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ABSTRACT

This study focuses on the development of a fiber Bragg grating (FBG) sensor based on
CYTOP polymer optical fiber for non-invasive and dynamic detection of cardiac
mechanical activity. FBGs were inscribed in CYTOP fibers using femtosecond laser
plane-by-plane processing, and encapsulated with Polydimethylsiloxane (PDMS) to
create a flexible sensor unit that can be attached to the skin surface. After completing
the construction of the experimental system—including structural design, signal
demodulation, and data processing—human body test were conducted at three key
thoracic sites (Inferior Apical, Left Parasternal, and Midsternal) and one posterior site
(Medial Inferior Scapular Angle) to acquire respiratory rate (RR), heart rate (HR), and

seismocardiogram (SCG) signals.

The results demonstrate that compared to conventional silica fiber sensors, the polymer-
based FBG sensor exhibits significantly enhanced sensitivity and is capable of stably
extracting key SCG waveform features (e.g., AO, MC, IC, and AC). Compared to
reference measurements, the heart rate error remained within £3 bpm, meeting the
system’s design expectations. In addition, the sensor was extended to the radial artery at
the wrist, where clear pulse waveforms were successfully acquired, validating its

potential for peripheral blood flow monitoring.

Compared with traditional cardiac mechanical function assessment tools, the proposed
system offers advantages such as non-invasiveness, lightweight construction, low cost,
and suitability for continuous dynamic monitoring. These characteristics indicate strong

potential for future medical applications.

Keywords: CYTOP fiber; fiber Bragg grating (FBG); femtosecond laser inscription;
heart rate (HR); respiratory rate (RR); seismocardiogram (SCG)

vi



Table of Contents

ABSTRACT ...ttt ettt ettt ettt et e et esteense e st eseenseensenseensesseenseensas vi
LIST OF TABLES ..ottt sttt ettt st ete e e X
LIST OF FIGURES ...ttt sttt e xi
LIST OF ABBREVIATIONS .....ootioiiiiee ettt nns XVi
I INEPOAUCTION ...ttt ettt et ettt e e s e eeeas 1
1.1 ~ Research Background and Significance: ..........c.ccoccecimiininiiniininiinieniennns 1
1.2 Current Research Status of Fiber: ........cccoooiiiiiiiiiiiiiiicee e, 2
1.3 Research Content and Structure ..........cccoceeeiiiiiieiieiie e 3
2 LItEIAtUI TEVIEW ..ueieiiieiiieiieeiieeite et teite ettt e et e tte et e e teeeabe e bt e sabeeteeenteenbeesnneenseans 5
2.1  Optical fiber applications in cardiac signal detection ...........cc.cceceveeviercieneennen. 5
2.2 The material properties and current applications of CYTOP optical fibers.....10

2.3 The Application of Femtosecond Laser Processing Technology in Sensor

FabIICatION. ...eiiiiiiii ettt ettt et st 14
2.4  The Application of 3D Printing Technology in Sensors..........cccccoceevuereennennne. 20
2.5 The Application of Polymer Materials in Packaging. ..........ccccoecevernenienenen. 23

3 Research Theory and MethodoIOZY ..........cccvveriieiiiiiiiieiieiiecie et 26
3.1  Generation and Transmission of Cardiac Mechanical Signals.............c..c........ 26
3.2 Characteristics and Sensing Principle of Fiber Bragg Grating (FBQ)............. 28
3.2.1  Basic Structure and Transmission Characteristics of Optical Fiber......... 28
3.2.2  Optical Properties of Fiber Bragg Gratings (FBG)........c.ccccceevverireneenen. 31
3.2.3  Coupled-Mode Theory of Fiber Bragg Gratings ..........ccccceveevuerveneenuennns 33

3.3  Demodulation Methods of FBG Sensors........ccceevueeriiiiieniieiienieeieeeeeieee 37
3.4 FBG Sensor Application Mechanism in Cardiac Signal Detection................. 42

4 Fabrication of CYTOP Fiber FBG Sensors.......cccccueveeriirienienieniesieeieeiesieeie s 44
4.1 CYTOP Optical Fiber and Fabrication Process of FBG..........ccccccevviniienenne. 44



4.1.1  Characteristics of CYTOP Optical Fiber..........ccccceevieriiienieniieieeieeiens 44

4.1.2  Fabrication Process of FBG ........ccccoceviiiiiiiniiiiiiieeeeeeeee e 46

4.2 Fabrication of FBGs Using Femtosecond Laser Technology .............cc.c....... 53
4.3  Application of 3D Printing and Polymer Materials for Packaging.................. 60

5 Results and DiSCUSSION ......ccuuieiiiiiiiiiieiieeiie ettt et e 66
5.1 EXPerimental SEIUD .......eecvieriieiiieiiieiieeie et eete et e eine et eseaeereesereeseesnseenseesenes 66
5.1.1  Overview of system architecture design...........ccceeevreriercirenieenieerieeennennn, 66
5.1.2  Integrated FBG Demodulation System ...........ccccevveeverviineineniicnienennene 67
5.1.3  Vibration Platform and Excitation System ..........ccccecerveeneriieneenicncncnenn 68

5.2 Preliminary experiments: Influence of structural parameters on FBG sensitivity

70
5.2.1 Influence of pre-strain on FBG Sensitivity ........ccccceevervieneinenieneenieneenne. 70
5.2.2  Effect of packaging on sensing performance.............cccecceevueeneereeenennnnn. 74
5.3 Vibration frequency response teStING .......ccc.eevueerirerieerieerrienreerieenveesreesneeenes 77

5.3.1  Low-frequency range (0.1-0.9 Hz): Response under large-amplitude

EXCILATION ettt e e e e e et e e e e e e e et eeaee e e e e e e e e aaeeeeee e e aaa e aaeaaeaeeeeeenannaaaeeeeeennnennnas 78

5.3.2  Mid-frequency range (1-10 Hz): Response under moderate-amplitude

EXCIEALION et 82

5.3.3  High-frequency range (10—100 Hz): Response under micro-amplitude

[ (& 1215 ) WSS PPRRPRRRTR 86
5.3.4  Summary of vibration response across all frequencies.............cceceeeueeneee. 90
5.4  In Vivo Cardiac Signal Monitoring EXperiments.............ccccceeveerieenieeneeeneenne. 91
5.4.1  Experimental Setup and Background.............cccoeevieviiniiiniiniiiiiecieees 91
5.4.2  Signal Acquisition and Data Analysis Pipeline..........ccccocerviniinincnnnne 93

5.4.3  Preliminary Experiment: Sensor Positioning and Sensitivity Verification

94

544  Cardiac Signal Analysis at Thoracic SiteS.........ccceevurerieriiieriieriirerrenieens 99



5.4.5  Pulse Signal Detection at the WISt .........cccveviieiienieeniienieeieeeie e 115

5.4.6  Signal Analysis and Evaluation............cccceeeeeriienieniiieniesieeee e 118
5.4.7  Experimental SUMMATY .........cccoevviieiiieriiiiniienieeieecre e eve e sneereeeene e 122
Conclusion and OULIOOK ...........eeeuiiiiiiriciie et et e e e rreeseaeeeearee s 123
BIBLIOGRAPHY ..ottt ettt e e et e e e e e e e e ntaaeesessneeeenes 125

X



LIST OF TABLES

Table 1: Measured heart rate, reference heart rate, and error statistics across different

LS SIEES - eeeeeeeneeeeeeeeeeeeee e e e e e e e e e e e e aaeeeeeeeaea e aaaeeeeeeaaeenaaaeeeeeeaaaannaaaeeeeeeaanan—————aas 118



LIST OF FIGURES

Figure 1: Single-mode-multimode-single-mode (SMS) fiber structure [33].................... 6

Figure 2: Sensor (FOS) system based on single-mode fiber Mach-Zehnder

Interferometer (MZI) and coupler [34] .....coviiiieiieieeieeeeete et 6
Figure 3: SMS Structure-Based SCG Sensing Schematic Diagram [35].........ccccecvvennenne. 7
Figure 4: Ballistocardiography (BCG) FBG sensor array [39]......ccccevoveviienienieeniieneene 9
Figure 5: Smart mattress structure with embedded FBG sensors [40]........ccccoevveennennee. 10
Figure 6: POF-FBG sensing system within an aircraft wing [42]........ccccceverienienennnne 11

Figure 7: Experimental setup for characterizing the CYTOP fiber-based curvature

sensor for human activity simulation [48] .......c.ccooviieiiiiiieiieieeeee e 13
Figure 8: CYTOP fiber FBG brain temperature sensor unit [S51].......cccccoeeviiienieniennnnnns 14

Figure 9: Different methods of femtosecond laser direct writing: (a) P-b-P; (b) L-b-L;

Figure 10: Timing control system for femtosecond laser P-b-P grating writing [56].....17
Figure 11: Schematic of two femtosecond laser L-b-L grating writing methods: ......... 18

Figure 12: Schematic of femtosecond laser P1-b-P1 method for creating CTFBG in
SINGIE-MOAE TIDET [S9]...viiniiieiiieiecieee ettt s e e e e 19

Figure 13: Sensor packaging: (a) placing the FBG on the ABS lower layer; (b)
reprinting and curing the encapsulated FBG sensor [62] ........ccccovieeiiiiiienienieiieeee 21

Figure 14: 3D-printed maxillary model: (a) FBG sensor demodulation system; (b)

Hyrax expander before activation; (c) Hyrax expander after activation [63]................. 22

Figure 15: PDMS-coated single-mode fiber - no-core fiber - single-mode fiber (SMF-
NCF-SMEF) StIUCLUTE [64] ...ceueietieiiieeiieete ettt ettt ettt ettt et eeeas 24

Figure 16: Fabrication methods for pressure sensors combining SMF with PDMS in

Ifferent Tatios [O5] .. .oiieiuiieeiie e e ettt aa e e eaeeens 24
Figure 17: Elastic cardiopulmonary monitoring sensor made of PDMS material [66].. 25

Figure 18: Optic Fiber Foundation Structure............ccoeevverieneniiiniineeiicnecrecieeecieeen 29

Xi



Figure 19:
Figure 20:
Figure 21:
Figure 22:
Figure 23:
Figure 24:
Figure 25:
Figure 26:
Figure 27:
Figure 28:
Figure 29:
Figure 30:
Figure 31:
Figure 32:
Figure 33:
Figure 34:
Figure 35:
Figure 36:
Figure 37:
Figure 38:
Figure 39:
Figure 40:
Figure 41:
Figure 42:
Figure 43:

Figure 44:

Light Propagation in Optical Fiber..........ccccoevvieviiiiiiiieniieieciceeeeeee 29
Structure of Fiber Bragg Grating.........c.cccceeeveeviieniiienieniieieeieeee e 31
Schematic Diagram of Spectrometer Demodulation Method........................ 38
Schematic Diagram of the Edge Filter Demodulation Method..................... 39
Schematic Diagram of the Matched FBGFilter Method............cccccoeeeennee. 40
Schematic Diagram of Tunable F-P Filter Demodulation Method................ 41

Schematic Diagram of Tunable Narrowband Light Source Demodulation .. 42

Chemical Structure of CYTOP Material .........ccccovviiiiiiniiniiinieeiieeeceee, 44
Schematic Diagram of the Amplitude Splitting Interference Method............ 48
Schematic Diagram of Femtosecond Laser Inscription............ccccccveeveennennee. 50
Phase Mask Method Schematic.........ccccooivieiiiiiinieniieeceeee e, 51
FBGProcessing FIXtUIE .......coviviiiiiriiniieienieneecceceeeese e 55
Schematic Diagram of Grating Inscription Structure ..........ccccccceeceervenennnene 55
Complete Femtosecond Laser Processing System ...........cccoeevevieenieenieennnen. 56
CYTOP Optical Fiber FBG (Pl-by-P1 Inscription) ..........cccceevvevveerieenieennnnne. 57
Experimental Setup of Fiber Butt-coupling. ...........ccccceeiiiniiiiiiniiiiie 57
FBG reflection spectrum in CYTOP fiber........ccoocveviiiiiiiiiiiieiceeeeee, 58
Silica Single-Mode Fiber FBG (P-by-P Inscription)...........cccceevveecveenvennnnne 59
FBG reflection spectrum in SMF-28 fiber........ccccoevvieiiiiniiiiieiecieeeeee 60
Sensor Packaging Substrate Model...........ccccoeeeriiiiniiininniniincieeceee 61
PDMS Material Preparation Process ..........ccevueeiiieniieiiieniieiiecieeeeeee e 62
Layout of the FBG Sensing Unit..........ccccoeeieriiiiiienieeiieeieeeeeee e 63
Encapsulation Process of the FBG Sensor..........ccccccveeiievienciienienieeiieeine 63
Optical Fiber FBG-Based Cardiac Sensor...........ccecceeveeeiieenieenieenieeieeneene 65
Designed Structure of the FBG Sensing and Demodulation System............ 66
Simplified Structure of the Integrated Demodulation System...................... 67



Figure 45: Reflection Spectra of Dual-Channel FBGS.........c.ccccevciiiiiinciieniieiieciiees 68
Figure 46: Structure of the Excitation System and Vibration Platform.......................... 69
Figure 47: Fiber attachment methods with different pre-strain levels..........c..ccoceeeennee. 71
Figure 48: Initial reflection spectra under varying pre-strain conditions........................ 72
Figure 49: Baseline stability test under N0 eXCitation ..........c.eevueeriieriieriiienieee e 72
Figure 50: FBG wavelength responses to 1 Hz sine-wave excitation.........c..cceceevveeueenee. 73
Figure 51: FBG wavelength responses to 1 Hz square-wave excitation............c...c........ 73
Figure 52: Sensor installation in Normal and Reversed Placements...........c..cccccecueneee. 75
Figure 53: Reflection spectra of FBGs under different placements.............cccccccevveenee. 75
Figure 54: Dynamic responses of FBG in different placements: (a) Normal Placement;

(b) Reversed Placement ..........cccuveeuiieiieiieeiiecie ettt ettt 76
Figure 55: Wavelength responses under 0.1-0.9 Hz sine wave excitation..................... 79
Figure 56: Average wavelength shift (AL) under 0.1-0.9Hz sine wave excitation......... 79
Figure 57: Sensitivity ratio (Akcytop / AAsmr-2s) under 0.1-0.9Hz sine wave excitation 80
Figure 58: Wavelength responses under 0.1-0.9 Hz square wave excitation.................. 80
Figure 59: Average wavelength shift (AL) under 0.1-0.9Hz square wave excitation..... 81
Figure 60: Sensitivity ratio (AAcyrop / Aksmr-28) under 0.1-0.9Hz square wave excitation
......................................................................................................................................... 81
Figure 61: Wavelength responses under 1-10 Hz sine wave excitation...........c..ccc.c....... 83
Figure 62: Average wavelength shift (AL) under 1-10Hz sine wave excitation............. 83
Figure 63: Sensitivity ratio (Alcyror / Adsmr-28) under 1-10Hz sine wave excitation.... 84
Figure 64: Wavelength responses under 1-10 Hz square wave excitation...................... 84
Figure 65: Average wavelength shift (AA) under 1-10Hz square wave excitation......... 85
Figure 66: Sensitivity ratio (Alcyror / Aksmr-28) under 1-10Hz square wave excitation 85
Figure 67: Wavelength responses under 10-100 Hz sine wave excitation...................... 87
Figure 68: Average wavelength shift (AA) under 10-100Hz sine wave excitation......... 87



Figure 69: Sensitivity ratio (AAcyrtopr / Ahsmr2s) under 10-100Hz sine wave excitation 88
Figure 70: Average wavelength shift (AL) under 10-100Hz square wave excitation..... 88
Figure 71: Average wavelength shift (AX) under 10-100Hz square wave excitation..... 89

Figure 72: Sensitivity ratio (AAcyrop / AAsmr2s) under 10-100Hz square wave excitation

......................................................................................................................................... 89
Figure 73: Sensitivity ratio (CYTOP vs. SMF-28) across all frequency bands............... 90
Figure 74: Layout at selected body SIteS........cceeviiriiiiriieiiieiieeii et 92
Figure 75: FBG-based system workflow for in vivo cardiac signal acquisition and

PTOCESSIIIZ ...ttt eatee it et e ette et e tte et e e aeeeabeeaeeeabeesbeeabeeseesmbeenseeenbeanseesnbeanneesnseenseesnseans 93
Figure 76: Initial signal comparison between multi-point SMF-28 FBG array and

CYTOP FBG at the same 10Cation .........ccccoeviririnirieieiiiencenencee e 95

Figure 77: Raw and filtered signals collected by CYTOP and center SMF-28 FBGs ....96
Figure 78: Enlarged HR waveform comparison: CYTOP vs. SMF-28 .......cccccoveienee 97
Figure 79: Enlarged SCG waveform comparison: CYTOP vs. SMF-28 .........ccccceueee. 98

Figure 80: Response at the inferior apical region under sitting posture with normal

DICATRING ...ttt 100

Figure 81: Response at the inferior apical region under standing posture with normal

DICATNING .....vieeiieeiieeee ettt ettt ettt e b e taeenbaeenbeenaeennne 101

Figure 82: Response at the inferior apical region under sitting posture with breath-hold

Figure 84: Response at the left parasternal region under sitting posture with normal

DICATRING ... et et 104

Figure 85: Response at the left parasternal region under standing posture with normal

DICATNING ....evieeiieeiieeiie ettt et ettt b e e taeenteeeabeenaeennne 105

Figure 86: Response at the left parasternal region under sitting posture with breath-hold



Figure 87: Response at the left parasternal region under standing posture with breath-

Figure 88: Response at the midsternal region under sitting posture with normal

DICATRING ...ttt et 108

Figure 89: Response at the midsternal region under standing posture with normal

DICATNING .....viieiieeiie ettt ettt raeenbaeeabeeaeennee 109
Figure 90: Response at the midsternal region under sitting posture with breath-hold. 110

Figure 91: Response at the midsternal region under standing posture with breath-hold

Figure 92: Response at the medial inferior scapular angle under sitting posture with

NOTMAL DICAtNING ......viiiiiiiiiiiecieee e et eraeeeseenne 112

Figure 93: Response at the medial inferior scapular angle under standing posture with

NOTMAl BIEAthING ...c..eiiiiiiiii e e 113

Figure 94: Response at the medial inferior scapular angle under sitting posture with

DIEAtR-NOLA .o 114

Figure 95: Response at the medial inferior scapular angle under standing posture with

DIEATN-NOLA ...t e e e e e e e et e e e e e e e e e e e e aaeaeeeaaaaaa 115

Figure 96: Bragg wavelength response of CYTOP FBG at the wrist under relaxed

COMAILION et 116

Figure 97: Bragg wavelength response of CYTOP FBG at the wrist under fist-clenching

COTMAITION ettt e e e et e e e e et e e e e e e e e e e eee e aaeeeeeeaa e aaaeeeeeeaeeenaaaaeeseeeeeanenaaaeeaaeenes 117

Figure 98: Detailed SCG waveform and annotated feature points at the Inferior Apical

XV



LIST OF ABBREVIATIONS

CUT
CVD
ECG
BCG
SCG
PWV
PCG
FBG
CYTOP
POF
bpm
MZI1
HRV
PDMS
SMF
MMF
RR

HR

Cyprus University of Technology
Cardiovascular disease
Electrocardiography
Ballistocardiography
Seismocardiography

Pulse Wave Velocity
Phonocardiography

Fiber Bragg Grating

Cyclic Transparent Optical Polymer
Polymer Optical Fiber

Beats Per Minute

Mach-Zehnder interferometer
heart rate variability
Polydimethylsiloxane
Single-mode Fiber

multi-mode fibers

respiratory rate

heart rate

Xvi



1 Introduction

1.1 Research Background and Significance:

Cardiovascular disease (CVD) is the most prevalent illness and the leading cause of
death, remaining a major global health threat. According to WHO, in 2019 alone, CVDs
accounted for an estimated 17.9 million deaths, representing 32% of all global fatalities,

with heart attacks and strokes responsible for 85% of these cases [Cardiovascular

diseases (CVDs)]. This alarming toll continues to place immense pressure on public

health systems and significantly affects the quality of life for millions, highlighting the

urgent need for effective prevention and treatment strategies.

