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Abstract  
Recently, the healthcare system has undergone a prospective transition by bringing patient-cen-

teredness to the forefront. 

A lot of effort has been made to identify ways in which care could become more patient-centered 

and reach out into every corner of the community to adequately deal with the most significant phenom-

ena of the 21st century: the increasing lifespan of the population and their more active lifestyle.  

Although people are living longer, they are not necessarily healthier than before. The Global Burden 

of Disease, a study conducted by the World Health Organization, predicts a very large increase in disa-

bility caused by age-related chronic diseases (e.g., cardiovascular diseases, stroke, and neurological dis-

eases) which require long-term treatments and, in turn, cause a considerable economic burden on the 

healthcare management and the social insurance programs.  

In this context, a healthcare system that begins to look into smart technologies can promptly re-

spond to these urgent health needs.  

The Smart Healthcare (SH) is an innovative way to provide care by allowing higher empowerment 

of patients, facing fragmentations in the health system, and fostering greater coordination and collabo-

ration with organizations and providers across care settings. This approach relies on the use of a new 

generation of information technologies to transform the traditional medical system in an all-round way, 

making healthcare more efficient, more convenient, and more personalized. 

The present work positions itself within the stream of research on wearables based on fiber optics 

for SH framework and addresses the topic of developing medical wearables for clinical applications. 

Among several smart technologies, the attention mainly goes to wearable devices since they are already 

revolutionizing care delivery by enabling continuous, unobtrusive, and longitudinal health monitoring 

outside of the hospital. Wearables have evolved to become one of the biggest industries in the world: 

their market is expected to grow by 89 million by 2022, connecting over 900 million, confirming how 

these devices are becoming a life necessity. In a few words, wearables have paved their way into every-

thing we use in our daily life.  

Usually, consumer wearables are made of electronic sensors but suffer from electromagnetic inter-

ferences, electrical safety issues (such as current leakage), and harsh conditions (such as high working 

temperature - T and pressure - P). These issues are dampening their usage as medical devices. 
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This thesis proposes an innovative approach in the development of wearables for SH applications 

involving attractive optical alternatives based on fiber Bragg gratings (FBGs) due to their intrinsic ad-

vantages, among others, the immunity to electromagnetic interferences, the inherent electric safety, the 

high performance in terms of metrological properties, and the multiplexing ability.  

The remainder of this work is structured as follows: 

Chapter 1 presents the background of this work and establishes the context of the research topic. 

Chapter 2 proposes a description of the measuring principles of the FBG-based systems applied to 

medicine and healthcare and gives an overview of the state-of-the-art about the gratings employ-

ments in the development of wearables, innovative smart surgical tools, robotic devices, and bio-

sensors. 

Chapter 3 includes a description of the physiological sources and how these signals can be trans-

duced into physiological measurements. Attention will be mostly given to wearables for cardi-

orespiratory monitoring, joint motion detection, and sensorimotor behavioral assessment.  

Chapter 4 proposes the design, the fabrication, and the feasibility assessment of the FBG-based 

wearables developed during these three years of research.  

Chapter 5 discusses the main issues, challenges, and future trends of FBGs-based systems for SH 

applications. 

Keywords 

Flexible and soft sensors; Fiber Bragg gratings, Healthcare 4.0; Joint motion detection; Measuring systems development and 

assessment; Physiological monitoring, Sensorimotor behavioral assessment; Smart Healthcare; Smart textiles; Wearables.  
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Chapter 1 Introduction 
. 

1.1 The concept of Smart Healthcare 

The advancement of healthcare mainly relies on technological innovations for disease pre-

vention, diagnosis, and treatment to establish new strategies for care delivery and manage-

ment. All these transformations are clearly reshaping the doctor-patient relationship and push-

ing a paradigm shift in the healthcare system.  

Recently, the traditional doctor/hospital-centered health management has undergone a 

prospective transition. A lot of effort has been made to identify ways in which care could be-

come more patient-centered and reach out into every corner of the community to adequately 

deal with the most significant phenomena of the 21st century: the increasing lifespan of the 

population and their more active lifestyle [1]–[3].  

