essential for impact

and vibration analysis.

• Adjustable output data rates of up to 800 Hz, optimizing the balance between power

consumption and response time.

By integrating acceleration data with PZT and strain gauge measurements, the MSS provides

a comprehensive evaluation of structural integrity, enabling real-time SHM applications. The

accelerometer communicates with the MCU via the SPI interface, ensuring fast and efficient

data transfer. The accelerometer provides real-time acceleration data, which is used for impact

analysis, vibration monitoring, and structural response assessment.

Environmental Sensors

The MSS incorporates a BME280 environmental sensor from Bosch Sensortec, which enables

measurement of air temperature, atmospheric pressure, and humidity. Unlike the PZT and

strain gauge sensors, which provide analog outputs, the BME280 sensor features a fully digital

output, eliminating the need for additional signal conditioning.
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This sensor also communicates with the MCU via the SPI interface, ensuring fast and efficient

data transfer. It supports the following features [10]:

• Three environmental parameters: Temperature, pressure, and humidity.

• High-resolution digital output: 20-bit resolution for temperature and pressure, and

16-bit resolution for humidity.

• Power consumption: Low-power operation, making it ideal for long-term monitoring

applications.

By integrating the BME280 sensor, the MSS enhances its capability to correlate structural

responses with environmental conditions, providing valuable insights for SHM applications. The

collected environmental data ensures that variations in temperature, pressure, and humidity

can be accounted for in structural assessments, improving the accuracy and reliability of impact

detection and damage evaluation.

The MCU configures these sensors and reads these measurements through the SPI which is

a serial communication protocol. This protocol establishes a specific set of signals, including

clock, input, output, and chip select lines, to enable efficient data transfer between the MCU

and individual sensors as shown in Fig. 5.4. This approach eliminates the need for additional

analog conditioning for these inputs.

5.3.4 Wireless Communication in MSS

The MSS utilizes an integrated antenna within the ANNA-B402 module, providing Bluetooth

LE wireless communication for real-time SHM. The wireless network follows a star topology,

where multiple sensor nodes communicate with a central unit. This structure enables efficient

data collection, minimizes interference, and optimizes energy usage while ensuring reliable

performance for SHM applications.

To achieve stable and interference-free wireless transmission, a custom antenna pattern is

designed based on the integration guidelines of the uBlox system [99]. One of the critical design

considerations is the implementation of a non-conductive keep-out area around the antenna.
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Figure 5.4: Serial communication (SPI) between MCU and sensors with digital output (BMA400
and BME280)

This area is maintained on both the top and bottom layers of the PCB, preventing signal

reflections from nearby conductive components. Without this isolation, metallic traces or ground

planes could interfere with the radiation pattern, significantly degrading signal strength, and

increasing data loss.

The key design considerations for antenna performance optimization include:

• Unobstructed transmission path: Ensuring that the antenna is not covered by metallic

components, which could cause unwanted signal attenuation.

• PCB layout optimization: Properly routing traces to minimize interference and

electromagnetic coupling between the antenna and other circuit components.

• Ground plane design: Implementing an appropriate ground clearance region to enhance

the antenna efficiency and signal propagation characteristics.

By implementing these antenna design principles, the MSS ensures robust wireless data

transmission, enhancing its applicability for SHM applications where reliable and efficient

communication is crucial.
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(a) (b)

Figure 5.5: Multi-Sensor SHM system in two-layer flexible PCB, (a) Top view (b) Bottom view

5.4 MSS System Implementation

The proposed system was implemented on a flexible two-layer PCB to meet the miniaturization

requirement, a key design objective. Small-sized components were carefully selected to ensure

they provided the necessary performance while minimizing the overall footprint. The dimension

of the prototyped PCB is only 3 cm by 3 cm. The developed system is lightweight, weighing

just around 0.5 grams. Furthermore, the total cost of producing each MSS is approximately

£80, making it a cost-effective solution. The prototype of the developed system is presented in

Fig. 5.5. As shown in the figure, all components are placed on the top layer of the flexible PCB.

5.4.1 Function Modules in MSS

In the proposed MSS, There are six function modules to perform the sensing process for SHM.

The first module in the system is the strain gauge module that converts mechanical strain into

electrical signals. A quarter-Wheatstone bridge circuit is implemented with an instrumental

amplifier to acquire the strain data from the structure. The second is the PZT module that

includes the charge amplifier circuit that provides voltage outputs correlated with the vibrational

energy. The PZT signal is completely shifted to the positive side using a reference voltage to be
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processed later by a microcontroller. The voltage output range of both the strain gauge and the

PZT modules is adjusted, from 0 to 3.3 V, allowing ADC to properly sample and convert their

electrical signals to digital values. Otherwise, a high-voltage input may permanently damage

the ADC.

Unlike the strain gauge and PZT modules, both the accelerometer and environmental

sensor modules have digital output for the sensors measurements. These sensor devices can be

configured, and their measurements are read through the SPI serial interface. Using a single SPI

interface, the MCU communicates with only one device at a time. To manage successful data

reading from different devices, the chip selection pins are used to select the sensor required to

communicate. While the environmental sensor measures air temperature, pressure, and humidity

to support continuous monitoring of environmental parameters that may influence structural

performance, the accelerometer is responsible for measuring acceleration in three axes.

Another critical module is the RF microcontroller, including the necessary peripherals in

this study such as the ADC and the comparator. The ADC is responsible for sampling the

signals coming from the strain gauge and PZT modules, while the comparator is used to

enable an event-triggered mechanism in the proposed system. This module also manages serial

and wireless communication protocols. The module supports Bluetooth LE to transmit data

wirelessly to a central device that establishes the wireless network. While the SPI interface

is used to communicate with the accelerometer and environmental sensor devices, UART is

also implemented for data exchange between the module and any device supporting this serial

interface.

The power management module consists of the buck-boost DC/DC converter for voltage

regulation to maintain stable electrical conditions across all components. A fixed voltage input

(3.3 V) is provided to the system.

All function modules mentioned above in the Multi-Sensor SHM system are represented in

Fig. 5.6.
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Figure 5.6: The function modules of Multi-Sensor SHM system

5.4.2 Wireless Network Implementation in MSS

Bluetooth LE has been used to establish a star-topology network characterized by its simplicity,

compactness, and adaptability. This configuration is based on two primary device roles: central

and peripheral. A central device functions as a hub, enabling connections to multiple peripheral

devices, supporting data transfers up to the 2 Mbps limit, suitable for applications with high

data demands [17]. To implement this topology, the Nordic UART Service (NUS) was used,

which extends the central role of NUS to accommodate up to 20 peripherals. Further scalability

was achieved through additional peripherals, termed the Multi-NUS solution. This extension

was facilitated by software libraries such as the Connection Context Library, which simplified

the configuration and evaluation processes.

Building on this framework, a WSN was developed using the star-topology network and the

Multi-NUS solution. To ensure secure wireless communication, the Filter Accept List method
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was used, restricting network access to devices explicitly included in the list. This approach

ensures that only authorized and bonded devices can establish connections, enhancing the

security and reliability of the network.

Time Synchronization in MSS

In this study, time synchronization is also implemented in a wireless network. The proposed

system ensures precise timing and synchronization in WSNs for SHM. A central node, acting

as the timing master, transmits synchronization packets to peripheral nodes (timing slaves),

which update their local timers to achieve a shared clock. Accurate timestamp information

enables TDoA calculations for impact signals. Synchronization is implemented using Bluetooth

LE on a single RF channel (2480 MHz), with each node running a 16 MHz free-running timer.

The timing master operates two timers: a continuously running synchronization timer and a

counter to track overflows, while timing slaves adjust their timers upon receiving synchronization

packets. Detailed information on time synchronization in the wireless network can be found in

Section 4.2.1.

Packet Structures for Sensor Data Handling

In the WSN developed for this study, an MSS serves as a fundamental node. Each MSS integrates

multiple sensors to monitor various parameters, such as the PZT signal, strain, acceleration,

environmental conditions, and timestamps. The network may contain several MSS nodes, all of

which transmit data wirelessly to a central device. Effective communication within this network

requires the ability to identify which MSS has transmitted a particular data packet and the type

of data it contains. This identification is essential for ensuring accurate data categorization,

processing, and interpretation, particularly in a system where multiple sensor nodes operate

simultaneously.

To address this requirement, a structured data packet format was designed. Each packet

begins with a byte identifying the MSS from which it originates. For example, a byte value of

1 in string format indicates that the data are from MSS 1. The second byte in string format

specifies the type of data included in the packet. A value of 1 corresponds to ADC data,
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MSS identifier ADC data End markerPacket type

1 byte '1' 200 bytes '\n'

Figure 5.7: Format of ADC data packet

which can include PZT or strain gauge sensor readings; a value of 2 indicates timestamp data;

3 represents environmental sensor data such as temperature, pressure, and humidity; and 4

corresponds to accelerometer data. Each packet ends with a newline character (\n) to signify

the conclusion of the data packet and enable proper processing by the central device.

The inclusion of a newline character is critical for ensuring that the central device can

efficiently identify the end of each packet and separate incoming data streams. This differentiation

enables the central device to verify that all data in the packet have been received before preparing

the packet for transmission to a base station. While only the ADC data packet has a fixed

length, others may have a different amount of data in the packet each time.

By combining a well-defined packet structure and unique identifiers for each data type, this

system ensures that both the source and content of each packet are clearly identified within the

WSN. This approach minimizes the risk of misinterpretation and improves the overall reliability

and performance of the system.

Building upon the structured packet format described above, the specific format and content

of each type of data packet are outlined below. Each packet type is customized to the specific

sensor data it contains, ensuring efficient transmission and accurate interpretation by the central

device.

• ADC packet: It begins with a byte identifying the MSS, followed by a byte specifying

the packet type (value 1 for ADC data). The subsequent data block contains digital values

that represent the readings of the PZT or strain gauge sensor. Each ADC packet contains

sensor data of 200 bytes in integer format. The packet format is represented in Fig. 5.7.

• Timestamp packet: It begins similarly, with a byte identifying the MSS and another byte

indicating the data type (value 2 for timestamp data). The rest of the packet contains the

timestamp of impact in microseconds and string format. The packet format is represented
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MSS identifier Timestamp data End markerPacket type

1 byte '2' up to 20 bytes '\n'

Figure 5.8: Format of timestamp data packet

MSS identifier Environmental data End markerPacket type

1 byte '3' “Temperature, Pressure, Humidity” '\n'

Figure 5.9: Format of environmental data packet

in Fig. 5.8.

• Environmental data packet: After the MSS identifier byte followed by the byte indicat-

ing the packet type (value 3 for environmental data), the packet consists of temperature

(◦C), pressure (Pa) and humidity (%RH) respectively. The comma (,) is used as a delim-

iter to separate the different types of measurement in the packet. This allows the base

station to easily distinguish and extract sensor data from the packet to properly process

them. The packet format is represented in Fig. 5.9.

• Accelerometer packet: In the same way, the packet begins with the identifier byte for

the MSS and then the second byte specifies the packet type (value 4 for accelerometer

data). Following that, X, Y and Z axis data are respectively represented in integer format

with 12-bit resolution and separated with commas similarly to the environmental data

packet. The packet format is represented in Fig. 5.10.