The heart, as one of the core organs of the human body, plays a vital role in supplying
blood and oxygen to the entire body. The proper functioning of the heart is directly
linked to human health and serves as a key indicator for evaluating the condition of the
cardiovascular system. Information such as heart rate, cardiac output, and blood
pressure reflects the health status of the circulatory system and can provide early
warnings of diseases such as hypertension, coronary artery disease, and arrhythmias [1]-
[10]. Therefore, real-time and accurate monitoring of cardiac activity is crucial for
health management, disease prevention, and clinical treatment. With advancements in
biomedical technology, modern medicine now offers various precise methods for

monitoring cardiac activity, including the following:

Electrocardiography (ECG) [11]-[12]: ECG records the electrical signals generated by
the heart using electrode patches, providing a detailed waveform of the heart's electrical
activity. By analyzing these waveforms, doctors can monitor heart rate and rhythm and

diagnose issues such as arrhythmias and myocardial ischemia.

Ballistocardiography (BCG) [13]-[14]: BCG utilizes subtle body motion signals caused
by heartbeats to indirectly reflect the heart's mechanical activity. By detecting these
small movements induced by cardiac pumping, this technique evaluates cardiac output

and blood circulation, offering excellent temporal resolution.

Seismocardiography (SCG) [15]-[16]: SCG captures micro-vibrations of the chest wall
induced by the mechanical activity of the heart. By detecting vibrations generated by
myocardial contraction, valve motion, and blood flow, SCG reflects the mechanical

1
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properties of the heart. This technique enables the assessment of cardiac contractile

function and mechanical compliance, offering high temporal resolution.

Pulse Wave Velocity (PWV) [17]-[18]: PWV measures the blood pressure waveforms
propagating through arteries, reflecting vascular health and cardiac activity. This
method provides insights into arterial elasticity and blood pressure variation, making it

especially important for monitoring hypertension patients.

Phonocardiography (PCG) [19]-[20]: PCG records the sounds produced by heart valve
opening and closing to analyze cardiac health. These heart sounds help identify
murmurs and valve abnormalities, providing critical information about the structural

and functional aspects of the heart.

Although these methods each have certain advantages, their application is often limited
by environmental interferences, such as electromagnetic noise and lack of portability
[21]-[23]. These challenges can compromise the stability and accuracy of signals in
certain scenarios. Moreover, early cardiac conditions, such as arrhythmias, premature
beats, or mild valve abnormalities, require higher precision in cardiac data monitoring.
High-resolution cardiac signals are essential for detecting subtle and transient
abnormalities in cardiac electrical activity, which may go unnoticed in traditional low-
resolution detection methods. This capability is critical for diagnosing acute conditions

like cardiomyopathy or latent myocardial ischemia.

Therefore, developing more portable, stable, interference-resistant, and highly precise

monitoring technologies is of paramount importance.

1.2 Current Research Status of Fiber:

Fiber optic sensing technology has gradually gained attention in modern health
monitoring [24]-[26], with examples of its applications including heart monitoring
systems based on Fiber Bragg Grating (FBG) sensors. FBG sensors can precisely
measure subtle physical changes, such as temperature and pressure variations, through
the reflective properties of light, indirectly reflecting cardiac physiological activities.
One prominent advantage of this technology is its excellent resistance to
electromagnetic interference, making it particularly suitable for environments with

complex electromagnetic conditions, such as hospitals.



Additionally, fiber optic sensors are extremely compact and lightweight, enabling easy
integration into various wearable devices for real-time monitoring [27]-[29]. This non-
invasive measurement approach reduces patient discomfort, is suitable for prolonged
use, and allows simultaneous monitoring of multiple physiological parameters such as
heart rate and respiratory rate. The reliability of fiber optic sensors in extreme
conditions, such as high temperatures in fire scenes or strong magnetic fields in MRI
environments [30]-[31], also makes them ideal for remote real-time detection and

medical health monitoring.

By reducing reliance on traditional electrodes, fiber optic technology demonstrates
significant advantages in improving signal stability and accuracy, paving the way for

future advancements in health monitoring technologies.

Therefore, cardiac health monitoring sensor research has been conducted based on fiber
optic sensors. By leveraging the advantages of various materials, structures, and
fabrication techniques for FBG sensors, efforts are made to continually enhance sensor
sensitivity and optimal detection capability. Additionally, through testing and
comparing different sensors, this research provides a foundation and reference for future
cardiac health monitoring technologies. This will contribute to the development of more
reliable and effective monitoring systems to meet the growing demands for health

management.

1.3 Research Content and Structure

This paper primarily focuses on the research of cardiac health monitoring sensors based
on CYTOP (Cyclic Transparent Optical Polymer) FBG, exploring the application of this
technology in cardiac signal monitoring and optimizing it through innovative
manufacturing processes and novel materials. The paper is divided into six chapters,

with the specific content and structure as follows:

Chapter 1 is the introduction. It first presents the research background and significance
of cardiac signal detection, highlighting the importance of cardiac health monitoring in
medical diagnosis. Then, it lists several commonly used cardiac diagnostic signals in
clinical practice and discusses their applications in clinical settings. Finally, it provides

an overview of the latest research progress of FBG technology in cardiac signal



monitoring, with a focus on its current applications in sensor environments, accuracy

enhancement, and other application fields.

Chapter 2 is a literature review that primarily presents the latest methods for heart
signal detection. It reviews the current research status of heart signal detection, with a
focus on the application and progress of FBG technology in this field. In addition, the
material properties of CYTOP fibers and their current applications in sensors are
discussed in detail. Finally, the chapter briefly covers the application of special
processes and novel materials in sensor fabrication and packaging, laying the foundation

for subsequent research work.

Chapter 3 focuses on the fundamental theories and methodologies of the research,
primarily introducing the theoretical studies on heart signal detection based on FBG
sensors. It begins with an analysis of the basic mechanisms of heart signal sensing,
followed by a brief introduction to the basic principles of optical fibers. The chapter
then emphasizes the working mechanism and response characteristics of FBG sensors.
Finally, it provides a detailed analysis of the signal demodulation methods for FBG

sensors, offering theoretical support for the subsequent experimental research. .

Chapter 4 discusses the fabrication methods of FBG sensors based on CYTOP optical
fibers. It begins by providing a detailed explanation of various FBG fabrication
processes. Next, it elaborates on the process of writing FBGs in CYTOP optical fibers
using femtosecond laser processing technology. The chapter then demonstrates the
process of modeling and printing special structures using 3D printing technology,

followed by the encapsulation of FBG sensors with PDMS materials.

Chapter 5 is the Results and Discussion, providing a detailed explanation of the overall
sensing structure for heart health monitoring based on CYTOP FBG sensors. It begins
with the design of the experimental system, followed by the preparation and parameter
settings for the related experiments. Next, it compares the vibration responses of
CYTORP fiber FBG sensors and silica-based fiber FBGs. Afterward, heart signals are
tested, and the collected data are processed and analyzed in comparison with ECG

signals, discussing the performance of the sensors in practical applications.

The final section is the Conclusion and Outlook. It begins by summarizing the

research findings of this paper, reviewing the development process and experimental



validation of the CYTOP FBG-based heart health monitoring sensor. Lastly, it looks
ahead to future research directions and potential applications of this technology,

offering suggestions for further improving sensor performance and system integration.

In summary, this paper systematically explores the heart health monitoring technology
based on CYTOP FBG sensors, from theoretical research and experimental verification
to data processing, demonstrating the application potential of this technology in the field

of health monitoring. .

2 Literature review

2.1 Optical fiber applications in cardiac signal detection

Cardiac signal detection plays a crucial role in cardiovascular health monitoring, as it
provides real-time, non-invasive data on heart health, which is essential for the
prevention and diagnosis of CVDs. In recent years, research in this field has advanced
rapidly worldwide, particularly with innovations in wearable and implantable sensors

that have significantly driven progress in cardiac signal detection technologies.

Due to their high sensitivity, strong resistance to electromagnetic interference, and
capabilities for miniaturization and lightweight design, fiber optic sensor technologies
have received extensive attention in recent years. The excellent corrosion resistance and
biocompatibility of fiber optic materials enable stable long-term operation in
physiological environments, giving rise to numerous applications in biomedicine [32].
Additionally, fiber optic sensors possess distributed measurement capabilities, making

them well-suited for multipoint monitoring requirements.

Irawati et al.[33] proposed and developed a heart rate monitoring sensor system based
on a single-mode-multimode-single-mode (SMS) fiber structure, as shown in Figure 1.
Experimental results demonstrated that the sensor exhibited a good linear frequency
response within a working range of 50 to 200 beats per minute (bpm) when tested with
artificially generated ECG signals simulating heartbeat pulses. The sensor achieved a
sensitivity of 0.014 dBm/bpm, with high signal stability and repeatability. The SMS

fiber structure detects pulse vibrations by monitoring changes in optical power intensity.

This type of fiber optic sensor features advantages such as fast response and low

manufacturing cost, making it suitable for long-term, high-stability heart rate
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monitoring. It shows great potential for widespread application in hospitals and other

settings.

—r Lo

Figure 1: Single-mode-multimode-single-mode (SMS) fiber structure [33]

Lyu et al. [34] proposed a low-cost fiber optic sensor (FOS) system based on a single-
mode fiber Mach-Zehnder interferometer (MZI) and coupler. The system places the
FOS under a mattress, with three electrodes connected to the chest and abdomen to
collect multimodal signals for BCG and ECG via a multimodal signal acquisition board,
as illustrated in Figure 2. This system enables long-term stable measurement of cardiac

vibrations (BCG) and short-term heart rate variability (HRV) analysis.

ECGsignal | BCG signal

Figure 2: Sensor (FOS) system based on single-mode fiber Mach-Zehnder Interferometer (MZI)

and coupler [34]

The system uses a low-cost distributed feedback (DFB) laser to couple light into the
MZI sensor, where vibrations caused by breathing and heartbeats induce phase shifts in
the light, resulting in interference intensity changes. These changes are detected by three
photodetectors (PDs). The study demonstrated a high correlation between BCG-derived
interbeat intervals (IBI) and those derived from ECG, indicating the system's high

accuracy.



The research revealed an inverse relationship between BCG HRV amplitude and
breathing frequency, noting that a 0.1 Hz breathing rate induces larger respiratory sinus
arrhythmia (RSA) amplitudes and resonance breathing effects. Moreover, at 0.1 Hz and
0.25 Hz, time-domain, frequency-domain, and nonlinear analysis results of BCG HRV
were highly correlated with ECG HRV. The BCG monitoring system based on this FOS
offers the unique advantage of flexible configuration and allows for non-contact,
continuous, and accurate heart rate monitoring, providing additional options for cardiac

health assessment.

F.R. Agustiyanto et al. [35] proposed a SCG monitoring method based on a single-
mode—multimode—single-mode (SMS) fiber structure, as shown in Figure 3. This
method utilizes a simple intensity modulation system for detection. The experimental
study investigated the vibration response of the SMS fiber structure as a sensor. The
results demonstrated that the SMS fiber structure exhibits a linear vibration response
within the frequency range of 0—180 Hz, making it suitable for SCG monitoring, which
typically requires a low-frequency range of 0-25 Hz. Furthermore, the SCG signals
extracted from the optical power of the SMS fiber structure, after filtering, met medical

detection requirements.
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Figure 3: SMS Structure-Based SCG Sensing Schematic Diagram [35]

FBG sensing technology, known for its high sensitivity, immunity to electromagnetic
interference, and multipoint monitoring capability, has become an ideal choice for
precise measurement applications. It has seen rapid development and widespread
application across various sensing fields [36]. Due to its sensitivity to physical
parameters such as temperature and strain, as well as its ease of integration for remote

monitoring and real-time feedback, FBG sensing has emerged as a research hotspot in
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health monitoring. Specifically, in monitoring critical physiological parameters like
heart rate, blood pressure, and respiration, FBG technology provides innovative

solutions for personal health management and chronic disease monitoring[37].

In cardiovascular monitoring, FBG sensors excel at capturing real-time signals such as
heart rate and blood pressure. Yuki Haseda et al. [38] developed a pulse wave velocity
(PWYV) detection system based on plastic optical fiber Bragg gratings (POF-FBQG),
positioning the sensors over the radial artery to replace traditional silica FBGs. This
system effectively records subtle fluctuations in pulse waves, significantly enhancing
the signal-to-noise ratio (SNR), with POF-FBG achieving at least eight times the SNR
of silica FBG. The signals recorded by POF-FBG closely resemble those obtained via
the acceleration plethysmography (APG) method, offering an efficient solution for non-

invasive blood pressure monitoring.

Dziuda et al. [39] proposed a method for Ballistocardiogram (BCG) signal acquisition
using FBG sensors, capturing subtle mechanical vibrations from the human body to
measure cardiac output and blood flow dynamics. The layout of individual and arrayed
FBG sensing units is shown in Figure 4. By placing an elastic board embedded with
FBG sensors between the body and a soft surface, the system detects BCG signals
through pressure-induced deformations of the board caused by body movements. The
BCG signals are extracted by measuring variations in Bragg wavelength. Experimental
results showed a relative error of less than 6.8% between heart rates obtained from BCG
signals and reference ECG signals, with statistical analyses confirming satisfactory

results.

Compared to traditional strain gauges, the designed FBG sensors demonstrate superior
performance in high electromagnetic radiation environments, making them suitable for
workplaces like radio operators, radar and sonar operators, and power plant staff.
Although the current system’s heart rate measurement accuracy requires further
optimization, it has successfully been employed for vital sign monitoring during MRI

scans without interfering with image quality.
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Figure 4: Ballistocardiography (BCG) FBG sensor array [39]

There is a physiological connection between breathing and heartbeat, known as
Respiratory Sinus Arrhythmia (RSA). During inhalation, the heart rate slightly
accelerates, while during exhalation, it slows down. This variation reflects HRV and
represents the heart's response to the autonomic nervous system, including the
sympathetic and parasympathetic branches. This close relationship between respiratory
and cardiac health highlights the importance of their combined monitoring and
management in comprehensive health assessments. Respiratory abnormalities and
diseases not only affect oxygen supply but also place direct or indirect pressure on the
heart, potentially leading to cardiac dysfunction or exacerbating existing heart

conditions.

In respiratory monitoring, FBG sensors have been applied due to their sensitive
mechanical response characteristics. These sensors can monitor chest and abdominal
displacements, providing assessments of respiratory rate and quality. Francesca De
Tommasi et al. [40] developed a smart mattress based on FBG technology to monitor
respiratory rate (RR), specifically designed for long-term monitoring of patients with
sleep-disordered breathing. The mattress incorporates 13 FBG sensing elements
embedded in multilayer silicone for user comfort, as shown in Figure 5. Test results
demonstrate that the mattress can accurately measure RR with an error of less than 0.65

breaths per minute, regardless of sleeping position. This system offers a high-precision,



non-invasive solution for respiratory monitoring, with potential applications in both

home and clinical settings.
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Figure 5: Smart mattress structure with embedded FBG sensors [40]

2.2 The material properties and current applications of

CYTOP optical fibers

In recent years, Polymer Optical Fiber (POF) technology has seen significant
advancements. Initially developed as a cost-effective solution for future Fiber-to-the-
Home (FTTH) transmission networks, POF has demonstrated unique advantages in the
field of sensing due to its material properties [41]. POF offers excellent electromagnetic
interference (EMI) resistance, making it particularly effective in environments where
signal integrity is critical. Applications include industrial automation sensor networks,
extreme environment communication, environmental monitoring, and medical health

monitoring.

Pedro C. Lallana et al. [42] investigated the use of POF for sensing applications in
aircraft. As shown in Figure 6, a sensing array was deployed on the aircraft wing to

measure various parameters, including strain, elongation, vibration, temperature, and
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liquid levels. The study highlighted the advantages of POF in these diverse sensing
tasks. Furthermore, its superior EMI resistance effectively addresses challenges posed
by traditional detection methods, such as damage caused by lightning or electrical faults,

ensuring reliable performance in such high-risk environments.
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Figure 6: POF-FBG sensing system within an aircraft wing [42]

At the same time, the flexibility and bendability of POF make it particularly suitable for
applications requiring flexible wiring, such as sensing systems in complex or confined
spaces. However, due to its multimode nature, POF tends to suffer from mode mixing
and signal interference, which can affect the precision and reliability of sensing. To
address these challenges, FBG technology can be integrated into POF, significantly
improving performance. By combining FBG with POF, it is possible to accurately
monitor parameters such as temperature, pressure, and strain, leading to widespread
applications in fields like smart buildings and structural health monitoring of bridges
[43], as well as real-time monitoring of health metrics such as respiratory rate and heart

rate.

Despite these advantages, POF has a significant drawback in the near-infrared (NIR)
wavelength range, where its transmission loss is relatively high, often exceeding 100
dB/m [44]. This high loss limits the working length of the sensors, especially for
PMMA (Polymethyl Methacrylate) POF, which can only maintain an effective

transmission distance of around 10 cm, severely restricting its practical applications.

Research by Ma et al. [45] on the molecular structure of POF materials revealed that

this high loss is primarily due to the high spring constant and small mass characteristics
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of the hydrogen atoms in the polymer's molecular backbone. These properties increase

the transmission loss of the fiber in the NIR wavelength range.

In response, researchers from AGC Inc. (Asahi Glass Co., Ltd.) in Japan proposed
substituting hydrogen with fluorine in the polymer backbone. This modification resulted
in a significant reduction in absorption loss within the NIR wavelength range. As a
result, CYTOP (perfluorinated polymer) optical fiber, made from this fluorine-
substituted material, was developed. It exhibits higher transparency and lower loss, with

a loss of less than 60 dB/km at 1300 nm [46].

As a high-performance POF material, CYTOP has gained increasing attention due to its
significant advantages over traditional PMMA POF. Its lower transmission loss makes it
highly suitable for long-distance and high-precision optical signal transmission in the

visible to NIR range (such as 1310 nm and 1550 nm) [47].

In addition, CYTOP optical fiber has higher bending resistance and flexibility, with a
low Young's modulus, making it well-suited for applications where frequent bending
occurs. Arnaldo et al. [48] used an experimental setup, as shown in Figure 7, to
simulate the bending movements of the human lower limb. This study explored the
unique characteristics of CYTOP optical fiber, demonstrating that its low Young's
modulus provides enhanced bending resistance and flexibility, enabling it to maintain
excellent optical performance even in complex wiring environments. This experiment
confirmed that even when the fiber undergoes bending or deformation, the transmission
loss of the optical signal remains relatively low, and the signal stability is high. These
findings present a new approach for clinical gait analysis, where the fiber's ability to
retain its performance under bending conditions makes it a promising tool for

monitoring human movement and posture in a non-invasive and reliable manner.
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Figure 7: Experimental setup for characterizing the CYTOP fiber-based curvature sensor for

human activity simulation [48]

Due to its superior chemical stability, Liu et al. [49] studied the Bragg grating
performance of CYTOP and PMMA optical fibers under temperature variations. The

results showed that, under a temperature change of 60° C, the wavelength shift of the

CYTOP Bragg grating was less than 10 nm, much lower than that of PMMA,
confirming its heat resistance stability. At the same time, the polymeric nature of POF
makes it sensitive to humidity (RH). Andreas et al. [50] investigated the use of CYTOP
polymer optical fiber Bragg grating (POFBG) sensors for relative humidity (RH)
monitoring in concrete. The study showed that CYTOP polymer optical fibers exhibited
excellent humidity responsiveness and, after being inscribed with FBGs using
femtosecond laser technology, demonstrated excellent sensitivity to relative humidity,
temperature, and strain. The experimental results showed that these polymer optical
fiber sensors could accurately and stably monitor humidity changes over an eight-day
period, demonstrating excellent performance in structural health monitoring. The
humidity sensitivity of polymer optical fibers makes them ideal for humidity monitoring,
offering a non-electromagnetic interference alternative to traditional electronic sensors,
while being scalable and easy to install, making it ideal for monitoring critical parts of
building structures. Even considering the few-mode characteristics of the fiber, the

sensor response remained highly stable during testing.

Moreover, CYTOP’s high biocompatibility makes it an ideal choice for the medical
field. It has been widely applied in biomedical sensors and implantable devices to
monitor physiological signals like heart rate and respiration. Sui et al. [51] developed
FBG-based brain temperature sensor using CYTOP optical fiber. The sensor was
fabricated by directly inscribing FBG on the fiber end-face using femtosecond laser
technology, followed by packaging with waterproof materials, as shown in Figure 8.
This sensor was verified to have low optical loss and high flexibility, achieving a

measurement accuracy of 0.1° C. The sensor was able to measure brain temperature at

multiple depths and showed a strong time correlation with body temperature
fluctuations. The research indicated that the sensor could accurately measure

temperature differences across different regions of the brain while effectively avoiding
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interference from humidity and micro-strain. This study further promoted the use of
CYTOP materials in biomedical sensing, particularly in medical devices that require

high precision, flexibility, and biocompatibility.
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Figure 8: CYTOP fiber FBG brain temperature sensor unit [51]

Polymer optical fiber (POF) sensors have been studied for over 20 years. However, their
practical application has been limited primarily due to high transmission losses. With
the continuous advancement of technology, CYTOP optical fiber, with its exceptional
properties, has minimized these losses, expanding the application range of POF. This
development has opened up broad prospects for applications in fields such as health
monitoring, intelligent sensing, and optical communication. As demonstrated in the
current research, a rich variety of applications has been achieved. This paper will
explore the application of CYTOP optical fiber in heart signal detection, leveraging its

advantages for further research.