Population aging is the dominant demographic phenomenon of the 21st century: people world-

wide are living longer, and by 2050, the world’s population aged 60 years and older is expected 

to rise up to 2 billion, according to the current projection of the World Health Organization 

(WHO) [4], [5]. Living longer represents one of the crowning achievements of the last century 

but also a significant challenge. The Global Burden of Disease, a study conducted by WHO and 

the World Bank, with partial support from the U.S. National Institute on Aging, predicts a con-

siderable increase in disability caused by age-related chronic diseases (e.g., cardiovascular dis-

eases, stroke, and neurological diseases, diabetes, and pulmonary disorders) [6]. Chronic con-

ditions require long-term treatments and, in turn, cause a considerable economic burden on 

the healthcare system and on the social insurance programs. To make matters worse, a sudden 

shift in demand like the ones due to the COVID-19 pandemic may cause an additional unpre-

dictable burden on healthcare resources. The experience of the current pandemic pushed 

health systems to their limits and brought out the vulnerability and fragility of the actual model 

of healthcare delivery and management as well as the preparedness of existing structures to 

handle human health hazards and to truly place patients at the center of their care. For this 

reason, although over the last decades, steps forward have been taken towards the moderni-

zation of the current health ecosystem, the situation we are living in showed the need for a 

strengthen health digitalization in order to: ensure people receive continuous health 
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monitoring, better manage even remotely diseases, treatments, and care services according to 

the patients’ needs, lower health-related costs and reduce strain on the hospital capacity. 

According to the WHO, a well-functioning healthcare system requires a steady financing 

mechanism, a properly trained workforce, accurate and precise health monitoring, and easy 

access to reliable information [4]. Evidence shows that the healthcare system may accomplish 

these requirements by becoming truly smart. 

The Smart Healthcare (SH) is an innovative way to provide care by allowing patients' 

higher empowerment, facing fragmentations in the health system, and fostering greater coor-

dination and collaboration with organizations and providers across care settings to deliver 

health services aligned with the patient s’ needs [1]. Fig. 1:1 summarizes the pillars of SH rev-

olution. 

The main scope of the SH is exploiting the technological advancement to allow a daily 

health check in conjunction with the conventional clinical monitoring for improving the quality 

of care while lowering the related costs and the strain on the hospital capacity [7], [8]. To ac-

complish this aim, the establishment of an innovative framework is necessary for addressing 

the determinants of human health through: i) a person-facing perspective to ensure health 

gains through a proactive provision of care [9], ii) a continuous, long-term, and unobtrusive 

health monitoring tailored on the individual’s needs [10], iii) a shift in the patient-doctor rela-

tionship from one-to-one to a multidisciplinary approach [1] and iv) a hospital not confined 

behind the walls of a single building, but distributed over the whole territory [11].  

 

 

FIGURE1:1 The pillars of SH framework. 

This approach relies on the use of technologies such as wearables, implantable sensors, 

Internet of Things (IoT), Big Data, and mobile devices, the establishment of innovative 
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structures to manage and deliver care person-centered and the setup of a multidisciplinary 

team working to coordinate care and meet the needs of individual [12],[13].   

As evident, in this unique framework, various stakeholders with different needs are en-

gaging and work together to find out the optimal trade-off between an improvement in the 

quality of delivered care and a reduction of the socio-economic burden caused by the public 

management of health [14]. 

 

The following sections firstly described the SH framework with the engaging stakeholders; 

then, an overview on the innovative technological solutions which enable such a digital revo-

lution in care management and delivery is presented with a particular focus on the wearable 

systems. Lastly, the thesis aims and objectives are shown by underlining its position within the 

stream of SH-focused research.  

 

 

1.1.1 The Smart Healthcare Framework 

The framework of the new SH system can be split into two main settings: in-hospital and 

in-home care, according to the scenario in which care services occur. New technologies like Big 

Data, the Internet of Things (IoT), artificial intelligence, wearables, and implantable sensors 

may provide seamless care delivery and health management across the hospital-home bound-

ary (Fig. 1:2).  