5.4.3 Experimental Setups for Different SHM applications

To integrate the Multi-Sensor SHM system to a structure, the PZT terminals available on the

flexible PCB can be soldered directly to a PZT sensor shown in Fig. 5.11a, and the PZT sensor

MSS identifier Accelerometer data End markerPacket type

1 byte '4' “X,Y,Z” '\n'

Figure 5.10: Format of accelerometer data packet
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(a) (b)

Figure 5.11: Multi-Sensor SHM system on a composite panel, (a) PZT sensor (b) MSS integration

is placed under the flexible PCB to reduce the amount of wiring, as shown in Fig. 5.11b. In

addition to the PZT sensor, a strain gauge mounted on the structure can also be soldered

using the assigned terminals on the PCB. In contrast to other sensors, the accelerometer and

environmental sensors are available directly on the PCB, eliminating the need for additional

connections. Lastly, to power up the system, the power rails are soldered from the battery case

which houses the CR-2032 coin-cell battery. The MSS is completely functional for monitoring

the health of the structure as displayed in Fig. 5.11.

First Experimental Setup

The first experimental setup consists of a composite panel of dimensions 22 cm by 15 cm

equipped with four Multi-Sensor SHM systems as shown in Fig. 5.12. In this example, the

MSSs include strategically placed PZT sensors, accelerometer, and environmental sensors to

capture comprehensive data for SHM applications. The MSSs act as wireless sensor nodes in the

WSN formed with Bluetooth LE. They are responsible for collecting and transmitting structural

response data along with environmental information.

The setup aims to evaluate the performance of the Multi-Sensor SHM system in detecting

changes in the structural properties of the composite material under various conditions. Wireless

communication allows remote monitoring and DAQ without physical connections, thereby

reducing wiring complexity.
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Figure 5.12: Multiple MSSs setup on a composite panel

In the event of critical impact crossing predefined threshold values, each MSS is triggered

and wakes up from the sleep mode immediately. The response of the structure is then recorded

by the PZT sensor. Meanwhile, the timestamp of the impact is also captured from the shared

clock in the wireless network. In addition, the acceleration in three axes is collected along with

environmental condition measurements which are temperature, pressure, and humidity.

There is a critical point where the comparator in the MCU is used to detect voltage transitions

in the PZT sensor output. Its configuration includes a 64-level reference ladder to set the

threshold voltage, and it generates interrupts in a high-speed mode to activate the system

immediately. Because the PZT signal is shifted to the positive side, the system uses 1.65V as

the reference level around which the signal oscillates.

Based on the example plots shown in Fig. 5.13, the comparator can be configured to generate

either an Event Up or an Event Down, each triggered when the input signal crosses a single

threshold level in the upward or downward direction, respectively. However, relying on only

one threshold does not capture both possible directions of the PZT signal when it first crosses

the reference. This may cause the system to be triggered with delay and miss some part of the

initial signal. Instead, an Event Cross with two predefined threshold levels is needed. In this
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Figure 5.13: Comparator events with threshold aspect

approach, both upward and downward trends of the PZT signal are monitored. As a result, the

comparator output accurately reflects the initial crossing event, regardless of whether the PZT

signal moves above or below the reference at the beginning.

All data acquired after the impact are wirelessly transmitted to the central device in the

wireless network by each MSS. The central device sends all collected data packets to a base

station such as a PC through serial communication.

These data packets are processed based on their packet types by the GUI running on the

base station as shown in Fig. 5.14. When the GUI is running, a save directory is first selected,

and then the port and baud rate can be set for the serial communication with the central device.

The Start and Stop buttons are used to open and close the serial port. When the Start button
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Figure 5.14: Multi-Sensor System GUI

is activated, the GUI is ready to read the serial data coming from the central device.

For each MSS, some information such as timestamp, temperature, pressure, humidity, and

acceleration in three axes is directly displayed on the GUI while the PZT sensor data are plotted

in a different window after all impact-induced data arrive at the base station.

Second Experimental Setup

The Multi-Sensor SHM system can be configured and programmed based on the requirements

of an application, offering flexibility. In the second experiment, only the strain gauge and

accelerometer sensors are used, and the strain and acceleration measurements are continuously

recorded in the structure simultaneously. An aluminium specimen is used as shown in Fig. 5.15

to be subjected to large deformation and observe a wider range of strain value as composite

panels are much stiffer. Therefore, the aluminium specimen is more suitable to assess the

performance of the strain gauge and accelerometer modules in the MSS.

In this experiment, the strain gauge is placed in the middle of the aluminium specimen.

While one side of the specimen is clamped on the desk, the force is applied to another side

upward and downward to observe changes in the strain. The accelerometer is integrated on the
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Figure 5.15: Experimental setup for strain measurement with aluminium specimen

flexible PCB and is ready to record as well.

Before starting the experiment, there is a challenge that should be considered. That is,

the offset in the strain gauge measurements is a common issue that requires calibration to

ensure accurate and reliable data. This offset can result from various factors, including initial

imbalances in the Wheatstone bridge due to resistor tolerances or inconsistencies in the bonding

of the strain gauges to the structure. Temperature changes can also affect the resistance of the

strain gauges and bridge components, leading to offset in the absence of any applied force. In

addition, the signal conditioning circuit, particularly the amplifiers, may introduce inherent

offset voltages. Residual stresses within the structure or fluctuations in the power supply

to the Wheatstone bridge can further contribute to deviations in the baseline measurement.

Environmental noise, such as electromagnetic interference, may also influence the observed

offset.
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Figure 5.16: GUI modified for strain measurement

To address these challenges, the calibration procedure in the system involves determining the

offset when the structure is in steady condition without any applied force. During this phase,

1000 initial samples are collected and averaged. The calculated average value represents the

offset. This offset is then subtracted from subsequent measurements to correct for any baseline

error. This approach ensures that the strain gauge outputs are calibrated accurately, improving

the overall precision of the measurements.

The GUI is modified for this experiment with new functionalities to calibrate the system

and display real-time data streams coming from the serial port. As shown in Fig. 5.16, the GUI

provides a continuous visualization of the data, allowing users to monitor the state of the system

in real-time. The GUI also includes indicator messages to display the status of the serial port

(connected / disconnected) and the calibration (not started, in progress, and done), providing

users with critical information during operation. In addition, the real-time data stream can be

saved by clicking the Start Recording button for further data processing subsequently.
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5.5 Results and System Performance of MSS

The proposed Multi-Sensor SHM system is designed for versatile deployment. For example, it

supports both event-triggered DAQ where composite panels are impacted to acquire multi-modal

sensor data as well as continuous monitoring of real-time strain and acceleration. Its precise

time synchronization further enables an accurate correlation of sensor outputs. The system

verification and validation is carried out for different scenarios.

5.5.1 Application 1: Event-triggered experiment to acquire all types

of sensor data

In the first experiment, impacts, which exceed predefined threshold values, are made using

a hammer on the composite panel as shown in Fig. 5.12. Afterwards, each MSS wirelessly

transmits timestamp, PZT signal, accelerometer, and environmental sensor data to the central

device. The GUI process all packets coming from the central device, and each module is labelled

(e.g. ‘MSS 1’, ‘MSS 2’, etc.). The concurrent outputs from multiple sensor modules are displayed,

such as timestamp in microseconds and a set of measurements: temperature (°C), pressure (Pa),

humidity (%RH), and acceleration in the X, Y and Z axes (12-bit digital format) as shown in

Fig. 5.17.

In addition, the PZT signals generated by the impact are plotted and displayed in a different

window as shown in Fig. 5.18. These PZT signals are plotted after a set of signal conditioning

on the hardware side, such as filtering, attenuation, and shifting. Therefore, the signal voltage

range is from 0 to 3.3 V and oscillating around 1.65 V as configured in the circuit. For a

data-acquisition window of 10 ms in each MSS, 1000 samples are taken due to the sampling

frequency of 100 kHz in the ADC.

5.5.2 Application 2: Real-time continuous strain and acceleration

DAQ

In the second experiment, only the real-time strain and acceleration measurements of the

aluminium specimen are displayed and recorded. An example of the real-time data stream is
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Figure 5.17: Timestamps and sensor data from four MSSs in the wireless network

shown in Fig. 5.19 from the strain measurement.

When a force is applied to a specimen, the resulting strain depends on the direction of the

force relative to the structure. The strain is a dimensionless measure of deformation, representing

the relative change in length of a material under stress. It can be categorized into tensile strain

(positive strain) and compressive strain (negative strain).

In addition, the accelerometer sensor measurement is also shown in Fig. 5.20 for three axes

separately. The results are expressed in meters per square second (m/s2).

5.5.3 Application 3: Timestamp experiment for impacts

Time synchronization is also achieved in the wireless network, and its results are evaluated.

When an impact occurs on the composite panel, the system acquires the timestamp from the

shared clock in the wireless network together with the sensing signal. Storing the timestamp in

microseconds offers a more precise measurement of the TDoA for each PZT sensor. An unsigned

64-bit integer variable is used to represent the timestamp in microseconds, avoiding the overflow

issue encountered with lower-bit variables.

To evaluate the performance of the shared clock and time synchronization, a hammer was

used to strike near each sensor, and the resulting timestamps were transmitted wirelessly to the
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Figure 5.18: PZT signals from four MSSs in the wireless network

central device. Table 5.1 presents the TDoA collected from the MSSs 1 through 4. As expected,

the sensor nearest the impact point consistently exhibited the earliest timestamp.

In addition to the applications, the performance of the system is evaluated by comparing

its measurement outputs with those obtained from commercial instruments. For example, the

acquisition of PZT signals is directly compared with that recorded by a digital oscilloscope

configured with equivalent resolution and sampling frequency, while real-time strain and acceler-

ation data are similarly verified against established devices. The close correspondence between

sensor outputs and those from commercial equipment confirms the ability of the system to

capture and transmit accurately.
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Figure 5.19: Real-time strain data display

Table 5.1: TDoA in the event of impact around each MSS

Impact 1 Impact 2 Impact 3 Impact 4
TDoA TDoA TDoA TDoA

MSS 1 (µs) 0 82 233 165
MSS 2 (µs) 88 0 253 265
MSS 3 (µs) 254 218 0 54
MSS 4 (µs) 267 255 100 0

5.5.4 PZT signal acquisition performance

The accuracy of the proposed system for measuring PZT signals was verified through a compara-

tive assessment against a digital oscilloscope (TiePie Handyscope HS5). To maintain consistency

and compatibility among the measurements, the configuration of oscilloscope was aligned with

that of the MSS. In particular, the oscilloscope was set to operate at a 12-bit resolution and a

sampling rate of 100 kHz, mirroring the parameters employed in the MSS system.

In addition, the trigger level of the oscilloscope, used as a detection threshold, was adjusted

to align with the threshold voltages of the MSS system. Since the sensor circuit applies an

attenuation factor of 2 and offset of 1.65 V, the oscilloscope thresholds were set to -0.3 V and 0.3

V and, corresponding to the MSS thresholds of 1.8 V and 1.5 V. This alignment of parameters

ensured a valid comparison between the proposed system and the oscilloscope, providing a

robust basis to assess the performance of the proposed system.