2.3 The Application of Femtosecond Laser Processing

Technology in Sensor Fabrication.

The concept of femtosecond lasers dates back to the 1960s and 1970s, when the main
focus of ultrashort pulse laser research was on how to generate shorter pulse widths. In
1981, R.L. Fork and his team at Bell Labs in the United States directly generated a 90
femtosecond pulse using a dye laser, marking the beginning of the femtosecond era,
also known as the ultrafast era. A key breakthrough in femtosecond laser amplification
occurred in 1985, when Gérard Mourou and his graduate student Donna Strickland

proposed Chirped Pulse Amplification (CPA). This technique involves first stretching
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femtosecond pulses to nanosecond durations, then amplifying them in a gain medium,
and finally removing the chirp and compressing the pulses back to femtosecond
durations. CPA solved the technical challenges faced in directly amplifying
femtosecond pulses [52]. Since then, femtosecond laser technology has been widely

applied in material processing, precision measurement, and biomedical fields.

The unique advantage of femtosecond lasers lies in their pulse width, which is typically
in the range of 107-15 seconds (1 femtosecond = 107-15 seconds). This provides
extremely high time resolution and precision, allowing for the release of large amounts
of energy in very short time intervals, enabling precise control of the micro-processing
of materials without inducing the thermal damage commonly seen in traditional laser
processing. This makes femtosecond lasers widely used in material processing and

micro-structure manufacturing [53].

In the sensor field, femtosecond lasers can be used for the precise fabrication of
microstructures. For instance, in the production of optical FBG sensors, femtosecond
lasers can precisely inscribe periodic structures in optical fibers due to the
photosensitivity of the fiber material. This leads to the creation of high-quality fiber

gratings, thereby enhancing the sensitivity and stability of the sensors.

Traditional FBG fabrication methods often use long-pulse lasers (such as UV or CO2
lasers) to etch one-dimensional periodic refractive index modification regions within
optical fibers. These methods typically require phase mask techniques to precisely
modulate the laser beam into a specific grating pattern, which is then projected onto the
fiber core to induce refractive index modulation. Using a phase mask allows for precise,
low-error grating structures, making it an essential technique in FBG fabrication.
However, the phase mask method has limitations in high-temperature environments and
material flexibility. In contrast, femtosecond laser technology overcomes these

limitations. The direct writing method for FBG fabrication using femtosecond lasers,
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first published by A. Martinez et al [54]. In 2004, demonstrated a phase-mask-free
approach suitable for a variety of fibers and application scenarios. The femtosecond
laser direct writing method is efficient, requires low pulse energy, and can modulate
grating parameters such as center wavelength, grating pitch, and length according to
sensor requirements. The writing methods are typically divided into three types: point-
by-point (P-b-P), line-by-line (L-b-L), and plane-by-plane (PI-b-Pl) [55]. Figure 9
below clearly illustrates the features of these three methods: (a) P-b-P; (b) L-b-L; (c) Pl-
b-P1. Each method has its advantages depending on the specific sensing requirements,
achieved by adjusting laser parameters such as beam size, energy, scanning speed, and
focusing mode.

(a) (b) : ' @ —m
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Figure 9: Different methods of femtosecond laser direct writing: (a) P-b-P; (b) L-b-L;
(c) PI-b-P1 [55]

The point-by-point (P-b-P) writing method is suitable for manufacturing high-precision
gratings, especially for small-range optical fiber Bragg gratings (FBGs). It allows for
the creation of detailed periodic structures. This method is ideal when precision is the
primary concern, enabling the production of finely tuned grating structures with high
accuracy; The line-by-line (L-b-L) method improves production efficiency and is
suitable for manufacturing longer, more uniform FBGs. This approach balances
precision with efficiency, making it easier to produce gratings with consistent
characteristics over extended lengths. The operation is relatively simple compared to
other methods; The plane-by-plane (Pl-b-Pl) method is designed for large-scale FBG
production, particularly for applications requiring high throughput and consistency. This

method allows for the rapid creation of high-quality grating structures, making it ideal
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for multi-functional sensors or long-distance applications where large quantities of

gratings are needed.

In a study by Graham D. Marshall et al. [56], they demonstrated a timing control system
for point-by-point (P-b-P) FBG writing using femtosecond lasers, as shown in Figure
10. The system generates two trigger signals from a clock source: one main trigger
signal and one delayed trigger signal. By adjusting the delay size and switching between
the two trigger signals, they achieved precise control over the refractive index
modulation position for each grating, thus enabling the accurate fabrication of the
grating structure. By fine-tuning local phases, amplitudes, and spacing of the grating
refractive index modulation, they were able to produce fiber gratings with complex

transmission and reflection spectra, tailored to specific requirements;
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Figure 10: Timing control system for femtosecond laser P-b-P grating writing [56]

Femtosecond laser writing of FBGs (Fiber Bragg Gratings) demonstrates exceptional
flexibility in controlling the position of each refractive index modulation (RIM), which
is crucial for creating FBGs with complex refractive index distributions, such as
apodized FBGs, chirped FBGs, and phase-shifted FBGs. He et al. [57] utilized line-by-
line (L-b-L) femtosecond laser writing to manufacture apodized FBGs with suppressed
side lobes. The L-b-L method was selected because, while individual laser pulses can
form small RIM regions, the point-by-point (P-b-P) method is less suitable for
manufacturing high-reflection FBGs in large mode field fibers. The L-b-L method has
proven effective in expanding the RIM area [58].

In this work, He et al. controlled the length or lateral position of each laser-written

index-modified path with precision, flexibly achieving various apodization modulation
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curves, as shown in Figure 11. This L-b-L technique for apodization is an efficient and
adaptable method for manufacturing FBGs with high side mode suppression ratio

(SMSR), promising improvements in the performance of filters, fiber lasers, and sensors.
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Figure 11: Schematic of two femtosecond laser L-b-L grating writing methods:
(a) controlling the track length; (b) controlling the track position [58]

The point-by-point (P-b-P) and line-by-line (L-b-L) methods are often time-consuming,
requiring longer durations to fabricate a single grating. More importantly, the localized
thermal effects generated by the concentrated energy in smaller regions during the
process can result in certain signal losses. To address these issues, Duan et al. [59]
proposed the use of the PI-b-Pl (plane-by-plane) method, combined with slit shaping,
for the fabrication of chirped fiber Bragg gratings (CFBGs) and chirped tilted fiber
Bragg gratings (CTFBGs), as shown in Figure 12. In this method, a rotatable slit is
added to the light path between the focusing objective lens, shaping the laser beam. This
technique provides a broad modulation coverage across the fiber core, effectively
mitigating loss and other issues. Additionally, it offers shorter writing times and higher
efficiency compared to the P-b-P and L-b-L methods. This approach allows for more

efficient manufacturing of complex and high-performance gratings.
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Figure 12: Schematic of femtosecond laser Pl-b-P1 method for creating CTFBG in single-mode

fiber [59]

The application of femtosecond laser writing technology in polymer optical fibers
(POFs) has been gaining increasing attention and exploration. In 2016, the Photonics
and Optical Sensors Research lab team at Cyprus University of Technology proposed a
strategy during the fabrication of FBGs, where they controlled the spatial dimensions of
the grating within the core of the fiber. This strategy limited multimode excitation,
enabling the creation of high-performance single-mode gratings. In recent years, the
team has advanced the application of femtosecond laser processing technology in
combination with the advantages of CYTOP optical fibers, bringing this technology into

various sensing fields.

The team used multimode gradient-index CYTOP fibers and employed the plane-
by-plane (PI-b-Pl) femtosecond laser writing method. To minimize the number of fiber
modes coupled into the grating, they confined the FBG’s spatial extent to the peak of
the gradient-index distribution at the center of the fiber core. By doing so, they excited
the strongest low-order modes, leading to the generation of a single-peak POF-FBG
spectrum. Experimental results indicated that compared to traditional silica-based
optical fiber FBG sensor arrays, the polymer fiber-based sensors demonstrated

significantly improved sensitivity to dynamic strain [60].
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The team also leveraged the gamma radiation sensitivity of CYTOP materials to
explore the potential of femtosecond-laser-processed CYTOP FBG sensors for use in
harsh radiation environments. Research showed that these CYTOP-based FBG sensors
could operate stably in high-radiation environments, offering broad application
prospects, particularly in nuclear energy, waste storage, and medical fields. By
validating their performance in these extreme conditions, the team further confirmed the
reliability of these sensors, providing a new technological approach for future industrial

and environmental monitoring [61].

2.4 The Application of 3D Printing Technology in Sensors

3D Printing (Three-Dimensional Printing) is an additive manufacturing technology that
constructs three-dimensional objects by layer-by-layer material deposition. First
introduced by Charles Hull in the 1980s, he invented Stereolithography (SLA)
technology and patented it in 1986. Over time, 3D printing evolved into several types,
including Fused Deposition Modeling (FDM), Selective Laser Sintering (SLS), and
Electron Beam Melting (EBM). Today, 3D printing has become a driving force in
personalized manufacturing and rapid prototyping due to its advantages in production

flexibility, material waste reduction, and shortening product development cycles.

Recent advancements in 3D printing technology, particularly in sensor structures, have
shown significant progress. This technology enables the precise creation of complex and
customized sensor structures, catering to personalized needs while also allowing
efficient mass production. In the field of medical sensors, 3D printing can manufacture
sensors with specific geometries, microstructures, or biocompatibility requirements.
Furthermore, 3D printing plays a crucial role in sensor packaging, structural
optimization, and the integration of sensor systems. For example, 3D-printed
multifunctional sensor housings and packaging materials can greatly enhance the
flexibility, adaptability, and anti-interference properties of sensors. Moreover, 3D

printing can be used to create testing devices that closely match real-world conditions,
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enabling experiments and validations under more realistic scenarios. As 3D printing
materials and technologies continue to advance, their application in sensor
manufacturing will become even more widespread, driving sensors toward

miniaturization, higher performance, and multifunctionality.

An example of this is the work of M. Fajkus et al. [62], who used 3D printing
technology to encapsulate a FBGsensor between two layers of MRI-compatible material,
Acrylonitrile-Butadiene-Styrene (ABS), as shown in Figure 13. This specially
encapsulated sensor was used to monitor vital signs on the chest. It was designed to
detect strain and temperature dependence, and its measurements were compared to
traditional ECG standards over extended trials. According to the Bland-Altman (B-A)
method of objective analysis, the results demonstrated that the sensor had high
reliability (>95%) for cardiac activity monitoring. Given its use of a single optical fiber
cable, easy implementation, compact size, and light weight (<5g), the sensor offers an

alternative to traditional ECG systems in strong magnetic environments.

(b)

Figure 13: Sensor packaging: (a) placing the FBG on the ABS lower layer; (b) reprinting and

curing the encapsulated FBG sensor [62]
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Wagner Coimbra et al. [63] conducted a concept verification using a 3D-printed human
maxillary biomechanical model, introducing a method for strain measurement during
Rapid Maxillary Expansion (RME) using FBGsensors. The Hyrax expander (an
orthodontic device) provided the forces needed for maxillary expansion, which were
transmitted through metal wires to the teeth. As shown in Figure 14, the FBG sensors

were attached to the posterior arms of the device for strain measurements.

The measurements focused on strain accumulation and the viscoelastic strain patterns
during the RME process. It was observed that the strain increased with the number of
activations of the Hyrax expander, while the strain rapidly decreased between
activations. This study highlights the use of FBG sensors for the instrumentation of the
Hyrax expander, which contributes to clinical research on the biomechanics and
efficiency of RME. This approach could facilitate improvements in RME treatments and

the development of new procedures.

Hyrax mounted
_ in Maxillary Model

Figure 14: 3D-printed maxillary model: (a) FBG sensor demodulation system; (b) Hyrax

expander before activation; (c) Hyrax expander after activation [63]
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2.5 The Application of Polymer Materials in Packaging.

Polymeric materials play an essential role in sensor technology due to their unique
physical and chemical properties. Compared to traditional materials, polymers offer
excellent processability, flexibility, and multifunctionality, making them particularly
advantageous in sensor design and fabrication. The use of polymeric materials in
sensors dates back to the early 20th century, and with continuous advancements in
material science and technology, the performance and variety of polymers have

expanded, driving the evolution of sensor technologies.

Currently, polymeric materials are widely used in various types of sensors, such as
pressure sensors, temperature sensors, and biosensors. Their main advantages lie in
enabling lightweight and flexible sensors, which are especially important for wearable
devices and portable electronics. Among these polymers, Polydimethylsiloxane (PDMS),
known for its excellent properties, including liquid flexibility, high transparency, and
biocompatibility, has proven particularly effective in biomedical and flexible sensor
applications. As technology advances, the range of applications for PDMS continues to

expand, covering sensors for pressure, temperature, and humidity.

Yi et al. [64] proposed a PDMS-coated fiber optic interferometer for temperature
monitoring. The sensor, as shown in Figure 15, is constructed with a single-mode fiber
- no-core fiber (NCF) - single-mode fiber cascading structure, coated with PDMS. The
PDMS coating enhances the temperature sensitivity due to its excellent thermal
properties compared to pure silica fiber interferometers. Additionally, the coating
provides effective protection to the inherently fragile fiber structure, improving the
sensor’s reliability in practical applications. Experimental results demonstrated that the
low-cost PDMS-coated fiber interferometer exhibited high sensitivity (200.2 pm/C) for
temperature measurements. The sensor showed excellent consistency and repeatability
during thermal cycling from 40 ‘C to 80 ‘C, confirming its potential for precise and

reliable temperature monitoring.

23



-
-

{ Lead-in SMF | NCF i Lead-out SMF!

Interference

B OV '/_ --------------
;—(—»,—: :coreIcladdlng

J

Metal plate

Figure 15: PDMS-coated single-mode fiber - no-core fiber - single-mode fiber (SMF-NCF-

SMF) structure [64]

Cui et al. [65] developed a non-destructive fiber optic pressure sensor by combining two
different proportions of PDMS as a substrate with single-mode fiber (SMF), as shown in
Figure 16. The sensor design utilizes the radial elastic deformation of PDMS when
external forces are applied. This deformation results in a larger elastic compressive
deformation within the sensor, driving the fiber to undergo significant axial elastic
deformation, thereby enhancing the optical sensitivity of the fiber. Additionally, the
flexible PDMS encapsulating the exposed fiber significantly improves the
environmental adaptability of the fiber optic sensor. Compared to sensors wrapped in a
single proportion of PDMS, this design results in higher minimum pressure resolution
and spatial resolution, making it a more sensitive and versatile solution for pressure

sensing applications.
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Figure 16: Fabrication methods for pressure sensors combining SMF with PDMS in different

ratios [65]
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Zha et al. [66] utilized PDMS material in combination with fiber optic sensors to
achieve cardiopulmonary monitoring. The proposed stretchable elastomeric fiber optic
sensor, as shown in Figure 17, is designed for the monitoring of RR and heart rate (HR).
The study demonstrated that the elastomeric fiber optic sensor can synchronously
measure RR and HR in various body positions, and successfully detect
ballistocardiogram (BCG) signals while lying down. The sensor exhibited excellent
accuracy and stability, with maximum errors of 1 bpm (for RR) and 3 bpm (for HR), an
average weighted absolute percentage error (MAPE) of 5.25%, and a root mean square
error (RMSE) of 1.28 bpm. Furthermore, the results from the Bland-Altman method
indicated that the sensor showed good consistency in measuring RR through manual

counting and HR through electrocardiogram (ECG).

Elastic Fabric

~ Prototype |

Figure 17: Elastic cardiopulmonary monitoring sensor made of PDMS material [66]

With the continuous development of new polymer materials and their processing
techniques, future sensors are expected to achieve further breakthroughs in flexibility,
intelligence, and multifunctionality. These advancements will provide more innovative

solutions for biomedical, environmental monitoring, and other high-tech fields.
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3 Research Theory and Methodology

3.1 Generation and Transmission of Cardiac Mechanical

Signals

The heart is the most vital organ in the human body, functioning as a pump to
continuously drive blood circulation through rhythmic contractions and relaxations.
During each cardiac cycle, several factors collectively determine the generation and

characteristics of cardiac mechanical signals:

Firstly, the strong mechanical activity of myocardial cells, whose synchronization and
contraction-relaxation rhythm directly influence changes in internal cardiac pressure.
Secondly, the mechanical properties of the heart's structure, including the elasticity of
the heart wall, the energy of valve closure, and the response characteristics of the
pericardial system. Thirdly, the physiological feedback mechanisms of surrounding
tissues and organs, such as the dynamic strain of subcutaneous soft tissues and the
regulatory role of the vascular system. Finally, the neurohumoral regulation system
optimizes cardiac function through precise temporal control and mechanical

adjustments.

These factors work together to ensure the unique characteristics and stable transmission
of cardiac mechanical signals. This complex physiological system not only ensures the
efficiency of blood circulation but also provides rich information content for external

sensing [67].
Specifically, the following factors play a key role:
® Synced contraction of the myocardium and hemodynamic effects

When myocardial cells contract synchronously, the pressure within the heart chamber
rises sharply, causing significant mechanical deformation of the myocardial wall. This
deformation not only triggers the heart's own motion but also transmits signals outward
through the cardiac tissue and pericardium. Additionally, during the ejection phase, the
blood creates strong pulse waves, which generate shock effects at the interface between

the blood and myocardium, further intensifying local mechanical vibrations.
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These mechanisms collectively form the process of cardiac mechanical signal
generation and propagation, ensuring the efficiency and stability of cardiac function.
During the contraction phase, the pressure within the heart chamber increases
dramatically, causing the myocardial wall to expand outward; during the relaxation
phase, the myocardial wall returns to its original shape. This cyclic deformation
guarantees normal cardiac output, maintaining functional coordination of other organs
in the body through the transmission of mechanical signals and pulse waves. This dual
effect allows the heart to not only effectively pump blood throughout the body but also

dynamically meet the tissue's demands for oxygen and nutrients.
® Valve Motion and Local Vibrations

Valve motion and local vibrations are important physical phenomena in cardiovascular
system monitoring, reflecting the spatial characteristics of heart activity and its
physiological state. The impact at the moment of valve closure generates a typical high-
frequency, transient vibration, primarily resulting from the collision between the heart
valve and the heart chamber wall. This shock wave is transmitted through the chest,
subcutaneous tissues, and skeletal system to the body surface, creating subtle signal
changes with specific frequencies. The characteristics of these signals not only reflect
the mechanical parameters of heart activity but also provide valuable information about

the heart's functional state.

Furthermore, local vibration phenomena involve the inherent resonant properties of the
heart and its surrounding structures. Under the impact of pulse waves, these structures
produce responses at their specific resonant frequencies. This resonant signal can
capture dynamic state changes in the tissues within the heart chambers, valves, and
related organs, enriching the assessment of cardiac function. By analyzing these
complex vibration patterns, a deeper understanding of cardiac perfusion, myocardial
metabolic activity, and early signs of heart disease can be gained, providing a basis for

clinical diagnosis and intervention.
® Tissue Conduction Effects

The mechanical signals generated by the heart must undergo a series of complex
physical processes before being transmitted to the body surface. This process involves

the coupling and conduction through multiple layers of tissue, including the pericardium,
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chest muscles, ribs, and subcutaneous tissue. Each tissue layer has unique elastic
properties and damping effects, which significantly impact the signal's amplitude,
temporal characteristics, and spectral distribution. As a result, the signal gradually
attenuates and filters during transmission, leading to a reduction in the amplitude

detected at the body surface.