 

In-Hospital care. The SH framework aims at decentralizing and making care patient-cen-

tric. In this context, hospitals will continue to play a crucial but less central role than in the past, 

attempting to do not manage all services under “one roof” but deliver a narrower set of high-

value services within a broader ecosystem of entities. To accomplish this aim, a redesign of the 

existing infrastructures and a build of new clinical management systems is mandatory, foster-

ing the rise of smart hospitals [11]. A smart hospital still offers treatments for acute, severe, 

and complicated conditions while embracing a digital transformation in the health manage-

ment and delivery. In this scenario, innovative technologies are provided and exploited to bet-

ter suit the users’ needs, to improve the daily management of medical staff and the quality of 

the delivered care with a lower human error rate and cost-effective operations. Information 

and communication technology-based infrastructures, especially those based on IoT optimiza-

tion and automated processes, will contribute to improve existing in-hospital care procedures, 

reduce staff burnout, and optimize workflows making a hospital truly smart [15]. 
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FIGURE 1:2 The main blocks of the SH framework. 

 

In-Home care. Smart technologies for unobtrusive and remote monitoring and virtual 

health services, are key elements for increasing access to care from home and reducing the 

strain on hospital resources. In-home care monitoring may be extremely useful to check pa-

tients’ health status after their hospital discharge, shorten hospital length of stay, and prevent 

readmissions. At the same time, it is a valuable solution to manage ongoing chronic conditions 

and establish preventive health strategies [16]. In this scenario, wearables and unobtrusive 

sensors are the principal sensing solutions used to enable the shift of healthcare services from 

hospital to home, improving the quality of delivered care and lowering health-related costs 

[17]. These technologies track users’ health status encouraging an active role in managing per-

sonal healthcare and wellness, while cloud-based server databases enable data storage and 

remote accessibility by care professionals to support patients in a more targeted way during 

daily activities. In this context, the role of a home even smarter in conjunction with smart tech-

nologies such as wearables and is fundamental for providing automated services and assis-

tance to patients (especially useful for elderly and disabled people) while collecting health 

data, reducing their reliance on healthcare providers and improving their quality of life during 

their daily activities [16]. 

 

1.1.2 The Smart Healthcare Stakeholders 

Improved health outcomes are not attributable to health systems alone but also to indi-

vidual as well as socioeconomic and environmental determinants. The main healthcare stake-

holders can be categorized into three groups with different needs and prospectives: hospitals, 

boundary

In-Hospital care In-Home care
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governments (e.g., ministry of health and education) in conjunction with health decision-mak-

ing institutions (e.g., civil protection and research institutions), and patients [14], as shown in 

Fig. 1:3.  

 

 

FIGURE 1:3. The SH stakeholders. 

 

Hospitals. As previously described, in-hospital care is one of the main blocks on which the 

SH framework grounds. Key figures in this setting are the hospital administrators and the med-

ical staff. An administrator oversees the organizational side of health services. In a rapidly 

changing healthcare system, hospitals' administrative responsibilities need to be managed fol-

lowing a multi-disciplinary approach. All the professionals involved in the hospital administra-

tion should have the knowledge of the regulatory framework and understand the complexities 

in the new way of providing care: the different entities involved in the health management and 

their roles, the technological update, the issues for data privacy, and security and the overall 

health management policies. Thus, hospital administrators work with both public and private 

sectors on matters of policy, research, and cooperation [1].  

Another key category that belongs to the hospital settings and is primarily involved in the 

health system revolution is the medical staff.  In particular, the centrality of patients in the SH 

framework is impacting the doctors’ place in the health care ecosystem. At the same time, tech-

nological updates are forcing doctors to embrace new technology-enabled care for improving 

the quality of services delivered to patients. Through the integration of technology into their 

practices (within areas like disease prevention, surgical procedures, better access to infor-

mation, and medical telecommunications), the role of doctors is changing from a dominant to 

Governments 
and decision-

making 
Institutions

Patients

Hospitals
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a guidance-cooperation model in terms of clinical decision making focused on the patient needs 

[18].  

 

Governments and decision-making Institutions. The governance role is becoming of 

paramount importance given the increasing complexity of health systems and changing epide-

miological and demographic scenarios. Governments act to strengthen health systems, finan-

cial aspects, and other resources to establish the new healthcare framework facing globaliza-

tions, population aging, and lifestyle changes. The government ministries cooperate with deci-

sion-making institutions (e.g., academia, professional associations, and private sector organi-

zations) to set the context within which the healthcare system operates and to maximize the 

health of the population within the country’s financial and resource constraints [19],[20]. 