To achieve a comparison of the results, the PZT sensor was connected in parallel to both the

oscilloscope and the MSS, ensuring that each system captured the identical impact event under

uniform conditions. The impact was produced with a hammer and both devices simultaneously
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Figure 5.20: Real-time acceleration data display for three axes
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Figure 5.21: Digital oscilloscope measurement of the PZT signal

recorded the resulting signal.

The signal acquired by the oscilloscope was saved through its dedicated software tool. In

parallel, the MSS-acquired signal was transmitted wirelessly to the central device, where it was

subsequently processed and recorded using the custom GUI developed for the system.

The data acquired from the oscilloscope are presented in Fig. 5.21, while the corresponding

data obtained from the MSS are shown in Fig. 5.22. These visualizations offer a clear basis

for comparing the performance of both systems in capturing and processing the same sensing

signals.

152



CHAPTER 5. MULTI-SENSOR SHM SYSTEM

0
0.5

1
1.5

2
2.5

3
3.5

0 1 2 3 4 5 6 7 8 9 10

Vo
lta

ge
 (V

)

Time (ms)
Figure 5.22: MSS PZT result
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Figure 5.23: The comparison of the oscilloscope and MSS results

For comparison purposes, the MSS output must first be shifted by its offset (1.65 V) and

then scaled by the attenuation factor of 2. The resulting comparison is shown in Fig.5.23.

The signal patterns from both systems overlap each other and match exactly, validating the

MSS PZT acquisition. The signals closely align in the time domain, confirming their temporal

precision. These findings confirm that the MSS system can accurately capture and transmit

sensing data comparable to that of the oscilloscope.

5.5.5 Continuous strain and acceleration data acquisition perfor-

mance

The capability of the proposed MSS for real-time strain and acceleration measurement was

evaluated against a commercial DAQ system (Genesis HighSpeed DAQ hardware and Perception

software from HBK, formerly HBM). The objective of this evaluation was to assess the ability of

the system to continuously monitor and record strain and acceleration responses in a structure

under mechanical loads. Unlike event-triggered impact detection, this experiment focused on
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Figure 5.24: Experimental setup to compare acceleration and strain gauge measurements
between the proposed MSS and a DAQ system, top view

continuous acquisition of strain gauge and accelerometer data, enabling real-time observation of

structural deformations and dynamic responses.

To validate the system performance, an MSS was integrated with an aluminium specimen for

strain and acceleration measurements. Aluminium was selected because of its relatively lower

stiffness compared to composite materials, allowing for larger deformations and a wider strain

range. The specimen was clamped on one side as shown in Fig. 5.24, and an external force was

applied at the other end to induce strain and acceleration variations.

As shown in Fig. 5.24, a strain gauge sensor was attached to the specimen and connected to

the MSS. In addition, the MSS has an on-board accelerometer (BMA400 from Bosch Sensortec)

as introduced earlier. To compare the results, another strain gauge sensor and accelerometer

(Model 352A24 from PCB Piezotronics) were attached to the bottom as shown in Fig. 5.25 and

connected to the commercial DAQ system.

Subsequently, external alternating forces were applied to the specimen, and measurements

were recorded from the strain gauge and accelerometer sensors using both the MSS and the

commercial DAQ system simultaneously.

The next sections present the experimental results, discussing the accuracy and reliability of

strain and acceleration measurements captured by the MSS.
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Accelerometer Strain gauge

Figure 5.25: Experimental setup to compare acceleration and strain gauge measurements
between the proposed MSS and a DAQ system, bottom view

Comparison of strain gauge measurements

For strain gauge measurements, the sampling frequency was set to 1 kHz for both the MSS and

the commercial DAQ system. The result of the commercial DAQ system is presented in Fig.

5.26.

For the same applied forces, the strain measurement with the MSS is given in Fig. 5.27.

Due to the positions of the strain gauge sensors, one of them was attached on the top side

while another on the bottom side of the specimen, the strain measurement obtained using the

MSS is inverse relative to those recorded by the commercial DAQ, as expected. This is because

one strain gauge sensor measured tensile strain while another measured compressive strain

under the same load, and vice versa. Therefore, when the strain measurement of the MSS was
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Figure 5.26: Strain gauge measurement with HBK DAQ system
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Figure 5.27: Strain gauge measurement with the proposed MSS system

reversed, the pattern and peak values of the measurement were almost the same as those of the

commercial DAQ.

When comparing the results from the MSS and the commercial DAQ system, another critical

point observed was that the sample numbers taken were different for the same measurement

period, although both systems had the same sampling frequency of 1 kHz. while the commercial

DAQ system recorded 18000 samples, the MSS captured 14000 samples in the experiment

performed.

The reason is that the MSS records strain values until its predefined buffer becomes full, and

then data are transmitted wirelessly to be processed. In this period of wireless data transmission,

there is a very short delay in processing the strain values. Therefore, the MSS had a lower

sample number for the same measurement period than the commercial DAQ system. However,

as observed from the measurements in Fig. 5.26 and Fig. 5.27, the overall strain patterns and

peak values are nearly identical. These short delays caused by each data packet transmission

wirelessly result in a reduction in the sampling frequency for the MSS.

To compare the results, the measurement obtained by the MSS was reversed and stretched

in the same time domain with the commercial DAQ system. The comparison is shown in Fig.

5.28. The two signals exhibit closely matching waveforms with similar amplitudes and peak

strain values.
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Figure 5.28: Comparison of strain gauge measurement between the proposed MSS and HBK
DAQ system

Comparison of acceleration measurements

For comparison of the acceleration results between the MSS and the commercial DAQ systems,

external forces were applied to vibrate the specimen to observe their decay patterns. The

comparison was achieved in Z-axis because model 352A24 from PCB Piezotronics measures

only the acceleration in Z-axis while the on-board accelerometer in the MSS can measure the

acceleration on 3 axes (X, Y, and Z).

Furthermore, the sampling frequency of the commercial DAQ system to measure the acceler-

ation was 1 kHz while the output data rate of the on-board accelerometer was set to 800 Hz,

the allowable maximum rate.

The acceleration measurement collected from the commercial DAQ system is shown in Fig.

5.29.

Meanwhile, the acceleration recorded by the MSS in the Z-axis is plotted in Fig. 5.30.
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Figure 5.29: Acceleration measurement with HBK DAQ system
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Figure 5.30: Acceleration measurement with the proposed MSS system

Similarly to the comparison of the strain measurements, the MSS had a lower sample number

than the commercial DAQ system. The first reason was the short delay caused by the wireless

communication as discussed earlier in the strain measurement comparison. Secondly, the output

data rate of the on-bard accelerometer in the MSS was already slower than that of the commercial

DAQ system.

Another critical point is that there is an offset in the acceleration measurement with the

MSS as shown in Fig. 5.30. This offset is +1g on the Z-axis because the sensor is experiencing

Earth’s gravitational acceleration [11].

Therefore, to compare the results, the offset in the MSS acceleration measurement was

removed and stretched in the same time domain with the commercial DAQ system. Their

comparison in the same time domain is shown in Fig. 5.31. In addition, a close-up comparison

is also provided in Fig. 5.32.

Although the MSS exhibited higher amplitudes in the initial peaks in the negative direction,

both the MSS and commercial DAQ signals shared a similar oscillatory profile and decay pattern,

validating the MSS acceleration output. This difference in peak amplitudes could be attributed

to variations in accelerometer mounting locations and substrate properties, which may influence

the signal response.

In summary, the proposed MSS showed reliable and accurate performance in capturing

both strain and acceleration measurements compared to the commercial DAQ system. Minor

variations in sampling frequency were observed because of short wireless transmission delays.

The MSS consistently reproduced the essential waveforms, decay patterns, and peak values

measured by the commercial DAQ system. In general, the MSS demonstrates reliable real-time
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Figure 5.31: Comparison of acceleration measurement between the proposed MSS and HBK
DAQ system
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Figure 5.32: A close-up comparison of acceleration measurement between the proposed MSS
and HBK DAQ system

DAQ and serves as a suitable and cost-effective option for continuous SHM.

5.5.6 Power Consumption

Ensuring high energy efficiency in the proposed system is essential for maximizing its operational

lifespan. To evaluate the power usage of the MSS, current measurements were recorded using

the Keysight 34465A Digital Multimeter under three representative operating conditions.

1. Standby Mode: In this condition, the sensor node remains in a low-power sleep state,

with no active wireless communications or data transmissions. This scenario represents

the baseline power consumption when the system is idle.

2. Time synchronization: the MSS has successfully established a wireless connection and
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Table 5.2: Characterized current draw across multiple operating states

Operating State Current Consumption
Standby (No wireless connection) 55 µA
Time synchronization 1.3 mA
Impact detection (Wireless transmission active) 7.5 mA

Table 5.3: Power consumption across multiple operating states

Operating State Power Consumption
Standby (No wireless connection) 181.5 µW
Time synchronization 4.29 mW
Impact detection (Wireless transmission active) 24.75 mW

maintains network-wide time synchronization. These additional activities results in higher

power consumption compared to the standby state.

3. Impact detection: During this mode, the sensor node is fully active, processing the

impact event, capturing timestamp, measuring acceleration and environmental data,

and transmitting data packets wirelessly. This power consumption is limited until all

data packets are transmitted in milliseconds, reflecting the combined energy demands of

acquisition, processing, and communication.

Table 5.2 summarizes the measured current consumption for each operating state, providing

key insights into the overall energy requirements of the MSS.

To calculate power consumption, the formula can be used in Equation 4.2. MSS operates

at a supply voltage of 3.3 V. Using this voltage, the power consumptions are calculated and

demonstrated for each state in Table 5.3.

5.5.7 Range Testing

Ensuring an adequate wireless communication range is essential for reliable data transfer

between peripheral and central devices within the network. This range is determined by several

factors, including the modulation scheme (e.g. standard 1M PHY versus long-range coded

PHY), transmit power, and the propagation environment, where effects such as absorption and

reflection can substantially weaken the signal. Moreover, the orientation and type of antenna

further influence the effective range achieved [38,98].
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Table 5.4: Achieved Communication Range under Various TX Power Levels and Modulation
Strategies

TX Power Coded PHY 1M PHY 2M PHY
0 dBm 60 m 28 m 15 m
+8 dBm 160 m 75 m 40 m

Based on these considerations, the communication range of the proposed system was evaluated.

All experiments were conducted outdoors under line-of-sight conditions to minimize multipath

fading and signal absorption effects that are typically encountered indoors.

To determine the maximum reliable distance, the devices initially formed a communication

link. The peripheral and central nodes were then gradually separated while maintaining the

connection. The test concluded once the connection could no longer be re-established, with an

LED on the MSS serving as a visual indicator of the connection status.

In this evaluation, the effective communication range was examined using various levels

of radio transmission power and modulation schemes. Two TX power levels (0 dBm and +8

dBm) were tested along with three modulation schemes: Coded PHY, 1M PHY, and 2M

PHY. The lower TX power setting provided a baseline measure of radio sensitivity, while the

higher TX power setting was used to assess potential range extension. Furthermore, comparing

the modulation schemes offered insight into the achievable range enhancements. Table 5.4

summarizes the range performance measured for each configuration.