Nevertheless, these signals, after passing through multiple tissue layers, still retain
important information related to the different phases of the heart. Specifically, the
temporal shape of the signal can reflect major physiological activities of the heart, such
as isovolumetric contraction, rapid ejection, and isovolumetric relaxation. This
characteristic differentiates SCG from standard BCG in clinical settings, as SCG
exhibits unique signal features. Due to tissue attenuation and filtering effects, the
amplitude of SCG is typically lower, but its temporal information offers higher
resolution. This makes SCG highly valuable in assessing cardiac function, detecting
myocardial metabolic abnormalities, and identifying early signs of heart disease. In
contrast, traditional BCG primarily reflects overall cardiac movement, while SCG
captures more detailed physiological changes, providing richer and more unique cardiac

information for clinical diagnosis.

3.2 Characteristics and Sensing Principle of Fiber Bragg

Grating (FBG)

3.2.1 Basic Structure and Transmission Characteristics of Optical Fiber

Optical fiber, short for optical waveguide fiber, is a medium waveguide that operates in
the optical wavelength range. Typically cylindrical in shape, it confines the optical
energy—converted from electrical or electromagnetic energy—within its interface and
guides light waves along the waveguide axis. The transmission characteristics of optical

fiber are determined by its structural materials and mode distribution.

As shown in Figure 18, the basic structure of an optical fiber consists of three main
components: the core, the cladding, and the protective layer. The core, located at the
center, is responsible for transmitting optical signals. The cladding surrounds the core

and has a lower refractive index, enabling total internal reflection. The protective layer,
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positioned on the outermost part, enhances the mechanical strength of the fiber and

shields it from external environmental influences.

Coating

Cladding

Core

Figure 18: Optic Fiber Foundation Structure

The basic operating principle of optical fiber relies on the phenomenon of total internal
reflection. Taking step-index fiber as an example, as shown in Figure 19,  represent
the refractive index of the surrounding air, is the critical angle for total internal
reflection of a meridional ray within the core, and  represent the incident angle and

refracted angle, respectively, when light enters the core from the air.

Figure 19: Light Propagation in Optical Fiber

According to Snell's Law, when a light wave passes from a higher refractive index
medium (core) into a lower refractive index medium (cladding), the following condition

is satisfied:
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For the interface between air and the core:
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Under these conditions, the light wave will not refract into the cladding but will be
totally reflected back into the core. This total internal reflection allows the light to

propagate continuously within the core without any energy leakage.

Additionally, optical fibers can accept incident light within a certain range, which is

described by the Numerical Aperture (NA):

I
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€)

For fibers in air (assuming the external refractive index o= 1), the Numerical

Aperture can also be used to calculate the maximum acceptance angle:
=arcsin( ) 4)

Light can only effectively enter the core and propagate within the fiber if the incident
light's angle does not exceed this maximum value. Therefore, using the principle of total
internal reflection, the fiber can firmly confine the electromagnetic wave energy, in the

form of light, within the core and transmit it along the fiber's axis.

When the core of an optical fiber is comparable to the wavelength of the light wave, it is
necessary to use wave optics theory for analysis. The light wave transmitted through the
fiber, due to the refractive index discontinuity between the core and cladding (with the
core refractive index ;  greater than the cladding refractive index ,), must satisfy
certain continuity conditions at the boundary for the electric field components. This
results in a series of discrete modes, each corresponding to a different electric field
distribution and propagation characteristics, collectively referred to as "modes." The
mode characteristics of an optical fiber directly affect its signal transmission capabilities.
For example, single-mode fibers (SMF) support only one propagation mode, while

multi-mode fibers (MMF) allow multiple modes to coexist.

The normalized frequency is a dimensionless parameter related to the frequency of
the light wave and the optical fiber structure. It is used to describe the number of modes

that can be supported in the fiber. The definition is as follows:

—2

= ()
where:

. is the radius of the fiber core,
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. is the wavelength of the incident light,

. is the numerical aperture of the fiber.

The normalized frequency directly determines the number of modes the optical fiber can
support:

e When < 2405, the fiber operates in single-mode transmission, supporting

only the ; mode (i.e., the fundamental ;7 mode).
e When > 2405, the fiber enters multi-mode transmission, supporting multiple
modes of propagation.

3.2.2 Optical Properties of Fiber Bragg Gratings (FBG)

In 1978, Hill et al. first discovered the photosensitivity of optical fibers, laying the
theoretical foundation for the fabrication of Fiber Bragg Gratings (FBG). They used
ultraviolet lasers to irradiate the fiber, inducing periodic refractive index changes within

the fiber, thus forming the FBG [68]. Its structure is shown in Figure 20.
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Figure 20: Structure of Fiber Bragg Grating

Fiber Bragg Grating is an optical waveguide with a periodic refractive index variation.
The longitudinal refractive index changes lead to the coupling between different optical
wave modes. This can change the spectrum of the incident light by partially or
completely transferring the power of one fiber mode to another. In a single-mode fiber,
the incident fundamental mode in the core can be coupled into both forward and
backward propagating modes, depending on the grating and phase conditions

determined by different propagation constants, as expressed by the equation:

L= =2 (6)
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where is the grating period, ; and , are the propagation constants of modes 1 and 2,
) 2 . . .
respectively (the constant =-—  describes the attenuation and phase shift of the

electromagnetic wave during propagation). To couple a forward propagating mode into

a backward propagating fundamental mode, the following condition must be met:
= 1— 2= 0~ w)=2 n (7)

where o, is the propagation constant of the transmission mode in a single-mode
fiber. In this case, the fiber grating has a small period ( < 1pm), and this short-period
optical fiber grating is called a Bragg grating (FBG). It behaves similarly to an optical
reflection filter, and the reflection peak wavelength is called the Bragg wavelength,
denoted as , or the Bragg condition. When broadband light from a source
propagates along the fiber to the FBG region, only the wavelengths that satisfy the
Bragg reflection condition will be reflected back, while the others continue to propagate.

The Bragg wavelength  satisfies:
=2 (8)

where is the effective refractive index of the fiber. In another case, when a forward
propagating mode is coupled into a backward propagating cladding mode, jand »

are of the same sign, and the fiber grating period is larger (= 100um). This type of
optical fiber grating is called a long-period grating (LPG), and it behaves as a band-stop

filter with a stopband width ranging from ten to hundreds of nanometers.
® FBG in Cardiac Signal Measurement:

FBGs are primarily used to measure cardiac signals based on their strain effect. When
an external force is applied to the optical fiber, causing it to stretch or compress, the
grating period  and the effective refractive index  change, leading to a shift in the
Bragg wavelength . This shift is directly related to the applied axial strain , as
expressed by:

—=@1- )A 9)

where is the effective photo-elastic coefficient of the fiber, which depends on the

material of the fiber and is given by:
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=—— (10)
For example:

o Silica optical fibers (SiO:): These have a low photo-elastic coefficient and are

very stable.

e Polymer optical fibers (POF): Due to their high elasticity, the photo-elastic
effect is more prominent in polymer fibers than in silica fibers, and they have a

higher photo-elastic coefficient.

A higher photo-elastic coefficient means greater sensitivity to strain and faster, more
pronounced responses to external dynamic pressures or vibrations. This is why polymer
optical fibers are widely used in wearable sensors, biomechanical monitoring, large
deformations, dynamic pressure, and high-sensitivity applications. For example,
CYTOP (perfluoro-polymer) fibers have a slightly lower photo-elastic effect than
traditional POF but still significantly higher than silica fibers. However, their lower
transmission loss characteristics make them outstanding in the visible to near-infrared

spectrum, making them more suitable for stable, high-precision applications.
3.2.3 Coupled-Mode Theory of Fiber Bragg Gratings

External physical quantities such as strain, pressure, and temperature can alter the
characteristic parameters of fiber Bragg gratings (FBGs), such as the grating period and
the refractive index of the fiber material. Since the refractive index of an FBG varies
periodically, this causes the energy of certain guided optical modes to couple into
adjacent modes, leading to changes in the reflection peak and transmission spectrum.
These spectral changes can serve as indicators of variations in external physical

quantities.

Therefore, when analyzing the characteristics of FBGs, the coupled-mode theory is
commonly employed. Coupled-mode theory is a fundamental method for studying
FBGs, providing a detailed description of optical propagation and mode coupling in
waveguide media. This theory offers a deeper understanding of how FBGs respond to
different external influences, serving as a theoretical foundation for the design and

application of FBG-based sensors [69].

® Basic Assumptions of Coupled-Mode Theory
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The variation in the refractive index of a FBG can be expressed as:

2

()= +4 =+ O) (11)

where A is the modulation amplitude of the effective refractive index, and @( )

represents the phase perturbation.

The optical field in the -direction can be described as a superposition of forward and

backward propagating modes:
C...0= [ O + ()7 ]TC) T (12)

where () and () represent the mode amplitudes of forward and backward
propagating waves along the -axis, respectively; is the propagation constant of the
mode; and T ( , ) represents the transverse mode. This implies that, under ideal
conditions, no energy exchange occurs between the core, cladding, and radiation modes,

meaning they remain mutually orthogonal.
® Inter-Mode Coupling Equations

Due to the periodic variation in the refractive index of the grating, mode coupling
occurs between forward and backward propagating modes. Based on Maxwell’s

equations and the wave equation theory, the coupled-mode equations can be expressed

as:
- = « =) + ( + )~ «c + ) (13)

- = ( — ) « + ) — -C =) (14)

where represents the transverse mode coupling coefficient, and represents

the longitudinal mode coupling coefficient. When the phase-matching condition

(Equation 6) is satisfied, energy exchange between modes reaches an optimal state.
® Calculation of Coupling Coefficients

The coupling coefficient is a crucial parameter in Coupled Mode Theory (CMT),
describing the energy exchange between modes. It is typically derived using

Perturbation Theory and depends on the characteristics of fiber Bragg gratings (FBGs)
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or coupled waveguide structures. The longitudinal and transverse mode coupling

coefficients are given by:

:Z A ( 1o ) ( ) ) ( ) ) (15)
=— 0(. ) () () (16)
where A (, , ) represents the medium perturbation. In practical scenarios,

, meaning that the longitudinal coupling coefficient has a negligible effect on inter-

mode coupling. Additionally, during fiber grating fabrication, the refractive index of the
cladding remains unchanged, and the core refractive index variation is small and

uniform. The perturbation can be approximated as:
A(C, )=2 A (17)

Thus, the coupling coefficient simplifies to:

O= - O () (18)
O=5 O (19)
where is the self-coupling coefficient and is the cross-coupling coefficient.

Under these conditions, the transverse mode coupling coefficient simplifies to:
2
= ()+2 (oos[5- + () (20)

For a uniform fiber Bragg grating (Uniform FBG), the cross-coupling coefficient

remains constant, allowing further simplification of the coupled-mode equations.
® Coupled-Mode Equations for Uniform Fiber Bragg Gratings

When a light beam enters a uniform fiber Bragg grating (FBG), coupling occurs
between the forward and backward propagating modes that are symmetrically
positioned around the central wavelength. This interaction is described by the coupled-

mode equations:
—= () 72+ ()~ 7 21)

—== "0 7= () (22)

Here, the sub-coupling coefficient * is a DC component and is given by:
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R (23)

The detuning parameter describes the phase mismatch between the wave and the

grating and is expressed as:

= —-=2 [ (24)

where is the Bragg wavelength, defined as the central wavelength when the fiber's

effective refractive index variation is approximately zero.

Under the condition of no phase variation (i.e., — = 0), the reflection coefficient RRR

can be derived as:

_ 9 sinh2 ./ 2_( +)2
R 25)
~~+cosh? / 2—( +)?

+

If the self-coupling coefficient ™ = 0, the maximum reflection coefficient of the fiber

Bragg grating is given by:
max = tanh?(" ) (26)

The peak reflection wavelength is given by:

max — (1 + _) (27)
Due to modulation depth variations, does not exactly equal 5 . The reflection
bandwidth o , defined as the wavelength spacing between the first two zero-

reflection points on either side of 5 , is given by:

o—___ 1+(_)2 (28)

For weak and strong gratings, the bandwidth expressions simplify as follows:
Do _ 2

Do B (29)
cff

For weak gratings, the refractive index change is negligible, and the bandwidth is

primarily determined by the grating length. In contrast, for strong gratings, the
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reflection bandwidth is significantly influenced by the refractive index modulation

depth.

3.3 Demodulation Methods of FBG Sensors

The optical characteristics and coupled-mode theory of Fiber Bragg Gratings (FBG)
explained earlier illustrate their core working principle: using the shift of the Bragg
wavelength to sense changes in environmental parameters. When external factors such
as temperature, strain, or pressure act on the grating, the spectral reflection
characteristics of the FBG change. Therefore, accurate measurement of Bragg

wavelength shifts enables monitoring of environmental parameters.

However, the output signal of an FBG sensor is an optical signal, while most
applications require conversion into an electrical signal for analysis. Thus, accurate and
stable demodulation of Bragg wavelength shifts is a critical aspect of FBG sensing

systems.

FBG demodulation techniques primarily focus on wavelength measurement, i.e.,
efficiently and accurately detecting the central wavelength of the FBG reflection or
transmission spectrum and converting its variations into corresponding physical
quantities. Depending on specific application requirements, demodulation methods can

be categorized into various types, including:
® Spectrometer Demodulation

The spectrometer-based demodulation method is the most direct approach for FBG
demodulation. Its structure is shown in Figure 21, consisting of a Broadband Light
Source (BBS), an isolator (which prevents back-reflected light from interfering with the
laser source), and a circulator, which directs uniform spectral illumination to the FBG.
The reflected (or transmitted) spectrum from the FBG is then analyzed using an Optical
Spectrum Analyzer (OSA) or an integrated spectrometer-based demodulation

instrument.

Basic Principle: When an FBG is subjected to external strain, temperature, or other
influences, the Bragg wavelength shifts accordingly. By collecting the FBG spectrum
using a spectrometer and detecting changes in the central wavelength, the corresponding

physical quantity can be determined. With high-precision spectrometers, it is possible to
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achieve picometer (pm)-level wavelength resolution, ensuring high-accuracy

measurements.

Optical Circulator
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Figure 21: Schematic Diagram of Spectrometer Demodulation Method

The characteristics of this method are as follows: it offers high measurement accuracy,
with the ability to achieve picometer (pm) level resolution using a high-resolution
spectrometer; it is also suitable for multi-channel measurements, allowing multiple FBG
sensors with different wavelengths to be measured and demodulated simultaneously in a
single spectrum, making it suitable for distributed sensor networks. Additionally, this
method is the most intuitive way to reflect spectral information, as it allows direct
observation of the spectral changes of the FBG, which is useful for research and
calibration. In recent years, the development of miniaturized, high-speed spectrometers
has made spectrometer demodulation more widely applicable in portable measurements.
Moreover, combining Al algorithms for spectral analysis can improve demodulation

accuracy and signal resistance to interference.
® Edge Filter Demodulation

The edge filter demodulation method involves a demodulation structure as shown in
Figure 22. It uses an edge filter with steep transmission characteristics to convert the
FBG's wavelength shift into an optical intensity change. The intensity is then measured

by a photodetector, and the Bragg wavelength shift is demodulated.

Basic Principle: The light reflected by the FBG passes through the edge filter, whose
transmission rate varies with wavelength. When the Bragg wavelength of the FBG shifts,
the intensity of the transmitted light also changes. By measuring the transmitted light
intensity with a photodetector and using the filter's transmission curve, the wavelength

shift can be inferred.
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Figure 22: Schematic Diagram of the Edge Filter Demodulation Method

The edge filter method has better real-time performance. Compared to spectrometer-
based demodulation, it enables high-speed signal detection, making it more suitable for
dynamic measurements. Due to its simple system structure, it does not require a
complex optical spectrum analyzer, relying only on a photodetector and a filter. This
results in a compact setup with lower equipment costs, making it ideal for large-scale
applications. With advancements in miniaturized optoelectronic components and signal
processing algorithms, the edge filter demodulation method is being optimized for
higher resolution and lower noise. Additionally, research on multi-channel multiplexing
technology has expanded its capability to demodulate multiple sensing units

simultaneously, broadening its application scope.
® Matched FBG Filter Method

The structure of the matched FBG filter method is shown in Figure 23. This method
utilizes a reference FBG (Matched FBG) as a filter. When the Bragg wavelength of the
sensing FBG shifts, the wavelength deviation is determined by comparing the

transmission or reflection intensity changes of the matched FBG.

Basic Principle: A reference FBG with a known central wavelength is placed in the

system, with its Bragg wavelength close to the initial wavelength of the sensing FBG.
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When the Bragg wavelength of the sensing FBG shifts, a change in intensity occurs due
to the spectral response of the matched FBG. A photodetector (PD) is used to measure

the intensity variation, and signal processing algorithms are applied to demodulate the
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Figure 23: Schematic Diagram of the Matched FBGFilter Method

The spectral response of the matched FBG in the matched FBG filter method is similar
to that of the measured FBG, enhancing demodulation accuracy. Since it does not
involve mechanical moving parts and only requires a matched FBG as a filter, the
system is compact and easy to integrate. Compared to demodulation methods based on
tunable filters, this approach offers greater stability, making it widely used for long-term

monitoring.
® Tunable Fabry-Perot Filter Demodulation

The Fabry-Perot (F-P) filter demodulation method utilizes a tunable Fabry-Perot
interference filter (Tunable F-P Filter) as a wavelength selector to demodulate Bragg
wavelength shifts by scanning the reflection or transmission spectrum of the FBG. The

basic process is illustrated in Figure 24.

Basic Principle: The broadband light source (BBS) is incident on the FBG sensor. The
reflected or transmitted light from the FBG enters the F-P filter, which has a tunable
transmission peak. By adjusting the cavity length of the F-P filter (via voltage or
piezoelectric drive), the transmission spectrum is scanned, and the intensity variations
are recorded. Based on the transmission spectrum curve of the F-P filter, the Bragg

wavelength shift of the FBG is calculated.
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Figure 24: Schematic Diagram of Tunable F-P Filter Demodulation Method

This demodulation method enables high-resolution wavelength detection, as the
narrowband transmission characteristics of the F-P filter allow for picometer-level
wavelength demodulation. Compared to spectrometer-based demodulation, the F-P filter
can perform wavelength scanning within milliseconds, making it suitable for dynamic

measurements.
® Tunable Narrowband Light Source Demodulation

The FBG demodulation method based on a Tunable Narrowband Light Source (TNLS)
is structured as shown in Figure 25. This method utilizes a tunable light source to
gradually scan the reflection or transmission spectrum of the FBG and determines the

Bragg wavelength based on the variation in transmitted or reflected optical intensity.

Basic Principle: The tunable narrowband light source scans the optical wave within a
preset wavelength range. The FBG sensor exhibits high reflectivity only near its Bragg
wavelength, while other wavelengths are transmitted. A photodetector (PD) monitors
the intensity of the reflected or transmitted light. The signal processing system records
the relationship between the light source wavelength and optical intensity, identifying
the peak intensity corresponding to the Bragg wavelength. By calculating the shift in the
Bragg wavelength, external physical parameters such as temperature and strain can be

demodulated. .
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Figure 25: Schematic Diagram of Tunable Narrowband Light Source Demodulation

The advantages of a tunable laser include fast scanning speed, making it suitable for
high-speed demodulation. It also offers high system stability and does not require a

complex optical system, making it easy to integrate.

3.4 FBG Sensor Application Mechanism in Cardiac Signal

Detection

The application of FBGsensors in cardiac signal detection primarily relies on capturing
and demodulating the localized strain on the chest wall. The key steps and mechanisms
mainly include the following two aspects: detection of the small deformation of the skin
and signal demodulation and analysis. The key to accurately measuring cardiac signals

is as follows:
® Sensor Characteristics and Installation

The FBG sensor can directly capture the small local skin strain caused by the
mechanical vibrations generated by the heart when placed on the chest wall or skin
surface. To achieve this, the sensor needs to adopt flexible packaging technologies, such
as PDMS (Polydimethylsiloxane) or biocompatible polymer materials, to adapt to

changes in the curvature of the human body and reduce motion artifacts.

The FBG sensor with a specially designed flexible package ensures good signal
transmission performance by closely adhering to the skin. When precisely attached to
the heart activity points (such as the left intercostal space, apex area, or above the
sternum), the sensor can respond in real time to the tiny skin deformations caused by

heartbeats, thus improving the sensitivity and accuracy of detection. In addition,
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optimizing the fiber fixation method (e.g., 3D printed brackets or biological adhesive
bonding) can further reduce signal drift and improve the stability of long-term

monitoring.
® Data Preprocessing and Feature Extraction

Due to the effects of human motion, respiration, and external noise, the raw signals
collected by the FBG sensor may contain a large amount of interference. To improve

signal reliability, the following data processing methods are required:

e Band-pass Filtering: Remove low-frequency motion interference (below 0.5 Hz)
and high-frequency environmental noise (above 100 Hz), retaining the main
frequency range of the cardiac signal (1-50 Hz).

e Adaptive Filtering: Use signal decomposition techniques (such as wavelet
transform or empirical mode decomposition, EMD) to separate cardiac activity
signals from other noise components.

e Time-domain and frequency-domain analysis: After filtering the signal, peak
detection and waveform segmentation are performed to extract the vibration
characteristics of a single complete SCG signal. This allows for the calculation of

physiological parameters such as heart rate.