Moreover, during public health emergencies like COVID-19 pandemic, cooperation with re-

search institutes may also serve as a good basis to add significant value to decisions by provid-

ing evidence to characterize threats and forecast outcomes.  

 

Patients. The SH framework grounds on the idea of the patient-centeredness since people 

who are engaged in the decision-making about their own care tend to have better outcomes 

than those who are not. In this scenario, the use of innovative technological tools and resources 

may help in improving both the patient engagement and the hospital distribution over the ter-

ritory by assessing the specific level of health and goals reached by each patient during their 

continuous and remote monitoring. To better target the patient efforts, lower the public health-

related costs, and improve the telemonitoring, it is important to understand which patients are 

most at risk of developing a costly condition and/or  seeing a pre-existing healthcare condition 

worsen [21]. Therefore, risk stratification is fundamental to define how patients should be en-

gaged in accordance with their level of health. For instance, in the case of high-risk patients, 

the engagement is primarily achieved through in-home care management by sharing data with 

the medical staff and family members. Otherwise, the engagement of rising-risk and low-risk 

patients deals more with managing risk factors; thus, this category should be able to identify 

determinants of risk during their daily life activities, and doctors’ interventions are often fo-

cused on prevention of disease and promotion of health [22]. For all these conditions, smart 

technologies such as wearables and smart systems play a pivotal role [17]. 

1.1.3 The enabling technology 

The concept of SH is transforming healthcare to a 4.0 version, and the smart technology 

represents both the brain and the hands to enable such a revolution and translate the focus of 

medicine from curative to preventive measures [7],[23].  
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The new technological brain consists of some essential components: precision medicine, 

telemedicine, artificial intelligence, IoT, and Big data to refine the diagnosis, allow sharing of 

sensible information between medical staff and patients and personalize treatment proce-

dures; the new hands include robots, artificial organs,  wearable devices, customized materials 

and three dimensioned printing to improve the quality of delivered care, collect useful data and 

information about the health state of the patients, and improve strategies and treatments tai-

lored on the patient’s needs. A representation of the new hands and brain of healthcare 4.0 is 

proposed in Fig. 1:4. 

In a few words, we can say that smart technologies are capable of recording health infor-

mation, storing and computing information, and delivering personalized advice or automated 

actions from the collected data throughout various solutions for both in-hospital and in-home 

care. From now on, this Chapter mainly focuses on the new technology, which represents the 

most emerging and popular trend of the 21st century: wearable devices. 

 

 

 

FIGURE 1:4. The enabling technology [7]. 

 

1.2 The use of wearables in the Smart Healthcare 

Digitalization is changing all areas of human life, from social settings to basic needs, like 

personal healthcare, triggering an unprecedented impact of smart technology in the healthcare 

sector. The digital revolution brings out a demand for devices that can monitor an individual’s 

physiological functions 24 hours a day, remotely and comfortably. Among several devices, 

wearables have recently reached a renewed and larger interest from our community since they 
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have the power to enhance human health simply by connecting technology to the skin 

[17],[24].   

Wearable devices have evolved to become one of the biggest industries globally, thanks to 

the fascinating innovations that have continued to keep this technology lively. As a matter of 

fact, a study conducted by Statista shows that the wearable market is expected to grow by 89 

million by 2022, connecting over 900 million, confirming how these devices are becoming a 

life necessity [25]. 

Today, people have integrated wearable technology into their lives to stay connected: from 

wristbands that track the steps, heart rate (HR), and body fat measuring scales to blood pres-

sure (BP) checkers and sleep trackers. In a few words, wearables have paved their way into 

everything we use in our daily life.  

At present, most wearable manufacturers (e.g., Apple, Samsung, Fitbit, and Xiaomi; see Fig. 

1:5) promote the use of their device for improving physical performance and fitness and pro-

moting healthy habits, but many have not been approved for medical uses.  

 

 

FIGURE 1:5. The wearables Market. 