5.6 Conclusions

This work presented a miniaturized, IoT-based multi-sensor system intended for on-board SHM

of aerospace structures. The primary goal was to produce a sensing platform that includes

various sensor types, low power consumption, and wireless connectivity. The developed system

features a compact and flexible PCB measuring 3 cm × 3 cm and weighing approximately

0.5 grams. It integrates PZT, strain gauge, accelerometer, and environmental sensors for

comprehensive structural monitoring. This arrangement allows the system to capture both

mechanical and environmental data that influence structural integrity. The hardware design

ensures minimal weight and compact dimensions, thus addressing aerospace requirements where
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additional mass or size might degrade performance or limit the number of feasible sensing nodes.

The use of a single RF microcontroller featuring Bluetooth LE enables the creation of a

low-power, spatially distributed sensor network that reduces wiring needs and simplifies sensor

placement. Through a star-topology design, several sensor modules communicate with a central

node, which then relays data to a base station for recording and analysis. This approach is

adaptable to different types of structures or testing conditions and can accommodate a variety

of monitoring tasks, from impact detection to long-term strain measurements.

A key element of the proposed setup is the customized GUI designed for data processing and

visualization. This interface simplifies interaction with the system, promoting user-friendliness

and enabling efficient data analysis. In addition, different GUI configurations were customized

to accommodate various experiments, thus offering versatility in DAQ and processing.

Time synchronization was also performed by incorporating a shared clock into the wireless

network, which comprises five nodes. While the central device sends synchronization packets,

each sensor node updates its local clock using the data contained in these transmissions. By

applying the shared clock, the system records timestamps whenever an impact occurs on the

composite structure, enabling the calculation of TDoA among the sensors. The performance

of the shared clock was examined by impact tests near sensor nodes, which revealed a clear

variation in signal arrival times.

Experimental evaluations demonstrated the reliability of the developed platform. First,

multiple miniaturized systems were placed at various positions on a composite panel to measure

PZT, acceleration, temperature, pressure, and humidity data. The system responded promptly

to impact events and transmitted high-frequency signals in real time, matching results from

a calibrated digital oscilloscope. Subsequently, these signals can be used to localize impacts

following the algorithm presented in Section 4.5.

Second, the MSS demonstrated its versatility in measuring real-time strain and acceleration

by applying it to a strain gauge mounted on an aluminium specimen. Calibration procedures

effectively eliminated offsets from the Wheatstone bridge, ensuring accurate strain measurements.

Comparative tests with a commercial DAQ system showed that the MSS captured structural

responses with closely matching signal patterns and peak values. Minor discrepancies in sample
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count, due to wireless transmission delays, had no significant impact on measurement accuracy.

These results confirm that the MSS is capable of reliable continuous monitoring.

Power consumption was evaluated by measuring current draw across various operational

states, including idle standby, time synchronization, and active impact detection. The results

confirm that the system is well-suited for long-term SHM applications with minimal power

requirements. In addition, range testing was performed to examine Bluetooth LE communication

under various transmission power (0 and +8 dBm) and modulation schemes (CODED, 1M and

2M PHY). The findings confirm that the MSS provides reliable wireless coverage suitable for

aircraft and structural applications.

These results confirm that the integrated multi-sensor platform is a promising alternative to

larger, more complex SHM solutions. The system performance in capturing both localized and

global structural changes supports applications where comprehensive diagnostics are required.

In addition, the fully integrated wireless approach points to future scalability for sensor arrays

distributed over large structures.

The miniaturized flexible PCB described in this work is particularly promising for ’smart-skin’

implementations. Using a flexible substrate and compact sensor integration, the platform is

designed to accommodate complex or curved surfaces on aerostructures. This feature supports

distributed sensing across large areas, providing detailed measurements of vibration, strain,

and environmental variables. In addition, the integration of low-power wireless communication

simplifies the installation by eliminating extensive wiring and reducing total mass, both critical

considerations in flight.

Another beneficial extension is to incorporate energy harvesting modules into the platform,

such as vibration-based or solar-based solutions. These modules could supplement or even

replace conventional batteries, improving system longevity and reducing maintenance demands

for large-scale sensor deployments. In combination with the flexible sensor board, such energy-

harvesting approaches make it possible to create self-sustaining ‘smart skin’ systems capable of

continuous structural monitoring under real-world operating conditions.
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Chapter 6

Integrated Active-Passive Sensing

System

This chapter introduces the Integrated Active-Passive Sensing (IAPS) System, a miniaturized,

multi-channel platform designed for SHM applications. The system combines active sensing,

which employs guided wave excitation for damage detection, with passive sensing, which captures

impact-induced signals for real-time monitoring. The hardware implementation, including

external ADC/DAC, charge amplifiers, and Bluetooth LE communication, is detailed alongside

its 4-layer PCB design.

The experimental results confirm the effectiveness of the passive sensing mode, including

selectable attenuation levels and multi-channel signal acquisition. The active sensing mode

successfully generates actuation signals, but practical constraints on sampling rate and SPI

communication bandwidth are identified and discussed.

The chapter concludes with an evaluation of the system performance, limitations, and

potential improvements, emphasizing the significance of this miniaturized, integrated approach

for SHM in aerospace applications.
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6.1 Introduction

SHM integrates active and passive sensing strategies to ensure the integrity of critical structures

through continuous assessment of their condition. Active sensing involves the application of

controlled excitations, such as wave propagation or electromechanical impedance methods,

allowing piezoelectric sensors to detect anomalies by generating and analyzing diagnostic

signals, as in the case of detecting delamination in composite structures via PZT sensors. In

contrast, passive sensing relies on naturally occurring signals, including acoustic emissions

from crack growth or impacts, to detect structural changes in real time. By integrating these

complementary approaches, SHM enables the timely identification of potential damages and

supports informed maintenance decisions, ensuring the long-term reliability and performance of

critical infrastructures [31, 46,73,79].

Active sensing is a vital approach in SHM, utilizing actuators and sensors to generate

diagnostic signals and record structural responses, allowing the identification, localization, and

quantification of damage. This method typically employs PZTs, which can both emit and receive

guided waves such as Lamb waves. These waves are highly effective for large-area monitoring,

as they propagate efficiently across structures with minimal energy loss. The wave propagation

technique focuses on analysing Lamb waves, where specific wave modes, such as symmetric

(S0) and antisymmetric (A0), exhibit varying sensitivity to different types of damage, including

cracks and delaminations [110]. Changes in wave attenuation, time delay, and scattering patterns

reveal damage characteristics. Ihn and Chang [47] demonstrated the potential of pitch-catch

methods, where an actuator-sensor pair provides a localized damage index. This approach

was validated on airframe structures, highlighting its applicability for real-time monitoring and

diagnostics.

Active sensing has been successfully applied in various SHM applications, including damage

detection and impact localization [32,109,112]. Recent advances by Wang et al. [103] utilized

energy dissipation caused by tangential damping to quantitatively monitor bolt looseness,

demonstrating the sensitivity of PZTs to changes in preload. Diagnostic imaging techniques,

such as time-reversal and delay-and-sum algorithms, further enhance damage visualization by
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using multiple sensor responses to reconstruct damage maps [66,102,111]. In harsh operational

conditions, such as high-temperature or radiation environments, piezoelectric wafer active

sensors have proven effective in enduring such stresses, enabling their use in the aerospace and

nuclear industries [73]. These advances underscore the importance of active sensing as a reliable,

scalable, and efficient SHM strategy.

In addition, passive sensing in SHM acquires naturally occurring signals such as vibrations

from composite and concrete structures, which helps identify impact at an early stage. By

analyzing data from PZTs, these methodologies can determine impact locations and measure

its severity without applying external excitation [31, 46, 86, 96]. Techniques based on wave

propagation, triangulation and data-driven algorithms, including Artificial Neural Networks and

Bayesian neural networks, have shown promising accuracy under varying conditions [86, 96, 109].

Wireless sensor networks improve these methods by supporting extensive coverage and reduced

power demands, making them suitable for long-term monitoring [96].

Mounted sensors in structures allow the real-time collection of information on changes in

material state, such as delamination, cracking in composites and concrete [46,47,79]. Passive

methods simplify installation and maintenance because they do not require active stimulation and

usually consume little power [47,73,79,109]. Advanced signal processing techniques, combined

with low-power electronics, detect slight variations in wave propagation or strain levels, making

these systems effective in aerospace, civil, and other critical sectors [31,46,96]. The development

of new sensor materials has improved sensitivity and durability, increasing reliability in passive

sensing for extended performance assessments [73, 79].

The integration of active and passive sensing into a single platform offers flexibility by utilizing

the strengths of both approaches. Active sensing provides precise control over diagnostic processes

and can target specific regions, while passive sensing captures real-time, spontaneous events.

This dual approach improves the reliability and accuracy of damage detection, particularly in

complex structures such as composite materials, where different types of damage may require

distinct detection strategies. Therefore, the synergy between active and passive sensing methods

represents a significant advancement in SHM, enabling robust, adaptive, and efficient monitoring

solutions for diverse structural applications.
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Several wireless sensor prototypes have been proposed in the literature to facilitate SHM

data acquisition and transmission in various applications. For example, Fu et al. [34] introduced

a CPS that integrates WSN with PZTs to detect damage. The same research group later

proposed a wireless structural health monitoring system (WSHMS) focused on detecting impacts

in composite airframes [35]. In a parallel effort, Swartz et al. [95] upgraded an existing

wireless sensing unit to improve measurement accuracy and optimize data processing for civil

infrastructure applications. Harms et al. [41] described a WSN based on SmartBrick, a low-

power device serving as a base station that coordinates sensor nodes, which is particularly

suited for multi-span bridge monitoring. Sazonov et al. [84] proposed a wireless intelligent

sensor and actuator network (WISAN), which addresses the critical need for synchronous

data acquisition in vibration-based SHM. Additional WSN-based SHM initiatives are detailed

in [45,61,70,104,107,115]. However, all of these developed systems are dedicated to active or

mostly passive sensing applications only.

Existing prototypes often feature either active or passive methods, lack modularity, or rely on

relatively bulky designs that limit their suitability for in-service applications. Furthermore, while

low-power wireless communication has gained attention, many currently available solutions do

not incorporate all sensing functions into a single, compact platform. This shortfall emphasizes

the need for an integrated approach that unites miniaturized hardware, active–passive sensing

methods, and reliable wireless data transmission. Furthermore, a fully integrated active-passive

sensing platform requires sophisticated PCB design and careful component selection to ensure

miniaturization, accurate signal capture, minimal noise interference, and reliable wireless data

transmission. Such a compact multi-functional SHM system is crucial in aircraft applications

where space and weight allowances are strictly limited.

Hence, this study has introduced the development of a miniaturized, integrated active–passive

system equipped with wireless communication (Bluetooth LE), thus improving the health

assessment of composite aerostructures by enabling both passive (early warning) and active

(damage detection and characterization) sensing solutions. In addition, the proposed system

is multi-channel (4 channels) and equipped with a GUI to handle the sensing data such as

receiving, processing, plotting, and saving.
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6.2 Development of Integrated Active-Passive Sensing

System

Based on the limitations and requirements highlighted in the previous section (Section 6.1), the

proposed system aims to address the absence of a compact, multi-channel platform capable of

both active and passive sensing with wireless data transmission. This section details the hardware

and software design considerations that support the miniaturized architecture, demonstrating

how the system overcomes key barriers such as space constraints, integration complexity, and

the need for robust wireless communication.