Through these signal processing techniques, key feature parameters from different
stages of the heart (such as isovolumetric contraction, rapid ejection, and isovolumetric
relaxation) can be accurately extracted. This not only evaluates the basic pumping
function of the heart but also assists in the early screening and remote monitoring of

CVDs (such as valvular diseases, heart failure, and hypertension).
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4 Fabrication of CYTOP Fiber FBG Sensors

4.1 CYTOP Optical Fiber and Fabrication Process of FBG
4.1.1 Characteristics of CYTOP Optical Fiber

CYTOP is a specialized material derived from polytetrafluoroethylene (PTFE) which
can be utilized as an optical fiber. With its outstanding physical, chemical, and optical
properties, it demonstrates significant advantages across multiple fields. [70] Its unique
molecular structure and material characteristics make it highly valuable in fiber optic

sensing, communications, medical applications, and other high-precision fields.

® Material Properties of CYTOP Optical Fiber

Polytetrafluoroethylene (PTFE) features a highly fluorinated molecular structure, where
each carbon atom is covalently bonded to four fluorine atoms, forming a stable

molecular chain structure [71] , as illustrated in Figure 26.
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Figure 26: Chemical Structure of CYTOP Material

This unique chemical bonding structure endows CYTOP optical fibers with a range of

distinctive material properties:

e Low Optical Loss: Due to the high electronegativity of fluorine atoms, CYTOP
material exhibits minimal absorption of optical energy, maintaining low optical loss.
This ensures that light signals experience minimal attenuation over long-distance
transmission. CYTOP optical fibers demonstrate exceptionally low optical loss
across the visible to near-infrared spectrum (approximately 400—1500 nm).

e Broad Spectral Response: CYTOP optical fibers exhibit broad spectral

responsiveness, particularly in the visible and near-infrared regions. This
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characteristic allows them to operate effectively under various light sources,
making them suitable for diverse optical sensing applications.

e Chemical Stability: The strong electron-withdrawing effect of fluorine atoms
results in a highly stable molecular chain, making the material resistant to chemical
reactions. CYTOP exhibits outstanding corrosion resistance, enabling long-term
operation in harsh environments such as exposure to acids, bases, and solvents.

e Low Refractive Index: The unique molecular structure of CYTOP results in a low
refractive index, facilitating faster optical signal propagation and minimizing
optical nonlinear effects. This low refractive index property enhances the fiber's
sensitivity to minute environmental changes, making it particularly advantageous
for optical fiber sensor applications.

® Advantages of CYTOP Optical Fiber in Applications

With its exceptional material properties, CYTOP optical fiber demonstrates significant
value across various fields, including high-precision sensing, optical communication,
medical monitoring, and industrial applications. Its low optical loss and broad spectral
response make it an ideal choice for long-distance optical signal transmission and high-
precision measurements, particularly in fiber optic sensors requiring high sensitivity.
Additionally, CYTOP optical fiber boasts excellent chemical stability and corrosion
resistance, enabling long-term operation in high-humidity, high-temperature, and highly
corrosive environments, making it well-suited for demanding sensing applications. Its
high mechanical strength and flexibility allow it to maintain reliable optical
performance even under bending, stretching, or external force, making it widely used in

wearable devices, flexible fiber sensors, and complex structural sensing systems.

e In the medical field, CYTOP optical fiber is well-suited for biosensing and in-body
measurements due to its biocompatibility and outstanding optical properties. It can
be used for detecting physiological signals such as heart activity, respiration, and
other vital parameters. Its flexibility and stability make it particularly suitable for
minimally invasive medical devices and wearable health monitoring systems,
enabling accurate real-time data acquisition.

e In industrial applications, CYTOP optical fiber is extensively used in equipment
health monitoring, industrial automation control, and safety warning systems due to

its high-temperature resistance, chemical corrosion resistance, and mechanical
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robustness. For example, in high-temperature and high-pressure pipeline
inspections, structural health monitoring, and smart manufacturing systems,
CYTOP optical fiber provides precise and stable sensing data, enhancing

equipment safety and operational efficiency.

Moreover, the electrical insulation properties of CYTOP optical fiber effectively
prevent electromagnetic interference, ensuring high stability even in complex
electromagnetic environments. This makes it particularly suitable for sensing and
communication systems requiring high anti-interference capability. In the field of
optical communication, its ultra-low optical loss and broad spectral response
characteristics provide an excellent solution for high-speed, long-distance signal
transmission, playing a crucial role in next-generation fiber optic communication

networks and high-speed data transmission systems.

In summary, CYTOP optical fiber, with its outstanding optical performance, stability,
and environmental adaptability, has become a vital material in high-precision sensing,
medical health monitoring, industrial detection, and optical communication. Its low loss,
strong flexibility, corrosion resistance, and immunity to electromagnetic interference
make it an ideal candidate for high-sensitivity, body-worn heart signal sensors. This
study adopts CYTOP optical fiber for real-time, non-invasive, stable, and precise
cardiac monitoring, providing a reliable technological foundation for heart health

assessment.
4.1.2 Fabrication Process of FBG

After understanding the superior performance of the selected sensing material, CYTOP
optical fiber, and its application value in high-sensitivity heart signal sensing, the key to
achieving precise sensing lies in how to construct efficient and stable FBG in CYTOP

optical fiber.

In fiber Bragg grating sensing, the fabrication process of the grating directly determines
the performance of the sensor, including its center wavelength, reflectivity, and
sensitivity to temperature, strain, and other parameters. Therefore, the method of writing
the fiber Bragg grating into CYTOP optical fiber is crucial, as different writing
techniques directly impact its optical properties and sensing performance. Currently, the

writing methods for fiber Bragg gratings are mainly divided into internal writing and
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external writing methods, with external writing methods including interference writing,

point-by-point writing, and phase mask writing.
® Internal Writing Method

The internal writing method, also known as the internal standing wave method, is an
early technique for writing fiber Bragg gratings, commonly used in ultraviolet (UV)
exposure systems, especially for quartz optical fibers. This method creates an
interference pattern inside the fiber to form standing waves. Due to the photosensitivity
of the fiber material, the two-photon absorption effect leads to changes in the refractive
index, thus forming the grating. The key to the standing wave method is generating
periodic light intensity distribution inside the fiber through the interference between the
laser and reflected light. These interference fringes cause periodic modulation of the
refractive index in the fiber, resulting in the formation of the fiber Bragg grating. The
advantage of this method lies in its ability to precisely control the grating's period and
write it into the fiber with high quality. The most commonly used light source for the
standing wave method is a UV laser, as UV light can effectively induce changes in the

refractive index of the fiber.

® [External Writing Method
1. Interference Writing Method

The interference writing method is one of the most common external writing techniques.
This method was first proposed by Meltz et al. [72], using the principle of interference
to split the incident ultraviolet (UV) light into two coherent UV beams. These beams are
then recombined to form an interference field that exposes the side of the photosensitive
optical fiber, creating a periodic light intensity distribution in the fiber core. This
induces localized changes in the refractive index of the fiber, forming the fiber Bragg
grating. The main methods include amplitude splitting interference and wavefront

splitting interference:

e  Amplitude Splitting Interference Method

The amplitude splitting interference method uses a beam splitter or optical splitter to
divide a laser beam into two or more beams. After propagating separately, these beams
overlap on the fiber to form interference fringes, which then write the FBG (Fiber Bragg

Grating). In experiments, Kr-F excimer lasers are often used as light sources, with high-
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precision optical systems for beam splitting and angle control to ensure the stability of
the interference fringes and the writing quality. A schematic diagram is shown in
Figure 27. The incident light beam is split into two equal-amplitude beams by the
splitter. The beams are then recombined in the target area of the fiber, forming an
interference pattern. This induces a permanent refractive index modulation in the fiber
core. The periodicity of the refractive index modulation depends on the angle between
the two light beams, which can be adjusted using mirrors. The grating period matches
the period of the interference fringes and is jointly influenced by the radiation

wavelength 4 and the angle 8 between the two intersecting light beams.

Polarizing

Adjustable
Mirror

Figure 27: Schematic Diagram of the Amplitude Splitting Interference Method

Since the periodicity of the grating is determined by the interference fringes, the phase
stability of the two light beams is crucial. However, this method is sensitive to
mechanical vibrations and air disturbances, because the propagation paths of the two
beams are relatively independent. Minor changes in the external environment may cause
fluctuations in the optical path difference, leading to a drift in the interference fringes,
which in turn affects the uniformity and precision of the grating writing. Therefore, this
method requires high-precision optical alignment, particularly the stability of
components such as beam splitters and mirrors, which must be high. Typically,
experiments are conducted on optical vibration isolation platforms to reduce the effects
of vibrations. Despite this, the method remains suitable for writing uniform FBGs (Fiber

Bragg Gratings) and can precisely control the grating period.
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e  Wavefront Splitting Interference Method

To address the sensitivity of the amplitude splitting interference method to
environmental disturbances, another method, the wavefront splitting interference
method, can effectively reduce the system's dependence on mechanical vibrations and
improve the stability of the interference fringes. This method divides the wavefront of
the incident light beam into two or more parts, causing interference fringes to form on
the fiber and writing the FBG. A common approach is to use the edge of a prism to split
the beam into two equal parts, allowing them to propagate separately and form an
interference pattern on the fiber surface. The primary advantage of this method is that it
requires only one optical device (such as a prism), significantly reducing the sensitivity
to mechanical vibrations and improving the stability of the system. Since all the beams
come from the same wavefront, there is no independent propagation path, so there will
be no fluctuations in the optical path difference that could cause fringe drift, thus
improving the writing precision and repeatability. However, the limitation of this
method lies in the supported grating length, which is mainly determined by the beam's
half-width and is affected by the geometric size of the prism. Additionally, the tuning
range of the Bragg wavelength is relatively small, and compared to the amplitude
splitting interference method, this method has lower flexibility in manufacturing multi-
wavelength gratings. In experiments, Kr-F excimer lasers are also used, and the
wavefront is split by a prism to generate stable interference fringes for precise grating

writing.

2. Point-by-Point Writing

Point-by-point writing is a method for fabricating fiber Bragg gratings (FBGs) by
sequentially exposing the optical fiber to a focused light source along its axis. This
process creates periodic refractive index modulation. A laser beam is focused onto the
fiber surface through an optical system, inducing localized changes in refractive index
and inscribing individual grating elements. After each element is written, the fiber is
precisely translated by a distance corresponding to the grating period before the next
exposure, continuing until the entire grating structure is formed. This technique dates
back to 1990 when Hill et al. from the Communications Research Centre of Canada [73]

successfully inscribed fiber gratings with a 590 nm period using a Kr-F' excimer laser
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(wavelength: 248 nm). Their work enabled mode coupling from fundamental to higher-
order modes. However, the efficiency of UV-based inscription was relatively low,

limiting broader application.

In recent years, the advancement of femtosecond laser technology has significantly
improved the speed, precision, and flexibility of grating inscription [74]. Femtosecond
laser pulses, characterized by their ultra-short duration (typically in the picosecond or
femtosecond range) and high peak power, allow for precise refractive index modulation
within the fiber core. Compared to conventional UV laser inscription, femtosecond
lasers offer superior spatial and temporal resolution while minimizing thermal effects,
thereby enhancing grating quality and stability. In my study, this femtosecond laser-
based point-by-point writing method will be employed for sensor fabrication. The

schematic diagram of the experimental setup is shown in Figure 28.
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Figure 28: Schematic Diagram of Femtosecond Laser Inscription Method

The laser emitted from the laser source first passes through a tunable attenuator, which
adjusts the laser intensity to ensure that the pulse power is suitable for grating
fabrication. The adjusted laser beam then travels through a series of mirrors, including a
dichroic mirror, which separates different wavelengths of light along the optical path.

The laser is then precisely focused onto the fiber surface through a condenser objective,
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with the focal position and spacing along the fiber axis determining the periodicity and

phase of the grating.

During the inscription process, a pneumatic platform moves the fiber radially to control

the grating period and overall length.
3. Phase Mask Writing

Similarly, the phase mask writing method is an efficient technique for mass-producing
fiber Bragg gratings (FBGs), primarily using ultraviolet or femtosecond laser inscription.
This method leverages the principles of diffractive optics, where a laser beam passes
through a phase mask, generating periodic interference fringes that directly induce
refractive index changes in the fiber core, thereby forming the grating structure. A
schematic diagram is shown in Figure 29. Due to its simplicity, stability, and the
elimination of complex interferometric optical systems, this technique is widely used for

the large-scale fabrication of standard fiber Bragg gratings.
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Figure 29: Schematic Diagram of Phase Mask Method

The greatest advantage of the phase mask method is that the period of the FBGis
determined solely by the period of the phase mask and the direction of the writing beam,
independent of the beam's wavelength. This simplifies the fabrication process, ensures
high repeatability and yield, and makes it well-suited for large-scale production.
Compared to other techniques, the phase mask method has lower requirements for the
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temporal coherence and monochromaticity of the light source. Additionally, the
interference fringes formed by the near-field diffraction of the phase mask are
independent of the beam's incidence position on the mask, making this method ideal for
writing uniform, long-period gratings. It significantly reduces the complexity of the
FBG fabrication system, as a single optical component can create strong and stable

gratings, minimizing potential instability.

Although the phase mask method is less affected by geometric and temporal coherence
compared to traditional interferometric techniques, spatial coherence remains crucial for
ensuring high-quality gratings. To achieve maximum refractive index modulation, the
fiber must be placed in close proximity to the phase mask. Thus, the distance between
the fiber and the phase mask is a critical parameter in the writing process. This is
especially important when using ultraviolet sources with poor spatial coherence, such as
excimer lasers, where minimizing the fiber-to-mask distance is essential for maintaining

writing quality and grating stability.

However, due to its reliance on a fixed mask pattern, the phase mask method lacks the
flexibility of the point-by-point writing technique in customizing grating structures.
Adjustments to the grating period and refractive index modulation distribution are
limited, making it less suitable for fabricating finely tailored gratings that meet specific

application requirements.
® FBG Writing in CYTOP Optical Fiber

In conventional silica optical fibers, ultraviolet (UV) exposure techniques are highly
effective for fabricating high-quality fiber Bragg gratings (FBGs). This method relies on
UV-induced refractive index changes in the fiber material, forming the grating structure
within the fiber core. However, for CYTOP optical fibers, which are fluoropolymer-
based, traditional UV inscription techniques encounter significant challenges. CYTOP
fibers exhibit extremely low absorption in the UV range and possess poor UV
photosensitivity, making it difficult to induce refractive index changes as effectively as
in silica fibers. As a result, the application of UV-based inscription techniques in

CYTOP fibers is considerably limited.

Femtosecond laser technology overcomes this limitation. Unlike UV inscription,

femtosecond lasers utilize nonlinear multi-photon absorption to directly induce
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refractive index modulation inside CYTOP fibers without requiring additional
photosensitization treatments. This approach, leveraging ultra-short laser pulses, enables
precise energy deposition within the fiber, facilitating high-resolution grating inscription

while minimizing thermal effects and structural damage [75].

However, femtosecond laser inscription can lead to localized energy accumulation at
both the surface and interior of the fiber. In CYTOP fibers, the point-by-point
inscription method concentrates energy at discrete positions, which may result in
unstable refractive index changes or even localized material damage. Moreover,

achieving single-peak FBGs in multimode CYTOP fibers remains a challenge.

To address these issues, the Photonics and Optical Sensors Research lab at Cyprus
University of Technology proposed the plane-by-plane femtosecond laser inscription
method in 2017 [76]. This technique ensures more stable grating inscription in wide-
core fibers such as CYTOP by uniformly distributing laser energy at each writing step,
effectively avoiding the excessive local excitation and structural non-uniformities often
associated with point-by-point inscription. It also enables precise refractive index
modulation within a confined region of the fiber core, thereby optimizing coupling
conditions and facilitating the generation of single-peak FBG spectra in CYTOP fibers.
Moreover, this method allows for accurate three-dimensional control of the refractive
index profile, enabling the fabrication of customizable grating structures that are

difficult to achieve using conventional phase mask or interferometric approaches.

Owing to the mechanical flexibility of polymer optical fibers, the plane-by-plane
inscription technique effectively minimizes cumulative errors and ensures uniformity in
both fiber structure and refractive index. This results in the formation of more stable and
higher-quality FBGs. By leveraging the unique optical and mechanical properties of
polymer fibers, this method has enabled the broad development of polymer-based FBG

sensors, which can be flexibly tailored to operate at any desired wavelength [77].

4.2 Fabrication of FBGs Using Femtosecond Laser
Technology

The material properties of CYTOP fibers and the challenges of inscribing fiber Bragg

gratings (FBGs) within them, as well as the analysis of common FBG inscription
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techniques, were discussed in the previous section. The following section will detail the
femtosecond laser inscription method we used for FBG fabrication and explore its

experimental process and technical advantages.

In this experiment, we used the femtosecond laser system (HighQ Laser femtoREGEN)),
which has a central wavelength of 517 nm and a pulse duration of 220 fs. The laser
beam is transmitted through a series of mirrors and is ultimately focused by a long
working distance microscope objective (Mitutoyo, 50x, NA 0.42), as shown in Figure
3.3. Meanwhile, a high-precision air-bearing translation stage (Aerotech) was used to

hold and move the fiber, enabling accurate alignment with the laser focus.

The laser polarization is set to linear polarization during the experiment. To minimize
inscription losses, visible light (517 nm) is selected. During the inscription process, the
pulse energy is set in the range of 100—125 nJ/pulse, and the corresponding optical

energy density (fluence) is calculated as follows:

=— (30)
where FE is the pulse energy, and r is the beam radius.

During preparation, the fiber samples to be processed are fixed on a glass slide and
immersed in refractive index matching oil. Two auxiliary fibers are placed on either side
of the target fiber to support a thin glass cover slip on top and to prevent jitter or
displacement during processing, as shown in Figure 30. This setup effectively reduces
lensing effects caused by the fiber’s cylindrical geometry, thereby minimizing
astigmatism and improving inscription precision. Moreover, since the refractive index
of the matching oil closely approximates that of the fiber cladding, this method

eliminates the need to remove the fiber coating and mitigates focal shift during focusing.
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Figure 30: FBGProcessing Fixture

The pulse energy is controlled via an adjustable attenuator, with a range from nJ to pJ,
and the repetition frequency is set by an internal pulse picker. During the plane-by-plane
inscription process, the width of each inscription plane is set to R according to the type
of fiber and experimental requirements. The inscription depth and length can be
optimized by adjusting the parameters of the air-bearing platform to ensure the
formation of a three-dimensional refractive index change region for the grating, as

shown in Figure 31.
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Figure 31: Schematic Diagram of Grating Inscription Structure
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The movement of the air-bearing translation platform (Aerotech) during the entire
inscription process is controlled by a computer, with synchronization programming
using G-code. This setup allows for the inscription of complex trajectories, such as
tilting and curves. The complete system is shown in Figure 32. The light beam path is
illustrated in the diagram, with the red line indicating the propagation path of the laser
from the light source to the microscope objective, and the green line representing the

optical path of the camera.

Figure 32: Complete Femtosecond Laser Processing System

The CYTOP optical fiber used in this experiment is manufactured by Chromis
Technology, with a core diameter of 25 um and a graded refractive index profile
(effective refractive index 1.34). The total diameter of the fiber is 250 pum, and it is
coated with a polycarbonate sheath to provide additional mechanical protection.
Femtosecond laser pulses are generated by the HighQ femtoREGEN laser system
(operating wavelength 517 nm, pulse duration 220 fs, repetition rate 2 kHz, pulse
energy 20 nJ) and focused through a long working distance objective lens (50%
magnification, numerical aperture 0.42, Mitutoyo). The objective lens is less sensitive to
fiber curvature effects, allowing for grating inscription without the need to remove the
fiber’s protective sheath. The inscribed FBG, shown in Figure 33, has a grating width
of 5 um.
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Figure 33: CYTOP Optical Fiber FBG (PI-by-P1 Inscription)

Subsequently, the butt-coupling method was employed to connect the inscribed CYTOP
polymer optical fiber (POF) to a standard single-mode silica fiber (SMF) equipped with
an FC/APC output connector. As shown in Figure 34, the CYTOP fiber was first
positioned at the center of the fiber coupling fixation stage, with its end face in direct

contact with the cleaved facet of the SMF.