 

Considering the crucial role of such a technology in the SH framework, the main require-

ments and challenges around wearable devices potentially used for clinical purposes (i.e., med-

ical wearables) are underlining in the following sections.  
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1.2.1  Medical vs. Consumer wearables 

In the last decades, the line between consumer and medical wearables is beginning to blur 

since practitioners and researchers are working together and opening a constructive dialogue 

on how to approach and accommodate technological advances in a way that ensures consumer 

wearable technology to become a valuable asset for healthcare and medicine. Unfortunately, 

there are still some concerns that are dampening the use and spread of wearables for clinical 

aims [26]. The main ones are the following: 

1. While medical and consumer wearables are based on the same premises – the prod-

ucts need to be comfortable, easy-to-use, and not cumbersome, their functions serve a 

different purpose. Medical wearables are of vital importance: they can detect life-

threatening conditions and collect data to help medical staff with patient diagnoses; 

hence, high reliability is necessary; 

2. Medical wearables need to comply with stringent safety and accuracy standards be-

fore being considered for clinical applications. Patients may become over-reliant on 

the devices; thus, a false sense of safety and misdiagnosis must be avoided; 

3. As any medical product, they must be approved by regulatory authorities and certifi-

cated in compliance with ISO standards. 

1.2.2  Key factors which drive the wearables acceptance 

The success of the use of wearables in medicine and healthcare has a high relationship 

with the determinants of human health.  It is known that the combination of many factors af-

fects the health of individuals and communities. Commonly, the main considered factors are 

the access and use of health care services, but often they have less of an impact than where we 

live, the surrounding environment, genetics, education, and relationships with friends and fam-

ily.  To a large extent, the context of people’s lives determines their health (Fig. 1:6).  

These determinants can be grouped into the person’s individual characteristics and be-

haviors, the physical environment, and the socio-economic context [27].  

The person’s individual characteristics and behaviours. There are two main kinds of 

health determinants related to the individual sphere.  Some features, such as age, sex, and ge-

netic disease, are fixed and not under our control. Other characteristics, otherwise, are modifi-

able to improve our well-being. These include behavioral things like diet, exercise, washing, 

drinking, and smoking, which may potentially increase the risk of both chronic and infectious 

diseases.  
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The physical environment. These factors are related to the physical conditions in which 

we live and work. The surrounding environment dramatically impacts on our health. For in-

stance, clean water, pure air, and healthy workplaces contribute to healthy living. At the same 

time, we are exposed daily to various occupational risks for health in the workplace. Among 

others, these include neurological and musculoskeletal injuries due to fatigue experienced af-

ter working long hours, insufficient rest, moving workloads without adequate protective 

equipment, mental work-related load, and occupational burn-out.  

 

The socio-economic environment. Many factors are affecting health lie beyond the 

healthcare system in the broader social and economic systems. They include education, health 

services, employment, community safety, and social support. For instance, a healthy standard 

of living, such as adequate income and housing, is associated with many positive health out-

comes. At the same time, high levels of education may increase the awareness of racial and 

ethnic disparities and promote equal access to health services.  

 

 

FIGURE 1:6 The determinants of human health. 

 

Novel technologies for data collection such as the use of medical wearables should provide a 

global measure of the health status by capturing data across several domains and detecting 

changes of human health states as well as the variation of physical factors (including the ones 

related to environmental changes and/or occupational scenario) that may also affect fluctua-

tions in physiology, mood, behaviors, thoughts, and feelings. To enhance the technology ac-

ceptance, the identification of the perceived barriers and the patient-specific health determi-

nants should be performed in order to improve the adherence to medical plans and ensuring 

that the benefits of treatment are understood by each patient. In this way, the design of these 
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technological solutions will be tailored to the patient’s needs, resulting in lowered cost of care 

and optimized health outputs [28].  

 

1.2.3 Wearable technology: where-to-wear-it 

In the SH frameworks, a wearable device could effortlessly provide detailed longitudinal 

data to monitor individuals’ progress without involving more uncomfortable and expensive 

measuring equipment. A clear description of functional, technical, and social consideration in 

on-body locations for wearable technologies potentially used in healthcare is proposed in [29]. 