The primary objective was to integrate active and passive sensing modalities within a single

PCB, ensuring minimal signal interference and reliable data acquisition in real-time. Critical

design choices, such as PCB layout, component selection, and electromagnetic shielding, were

made to accommodate high-frequency signals generated during guided wave-based inspections

along with lower-frequency impact signal. Particular emphasis was placed on balancing the

power requirements of both sensing methods to maintain a lightweight and efficient form factor

suited for aircraft applications.

The design of the active and passive sensing circuits reflects their fundamentally distinct

operational requirements. In passive sensing, high-energy events, such as impacts, can produce

signals with relatively large amplitudes, requiring signal attenuation before being processed by

the MCU. In contrast, in active sensing, guided wave–based approaches often measure signals of

the order of millivolts, thus requiring amplification to bring these signals within a suitable range

for processing by the MCU. These different signal scales drive unique hardware requirements,

including specialized amplifier or attenuator networks to ensure accurate data acquisition in

both active and passive sensing modes.

Furthermore, a four-channel input configuration was implemented to support multiple sensor

nodes, thus expanding the capacity of the system for a comprehensive structural assessment.

This multi-channel design is essential for accurately localizing damage and monitoring various

regions of a composite structure simultaneously.

In addition, external ADC and DAC modules are integrated to support both active and
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passive sensing modes. Although the sampling rate of 200 kHz in the chosen MCU is sufficient

to capture passive signals of lower frequency across four channels, it does not meet the higher-

frequency requirements of active sensing (e.g. guided wave propagation). Therefore, an external

ADC with a higher sampling rate is used to accurately capture and analyze these high-frequency

signals. Moreover, because the MCU used in this study does not include a built-in DAC, an

external DAC is used to generate the actuation signal necessary to excite the structure. This

setup ensures that both active and passive sensing processes are fully supported.

A fundamental aspect of the proposed system is its versatile switching mechanisms, which

enable both active and passive sensing configurations based on the application. Each channel

includes a dedicated slide switch to toggle between active and passive sensing modes. There are

additional slide switches to allow for the selection of one of two attenuation levels in the passive

sensing mode. Furthermore, the MOSFET transistors act as electronic switches to enable or

disable the operational amplifiers in the active sensing; this arrangement ensures that when a

PZT channel is used for actuation, its corresponding sampling circuit is powered down. When

the active sensing configuration is selected, another MOSFET transistor is used to switch off the

entire passive sensing circuit to reduce unnecessary power consumption. All of these MOSFET

transistors are controlled by the microcontroller. This approach not only ensures efficient use

of hardware resources, but also reduces unnecessary power draw by deactivating non-essential

components when switching between active and passive sensing operations. In addition to slide

switches and MOSFET transistors, there is also a multiplexer switch (4:1) for analog signals to

route the DAC-generated actuation signal to the desired channel. In addition, while a tactile

switch is implemented to reset the MCU, a toggle switch is used to switch on/off the supply

voltage to the entire system.

An essential design consideration in the proposed system is the PCB layout, which is

intentionally divided into four primary sections as shown in Fig. 6.1. The sections are analog,

digital, power management, and isolation sections to minimize electromagnetic interference and

signal cross-talk. The analog section contains the operational amplifiers and related circuitry,

including switches that enable or disable op-amps and route the actuation signal to the desired

channels. These switches are driven by the control signals from the MCU, which is positioned in
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Figure 6.1: PCB layout of IAPS System

the digital domain. To prevent noise coupling when transmitting these control signals, low-pass

filters are employed at the boundary between the digital and analog sections. In addition, the

external ADC and DAC are strategically placed along this boundary, incorporating shielding

and filtering circuits to preserve the precision of both the sensing measurement and actuation

signals. Meanwhile, the power management section provides carefully regulated voltage levels

for the digital and analog circuits.

To ensure stable and efficient operation of both digital and analog subsystems, the proposed

system incorporates a comprehensive power management strategy. A dedicated 5V DC power

connector feeds into a DC–DC regulator that supplies a stable voltage source for the micro-

controller and other digital components. In parallel, two additional regulators provide positive

and negative rails for analog circuitry, including the analog multiplexer switch and operational

amplifiers. Furthermore, an integrated battery charging circuit supports rechargeable batteries,

enabling continuous operation in situations where an external power source may be unavailable.

The power management block diagram of the IAPS system is shown in Fig. 6.2.

Besides, the integration of Bluetooth LE enables wireless data transmission from the sensing

platform to a central device. This choice reflects the need for low-power operation in remote or

hard-to-access components of the aircraft. The communication protocol has been configured

to ensure the smooth transfer of both active and passive sensing data, setting features such as
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Figure 6.2: Power management block diagram of IAPS System

radio mode and connection type for security. All sensor data acquired from the PZT channels,

whether operating in active or passive modes, are transmitted to the central device within the

wireless network. This central device is connected to a base station such as a PC through UART

serial communication.

Finally, a dedicated GUI was developed to enhance the system management and processing

of data from the central device in the WSN. This GUI offers functionalities for receiving raw

sensor signals, processing them through embedded algorithms, and displaying plots such as

signal waveforms. In addition, the software environment allows the user to log, visualize, and

save data for further analysis.

In summary, this integrated active–passive sensing system provides a unified solution to the

challenges identified in the introduction by combining a miniaturized, multi-channel hardware

architecture with robust Bluetooth LE communication and user-friendly data management tools.

The subsequent sections will discuss each design element in detail, illustrating how the synergy

of active and passive sensing works together with wireless data transmission capability.
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Figure 6.3: Passive Sensing illustration in the composite panel area covered by PZTs

6.2.1 Modes of IAPS System

The proposed system supports active and passive sensing methods in the field of SHM. There

are four channels, and each channel is connected to a PZT sensor. PZT sensors can act as both

actuators and sensors. Active or passive sensing mode can be selected by slide switches in the

IAPS system.

Passive Sensing Mode

Passive sensing in the event of an impact is illustrated in Fig. 6.3. The impact-induced waves

travel through the composite panel and are recorded by PZTs.

Once the passive sensing mode is selected, the active sensing circuitry is first turned off to not

consume unnecessary power by sending the control signal from the MCU to the switches. Using

the four PZT channels, impact-induced signals can be captured when the predefined threshold

voltage is exceeded on the comparator peripheral of the MCU. These signals usually have high

energy, resulting in high voltage amplitude, so they need to be attenuated for further processing.

In the proposed system, there are two attenuation levels available, and the attenuation level

(2 or 3 times) can be selected with the slide switches for each channel. This feature enables

adaptability to different impact scenarios

Subsequently, the attenuated signals are passed through charge-amplifier circuits that
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Figure 6.4: Passive sensing signal data flow

incorporate operational amplifiers to convert the PZT-generated charge to a measurable voltage.

Meanwhile, the sensing signals are shifted to the positive voltage range to be sampled. Then, the

passive signals from 4 PZTs are sampled with the external ADC implemented in the proposed

system. Finally, the MCU reads the sampling results from the ADC through the SPI serial

interface. The data flow of Passive Sensing signal is shown in Fig. 6.4 from the PZT to the

MCU.

Active Sensing Mode

Similarly to the passive sensing mode, when the active sensing mode is selected, the passive

sensing circuitry can be switched off by the MCU to reduce power usage. In the active sensing

mode, there are two stages, namely the generation of the actuation signal to excite the structure

and the capture of the response signals from the excited structure. There are a total of four

PZT channels.

While one PZT is responsible for exciting the structure with the generated actuation signal,

the rest of the PZTs capture the sensing signal from the structure as shown in Fig. 6.5. In

the next stage, these sensing signals are also sampled by the external ADC and then read

by the MCU. This active sensing cycle is repeated for four channels, which means that each

PZT channel will be assigned to excite the structure in order as defined in the MCU while the

remaining PZTs are responsible for the sensing signals.

There are two different types of the actuation signal widely-used in the field of SHM. They

are tone-burst and chirp signals. These signals can be generated with the external DAC used in

the proposed system. The digital form of the actuation signal is created by considering critical

properties such as the frequency and amplitude of the signal and the DAC resolution. This

predefined actuation signal is represented with an array including numbers in the digital domain.
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Figure 6.5: Active Sensing illustration in the composite panel area covered by PZTs

The numerical array representing the digital form of the actuation signal is sent to the

external DAC by the MCU via the SPI serial interface. Based on the numerical values in the

array, the DAC is responsible for converting the signal from the digital form to the analog form.

The analog signal converted by the DAC is between 0 and 3.3V. Afterwards, the DAC output is

amplified by using a two-channel op-amp to achieve the bipolar mode operation, which results

in an actuation signal varying from -3.3 V to 3.3V .

The generated actuation signal is directed to the desired PZT channel using the multiplexer

switch (4:1). This multiplexer switch is controlled by the MCU to select any channel. Therefore,

the sequence of the PZT sensors can be programmed to excite the structure. The stages of

actuation signal generation are shown in Fig. 6.6 from the MCU to the PZT.

After the structure is excited with the actuation signal, the remaining three PZTs record

the response of the structure. The captured sensing signals are on the order of millivolts.

Hence, they are amplified with the op-amps after being completely shifted to the positive side.

Afterwards, the amplified sensing signals are within the appropriate range to be sampled by the
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Figure 6.6: The stages of the actuation signal generation
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Figure 6.7: Active Sensing signal stages

external ADC. Fig. 6.7 shows the data flow of Active Sensing signal from the PZT to the MCU.

6.2.2 Hardware Design of IAPS System

The hardware design of the IAPS system brings together the requirements of both active

and passive sensing in a compact, multi-channel configuration that supports real-time data

acquisition and wireless communication. To achieve the goals of minimizing size, weight and

signal interference, conserving power, and providing efficient control of actuation and sensing

functions, the component selection and hardware design play a critical role.

The miniaturized hardware design utilizes a highly integrated processing and communication

module to achieve both compactness and a reduced component count. Specifically, ANNA-B402

module was employed from uBlox as an RF microcontroller.

To achieve a higher sampling frequency in capturing active and passive sensing signals,

the MAX11132 from Maxim Integrated is used. This external ADC is a high-performance,

low-power ADC designed for applications requiring high-speed data acquisition. It features a

conversion rate of up to 3 Mega-samples per second (Msps), ensuring rapid sampling capabilities

with 12-bit resolution, and supports up to 8 analog input channels. This ADC offers flexible

input configurations, including single-ended, differential, and pseudo-differential modes, making

it versatile for various signal types. Its compact package measures 5 mm × 5 mm, making it

suitable for space-constrained designs. In this study, while the four ADC channels are used for

active sensing, the remaining four channels are assigned to passive sensing applications. For all

eight ADC channels, the input configuration is set to single-ended. In addition, communication

between the ANNA-B402 module and the MAX11132 external ADC is performed through the

SPI serial interface.

The ANNA-B402 module does not include a built-in DAC. Therefore, the AD5452 from
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Analog Devices was employed, which is a high-performance, 12-bit resolution DAC. This external

DAC is used to generate actuation signals in this study. The AD5452 converts the digital

values coming from the ANNA-B402 to analog actuation signals. Communication with the

ANNA-B402 module is achieved with the SPI serial interface.