Figure 34: Experimental Setup of Fiber Butt-coupling.

To ensure stable coupling and minimize signal loss, a high-precision XYZ-axis micro-
positioning stage was used to finely align and secure the two fibers in three dimensions,
achieving optimal core-to-core alignment. At the same time, the SMF was connected to
a spectrometer to enable real-time monitoring of the reflection spectrum from the
CYTOP FBG, which guided the alignment process. Once a stable butt-coupling was
achieved, UV-curable adhesive was applied at the interface and cured to ensure long-

term mechanical stability.
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This step is intended to facilitate selective excitation of the fundamental mode in the
multimode CYTOP fiber by leveraging the smaller core diameter of the SMF.
Compared with wider-core fibers, the more confined optical field output from the SMF
allows for more efficient coupling into the fundamental mode of the CYTOP fiber while
suppressing higher-order modes. As a result, the reflected signal exhibits improved
purity and stability, and the adverse effects of mode mismatch are significantly reduced

[78].

The reflection spectrum of the FBG inscribed in the CYTOP fiber is shown in Figure
35. The femtosecond laser system was configured to target a Bragg wavelength of
1550 nm, and a distinct reflection peak is observed at approximately 1550.78 nm, with a
peak reflection power of around —20 dBm. The spectrum exhibits a high signal-to-noise
ratio and a well-defined single-peak profile, indicating high inscription quality with

minimal sidelobes and good spectral symmetry.
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Figure 35: FBG reflection spectrum in CYTOP fiber

As a comparative experiment, Corning SMF-28 single-mode silica optical fiber was also
used, with a core diameter of 8 um, a refractive index of 1.45, and an overall fiber

diameter of 250 um. The same fabrication equipment was employed, but FBGs were
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inscribed using the traditional point-by-point method with repetition rate 1 kHz, pulse
energy 600nJ. This method was selected because SMF-28 is a Ge-doped silica fiber
with strong UV photosensitivity, making point-by-point inscription sufficiently efficient.
Furthermore, for SMF-28, which features a small core diameter of only 8 um, the point-
by-point technique eliminates the need for complex procedures such as beam shaping
and focus adjustment required to maintain uniform phase modulation. Instead, the
grating structure can be accurately inscribed directly. The resulting FBG is shown in
Figure 36. To achieve a Bragg reflection intensity (in dB) comparable to that of the
FBG inscribed in the CYTOP fiber, multiple exposures were applied to the SMF fiber.

Figure 36: Silica Single-Mode Fiber FBG (P-by-P Inscription)

To meet the experimental requirements, three FBGs were inscribed along the SMF-28
silica fiber at 8 cm intervals, forming an FBG array. The femtosecond laser system was
configured to target Bragg wavelengths of 1525 nm, 1550 nm, and 1575 nm. As shown
in Figure 37, three distinct reflection peaks were observed at 1524.76 nm, 1549.01 nm,
and 1573.54 nm, respectively. Through multiple exposure steps, all reflection peaks
reached a peak power of approximately —20 dBm, achieving the desired reflection
performance, which is comparable to that of the FBG in the CYTOP fiber. Each peak
exhibits a high signal-to-noise ratio and a well-defined single-peak profile, indicating
high inscription quality with minimal sidelobes and good spectral symmetry. The

rationale for this wavelength configuration will be discussed in the following section.
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Figure 37: FBG reflection spectrum in SMF-28 fiber

4.3 Application of 3D Printing and Polymer Materials for
Packaging

After the fabrication of the sensing unit, packaging it according to the specific
application scenario is a critical step in transitioning FBG fiber sensors from theoretical
research to practical applications. A well-designed packaging approach not only
protects the optical fiber sensing element from external environmental disturbances,
such as mechanical stress, humidity changes, and temperature drift, but also enhances
the sensor's sensitivity and long-term stability, ensuring accurate and reliable data

acquisition in various measurement environments.

To meet the requirements of heart signal monitoring, this study employs 3D printing
technology combined with polymer materials for the packaging design of the FBG

Sensor.

The 3D printing system used in the experiment is the 30M laboratory-grade printer
provided by HYREL 3D, which meets the required precision for the experiment. The

modeling process is carried out using Autodesk Fusion 360, and the model is
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subsequently sliced using Repetrel to generate a G-code file for controlling the printer

platform.

The designed 3D-printed model is shown in Figure 38. The internal dimensions of the
cavity are 80 mm X 36 mm x 4 mm. Three symmetrical grooves, each with a diameter of
0.3 mm and a depth of 1.6 mm, are embedded on both sides to secure the FBGs at the

central position of the sensing unit.

Figure 38: Sensor Packaging Substrate Model

During the 3D printing process, preparation of the PDMS material was carried out. The
PDMS used in this experiment was SYLGARD® 184 silicone elastomer. The detailed

procedure is shown in Figure 39.

First, the base and curing agent were mixed at a mass ratio of 10:1. Based on the mold
volume, a total of 55 g of PDMS was prepared, consisting of 50 g of base and 5 g of
curing agent. The components were thoroughly stirred after mixing to ensure uniformity

and stable material performance.
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Figure 39: PDMS Material Preparation Process

To improve the quality of the PDMS, a vacuum chamber can be used to remove air
bubbles generated during the mixing process. This helps reduce internal defects after

curing and ensures uniform transmission of cardiac vibrations.

PDMS can be cured either at room temperature or by heating. Room temperature
vulcanization (RTV) requires approximately 24 hours for complete curing. In contrast,
thermal curing can significantly accelerate the process, with temperatures ranging from
60 °C to 100 °C and curing times between 15 minutes and 1 hour, depending on the

material’s thickness and ambient conditions.

Subsequently, the FBG sensing unit was arranged as shown in Figure 40. As illustrated,
the CYTOP fiber FBG was initially placed at the center of the mold, while the SMF-28
silica fiber was arranged in a bent configuration. Three FBGs were inscribed along the
SMF-28 fiber, sequentially positioned at three designated measurement points within
the mold, with a spacing of 1 cm between each FBG. Among them, the FBG located at
the center (designed Bragg wavelength: 1550 nm) was placed parallel to the CYTOP

FBG for comparative analysis.
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This layout was designed to identify the optimal sensing position for cardiac signal
acquisition by simultaneously recording the waveform responses of the three FBGs on
the SMF-28 fiber, based on Bragg wavelength shifts induced by strain. By comparing
the response intensities at the three positions, the location with the strongest signal was
selected as the primary sensing point. The sensor was then repositioned accordingly,
relocating the CYTOP FBG to this optimal point, where it served as the main sensing

element for subsequent signal acquisition.

CYTOP Fiber

Figure 40: Layout of the FBGs Sensing Unit

Finally, the PDMS mixture was poured into the 3D-printed mold to complete the

encapsulation. The packaging process is illustrated in Figure 41.

Figure 41: Encapsulation Process of the FBG Sensor
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After arranging the optical fiber along the designated path, both ends of the fiber were
secured with tape to ensure that the FBGs remained taut throughout the encapsulation
process. This design not only enhances the sensor's strain sensitivity along the
longitudinal direction, but also effectively prevents variations in initial strain caused by
fiber displacement or inconsistent fixation, which could otherwise compromise the

response consistency among the FBGs and degrade overall sensing performance.

Subsequently, the pre-treated PDMS material was slowly poured into the mold to fill its
lower half, allowing the FBG array to float above the PDMS surface. This ensured that
all FBGs remained in the same horizontal plane. To eliminate air bubbles and ensure

uniformity within the material, the mold surface was gently tapped during pouring.

The mold was then placed in a 60 °C oven and heated for 30 minutes to cure the lower
PDMS layer. After cooling, the mold was removed, the upper half was filled with
additional PDMS, and the heating procedure was repeated until the entire structure was
fully cured. This two-step casting process ensures that the region around the FBG
remains close to the surface, resulting in a thinner PDMS layer above the sensor, which

facilitates more efficient strain transmission.

After curing, use a knife to gently cut along the edges of the PDMS, and then extract the
fully encapsulated sensing unit. As shown in Figure 42, the final sensor surface exhibits
visible stripes caused by the layered texture of the 3D-printed mold. However, the top
sensing surface—designed to be in direct contact with the skin—is smooth and free of
bubbles or surface irregularities, indicating that the encapsulation process did not
introduce any structural defects. This ensures reliable skin contact and effective

transmission of cardiac vibration signals.
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Figure 42: Optical Fiber FBG-Based Cardiac Sensor

Through the aforementioned method, the sensor was functionally optimized in two key
aspects during the packaging process. First, the high-precision capability of 3D printing
allows the encapsulation structure to be customized for specific application scenarios,
which improves the sensor's adaptability to the measurement environment. Second, the
polymer material PDMS offers excellent flexibility, enabling low-loss and low-latency
transmission of cardiac vibrations while protecting the sensor. This ensures long-term
stability in signal acquisition. Its outstanding biocompatibility also allows the sensor to

be safely attached to human skin.

Compared with traditional packaging methods, this approach—combining 3D printing
with polymer materials—provides greater design flexibility and supports rapid iteration
for packaging structure optimization. The use of polymer materials further enhances the
sensor's sensitivity and durability, making it suitable for signal detection under various

environmental conditions.
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5 Results and Discussion

5.1 Experimental setup
5.1.1 Overview of system architecture design

To evaluate the sensor’s performance in practical applications , We designed a
complete FBG spectral demodulation and dynamic response testing system , The setup

is shown in Figure 43. It includes a broadband light source, a fiber optic isolator, a 1x2
fiber coupler, a fiber circulator, an encapsulated sensing unit, an FBG demodulator, and

a computer for data collection and analysis.
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Figure 43: Designed Structure of the FBG Sensing and Demodulation System

In the designed system, the light source is a broadband source with a central wavelength
range of 1460-1620 nm. It provides a stable, high-intensity, and continuous spectrum
for signal input. A fiber optic isolator is placed after the source to prevent reflected light
from returning to the laser, ensuring stable and safe operation. It also helps reduce

system noise.

The optical signal then enters a 1x2 fiber coupler, which splits the beam into two paths:
one for the CYTOP FBG and one for the SMF-28 FBG. This allows parallel excitation
and signal detection through both sensing channels. Each reflected signal is directed by

a fiber circulator into the spectrometer for wavelength analysis.

66



5.1.2 Integrated FBG Demodulation System

However, in the actual implementation of this system, an integrated solution was
adopted using a modular light source (DL-BP1-1501A SLED). This module combines a
broadband source, fiber isolator, and circulator within a compact unit. It supports multi-
channel output and greatly simplifies connections between optical components
compared to traditional systems. This integration improves system stability and

enhances optical power management efficiency.

The reflected signals were received by a high-resolution spectrometer (SM125, Micron
Optics). This demodulator has a wavelength resolution of 1 pm and uses a peak-tracking
algorithm to monitor the Bragg wavelength in real time. With a sampling interval of
I ms (1000 Hz), it effectively captures small high-frequency wavelength shifts in
dynamic signals such as heartbeats and respiration. Thus, it meets the requirements for

high temporal and spatial resolution in this experiment.

All optical paths are connected using FC/APC fiber jumpers. This helps reduce insertion
loss and improves overall optical stability and demodulation accuracy. The simplified

integrated sensing system is shown in Figure 44.
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Figure 44: Simplified Structure of the Integrated Demodulation System

After the system was assembled, both the CYTOP FBG and the SMF-28 FBG were

connected to the demodulation unit for simultaneous spectral detection. As shown in
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Figure 45, the Bragg reflection peak of the CYTOP FBG (red curve) and that of the
SMF-28 FBG (black curve) appear in two separate wavelength channels. The spacing

between them is sufficient, and both peaks remain stable and clearly distinguishable.
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Figure 45: Reflection Spectra of Dual-Channel FBGs

The demodulator independently tracks the Bragg wavelength shifts in real time using
peak tracking. The two reflection channels do not interfere with each other, which
ensures accurate signal acquisition and channel separation. This setup lays a solid

foundation for synchronized monitoring and sensitivity comparison in later experiments.
5.1.3 Vibration Platform and Excitation System

To simulate the dynamic response characteristics of the FBG sensors at different
frequencies, a function generator and an electric vibration platform were introduced into
the experimental setup. They formed a vibration excitation module with adjustable
frequency and good repeatability. As shown in Figure 46, the FBG sensor was fixed
onto the top surface of the vibration platform using adhesive tape. The function
generator and vibration platform were connected via a standard interface, forming a

complete dynamic testing unit.
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Figure 46: Structure of the Excitation System and Vibration Platform

In this experiment, we used a GW Instek GFG-8020H function generator. This
generator provides an output frequency ranging from 0.1 Hz to 2 MHz and supports
multiple waveform signals, including sine wave, square wave, and triangle wave. The
sine wave was mainly used to simulate continuous physiological processes such as
respiration and heartbeat, while the square and triangle waves were chosen to test the

sensor’s dynamic response to abrupt loading or linear displacement changes.

For mechanical excitation, we used a B&K Type 4809 electric vibration platform. This
platform supports a frequency response from DC to 10kHz, thus covering most

frequency components involved in human cardiac and respiratory signals.

The frequency and voltage output range of the entire excitation system covered the

following three typical frequency bands related to cardiac signals:

® [ ow-frequency band (0.1-0.9 Hz, high amplitude): Represents respiratory rhythms
and slow cardiac activities in resting conditions, corresponding to low-frequency
displacement signals caused by periodic expansion and contraction of the chest.

® Mid-frequency band (1-10 Hz, moderate amplitude): Covers typical heartbeat
frequencies and includes major mechanical features in SCG signals, such as overall
cardiac movements during ventricular systole and diastole.

® High-frequency band (10-100 Hz, micro vibrations): Represents rapid and

localized cardiac vibrations, including high-frequency transient events like aortic
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valve opening (AO peak), often used to analyze detailed mechanical changes in

heart conditions.

Combined with the FBG demodulation system, our experimental setup allowed
continuous frequency scanning and specific-frequency excitation. This enabled real-
time observation of reflected wavelength responses and facilitated the analysis of sensor

sensitivity and bandwidth characteristics across different frequencies.

5.2 Preliminary experiments: Influence of structural

parameters on FBG sensitivity

Before conducting cardiac signal measurements on the human body, we performed two
basic experiments. These preliminary tests were designed to evaluate how key structural
parameters influence the sensitivity and stability of the FBG response. The experiments

focused on the following two aspects:
Influence of pre-strain loading on FBG sensitivity:

We investigated the wavelength responses of FBGs to external periodic vibrations under

different initial stretching conditions.
Effect of packaging on sensing performance:

We compared the responses when the top and bottom surfaces of the packaged FBG
faced the vibration platform. This allowed further analysis of how differences in PDMS

packaging thickness affect strain transmission.

These preliminary experiments provided essential structural guidance for the subsequent
formal measurements. They also allowed us to verify the performance differences
between CYTOP and SMF-28 FBGs under identical packaging conditions, laying a

solid foundation for future comparative tests.
5.2.1 Influence of pre-strain on FBG sensitivity

The response of FBG sensors closely depends on the pre-strain applied during
installation. Proper pre-strain can enhance strain transfer efficiency, increasing sensor
sensitivity and signal stability. This section evaluates the responses of CYTOP and

SMF-28 FBG under different pre-strain conditions to determine the optimal setting.
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e [Experimental design

We used bare CYTOP and SMF-28 fibers attached to a vibration platform. As shown in
Figure 47, the fibers were secured using tape. Low pre-strain was achieved with a
single tape layer, while high pre-strain used two layers to induce distinct stretching

conditions.

(a)Low Pre-strain

Figure 47: Fiber attachment methods with different pre-strain levels

The initial reflection spectra were recorded using the spectrometer (Figure 48). Fig.
48(a) shows the reference spectrum. In low pre-strain conditions (Fig. 48(b)), the
CYTOP FBG peak shifted from 1550.78 nm to 1551.01 nm, and SMF-28 shifted from
1549.01 nm to 1549.82 nm. In high pre-strain conditions (Fig. 48(c)), the CYTOP peak
shifted to 1554.50 nm, and SMF-28 shifted to 1550.07 nm. These shifts confirmed

successful pre-strain application.
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Figure 48: Initial reflection spectra under varying pre-strain conditions

To verify fiber attachment stability, we recorded baseline spectra for 5 seconds without
excitation (Figure 49). Both low and high pre-strain conditions showed stable

wavelength baselines without noticeable drift, indicating secure attachment.
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Figure 49: Baseline stability test under no excitation

® Dynamic response tests

With stable fiber attachment, the platform was driven by 1 Hz, 15V sine and square

wave signals, and wavelength responses were measured.

Under sine excitation (Figure 50), CYTOP response improved from 0.18 nm (low) to
0.36 nm (high pre-strain), nearly doubling. SMF-28 response increased from 0.04 nm to
0.16 nm, tripling.
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Figure 50: FBG wavelength responses to 1 Hz sine-wave excitation

Under square excitation (Figure 51), CYTOP response increased from 0.19 nm to 0.37

nm, while SMF-28 increased from 0.04 nm to 0.16 nm.
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Figure 51: FBG wavelength responses to 1 Hz square-wave excitation

The square-wave tests showed CYTOP had slower recovery with noticeable trailing

edges, while SMF-28 showed sharper and quicker responses. This difference arises

mainly from the mechanical properties: the flexibility and viscoelasticity of CYTOP

lead to slower strain recovery, whereas silica fiber responds more rapidly.

® Results and conclusions

Under the same pre-strain, CYTOP had significantly higher static strain sensitivity than

SMF-28. However, CYTOP showed limited dynamic response improvement, while
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SMF-28 showed more noticeable enhancement. This is likely due to uneven stress

distribution and rapid strain release within the CYTOP material.

Nevertheless, CYTOP still had higher overall dynamic sensitivity. Considering both
sensitivity and stability, all subsequent experiments adopted double-layer tape for pre-
strain and applied moderate PDMS stretching as the standard installation method. This

ensured high sensitivity and stability for subsequent testing and human experiments.
5.2.2 Effect of packaging on sensing performance

In the two-step casting process described earlier, the fiber was successful embedded at
different depths within the PDMS package. Since the PDMS thickness affects strain
transfer efficiency, further evaluation of its influence on sensor sensitivity was

necessary.

To investigate this, we designed a comparative experiment. Under consistent pre-strain

conditions, sensors were tested in two orientations:

Normal Placement: thin PDMS layer facing downward, FBG closer to the vibration

platform.

Reversed Placement: thick PDMS layer facing downward, FBG farther from the
platform.

By comparing the wavelength responses under identical excitations, we analyzed how

PDMS thickness influenced strain transfer efficiency.
e Experimental design

As shown in Figure 52, sensors in Normal and Reversed Placements were fixed to the
vibration platform using double-layer tape. This setup prevented movement during

excitation and ensured consistent pre-strain by adjusting tape positioning.
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Normal Placement Reversed Placement
(Top-down Mounting) (Bottom-up Mounting)

Figure 52: Sensor installation in Normal and Reversed Placements

Figure 53 presents reflection spectra of CYTOP and SMF-28 FBG in both placements.
Initial wavelength shifts were nearly identical in both orientations (CYTOP: 1548.744
nm and 1548.743 nm; SMF-28: 1548.512 nm and 1548.514 nm). Slight anomalies in
wavelength shift direction were possibly due to uneven packaging stress or micro-
bending during tape fixation. However, these minor deviations did not significantly
impact overall experimental conclusions. The consistent geometric placement provided

structural comparability for subsequent sensitivity testing.
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Figure 53: Reflection spectra of FBGs under different placements

e Dynamic response testing

After stable fixation, the platform was driven by 1 Hz, 15 V sine wave and square wave

signals. Dynamic wavelength responses were measured (Figure 54):
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Figure 54: Dynamic responses of FBG in different placements: (a) Normal Placement; (b)

Reversed Placement

Normal Placement:

CYTORP response ~0.25 nm (square wave), ~0.23 nm (sine wave);

SMF-28 response ~0.09 nm (square wave), ~0.08 nm (sine wave).

Reversed Placement:

CYTORP response reduced to ~0.14 nm (square wave), ~0.13 nm (sine wave);
SMF-28 response reduced to ~0.05 nm (both waves).