 

 

FIGURE 1:7 The BODY MAP: wearable sensors for respiration, heart rate, blood pressure, and body temperature[29]. 
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When designing medical wearables for healthcare, it is crucial to consider several issues 

summarized into proxemics, weight distribution, motion impedance, thermal tolerance, and 

social acceptability [29].  

A wearable device placed on the body should measure important information such as vital 

signs (i.e., HR, the respiratory frequency - fR, BP, and the body temperature - BT), body motion 

(e.g., joint movements), tactile sensing, blood glucose level and stressful conditions without 

exceeding the body’s natural perceived size, hindering the wearer’s movement or balance, and 

overheating. In Fig. 1:7 and 1:8, the sensors placement locations according to the measuring 

parameters proposed in the literature. 

 

 

FIGURE 1:8 The BODY MAP: wearable sensors for movement and forces/pressure (i.e., the impact of movement), blood glucose, 
active and passive touch, and stimulation/hydration[29]. 
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1.2.4 A new way for medical wearables: from soft close-contact to stick-to-skin 

devices 

The hot trend in wearables is moving towards flexible and soft devices since they provide 

better contact with the skin and the natural contours of the human body  [30] (Fig. 1:9). Oth-

erwise, the performance of conventional bulky and rigid wearables in contact with the human 

tissues can be affected by the weak compliant and an incomplete connection with the body.  

For this reason, over the last decades, researchers have mastered materials and device 

design approaches to enable high performances and functionalities in biocompatible, soft and 

stretchable sensing elements that can be worn on the body and, in some cases, directly stick to 

the skin to overcome the aforementioned issues.  

 

 

FIGURE 1:9 A schematic representation of a flexible sensor (blue) conformed to the curved soft human skin. 

 

Various attempts have been made to develop stretchable and flexible sensors that could 

endure large deformation and conform to the curved soft human skin. This research activity is 

leading to a transition in the wearables from bulky devices and systems with sensors perma-

nently glued on artificial textiles up to wearable strain sensors with skin-like sensing capacity 

[31]. These solutions go from soft sensors mountable on textiles (e.g., smart garments 

equipped with flexible sensors) up to soft devices directly stick to the skin (e.g., e-tattoo) (Fig. 

1:10). In all these systems, the polymer matrices act as skin-like support materials thanks to 

their stretchability, human friendliness, and biocompatibility [30],[32]. Focusing on the SH sce-

nario, soft sensors are used to instrument wearables for several applications: the monitoring 

of physiological parameters, the detection of human motion, the development of human-ma-

chine interfaces, and soft robotics.  
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In the literature, the majority of works related to flexible wearables consist of strain sen-

sors based on conductive nanomaterials such as metal nanowires [33], carbon nanotubes [34], 

and graphene [35], which respond to mechanical deformations by changes of their electrical 

resistance or capacitance. When encapsulated into a soft matrix, those electronic sensors are 

capable of skin-comfortable monitoring of human health. Still, they suffer from electromag-

netic interferences (EMI) and electrical safety issues (such as current leakage).  

To overcome these limitations, recently, an innovative approach in the development of 

wearables for SH applications involved attractive optical alternatives based on fiber Bragg 

gratings (FBGs) due to their intrinsic advantages, among other, the immunity to EMI, the in-

herent electric safety, the high performance in terms of metrological properties, and the mul-

tiplexing ability. Methods of inscriptions of FBGs in polymeric optical fibers (for instance, pol-

yimide - PI or ORMOCER rather than acrylate) [36],[37], and embedding FBGs in stretchable 

elastomers [38],[39] have been demonstrated to improve the softness and elasticity of FBGs 

from a small range of strain (ε) (ε < 1% [40]) due to the rigidity of the silica fiber to large strain 

(e.g., ε > 30% for instance, reaching during joint bending [41]).  

 

 

FIGURE 1:10 Stretchable, soft and skin-like wearables: from textile-mountable to stick-to-skin sensors. 
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1.3 Ph.D. candidate’s contribution 

The present work positions itself within the stream of research on smart technologies 

based on fiber optics for SH framework and addresses the topic of developing medical weara-

bles for clinical applications.  