To provide a reference voltage for the external ADC and DAC, two MAX6071 from Maxim

Integrated were used. The reference voltage is critical for an external ADC and DAC, as it

defines the full-scale output range and directly impacts the accuracy, linearity, and stability of

their performance. Variations in the reference voltage can lead to errors in the output signal,

affecting precision in high-resolution applications. MAX6071 supplies a high-precision reference

voltage of 3.3 V to the external ADC (MAX11132) and DAC (AD5452).

The AD5452 DAC can be configured for bipolar mode operation (4-quadrant multiplication)

to produce output signals that span both positive and negative ranges. This configuration

requires the use of two additional op-amps to enable the generation of a full-range bipolar

actuation signal. To meet this requirement, AD8066, a dual-channel op-amp from Analog

Devices, was selected and implemented. Using AD8066, the system successfully achieves a

full-range actuation signal of ±3.3 V to excite structures.

After the actuation signal is generated, it is routed to the desired PZT sensor among four

channels through ADG1604 from Analog Devices. ADG1604 is a versatile analog multiplexer

designed for efficient signal routing in multi-channel applications. It features a 4:1 channel

configuration, allowing one of four input signals to be routed to a common output or vice

versa, making it ideal for systems requiring flexible signal selection. The channel selection is

accomplished with the control signals sent by the MCU.

To handle active and passive sensing signals, the charge amplifier circuit is implemented.

This is mainly achieved by employing eight dual-channel precision op-amps (LTC6087 from

Analog Devices). While four of them were used for passive sensing signals, the remaining

op-amps were implemented for active sensing applications. In the passive sensing mode, the

signals are attenuated due to their high energy that may permanently damage the system. In

contrast, in the active sensing mode, the signals are amplified before being sampled by the ADC,

since the outputs of the PZT sensors are in the order of millivolts in the active sensing mode
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after structures are excited with actuation signals. Eventually, the outputs of the op-amps are

sampled by the external ADC (MAX11132) in both active and sensing modes.

The LTC6087 precision op-amp has a shutdown mode relevant for signal processing applica-

tions that demand high performance with minimal power. When the shutdown pin is grounded,

the op-amp is disabled and consumes minimum power. To achieve this, the shutdown pin of

the op-amps is connected to an N-channel MOSFET (SI2356DS from Vishay) to be switched

on/off with a control signal sent by the MCU. As a result, when the active sensing mode is

selected, the passive sensing circuitry can be completely disabled with a MOSFET. In addition,

in the active sensing mode, when one PZT channel is used for an actuation signal to excite

the composite structure, the op-amp connected to the corresponding channel is individually

disabled with the MOSFET.

To fully shift the sensing signals to the positive domain for both active and passive sensing

modes, a reference voltage was provided to the LTC6087 operational amplifiers. This was

realized by first reducing the 3.3 V supply to 1.65 V through a voltage divider, then buffering

this voltage with a voltage follower circuit implemented using an AD8691 op-amp from Analog

Devices. This configuration ensures a stable reference voltage for the charge amplifier circuits,

causing the sensing signals in both active and passive modes to swing around a new zero level

set at 1.65 V.

Slide switches (CAS-120A1 from Nidec Components) were used for two critical purposes in

this hardware design. The first purpose was to select the active or passive sensing configuration

for each PZT channel. Secondly, the same type of slide switches was used to choose the

attenuation level between two different options (2 or 3 times) for passive sensing signals.

For the power supply, two Low-Dropout (LDO) voltage regulators were used to provide

3.3 V to the analog and digital circuits separately. This was achieved by deploying XC6220

from Torex Semiconductor, which is with a fixed output. To regulate a negative voltage (-3.3

V), TPS63700 DC-DC inverter from Texas Instruments was used. This negative voltage was

supplied to the op-amp and multiplexer switch used in the generation of the actuation signal

with the DAC. All of these supply voltages were regulated from a rechargeable Li-Po battery

(3.7 V).
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To enable reliable charging of the rechargeable battery, a dedicated battery management

circuit was implemented on the PCB. This functionality was realized using the MCP73831

device from Microchip Technology, which serves as a charge management controller for single-cell

Li-ion or Li-polymer batteries. Using a 5 V DC source, such as a USB port, the battery can be

charged properly.

6.3 System Implementation

The developed system was implemented on a 4-layer PCB with a typical thickness of 1.6

mm to satisfy the design objectives such as the integration of active and passive sensing, and

miniaturization. The layout of the PCB is carefully considered to ensure that the digital and

analog sections function without any signal interference between them. Moreover, the dimension

of the developed PCB is 100 mm x 65 mm. The manufactured prototype of the developed

system is shown in Fig. 6.8.

The top layer of the PCB hosts most of the components utilized in the proposed system,

including the RF MCU, the PZT channel terminals, the power management circuitry, the

external ADC, and the charge amplifier circuits for both active and passive sensing, as shown in

Fig. 6.8a. Meanwhile, Fig. 6.8b illustrates that the bottom layer accommodates the actuation

signal generation circuit, consisting of the external DAC, its amplification circuit, and the

multiplexer switch, along with the slide switches used to adjust the attenuation level during

passive sensing.

In the design of a 4-layer PCB that integrates both analog and digital subsystems, careful

consideration of stack-up configurations and layout practices is essential to ensure optimal

signal integrity and reduce electromagnetic interference. In this context, the proposed stack-up

comprises power and signal (SIG+PWR) layers on the top and bottom, with the internal planes

dedicated to a continuous ground reference as shown in Fig. 6.9.

This stack-up arrangement offers multiple advantages. First, placing the ground planes in the

inner layers provides a robust reference for both analog and digital circuits, minimizing ground

loops and improving return current paths. The continuous ground planes also help confine noise
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Figure 6.8: IAPS system prototype in a 4-layer PCB, (a) Top view, and (b) Bottom view.

currents and shield sensitive analog traces from high-frequency digital switching signals. Second,

by positioning the power and signal layers externally, critical signals and components can be

more easily routed while maintaining proper isolation from sensitive analog nodes. This ensures

that power traces can be kept short and have minimal parasitic inductance. Consequently, it is

a particularly suitable approach for mixed-signal applications in which the integration of analog

and digital domains demands careful grounding strategies and efficient routing.
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Fig. 6.10 shows the top-layer layout of the Integrated Active–Passive Sensing (IAPS) system.

The design incorporates seven function modules, each enclosed by dashed lines, which collectively

enable active and passive sensing, data acquisition, power regulation, and wireless communication.

There are four PZT channels to be used in active and passive sensing applications. For each

channel, the signals from PZTs can be routed to the charge amplifier module of the active

or passive sensing. In the charge amplifier module, the PZT-generated charge is converted to

measurable voltages to be sampled by the external ADC module for subsequent data processing

and analysis. In addition, the power management module ensures reliable voltage regulation

and battery charging for the entire system.

Finally, the RF MCU module integrates microcontroller functionality and wireless communi-

cation, enabling real-time data transmission and system control. In addition, the RF microcon-

troller incorporates essential peripherals such as the comparator to enable an event-triggered

mechanism in the system. This module also manages both serial and wireless communication

protocols: it supports Bluetooth LE to transmit data to a central device responsible for es-

tablishing the wireless network, while the SPI interface facilitates communication with the

external ADC and DAC. Furthermore, UART is implemented for data exchange with devices

that use this serial interface. Using these capabilities, the RF microcontroller ensures efficient
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Figure 6.10: The function modules of IAPS system in the top layer

coordination and control of sensing tasks.

The bottom-layer of the IAPS system, illustrated in Fig. 6.11, contains two primary

functional blocks dedicated to the actuation signal generation and routing for active sensing, as

well as signal attenuation for passive sensing. The actuation signal generation module converts

the digital waveforms sent by the MCU into their corresponding analog forms, which drive the

PZT sensors in active sensing operations. In addition, the attenuation level switching module

offers two selectable attenuation settings for each PZT channel in passive sensing mode. By

regulating the attenuation level, the system ensures that the energy remains within a safe range

suitable for processing by the external ADC, thus preventing potential damage.

By integrating these modules on a single board, the IAPS system achieves a compact

yet versatile architecture suitable for SHM scenarios that require active or passive sensing

capabilities.

181



CHAPTER 6. INTEGRATED ACTIVE-PASSIVE SENSING SYSTEM

1

2

1 Actuation signal generation module with external DAC 2 Attenuation level switching
module

Figure 6.11: The function modules of IAPS system in the bottom layer

6.4 Experimental Setup and Results

To evaluate the performance of the IAPS system, an experimental setup was arranged using

a composite panel instrumented with PZT sensors, as illustrated in Fig. 6.12. The primary

goal of this experiment was to demonstrate the feasibility of IAPS hardware (including its data

acquisition and wireless communication subsystems) to capture structural signals in both active

and passive sensing modes.

In Fig. 6.12, a rectangular composite panel is shown with four PZT sensors attached to the

structure. These sensors are responsible for both actuation (exciting the structure in active

sensing mode) and detection (wave or impact sensing in both active and passive sensing modes).

A small, rechargeable Li-Po battery is included to supply power in situations where external

sources may be unavailable. In addition, the developed IAPS system is available, incorporating

the RF microcontroller, external ADC/DAC, and other components necessary for analog signal

conditioning and wireless data transmission. The wires running between the PCB and the PZTs
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Figure 6.12: IAPS system experimental setup

are used to deliver actuation signals and transfer recoded structural responses.

By implementing this setup, each PZT sensor can be easily switched between active and

passive modes through the slide switches on the IAPS system. In the active sensing mode, the

system generates a predefined actuation signal (e.g., tone-burst or chirp) through one of the

PZT sensors, while the other three PZTs record the resulting wave propagation. In passive

mode, all PZTs remain idle (with minimal power draw) until an external impact event occurs,

allowing them to capture the impact-induced signals. The entire process is managed by the RF

microcontroller and then all of the acquired data are transmitted to a central device through

Bluetooth LE.

After the central device sends all of the collected data to a base station such as a PC via the

UART serial interface. The developed GUI performs data processing, visualization, and saving.
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6.4.1 Passive Sensing Mode Verification

In order to assess the performance of the IAPS system in passive sensing mode, impact tests

were conducted using a handheld hammer on the composite panel. First, adjustable attenuation

levels were tested. One of the PZT channels was used for this purpose. Two attenuation options,

namely 2× and 3×, were examined, as selectable via a dedicated slide switch on the IAPS circuit

board. For comparison, a digital oscilloscope (TiePie Handyscope HS5) was used to record both

the raw impact-induced signal directly from the PZT and its corresponding attenuated output

from the IAPS system.

Figure 6.13 illustrates the comparison between the unattenuated impact signal and two levels

of attenuation. In Fig. 6.13a, the IAPS output exhibits a voltage amplitude approximately half

that of the unattenuated signal, corresponding to the 2× attenuation setting. Similarly, in Fig.

6.13b, the amplitude of the IAPS output is reduced to approximately one-third of the original

signal, reflecting the 3× attenuation setting.

Notably, while attenuation reduces the signal amplitude, the overall waveform pattern

remains consistent between unattenuated and attenuated signals, demonstrating the ability

of the IAPS system to preserve essential characteristics of the impact event. This property is

crucial for subsequent feature extraction in SHM, as key time- and frequency-domain attributes

of the signal must remain distinguishable despite amplitude scaling. Hence, the results confirm

that the IAPS system, in the passive sensing mode, can capture and condition impact-induced

signals at user-selectable attenuation levels.