® Results and conclusions

The results clearly show that PDMS thickness significantly affects strain transfer
efficiency. Placing the thin PDMS layer near the excitation source (Normal Placement)
led to better strain transfer and larger wavelength responses. Conversely, thicker PDMS

layers reduced strain transfer efficiency and lowered response amplitudes.
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This observation aligns with the rationale of our two-step casting process, placing fibers
near the side to shorten the strain transmission path and enhance sensitivity with enough
PDMS package thickness for protection. Thus, Normal Placement was adopted as the
standard orientation for all subsequent experiments, ensuring high sensitivity and

stability.
5.3 Vibration frequency response testing

After evaluating the effects of pre-strain and packaging on FBG sensitivity and stability,
we further conducted dynamic excitation experiments under different frequency and
amplitude conditions. These tests aimed to verify the sensor’s dynamic response

capability and signal detection stability in physiological monitoring scenarios.

The frequency ranges of typical cardiorespiratory signals are as follows: respiratory
signals generally fall between 0.1-0.5 Hz; heartbeats are typically in the range of 0.7—
3 Hz [79]; and seismocardiogram (SCQG) signals mainly occupy the 5-30 Hz range, with
some high-frequency components extending up to 100 Hz [80]. These ranges formed the

basis for the dynamic excitation design in this section.

To cover the full spectrum of physiological signal features, we applied three
representative excitation conditions that correspond to respiration, heartbeat, and SCG
frequency bands. The excitation voltage decreased with increasing frequency to reflect

the natural relationship between physiological frequency and mechanical amplitude:

® [Low-frequency range (0.1-0.9 Hz): 10 V excitation to simulate respiratory rhythms
and slow cardiac motion with large displacements.

® Mid-frequency range (1-10 Hz): 5V excitation to represent typical heart rates and
SCG components related to ventricular motion.

® High-frequency range (10-100Hz): 2V excitation to simulate rapid, localized

myocardial vibrations such as aortic valve opening (AO peak).

This strategy of reducing excitation amplitude at higher frequencies was based on two

main considerations:

Physiological relevance: Respiratory movements cause the largest chest displacement,

while SCG signals are much smaller—often just a few microns. Lower excitation at
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high frequencies better reflects real physiological conditions and tests the sensor’s limit

in detecting micro-movements.

Experimental stability: Applying large amplitudes at high frequencies can cause
unwanted disturbances such as tape loosening, PDMS resonance, and structural artifacts
from platform inertia. These effects introduce noise, spectral artifacts, or peak tracking
errors that obscure true wavelength shifts and interfere with accurate analysis of FBG

responsces.

5.3.1 Low-frequency range (0.1-0.9 Hz): Response under large-amplitude

excitation

e [Experimental design

Respiration and resting heartbeats often produce slow, high-amplitude periodic chest
wall motion, typically below 1Hz. These signals have clear periodicity and
recognizable waveform patterns. To evaluate sensor performance under such conditions,

we conducted low-frequency excitation tests using relatively large amplitudes.

Setting up the function generator output 10 V sine and square waves within 0.1-0.9 Hz.
These signals drove the vibration platform to produce periodic displacement. The Bragg
wavelength responses of CYTOP and SMF-28 FBGs were recorded over a 25-second

period and analyzed to assess their sensitivity to low-frequency signals.
® Wavelength response and sensitivity

The Bragg wavelength responses under sine wave excitation are shown in Figure 55.
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Figure 55: Wavelength responses under 0.1-0.9 Hz sine wave excitation

The peak and trough of each cycle were extracted to calculate the average wavelength

shift (AL), as summarized in Figure 56.

Figure 56: Average wavelength shift (AL) under 0.1-0.9Hz sine wave excitation
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To directly compare sensor sensitivity, the ratio of Alcyrop to Alsmr-28 was calculated
(Figure 57). Across all frequencies, the ratio remained between 2.8 and 3.3, indicating

significantly higher sensitivity of CYTOP to low-frequency sine wave signals.
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Figure 57: Sensitivity ratio (AAcytop / Aksmr-28) under 0.1-0.9Hz sine wave excitation

When the excitation was switched to square waves, the responses of both sensors are

shown in Figure 58;
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Figure 58: Wavelength responses under 0.1-0.9 Hz square wave excitation
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And the average wavelength shifts are summarized in Figure 59. Compared to the sine
wave results (Fig. 55), both fibers showed larger wavelength shifts under square wave

excitation.
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Figure 59: Average wavelength shift (AL) under 0.1-0.9Hz square wave excitation

The sensitivity ratio under square wave input is shown in Figure 60. The results

confirm the superior low-frequency response of the CYTOP FBG.
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Figure 60: Sensitivity ratio (AkcyTtor / Adsmr-28) under 0.1-0.9Hz square wave excitation

® Results and conclusion

In the 0.1-0.9 Hz range, the CYTOP FBG consistently exhibited larger wavelength
shifts than SMF-28. The sensitivity ratio remained stable between 2.8 and 3.3. The ratio
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slightly decreased with increasing frequency, but no reversal or crossover occurred.
This confirms that CYTOP maintains a clear sensitivity advantage, making it better
suited for detecting low-frequency physiological signals such as respiration and resting

heartbeat.

5.3.2 Mid-frequency range (1-10 Hz): Response under moderate-amplitude

excitation

e [Experimental design

During the cardiac cycle, ventricular contraction and relaxation generate rhythmic chest
wall vibrations typically within the 1-10 Hz range. This band includes not only the
dominant heartbeat frequencies (1-3 Hz) but also key SCG components such as rapid
filling and isovolumetric contraction. Compared to low-frequency signals, mid-
frequency vibrations have shorter cycles and moderate amplitudes, posing higher

demands on sensor responsiveness and spectral resolution.

To simulate such signals, we used sine and square wave excitations ranging from 1 to
10 Hz, driven at 5 V. Additionally, we included a 1 Hz excitation at 10 V as a reference.
All tests were performed under consistent pre-strain and mounting conditions.

Recording The Bragg wavelength shift (AA) over each 10-second period.
® Wavelength response and sensitivity

The responses under sine wave excitation are shown in Figure 61. The 10 V excitation

at 1 Hz is included in Fig. 60 as a reference for comparison.

82



1Hz (10V) 1Hz (5V) 1.5Hz

—— CYTOP — CYTOP — CYTOP
— Silicon — Silicon — Silicon
! ' ZT (: 13 ' ! ' %[u (s) ' ! ' (s) '
2Hz 2.5Hz 3Hz
VAVAVAVAVAVAVAVAVAVA VAAVAVAVAVAVAVAVAVAVAVAY) WWWWWWWWWWY
w— CYTOP — CYTOP — CYTOP
— Silicon — Silicon — Silicon
ANANNNANNNNNANN
! Zl (s) ! ' ZI i 15)" ! ' T (: )7 '
5Hz THz 10Hz
MMVWMAWAAAANA WAVAVMAMAAAMAN AR
— CYTOP — CYTOP — CYTOP
— Silicon — Silicon —— Silicon
MWW WMWY VAW AVAAWAAAWY

Figure 61: Wavelength responses under 1-10 Hz sine wave excitation

And Figure 62 shows the average wavelength shifts of CYTOP and SMF-28 FBGs

across the 1-10 Hz frequency range.
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Figure 62: Average wavelength shift (AL) under 1-10Hz sine wave excitation

Comparing the 1Hz responses under 5V and 10V, the wavelength shifts scale

approximately linearly with excitation amplitude (1/2), confirming that both the
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platform and the sensors maintain linear behavior. Under 5 V, both FBGs also showed

stable responses across cycles. Figure 63 presents the corresponding sensitivity ratio.
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Figure 63: Sensitivity ratio (Alcyrtor / AAsmr2s) under 1-10Hz sine wave excitation

When the excitation was changed to square waves, the response curves are shown in

Figure 64.
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Figure 64: Wavelength responses under 1-10 Hz square wave excitation
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And the average wavelength shifts in Figure 65. CYTOP FBG did not exhibit obvious
trailing effects or delay under step excitation, suggesting that its viscoelastic recovery

did not significantly limit performance in this frequency range.
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Figure 65: Average wavelength shift (AL) under 1-10Hz square wave excitation

The corresponding sensitivity ratio is shown in Figure 66.
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Figure 66: Sensitivity ratio (AAcyror / Aksmr-2s) under 1-10Hz square wave excitation

® Results and conclusion

CYTOP FBG consistently showed higher wavelength shifts than SMF-28 across the 1—-

10 Hz range. The average sensitivity ratio remained between 2.3 and 3.0. This
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advantage was especially prominent in the 1-3 Hz band, which corresponds to typical

heartbeat frequencies and related cardiac events.

The comparison between 10V and 5V excitation at 1 Hz also confirmed the linear
relationship between excitation amplitude and FBG response, validating the sensor’s
suitability for physiological signal detection. Overall, CYTOP FBG demonstrated
excellent dynamic tracking and spectral resolution in the mid-frequency range, making
it suitable for detecting heartbeat and SCG features such as rapid filling and

isovolumetric contraction.

5.3.3 High-frequency range (10-100 Hz): Response under micro-amplitude

excitation

e [Experimental design

Beyond respiratory and heartbeat signals, cardiac activity also includes higher-
frequency, low-amplitude vibrations caused by brief mechanical events such as valve
opening, blood ejection, and localized muscle movements. These signals typically fall
within the 10—-100 Hz range and represent the high-frequency components of SCG. A
key feature is the AO (aortic valve opening) peak, which marks the onset of ventricular

contraction.

High-frequency SCG signals have shorter cycles and smaller amplitudes, requiring
higher sensor sensitivity, faster response, and better signal-to-noise ratio. To evaluate
the performance of CYTOP FBG in detecting such signals, we conducted high-
frequency excitation tests under the same pre-strain and setup. The excitation voltage
was reduced to 2V to avoid nonlinear responses of experimental system and better
simulate the real amplitude of micro-vibrations. The Bragg wavelength responses were

recorded over a 0.5-second period.
® Wavelength response and sensitivity

Figure 67 shows the Bragg wavelength responses of CYTOP and SMF-28 FBGs under

high-frequency sine wave excitation.
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Figure 67: Wavelength responses under 10-100 Hz sine wave excitation

The average wavelength shifts across frequencies are summarized in Figure 68.
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Figure 68: Average wavelength shift (AL) under 10-100Hz sine wave excitation

At 10 Hz, the comparison test still confirmed a linear relationship between the excitation
amplitude and the wavelength shift of the CYTOP FBG. When the vibration amplitude
was reduced, the wavelength response also decreased proportionally to approximately

1/5 of the original value, indicating that the linear behavior remained consistent even
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under high-frequency excitation. At 10-100 Hz, the CYTOP FBG response exhibited
some fluctuations and was less stable compared to the SMF-28 FBG. However, it still
showed higher sensitivity across all tested frequencies. The corresponding sensitivity

ratio is shown in Figure 69.
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Figure 69: Sensitivity ratio (Akcyropr / Alsmr-25) under 10-100Hz sine wave excitation

Repeated the test with square wave input. The Bragg wavelength responses are

presented in Figure 70.
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Although square waves became less distinct beyond 50 Hz due to platform limitations,
periodic features were still observable. The average wavelength shifts are shown in

Figure 71.
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Figure 71: Average wavelength shift (AA) under 10-100Hz square wave excitation

And the corresponding sensitivity ratio in Figure 72.
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Figure 72: Sensitivity ratio (Akcyrtor / Alsmr-28) under 10-100Hz square wave excitation

Overall, CYTOP demonstrated stronger responses to square wave excitation compared

to sine wave, with small fluctuations but consistently higher sensitivity.
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® Results and conclusion

Across the 10-100 Hz range, CYTOP FBG consistently outperformed SMF-28 in terms
of wavelength shift. Even under reduced 2 V excitation, CYTOP maintained a 1.6-2.2x

sensitivity advantage at most frequencies.

While the gap between CYTOP and SMF-28 narrowed with increasing frequency,
CYTORP still showed clear and detectable responses at 80-100 Hz, where SMF-28

signals had mostly attenuated.

In particular, between 10-50 Hz, CYTOP delivered stable, periodic responses with
clearly defined amplitude, confirming its potential for detecting high-frequency SCG

components such as the AO peak.
5.3.4 Summary of vibration response across all frequencies

Figure 73 summarizes the sensitivity ratio between CYTOP and SMF-28 FBGs across
all tested frequencies. The results show that CYTOP exhibits the greatest advantage in
the low-frequency range (0.1-0.9 Hz), a slightly reduced advantage in the mid-
frequency range (1-10 Hz), and a further decrease in the high-frequency range (10—
100 Hz). However, across all bands, its average wavelength shift remains more than 2x

that of SMF-28.
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Figure 73: Sensitivity ratio (CYTOP vs. SMF-28) across all frequency bands
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Apart from the decreasing excitation voltage used at higher frequencies, this downward
trend in sensitivity ratio may be attributed to the viscoelastic properties of the CYTOP
material and the damping effect of the PDMS packaging. These factors contribute to
response delay and energy dissipation under high-frequency excitation, thus reducing

the relative sensitivity advantage.

Nevertheless, within the key frequency range relevant to cardiac health monitoring
(0.1-30 Hz), CYTOP FBGs continue to demonstrate a clear advantage. In particular,
strong and stable performance is observed in the heartbeat-dominant range (0.7-3 Hz)

and the SCG high-frequency band (5-30 Hz), where features such as the AO peak occur.
Based on the results across all test bands:

® [ow-frequency tests verified the high sensitivity and low-noise performance of
CYTOP FBG in detecting slow periodic signals such as respiration and resting
heartbeats.

® Mid-frequency tests confirmed its ability to track ventricular contraction and
relaxation dynamics, with a consistent linear response.

® High-frequency tests demonstrated its transient response capability and resistance

to signal attenuation, especially in detecting rapid cardiac events like the AO peak.

In conclusion, CYTOP FBGs exhibited superior performance across low, mid, and high-
frequency excitation conditions. These results provide strong experimental support for
the application of CYTOP fibers in full-band cardiac mechanical signal monitoring and
lay a solid foundation for future studies involving real cardiac signal acquisition,

recognition, and intelligent analysis.
5.4 1In Vivo Cardiac Signal Monitoring Experiments

5.4.1 Experimental Setup and Background

To evaluate the sensor’s performance in capturing physiological signals from the
thoracic and upper limb regions, six sensing sites were selected based on commonly

used SCG acquisition locations [81]. as illustrated in Figure 74.
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Location 1: Inferior Apical Region

Location 2: Right Parasternal Region
Location 3: Midsternal Region

Location 4: Medial Inferior Scapular Angle
Location 5: Radial Artery site

Location 6: Smartwatch Zone

(as a reference for comparison)

Figure 74: Layout at selected body locations

The selected sites are:
Location 1: Inferior Apical Region
Location 2: Right Parasternal Region
Location 3: Midsternal Region
Location 4: Medial Inferior Scapular Angle
Location 5: Radial Artery Site
Location 6: Smartwatch Zone (used as a HR reference)

All FBG sensors were attached using double-layer medical adhesive tape to ensure firm

contact with the skin and optimal strain coupling.
The experiment included two parts:
® Thoracic Signal Acquisition (Sites 1-4):

A 24-year-old healthy male was monitored in standing, sitting, breath-hold, and natural
breathing conditions. Signal amplitude, rhythm characteristics, and sensitivity variation

across different postures were analyzed.
® Radial Artery Pulse Monitoring (Site 5):

Another 29 years old healthy male subject was tested under fist-clenching and relaxed-
hand conditions to assess the sensor’s ability to track fine pulse vibrations under

different tension.
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For heart rate reference, participants wore a smartwatch (OPPO Watch 4 Pro) on the left
wrist during testing. This smartwatch integrates an 8-channel photoplethysmography
(PPG) module with multi-wavelength emitters. It provides robust signal quality across
various postures and skin tones. According to independent lab reports and public
evaluations [82], the heart rate deviation of the device under resting conditions is less
than £2 bpm compared to a professional ECG chest strap, confirming its reliability for

use as a reference standard in this study.
5.4.2 Signal Acquisition and Data Analysis Pipeline

After the sensing locations were configured, a complete signal acquisition and
processing workflow was developed to enable multidimensional extraction of cardiac
and respiratory mechanical signals using FBG sensors. As illustrated in Figure 75, this
pipeline encompasses the full process from signal acquisition and preprocessing to
feature extraction, providing a solid basis for heart rate estimation, respiratory tracking,

and SCG signal analysis.

FBG Sensors

Spectrometer PC

Band-pass for Low-pass for Band-pass for
HR (0.7-3 Hz) RR (-0.5 Hz) SCG (5-30Hz)

Smoothing& Smoothing&
Reference HR | — Peak detection Peak detection

(HR) (RR)

A A
HR values RR SCG
estimation wavefor waveform waveform

Figure 75: FBG-based system workflow for in vivo cardiac signal acquisition and processing

4
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The system consists of:

® A multi-site FBG sensing unit
® A high-resolution optical demodulation device

® A back-end data processing platform

During acquisition, encapsulated FBG sensors adhered to key thoracic positions convert
subtle skin vibrations into real-time Bragg wavelength shifts. These signals are

transmitted via patch cords to the spectrometer for high-resolution demodulation.

The raw spectral data is transferred via USB to the upper computer (PC) for digital
processing, including frequency filtering and physiological feature extraction. To

differentiate various signal components, three parallel channels are employed:

A 0.7-3 Hz bandpass filter for HR signal extraction

A 0-0.5 Hz low-pass filter for respiration rate (RR) signal

A 5-30Hz bandpass filter to capture high-frequency components of SCG,
especially the AO peak caused by aortic valve opening

Each filtered signal stream is processed via separate modules for smoothing and peak

detection.

Additionally, heart rate readings from a smartwatch (used as Reference HR) are
incorporated to assess the accuracy of the FBG-based system. Final system outputs

include:

® FEstimated HR values
® Continuous HR and RR waveforms

® [ ocalized SCG feature profiles (e.g., AO peak markers)
5.4.3 Preliminary Experiment: Sensor Positioning and Sensitivity Verification

5.4.3.1 Sensor Positioning Method

Due to the extremely subtle cardiac-induced thoracic vibrations, precise positioning of
the sensor is critical for capturing stable and prominent heart signals during actual
testing. To address this, the study proposes a positioning-assisted method based on an

FBG array.
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As described in the earlier sensor fabrication and packaging phase, three FBGs with
center wavelengths of 1525 nm, 1550 nm, and 1575 nm were inscribed on a single SMF-
28 fiber. These gratings were evenly spaced by 1cm along the fiber axis and co-
encapsulated in one PDMS unit, forming a simple one-dimensional multi-point FBG

array.

Prior to formal testing, this array was attached as a whole to the surface of the target
chest region, ensuring good skin contact. A 15-second heartbeat signal was collected
under resting conditions. The results are shown in Figure 76, along with the Bragg

wavelength response curve of a CYTOP FBG placed at the same central position.
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Figure 76: Initial signal comparison between multi-point SMF-28 FBG array and CYTOP FBG

at the same location

By comparing the wavelength response curves of the three FBGs, it can be observed
that although all of the 3FBGs waveforms in SMF-28 are generally similar, the 1575 nm
FBG exhibits more pronounced periodic wavelength shifts, with higher signal amplitude
and signal-to-noise ratio than the other two. This suggests that the corresponding
location is closer to the main region of cardiac mechanical activity and has a stronger

strain transmission path.

When comparing the responses of CYTOP and SMF-28 fibers placed at the same
central location, it is evident that CYTOP fiber maintains a significantly higher

sensitivity even under real human testing conditions.
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Based on the above analysis, the overall position of the sensor was readjusted so that the
CYTOP FBG, located at the center of the PDMS unit, aligns with the area of strongest
vibration. This ensures optimal signal response at the given measurement site. The
array-based positioning approach is simple and efficient, providing a quick reference for

sensor placement across different individuals.

5.4.3.2 Sensitivity Comparison Between the Two Fiber Types

After readjusting the sensor placement, a comparative experiment was conducted to
evaluate the response of the two types of fibers to subtle cardiac signals. A set of data
was collected under breath-hold conditions and processed according to the filtering and
smoothing workflow shown in Figure 75. Both the raw and processed signals are

shown in Figure 77:
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Figure 77: Raw and filtered signals collected by CYTOP and center SMF-28 FBGs

The HR waveform after 0.7-3 Hz bandpass filtering and smoothing is enlarged and

shown in Figure 78.
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It can be observed that both CYTOP and SMF-28 fibers were able to clearly capture HR

waveforms. However, during conditions involving large thoracic strain caused by

breathing or slight body movement, the SMF-28 FBG often failed to present a distinct

periodic HR waveform, which could hinder HR analysis and even lead to signal loss or

inaccurate HR estimation.