This thesis aims at providing original contributions to the emerging FBGs applications for 

healthcare in several ways. Chapter 2 proposes a description of the theoretical background and 

measuring principles of the FBG-based systems applied to medicine, and it gives an overview 

of the state-of-the-art about FBGs employments in the development of wearables, innovative 

smart surgical tools, robotic devices, and biosensors. Chapter 3 includes a description of the 

physiological sources, their modelling, and the FBGs working principles to understand how 

these sources can be transduced into a signal easily detectable by sensing solutions. Attention 

will be mostly given to respiratory and cardiac activity, joint movements, and sensorimotor 

behaviors. Chapter 4 proposes the design, the fabrication, and the feasibility assessment of the 

main FBG-based wearables developed during this Ph.D.: a description of the design and the 

fabrication methods is included to underline ways to combine the FBG advantages with inno-

vative methods of gratings encapsulation into soft skin-like materials, the feasibility assess-

ment of the wearables capability for monitoring useful health-related information is described 

underlining tests carried out to investigate the metrological properties (both static and dy-

namic) of the proposed solutions and to obtain the related statistical measurement errors by 

comparing the system performances with benchmarks (usually gold standards in clinical prac-

tice).  

Following this path, the present work answers the following leading questions around 

such a research topic:  

 

 

 

Considering the complexity of the scenario which this thesis ground on, three main appli-

cations of FBGs-based wearables have been identified: the physiological monitoring (with par-

ticular regards to cardio-respiratory activity), the joint movements detection (especially joints 

flexion-extension – F/E), and the sensorimotor behavioral investigations (i.e., grasping reflex 

 

1) What are the key elements to consider for the development of FBG-based weara-

bles usable for SH applications? 
 

 

2) Which main steps should be accomplished to translate such optical technology 

from laboratory environments to clinical and everyday settings? 
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in newborn infants). The belonging scenario guided the design, the fabrication, and the assess-

ment of the proposed custom measuring systems based on FBGs to accomplish both clinical 

and technical requirements relevant to the specific application. 

 

 

Tesi di dottorato in Scienze e ingegneria per l'uomo e l'ambiente, di Daniela Lo Presti, 
discussa presso l’Università Campus Bio-Medico di Roma in data 9/04/2021. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



 

 

37 

Chapter 2 Fiber Bragg gratings in 

medicine and healthcare1 
 

In the previous chapter, an extensive discussion about the direct relationship between the 

increase in life expectancy and the quality of systems for healthcare delivery and management 

has been proposed [42], [43]. Moreover, the recent scientific breakthroughs and technological 

advancements that can potentially change the way in which diseases are diagnosed and treated 

and a healthy lifestyle is promoted have been underlined [44]. Among others, powerful novel 

approaches based on smart systems, including wearables, have been presented as key enablers 

of the SH framework [42].  

As an emerging technology, FBGs are becoming increasingly attractive for sensing appli-

cations showing several advantages over the competitors [45], [46]. FBGs are small, light, 

chemically inert, non-toxic, immune to electromagnetic interferences, and easily multiplexable 

[45], [47]. All these distinctive features combined in a single unit make FBGs important alter-

natives to electrical sensors. Besides, the FBGs intrinsic sensitivity to ε (Sε) and T (ST) enables 

their use in the measurement of clinically relevant parameters and in several medical branches 

[47]. Moreover, the increasing attention given to this technology by several publications and 

its growing usage in healthcare field underlines the strong interest to fulfill the gap between 

research and clinical practice [48], [49].  

In this Chapter, an overview of the FBGs-based sensing solutions, their principle of work, 

and their most recent applications in medicine are presented. A similar overview of the current 

state-of-the-art offers the reader a better understanding of the FBGs great potentialities for SH 

applications while underlining the strengths and weaknesses of this technology.  

The remainder of Chapter 2 is divided as follows: Section 2.1 provides a description of the 

theoretical background and the measuring principles of the FBGs, Section 2.2 gives an overview 

of the state-of-the-art of the FBGs applications in biomechanics, minimally invasive surgery 

 

1 This Chapter is an excerpt from the paper “Fiber Bragg Gratings in medical application and future challenges: a review” of which 
the Ph.D. candidate is main author” doi: 10.1109/ACCESS.2020.3019138 
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(MIS), physiological monitoring, and medical biosensing underlining wearables solutions 

when proposed.  