Secondly, the ability of the IAPS system to record impact-induced signals in passive mode was

evaluated. One channel of the IAPS system was connected in parallel with a digital oscilloscope,

ensuring that both devices received the same raw signal from the PZT sensor. The digital

oscilloscope served as a reference, recording the unattenuated voltage response of the impact

event, while the IAPS system applied a user-selectable attenuation factor (2× in this particular

test) before digitizing the signal.

Fig. 6.14 illustrates the waveform recorded directly by the digital oscilloscope. This

figure provides a baseline measurement of the impact-induced signal, allowing for subsequent

comparisons.
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Figure 6.13: Comparison of Impact-induced signals and their attenuated forms in the passive
mode of the IAPS system. (a) 2 times attenuation, (b) 3 times attenuation.

Fig. 6.15 presents the corresponding signal acquired by the IAPS system operating in passive

mode, where a 2× attenuation was selected in the system circuitry. Consequently, the amplitude

recorded by the IAPS is lower than that shown in the raw oscilloscope measurement. However,

the overall shape of the waveform, including its primary peak and pattern, remains consistent

with the reference signal.

To enable a more direct, one-to-one comparison of the two measurements, the IAPS waveform

was first shifted to the original zero-level. It was then multiplied by the known attenuation factor

of 2 to restore the waveform to approximately the same amplitude range as the original. The

result of this post-processing is shown in Fig. 6.16, where the scaled IAPS result closely overlaps

with the oscilloscope measurement. This agreement confirms that the IAPS system can reliably

capture the impact event while applying user-selected attenuation, without compromising the
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Figure 6.14: Digital oscilloscope result
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Figure 6.15: IAPS system result in the passive sensing mode

essential signal features needed for subsequent analysis.

After verifying proper functionality through the single-channel tests described above, the

passive sensing capability of the IAPS system was further evaluated using all four available PZT

channels. A controlled impact was applied to the composite panel using a handheld hammer,

and the built-in comparator of the RF MCU monitored and detected the resulting signals. Upon

detecting an impact-induced signal exceeding a predefined threshold, the comparator triggered

the external ADC to begin sampling. The ADC was configured with a sampling frequency of

500 kHz, capturing 5000 continuous samples for each channel, thus providing a record of 10

milliseconds for each channel.

Once the sample buffer reached capacity, the acquired data were transmitted wirelessly to a

central base station through Bluetooth LE. A custom GUI on the base station received, plotted,
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Figure 6.16: The comparison of the oscilloscope and IAPS system results

and saved the multichannel waveforms. An example of the recorded signals for each of the four

PZT channels is shown in Fig. 6.17. The plots confirm that the system successfully detects and

captures impact events across multiple sensors.

These results validate the multi-channel data acquisition approach of the IAPS system under

passive mode operation. Specifically, the comparator-based triggering ensures that only signals

exceeding the user-defined threshold are sampled, thus optimizing energy consumption and data

throughput. In addition, the ability to adjust the attenuation settings and comparator value, as

well as the high sampling rate and data resolution, highlights the suitability of the IAPS system

for real-time SHM applications on different types of composite aerostructures.

Furthermore, passive sensing signals acquired from multiple PZT sensors, including amplitude

and TDOA information, can be also effectively utilized in the ML-based detection algorithm for

identifying and localizing impact events, as demonstrated in Section 4.5.

6.4.2 Active Sensing Mode

Using the slide switches, the active sensing configuration is selected to ensure that the sensing

signals captured by the PZTs are routed to the amplification circuit. To achieve an active

sensing application, a specific actuation signal is generated to excite a composite structure by

using a PZT as an actuator. Afterwards, the response of the structure is recorded through other

PZTs acting as receiver sensors.
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Figure 6.17: GUI plot for passive sensing results from 4 channels in the IAPS system

In the experiment performed, the tone-burst signal of 50 kHz was generated using the

external DAC with 12-bit resolution. The digital values of the required signal were calculated

as explained in detail in Section 3.3.2. After the calculation, the digital form of the signal is

presented in Fig. 6.18.

The digital signal form represented with numerical values was sent as an array by the MCU

to the external DAC through the SPI serial interface. The resulting analog form, as an output

of the DAC, was amplified to the range of ± 3.3 V through the op-amp circuit. In the following

stage, the amplified actuation signal was routed to a desired PZT channel with the analog

multiplexer switch.

The generated tone-burst signal of 50 kHz was checked with an oscilloscope connected to the

actuator PZT. The oscilloscope measurement is presented in Fig. 6.19. As shown, the expected

actuation signal was generated successfully to excite the composite structure.
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Figure 6.18: Digital form of the 50 kHz tone-burst signal for the DAC with 12-bit resolution
and 500 kHz sampling rate
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Figure 6.19: Oscilloscope measurement of the 50 kHz tone-burst signal from the actuator PZT

After the structure was stimulated with the generated tone-burst signal, the sensing results

were acquired from the PZTs through the external ADC. However, certain constraints were

identified during this process. For example, the resolution of the captured sensing signal was

relatively low, as shown in Fig. 6.20, which is due to the low sampling frequency of each channel.

Although the ADC operated at a sampling frequency of 500 kHz, each channel was sampled at

a rate of 125 kHz.

Moreover, the constraints encountered in sampling the active sensing signal are further

detailed and discussed in the following section.
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Figure 6.20: Active sensing result captured from a PZT channel

Constrains observed in sampling active sensing signals

Despite the external ADC being nominally capable of sampling at up to 3 MHz, its actual

performance is tightly coupled to the serial clock frequency of the SPI interface on the MCU.

The ADC supports a maximum serial clock frequency of 48 MHz, each sample requires 16 clock

cycles, which leads to an effective maximum of 3 MHz sampling rate [72]. In this system, the

SPI of the MCU clock is maximum 32 MHz [100], restricting the highest achievable sampling

rate to 2 MHz. In practice, even this reduced rate could not be achieved. The experiments

consistently reached only 500 kHz before encountering a scenario in which every ADC reading

returned zero, despite the MCU detecting no explicit errors. To ensure accuracy in sampling,

an MCU timer was employed to trigger SPI communications at fixed intervals. However, any

attempt to increase this interval to achieve 1 MHz or 2 MHz sampling resulted in null data.

Consequently, the active sensing signals could only be captured at a lower sampling rate than

anticipated, thereby limiting the resolution of the measurements.

A further constraint emerged from the need to define multiple SPI transfer functions that

need to be triggered by an MCU timer. In the experiment, separate timers were employed

for the ADC and DAC to enable periodic operations. However, the SPI hardware allowed

only one transfer function to be defined at any given time. The most recently configured SPI

transfer would overwrite the previous one. Moreover, the system had to complete the current

SPI transfer fully before initializing a new one, preventing seamless switching between devices.

As a result, much of the incoming sensing signal was missed during the transitions from DAC
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actuation to ADC sampling. These constraints reduce the overall effectiveness of active sensing

by limiting both the sampling frequency and the concurrency of actuation and data acquisition.

6.5 Conclusions

This work presented the design, implementation, and characterization of a miniaturized IAPS

system for enhanced SHM in composite aerostructures. By merging active and passive sensing

within a single platform, the system addresses the existing limitations associated with bulky

hardware, insufficient flexibility in traditional wireless SHM solutions. The developed architecture

demonstrates multi-channel functionality (4 channels) for distributed monitoring, accommodates

both guided wave–based active inspections and impact-induced passive signals, and provides

wireless data transmission via Bluetooth LE.

The hardware implementation was achieved on a compact 4-layer PCB in which careful layer

stack-up, placement of components, and electromagnetic isolation strategies minimized signal

interference between the digital and analog domains. The system includes an external ADC to

acquire guided waves and impact events, an external DAC to generate actuation signals, and

versatile switching circuits to alternate between active and passive sensing modes. Tests on a

composite panel demonstrated that the developed passive sensing system reliably detects impact

events across multiple channels, with adjustable attenuation levels. Active sensing experiments

confirmed the effectiveness of generation of actuation signals to excite the composite panel.

However, in practice, capturing the corresponding wave propagation data was constrained by a

relatively low sampling rate, resulting in limited resolution. The achievable sampling rate was

bounded by serial communication capabilities, highlighting the need for future improvements in

parallel data acquisition and higher SPI clock speeds.

In summary, the proposed integrated solution enables a unified approach to SHM by

accommodating both scheduled inspections and spontaneous impact detections in real time.

This integration improves data acquisition for both active and passive sensing applications and

reduces the overall mass and complexity of the wiring on aircraft structures. Although the

current prototype faced practical constraints, particularly in achieving higher sampling rates
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under active sensing conditions, it introduces a framework for advanced structural monitoring

systems. Future work would explore optimized sampling strategies, potentially involving parallel

communication buses. The findings confirm that the miniaturized IAPS system can serve as an

important step towards more robust, low-power, and multifunctional SHM capabilities for the

aviation industry.
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Conclusions and Future Work

This thesis has explored the design, development and validation of four complementary wireless

SHM platforms for on-board aircraft applications, with a particular emphasis on miniaturization,

energy efficiency, and accurate sensing of composite structures. The motivation behind this

work resulted from the critical need to address various practical limitations of conventional

SHM approaches, such as heavy wiring, inadequate scalability, lack of multi-sensor capabilities,

or insufficient synchronization, in the context of composite structures. Across the four systems

introduced, each prototype addressed a unique aspect of these challenges, resulting in a set of

multifunctional solutions for real-time monitoring of structural health.

The first developed platform introduced the concept of a ZigBee-based SHM system. By

integrating a miniaturized DAQ unit, a WSN, and a user-friendly GUI, the proposed system

established a fundamental architecture that balanced hardware and software requirements to

achieve real-time, multi-stage condition monitoring. A compact multi-layer PCB accommodated

the core electronics, while the wireless network, based on ZigBee communication, provided reliable

data exchange among sensor nodes and a central coordinator. This approach demonstrated ease

of deployment compared to conventional wired systems, with significantly reduced weight and

cable-management needs. The associated GUI software further enabled flexible data collection,

visualization, and handling, all within a single environment.

Building upon early insights in DAQ miniaturization, the second developed platform, called

PSN, was designed to detect and localize impact events on composite panels. Recognizing
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the importance of immediate response to sudden and unplanned impacts such as collisions or

dropped tools, the PSN featured an event-triggered comparator for energy-efficient operation.

Its architecture allowed it to remain inactive until a dynamic response exceeded a specified

threshold, at which point an ultra-low-power RF microcontroller immediately sampled and

transmitted the detected signal over Bluetooth LE. This system addressed critical aerospace

requirements of small form factor and low added weight by using a coin-cell battery power

supply, ultra-compact PCB layout (28.4 mm in diameter). Comparative tests against standard

oscilloscopes demonstrated that the PSN accurately captured the essential features of impact

signals while allowing multiple nodes to operate in a synchronized wireless network. Furthermore,

the system achieved reliable impact localization with the ML-based kNN model. Hence, the

PSN highlighted the feasibility of an affordable and practical approach to real-time impact

detection in weight-sensitive structures.