For the detection of finer and higher-frequency SCG signals, the filtered (5-30 bandpass

Hz) and smoothed results are shown in Figure 79:
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Figure 79: Enlarged SCG waveform comparison: CYTOP vs. SMF-28

The results clearly demonstrate the superior sensitivity of CYTOP fiber to subtle
vibrations. Although both fiber types captured SCG signals aligned with the HR cycle,
the SCG waveform detected by CYTOP showed more distinct AO peaks and a clearer

overall waveform shape compared to SMF-28.

This advantage is particularly important for medical applications, where accurate
identification of the AO peak in SCG (in conjunction with the R peak in ECG) is
essential for calculating indicators like the pre-ejection period (PEP) [83], as well as for

extracting and analyzing various SCG state points [84].

In summary, the experimental results confirm that CYTOP fiber maintains its high
sensitivity advantage in detecting RR, HR, and SCG signals of varying amplitudes and

frequencies under real human testing conditions. This further validates the conclusions

drawn from previous vibration platform experiments.

98



5.4.4 Cardiac Signal Analysis at Thoracic Sites

Following the accurate positioning and sensitivity comparison of the sensors, cardiac
signal measurements were conducted sequentially at predefined thoracic locations. To
comprehensively evaluate the signal response characteristics under varying
physiological and postural conditions, each sensor site was tested under two common
postures—sitting and standing—and within each posture, measurements were
performed under both normal breathing and breath-hold conditions. Each test lasted for

15 seconds.

The posture switching between sitting and standing was intended to assess how changes
in chest wall tension and the relative position of the heart affect the FBG signal. The
breath-hold condition was introduced to minimize low-frequency interference caused by
respiration, thereby allowing the sensor to primarily respond to localized mechanical
vibrations induced by heartbeats. This setup enhances the detection and analysis of

high-frequency features such as SCG.

Through this test protocol, the signal variation patterns across different positions and
conditions can be systematically identified, providing experimental evidence for

optimizing sensor placement in real-world wearable applications.

5.4.4.1 Inferior Apical Region

1. RR and HR Monitoring under Normal Breathing
1.1 Sitting Posture

Under sitting posture, the Bragg wavelength response collected by the CYTOP FBG
attached to the inferior apical region is shown in Figure 80. The original signal was
processed using a low-pass filter (0-0.5 Hz) to extract the RR component and a
bandpass filter (0.7-3 Hz) to extract the HR component. Both filtered signals were then

smoothed to isolate the periodic features associated with respiration and heartbeat.
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Figure 80: Response at the inferior apical region under sitting posture with normal breathing

By applying a peak detection algorithm based on zero-crossing of the first derivative to
the filtered signals, a total of 5 respiratory cycles and 19 heartbeat-related cycles were
identified. The calculated RR was 20 breaths per minute (breaths/min), and the HR was

76 beats per minute (bpm), based on the following formula:

=—x60 (30)
=—x60 3D
where and denote the number of respiratory and cardiac cycles respectively,

and T=15 seconds is the duration of the test. The heart rate recorded by the reference

smartwatch was 78 bpm.
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1.2 Standing Posture

Under the standing posture, the Bragg wavelength response under normal breathing
condition collected by the CYTOP FBG at the inferior apical region, along with the

filtered and smoothed results, is shown in Figure 81.
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Figure 81: Response at the inferior apical region under standing posture with normal breathing

Using peak detection, a total of 6 respiratory cycles and 20 heartbeat-related cycles were
identified. The resulting RR was calculated as 24 breaths/min, and the HR was 80 bpm.

The reference heart rate was 83 bpm.

2. HR and SCG (AO Peak) Monitoring under Breath-Hold Condition
2.1 Sitting Posture

Under the sitting posture, the Bragg wavelength response collected by the CYTOP FBG
at the inferior apical region during breath-hold is shown in Figure 82. The original
signal was processed using two bandpass filters: 0.7-3 Hz for extracting the HR

component, and 5-30 Hz for extracting SCG signals. Both filtered signals were further
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smoothed to isolate the periodic features associated with cardiac cycles and subtle

mechanical motion.
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Figure 82: Response at the inferior apical region under sitting posture with breath- hold

Using a peak detection algorithm based on local maxima, a total of 21 heartbeat-related
cycles were identified. Observing the SCG waveform, it was easy to distinguish the
corresponding 21 periodic SCG events (excluding the segment affected by boundary
noise). The resulting HR was calculated as 84 bpm, And the reference HR was 84 bpm.

2.2 Standing Posture

Under the standing posture, the Bragg wavelength response under breath-hold condition
collected by the CYTOP FBG at the inferior apical region, along with the filtered and

smoothed results, is shown in Figure 83.
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Figure 83: Response at the inferior apical region under standing posture with breath-hold

Using peak detection, a total of 22 heartbeat-related cycles were identified, and 22
corresponding periodic SCG events were clearly observed. The resulting HR was

calculated as 88 bpm, and the reference HR was 87 bpm.

5.4.4.2 Left Parasternal Region

1. RR and HR Monitoring under Normal Breathing
1.1 Sitting Posture

Figure 84 shows the Bragg wavelength response collected at the left parasternal region
in the sitting posture with normal breathing. Applied the same filtering and smoothing

to extract RR and HR waveforms.
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Figure 84: Response at the left parasternal region under sitting posture with normal breathing

A total of 4 respiratory cycles and 18 heartbeat-related cycles were identified. The

resulting RR was calculated as 16 breaths/min, and the HR was 72 bpm. The reference

HR recorded by the smartwatch was 75 bpm.

1.2 Standing Posture

Figure 85 shows the response collected in the standing posture under normal breathing

at the left parasternal region, processed using the same method for RR and HR analysis.
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Figure 85: Response at the left parasternal region under standing posture with normal breathing

A total of 4 respiratory cycles and 21 heartbeat-related cycles were identified. The
resulting RR was calculated as 16 breaths/min, and the HR was 84 bpm. The reference

HR was 86 bpm.

2. HR and SCG (AO Peak) Monitoring under Breath-Hold Condition

2.1 Sitting Posture

Figure 86 shows the Bragg wavelength response collected at the left parasternal region
in the sitting posture under breath-hold condition. Applied the same filtering and
smoothing as before (bandpass filters, 0.7-3 Hz for HR, 5-30 Hz for SCG) to extract
HR and SCG waveforms.
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Figure 86: Response at the left parasternal region under sitting posture with breath-hold
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Using peak detection, a total of 22 heartbeat-related cycles were identified, and 22

corresponding periodic SCG events were clearly observed. The resulting HR was

calculated as 88 bpm, and the reference HR was 88 bpm.

2.2 Standing Posture

Figure 87 shows the response collected in the standing posture under breath-hold

condition at the left parasternal region, processed using the same method for HR and

SCG analysis.
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Figure 87: Response at the left parasternal region under standing posture with breath- hold

Using peak detection, a total of 20 heartbeat-related cycles were identified, and 20

corresponding periodic SCG events were clearly observed, excluding the segments

affected by boundary noise. The resulting HR was calculated as 80 bpm, and the

reference HR was 81 bpm.

5.4.4.3 Midsternal Region

1. RR and HR Monitoring under Normal Breathing

1.1 Sitting Posture

Figure 88 shows the Bragg wavelength response collected at the midsternal region in

the sitting posture with normal breathing. Applied the same filtering and smoothing to

extract RR and HR waveforms.
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Figure 88: Response at the midsternal region under sitting posture with normal breathing

A total of 4 respiratory cycles and 22 heartbeat-related cycles were identified. The
resulting RR was calculated as 16 breaths/min, and the HR was 88 bpm. The reference

HR recorded by the smartwatch was 89 bpm.
1.2 Standing Posture

Figure 89 shows the response collected in the standing posture under normal breathing

at the midsternal region, processed using the same method for RR and HR analysis.
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Figure 89: Response at the midsternal region under standing posture with normal breathing

A total of 4 respiratory cycles and 23 heartbeat-related cycles were identified. The
resulting RR was calculated as 16 breaths/min, and the HR was 92 bpm. The reference

HR was 91 bpm.

2.  HR and SCG (AO Peak) Monitoring under Breath-Hold Condition
2.1 Sitting Posture

Figure 90 shows the Bragg wavelength response collected at the midsternal region in
the sitting posture under breath-hold condition. Applied the same filtering and
smoothing as before (bandpass filters, 0.7-3 Hz for HR, 5-30 Hz for SCG) to extract
HR and SCG waveforms.
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Figure 90: Response at the midsternal region under sitting posture with breath-hold

Using peak detection, a total of 20 heartbeat-related cycles were identified, and 20
corresponding periodic SCG events were clearly observed. The resulting HR was

calculated as 80 bpm, and the reference HR was 80 bpm.
2.2 Standing Posture

Figure 91 shows the response collected in the standing posture under breath-hold
condition at the midsternal region, processed using the same method for HR and SCG

analysis.
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Figure 91: Response at the midsternal region under standing posture with breath-hold

Using peak detection, a total of 21 heartbeat-related cycles were identified, and 21
corresponding periodic SCG events were clearly observed. The resulting HR was

calculated as 84 bpm, and the reference HR was 84 bpm.

5.4.4.4 Medial Inferior Scapular Angle

1. RR and HR Monitoring under Normal Breathing
1.1 Sitting Posture

Figure 92 shows the Bragg wavelength response collected at the medial inferior
scapular angle in the sitting posture with normal breathing. Applied the same filtering

and smoothing to extract RR and HR waveforms.
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Figure 92: Response at the medial inferior scapular angle under sitting posture with normal
breathing
A total of 6 respiratory cycles and 19 heartbeat-related cycles were identified. The

resulting RR was calculated as 24 breaths/min, and the HR was 76 bpm. The reference
HR recorded by the smartwatch was 83 bpm.

1.2 Standing Posture

Figure 93 shows the response collected in the standing posture under normal breathing
at the medial inferior scapular angle, processed using the same method for RR and HR

analysis.
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Figure 93: Response at the medial inferior scapular angle under standing posture with normal

breathing

A total of 5 respiratory cycles and 19 heartbeat-related cycles were identified. The
resulting RR was calculated as 20 breaths/min, and the HR was 76 bpm. The reference

HR was 75 bpm.

2. HR and SCG (AO Peak) Monitoring under Breath-Hold Condition
2.1 Sitting Posture

Figure 94 shows the Bragg wavelength response collected at the medial inferior
scapular angle in the sitting posture under breath-hold condition. Applied the same
filtering and smoothing as before (bandpass filters, 0.7-3 Hz for HR, 5-30 Hz for SCQG)

to extract HR and SCG waveforms.
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Figure 94: Response at the medial inferior scapular angle under sitting posture with breath-hold

Using peak detection, a total of 17 heartbeat-related cycles were identified. However,
the SCG waveform lacked clear periodicity and did not align well with the cardiac
rhythm, making it difficult to observe reliable heartbeat-related SCG events. The
characteristic AO peaks could not be clearly distinguished. The resulting HR was
calculated as 68 bpm, and the reference HR was 72 bpm.

2.2 Standing Posture

Figure 95 shows the response collected in the standing posture under breath-hold
condition at the medial inferior scapular angle, processed using the same method for HR

and SCG analysis.
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Figure 95: Response at the medial inferior scapular angle under standing posture with breath-

hold

Using peak detection, a total of 21 heartbeat-related cycles were identified. However,
only a portion of periodic SCG events were observed, indicating that the AO peaks
appeared inconsistently and were fewer than the heartbeat cycles. The resulting HR was

calculated as 84 bpm, and the reference HR was 86 bpm.
5.4.5 Pulse Signal Detection at the Wrist

In addition to thoracic cardiac vibration monitoring, the sensing application was
extended to radial pulse detection. As the wrist area is relatively small and requires firm
sensor attachment, an elastic strap was used to secure the CYTOP FBG at the radial

artery position.
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1. Relaxed Condition

Under the relaxed condition, two sets of raw Bragg wavelength response signals were

collected, as shown in Figure 96.
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Figure 96: Bragg wavelength response of CYTOP FBG at the wrist under relaxed condition

After applying a bandpass filter (0.7-3 Hz) and smoothing, multiple distinct pulse
cycles were successfully extracted.

2. Fist-Clenching Condition

Figure 97 shows the Bragg wavelength response signal collected during a fist-clenching

condition.
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Figure 97: Bragg wavelength response of CYTOP FBG at the wrist under fist-clenching

condition

Although the overall heartbeat rhythm remained identifiable, the waveform exhibited
instability in some cycles, including distortions and reduced amplitudes. This may be

attributed to local strain path alterations caused by muscle tension during fist clenching.

In summary, this simple test validated the feasibility of applying the designed sensor for
pulse measurement at the wrist. However, the current configuration has notable
limitations and would require structural redesign to accommodate the dynamic and

variable movements of the wrist.
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5.4.6 Signal Analysis and Evaluation

1. Evaluation of Heart Rate Measurements

To evaluate the accuracy of HR detection at different measurement sites, all recorded

HR values under various conditions were compared with the reference values obtained

from a smartwatch. The corresponding errors and mean errors for each site were

calculated and summarized in Table 1.

Position FBG Reference Bias Mean Bias
(bpm) (bpm) (bpm) (bpm)
76 78 -2
Inferior Apical 80 83 -3 1
Region ’4 84 0
88 87 1
72 75 -3
Left 84 86 2
Parasternal -1.5
. 88 88 0
Region
80 81 -1
88 89 -1
Midsternal 92 91 1 .
Region 0 30 0
84 84 0
76 83 -7
Medial
Inferior 76 75 1 .
Scapular 68 7 4
Angle
84 86 -2

Table 1: Measured heart rate, reference heart rate, and error statistics across different test sites
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Based on a comparative analysis of the table, it was observed that measurement errors
occurred at all locations to varying degrees. Among them, the midsternal region
exhibited the smallest error (0 bpm), while the medial inferior scapular angle showed
the largest error (-3 bpm). These deviations are mainly due to the simplified method
used in this study for estimating HR, which involved multiplying the number of
heartbeat cycles within a fixed duration by 4, without correcting for waveform trends

near the boundary of the measurement window.

Despite this, the midsternal region consistently demonstrated the lowest mean error, as
it is least affected by respiratory movement and postural interference during actual
measurements, thus yielding better strain coupling quality. In contrast, the medial
inferior scapular angle suffered from reduced signal transmission due to the longer

mechanical path from the heart, resulting in slightly lower measurement accuracy.

Overall, the HR errors across all test sites remained within £3 bpm, which meets the

expected accuracy requirements of the designed system.

2. Detailed Comparison of SCG Signals

Based on the test results, three anatomical sites that consistently yielded stable SCG
signals were selected for detailed analysis: the Inferior Apical Region, Left Parasternal
Region, and Midsternal Region. Multiple measurements were conducted at each site,

and the processed SCG waveforms are shown in Figures 98, 99, and 100, respectively.
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Figure 98: Detailed SCG waveform and annotated feature points at the Inferior Apical Region
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Figure 99: Detailed SCG waveform and annotated feature points at the Left Parasternal Region
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Figure 100: Detailed SCG waveform and annotated feature points at the Midsternal Region

Key mechanical events corresponding to the cardiac cycle were annotated on each SCG

waveform, following the definitions provided in the literature [84], including:

MC (Mitral valve Closure): Represents the onset of ventricular contraction.
AO (Aortic valve Opening): Represents the start of blood ejection from the left
ventricle.

® |C (Isovolumetric Contraction): Represents the end of isovolumetric contraction,
occurring around the AO point.

® AC (Aortic valve Closure): Represents the end of ventricular systole.

From the waveform comparison, it can be observed that these characteristic SCG events
can be clearly identified across all three measurement sites, demonstrating the sensor’s
ability to capture subtle cardiac mechanical activity. However, variations in noise levels
were observed depending on the sensor placement and subject posture. Consistent with
previous heart rate analysis results, the midsternal region under sitting posture exhibited
the most distinct SCG waveform morphology, with clearly identifiable feature points

and minimal noise interference, indicating superior signal stability at this location.
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5.4.7 Experimental Summary

In the in vivo experiments, we systematically validated the performance of the designed
CYTOP FBG sensor across multiple anatomical sites and physiological states.
Measurements were conducted at three thoracic positions—the Inferior Apical Region,
Left Parasternal Region, and Midsternal Region—as well as one posterior site—the
Medial Inferior Scapular Angle. For each site, signal acquisition was performed under
both sitting and standing postures, and under normal breathing and breath-hold

conditions.

The results demonstrated that the sensor was capable of accurately capturing RR, HR,
and identifying detailed SCG waveform features, including key mechanical events (MC,
AO, IC, AC). These findings confirm the sensor’s reliable signal coupling, directional

sensitivity, and suitability for multipoint cardiac monitoring.

To further evaluate its versatility, the sensor was also applied to radial pulse monitoring
at the wrist using an elastic strap. Clear pulse waveforms were successfully recorded,
indicating the sensor’s potential for peripheral vascular signal detection in wearable

scenarios.

Overall, the experimental results show that CYTOP fiber FBG sensors offer significant
advantages over conventional silica-based optical fibers in detecting mechanical signals
related to cardiac activity. These include superior sensitivity, better strain transfer
efficiency, and improved resistance to motion artifacts. The outcomes of this study
provide a strong theoretical and experimental foundation for future applications in

clinical monitoring and non-invasive cardiac function assessment.
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Conclusion and Outlook

In this study, fiber Bragg gratings (FBGs) were successfully inscribed into polymer
optical fibers (CYTOP) using a femtosecond laser plane-by-plane writing technique,
and applied to the detection of cardiac mechanical signals in the human body.
Experimental results demonstrated that the designed sensor system achieved its intended
goals, verifying the feasibility of using CYTOP FBGs to detect SCG signals. This
provides both experimental validation and theoretical support for the future

development of dynamic, non-invasive cardiac monitoring technologies.

At present, ECG remains one of the most commonly used techniques for cardiac health
assessment and is effective for monitoring arrhythmias. However, its sensitivity and
specificity for diagnosing structural heart diseases are relatively limited. For the
detection of mechanical cardiac dysfunctions, FBG-based systems offer advantages over
conventional clinical tools such as echocardiography (ECHO) and coronary
angiography (CAG). These include greater portability, flexibility, and lower cost—
making them more suitable for non-invasive and continuous monitoring of cardiac

mechanical activity.

While ECHO and CAG are powerful in evaluating structural and functional
abnormalities, they also face challenges such as high operator dependence, elevated cost,
and poor suitability for long-term dynamic monitoring. CAG, in particular, is invasive
and associated with certain risks, making it unsuitable for frequent assessments. In
contrast, the fiber optic sensing system designed in this study presents a convenient,
accurate, and low-interference alternative with significant potential for practical

application.

Despite the success of the current experiments, several aspects can be further improved

in future research:

® FBG inscription: Multipoint FBG arrays can be written on a single CYTOP fiber
to enable simultaneous multi-site measurements, enhancing spatial resolution and
deployment flexibility.

® Packaging optimization: Reducing the thickness of the PDMS encapsulation can
improve mechanical strain transmission and reduce damping of high-frequency

signals.
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Pre-strain optimization: Graded loading (e.g., controlled bending or tensile force)
can be introduced to systematically evaluate how different pre-strain levels affect
sensitivity, ultimately identifying the optimal pre-strain configuration.

Vibration platform testing: The excitation frequency and amplitude can be
increased to explore the upper response limits of CYTOP-FBGs under extreme
mechanical stimuli.

In vivo testing: More physiological locations can be explored for signal acquisition,
and signal processing algorithms for RR, HR, and SCG feature detection can be
further optimized to improve accuracy under complex physiological conditions.
Reference signal acquisition: Replacing the smartwatch-based heart rate reference
with ECG allows precise alignment of SCG AO peaks with ECG R peaks, enabling
the calculation of clinically valuable timing parameters such as pre-ejection period
(PEP).

Sensor fixation improvements: Enhanced fixation methods can improve stability
during respiration and postural changes, ensuring higher SCG detection success
rates and waveform completeness.

SCG waveform processing: SCG signals can be segmented, aligned, and averaged
across heartbeat cycles to generate a stable reference waveform suitable for
medical-level time-domain analysis.

System integration: A compact, integrated fiber optic sensor module can be
developed to fully leverage the lightweight, flexible, low-power, and low-cost
nature of optical fibers—making the system better suited for wearable, long-term,

and real-time cardiac health monitoring applications.
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