The third developed system expanded the scope of SHM by incorporating several different

sensor types (PZT, strain gauge, accelerometer, and environmental sensor) onto a flexible 3×3 cm

PCB weighing approximately 0.5 grams. This Multi-Sensor SHM System addressed the reality

that composite structures experience various loading scenarios and environmental variations, all

of which can influence damage initiation or progression. Integrating multiple sensing approaches

into a single node and providing robust wireless data transfer through Bluetooth LE, the

MSS provided a more comprehensive view of structural conditions than single-sensor systems.

Through various experiments performed, its ability to capture impact-induced signal (via the

PZT), acceleration data (via the accelerometer), strain variations (via the quarter-Wheatstone

bridge circuit), and ambient parameters (temperature, humidity, and pressure) was validated.

In addition, a calibration routine was developed to handle offset voltages in the strain gauge

channel, increasing accuracy even in large deformation conditions. Through star-topology

networking and real-time synchronization, the MSS can be distributed across aircraft surfaces

to support multi-parameter diagnostics, enabling early actions based on combined mechanical

and environmental data.

Finally, the fourth prototype, the Integrated Active–Passive Sensing system, merged two

key SHM strategies (actively induced guided waves and spontaneously recorded impact signals)
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within a single, multi-channel device. Implementing external ADC and DAC units on the same

PCB, and carefully managing the switching of operational amplifiers, the IAPS could generate

actuation signals such as tone-burst and capture the response of the structure in the active

mode. Furthermore, the proposed system could also detect unforeseen impact events in the

passive mode. This dual functionality substantially enlarges the diagnostic envelope, allowing

sensitive wave-based inspections of internal defects along with on-demand alerting to unexpected

damage. The tests confirmed that the system could reliably record impact-induced signals from

multiple PZT channels along with the feature of adjustable attenuation level. Although higher

sampling rates were constrained by SPI transfer limitations (restricting complete use of the

ADC potential), the actuation signal was successfully generated through the DAC to excite the

composite panel. Hence, the IAPS system represents an important milestone in the development

of a fully integrated SHM platform designed for minimal cabling, reduced weight, and adaptable

detection strategies along with wireless data transmission.

When considered as a whole, these four systems comprehensively address the objectives

specified in the thesis: miniaturization, wireless communication, energy efficiency, time syn-

chronization for accurate damage localization, and user-friendly implementation for real-world

feasibility. First, the ZigBee-based SHM system introduced an integrated hardware–software ar-

chitecture for remote structural monitoring. Second, the PSN demonstrated how ultra-compact,

event-triggered sensing nodes could be used to capture impact signals with minimal power. Third,

MSS extended coverage to multiple sensor types for a richer dataset for comprehensive health

monitoring of composite structures. Finally, the IAPS combined active and passive wave-based

strategies in a single device. Each prototype was tested on composite specimens or aluminium

beams, showing reliable performance, minimal weight, and straightforward installation.

Overall, this thesis validates the feasibility and benefits of using low-cost, miniaturized, and

wirelessly networked SHM devices for the purpose of SHM applications under service condition.

Through improving fundamental aspects of compact system design, sensor circuitry, wireless

communication, and user-friendly data handling, it delivers practical solutions to monitor and

maintain composite structures. These prototypes are promising systems for the aerospace

industry that require reduced weight, improved safety, and real-time insight into structural
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conditions. Consequently, they represent a significant contribution in advancing miniaturized

wireless SHM systems for reliable on-board aircraft applications.

Contributions to knowledge:

• Development of four distinct wireless SHM platforms tailored for composite structures.

Each has been optimized for specific SHM challenges:

– A ZigBee-based system for real-time multi-channel signal acquisition and processing

for active sensing applications.

– A low-power Passive Sensing Node for event-triggered impact detection with kNN-

based ML.

– A Multi-Sensor System integrating mechanical and environmental sensing with

different sensor types, built on a flexible PCB.

– An Integrated Active–Passive Sensing system unifying wave actuation and passive

monitoring.

• Design and implementation of miniaturized, lightweight, and wireless SHM nodes:

– The systems presented demonstrate effective miniaturization (e.g., 28.4 mm diameter

PCBs, about 0.5 grams sensor nodes) using compact PCB layouts and lightweight

components.

• Low-Power architectures for long-term deployment:

– Comparator-based event-driven wireless impact detection and sleep modes signifi-

cantly extend operational lifetimes and enable maintenance-free deployment over

long periods.

• Custom, standalone software platforms for data acquisition and visualization:

– All systems include fully customized GUIs developed independently from commercial

tools (e.g., LabView or Matlab), ensuring portability, modularity, and full control

over SHM workflows.
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• A scalable architecture for SHM in aircraft structures:

– The systems demonstrate a scalable architecture through modular node design,

Bluetooth LE/ZigBee wireless communication, ensuring suitability for deployment

over large aircraft surfaces.

• Contribution to embedded SHM system design methodology:

– The thesis contributes a practical and replicable methodology for designing embedded

SHM systems from sensor interface design and embedded processing to wireless

networking and low-power strategies.

7.1 System Enhancements and Future Research Direc-

tions for Advanced Wireless SHM

7.1.1 System Enhancements

A critical approach for further advancement involves evaluating the developed SHM platforms

under real operational conditions, where factors such as temperature fluctuations and hu-

midity variations impose additional complexities. While current validation experiments have

demonstrated the effectiveness of the proposed systems under controlled laboratory settings,

real-world deployments introduce environmental influences that may affect sensor performance,

data integrity, and wireless communication stability. Conducting experimental investigations in

an aerospace-relevant environment, such as a composite fuselage section subjected to thermal

cycling or a representative wing structure exposed to vibratory loading, would provide valuable

insights into the robustness and long-term reliability of the proposed SHM solutions.

In addition to environmental testing, future advances should focus on evaluating the developed

systems in real-time applications on large-scale composite structures, such as full-scale aircraft

components. While the current validation has primarily relied on flat specimens or small-scale

structures, structural complexities inherent to aerospace designs, including stiffeners, riveted

joints, or bonded reinforcements, can introduce wave scattering, mode conversion, and non-

197



CHAPTER 7. CONCLUSIONS AND FUTURE WORK

uniform strain distributions, all of which influence SHM sensor responses. Testing the proposed

platforms on a representative stiffened panel would enable a more realistic assessment of their

capabilities, providing key insights into how signal propagation characteristics change in complex

geometries.

Another key aspect requiring further investigation is the improvement and optimization of

the IAPS system, which integrates active and passive sensing in a single platform. While the

current prototype successfully demonstrated dual-mode functionality, certain limitations, such as

the restricted ADC sampling rate due to SPI transfer limitation and constraints on simultaneous

actuation and sensing, require targeted improvements. Future work should explore hardware

modifications, such as the incorporation of high-speed DAQ interfaces to overcome sampling

limitations and enable more precise wave-based diagnostics. Addressing these challenges would

not only enhance the reliability of the system, but also enable more effective application in

impact monitoring and guided wave inspections within structures.

7.1.2 Future Research Directions

A promising direction for further research and development involves the establishment of a unified

ecosystem in which all developed platforms operate cohesively. As with contemporary large-scale

technology companies that develop mutually compatible devices for seamless integration, SHM

systems can similarly benefit from a common framework that regulates hardware, software, and

communication protocols. Currently, each prototype offers different functionalities and employs

varying wireless standards (ZigBee, Bluetooth LE, and others). However, moving towards a

single overarching architecture would allow every device to interoperate more effectively within

a shared infrastructure.

In addition to simplifying DAQ, synchronization, and storage, a central device connected to

a PC could accommodate multiple wireless interfaces, thereby enabling simultaneous communi-

cation with heterogeneous sensor nodes. Integrating system-level protocols and data-handling

procedures, future development of new sensor nodes with DAQ modules would become a straight-

forward process. This modular approach aligns with modern engineering practice, in which

compatible components can be easily integrated to expand functionalities without extensive
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re-engineering.

This architecture would encourage an ecosystem-based design philosophy. Rather than

developing each new SHM platform in isolation, future prototypes could adopt standardized

hardware and software interfaces that allow plug-and-play integration with the central device.

For instance, the proposed PSN and the ZigBee-based SHM systems could communicate with the

same hub if designed to include two communication protocols (Bluetooth LE and ZigBee), thereby

removing the need to implement an entirely new hardware and software development. Each

development essentially becomes a targeted contribution to the overarching SHM framework,

minimizing duplication of effort and promoting robust interactions amongst diverse sensing

nodes.

Moreover, the framework would promote end-to-end coverage of the entire SHM cycle.

Components for DAQ, wireless communication, and GUI would be developed and enhanced as

part of an ecosystem. This not only simplifies the design process and shortens the path from

concept to deployment, but also ensures consistent performance metrics across all system elements.

By structuring the system architecture in this aspect, individual research contributions, whether

introducing new sensors or improving energy-efficiency strategies, would directly strengthen the

comprehensive ecosystem.

Ultimately, the establishment of a unified and flexible ecosystem is essential to achieve the

long-term vision of a fully integrated, lightweight, and easy-to-deploy SHM environment for

composite aerostructures. Adopting this strategy will enable scalability, reduce repetitive design

work, and enable the community to collectively drive innovation in wireless SHM systems for

the aerospace industry.

A second promising direction for future work is the integration of energy harvesting techniques,

which are of particular interest for wireless sensor nodes operating in remote or hard-to-access

areas of an aircraft structure. Traditional battery-powered solutions inevitably face limitations

with respect to operational lifetime and maintenance requirements, as batteries must either be

replaced or recharged at regular intervals. In contrast, energy harvesting offers the potential to

capture ambient energy, such as vibration, thermal gradients, or solar radiation, and convert it

into electrical power for continuous operation.
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For passive sensing in particular, energy harvesting aligns well with the relatively low power

demands of event-triggered or low-frequency sampling processes. Passive sensing systems, which

mainly detect and record occasional impact events, can remain in deep sleep mode for extended

periods and wake only when critical thresholds are exceeded. As a result, such platforms

could be powered largely by the energy harvested from structural vibrations or temperature

variations. This is in opposition to systems that engage in active sensing, which typically drive

high-frequency actuation signals and, therefore, require comparatively greater power resources.

Incorporating energy harvesting into future SHM platforms not only extends operational

lifetime but also reduces difficulties associated with battery replacement or recharging. In

addition, implementing harvested energy sources can support more widespread deployment

of wireless sensor nodes in aerospace applications, enabling real-time coverage over large

areas without causing significant weight penalties. By combining efficient power management

strategies, ultra-low-power electronics, and carefully selected harvesting transducers, future SHM

devices can become increasingly self-sustaining, enabling longer-term, autonomous monitoring

of safety-critical composite structures.

7.2 List of Publications

The research presented in this thesis has led to the following journal and conference publications:

1. Published:

• Fatih Dagsever, Zahra Sharif Khodaei, M. H. Aliabadi. Development of a cyber-

physical SHM system for composite structures. AIP Conf. Proc. 12 June 2023, 2848

(1): 020048.

• Fatih Dagsever, Zahra Sharif Khodaei, and M H Aliabadi. Miniaturized wireless

sensor solution for passive sensing through Bluetooth LE. Smart Materials and

Structures. 34(5):55029, 2025.

2. Under Review:
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• Fatih Dagsever, Zahra Sharif Khodaei and M. H. Aliabadi. Multi-Sensor SHM System.

Submitted to MDPI Sensors Journal.
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