 

2.1 Theoretical background and principles of measuring  

 

Before describing the applications of FBGs-based systems in medicine and healthcare, a 

brief overview of the theoretical background and the basic working principles of different FBG 

configurations is proposed.   

An FBG sensor is an optical resonator inscribed into the core of a fiber optic [50], [51]. The 

key principle of operation is to induce, by means of an external laser and an interferometer or 

a diffractive element, a periodic perturbation of the refractive index of the core of a single-

mode optical fiber along the longitudinal direction (z). The inscription of such a perturbation 

in the fiber core induces light coupling between the forward propagating mode and a backward 

propagating mode at the resonant wavelength B (the so-called Bragg wavelength).  

Fig. 2:1 A shows the main configurations of FBGs proposed for medical applications, their 

spectral response, and the parameters they can directly measure [52], [53]. A schematic rep-

resentation of the interrogation unit with all the components used to interrogate and read an 

FBG is illustrated in Fig. 2:1 B. 

The simplest configuration is the uniform FBG [51], in which the modulation of the refrac-

tive index has a constant period (Λ) along z. This structure resonates at λB equal to: 
 

 𝐵  =  2 𝜂𝑒𝑓𝑓 

Equation 2:1 

 

with ηeff the mean effective refractive index of the fiber core at the location of the grating. 

The spectrum reflected by the FBG shows a steep peak centered around B, with reflectivity 

usually within 10% and 90% in FBGs having a length ranging from 3 mm to 10 mm.  

For FBGs operating around 1550 nm, the reflected bandwidth is typically in the order of 0.3 

nm; hence, an FBG sensor behaves similarly to a microwave notch filter having a quality factor 

~ 5200 [9].  

The measurement principle of the FBGs relies on the dependence of both ηeff and  on ε 

and T [50]–[53]: a grating tension or compression along its z-axis, as well as a T variation ΔT, 

cause a shift of the B (B), and of the whole spectrum as reported in: 
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𝛥𝜆𝐵

𝜆𝐵
= (1 − 𝑝𝑒)휀 + [(1 − 𝑝𝑒)𝛼 +  𝜉]𝛥𝑇 

Equation 2:2 

The  B has a linear dependence on both ε  and ΔT, with pe the effective photoelastic co-

efficient, α the fiber thermal expansion coefficient, and ξ the fiber thermo-optic coefficient. 

For glass fibers operating in the infrared, typical Sε values are around 1 pm/µε for ε and 

10 pm/C for ΔT. The optical fiber embedding the FBG needs a physical connection to a channel 

of a dedicated device (i.e., optical interrogator) using a standard connector (see Fig. 2:2 B). The 

commercially available interrogators have a number of channels ranging from 1 to 16. Typi-

cally, FBGs are interrogated through a rapid scanning tunable laser coupled to a photodetector 

followed by a transimpedance amplifier or a broadband source like a superluminescent LED 

connected to a spectrometer [53]. These systems allow the detection of the whole reflection 

spectrum, and using a peak-tracking method; it is possible to estimate the B with an accuracy 

≤ 1 pm. A schematic of the experimental setup used to interrogate FBGs is illustrated in Fig. 

2:2B. 

A chirped FBG (CFBG) is characterized by a non-uniform modulation  = (z); noteworthy 

in a linear CFBG, the period of the grating increases at a constant rate through the grating 

length [54]. As a result, the CFBG does not reflect a single wavelength, but the spectrum has a 

broad bandwidth. Each portion of the grating reflects a different Bragg wavelength: 

 

 𝐵(𝑧) =   𝐵(0) + 𝑧  

Equation 2:3 

 

where  is the chirp rate [54], [55]. Since the CFBG behaves as a broadband reflector, in 

which each section has its own dependence on T and ε, CFBG sensors have been used to meas-

ure either T or ε distributions along the grating length z. The main approach, called spectral 

reconstruction, is based on an optimization technique [55]–[57]. This method estimates the 

distribution of these parameters along the grating length (from 15 mm to 50 mm) by reading 

the spectral deformations from the reference conditions. 

To make the grating sensitive to refractive index (RI) changes for biosensing applications, 

two main configurations have been exploited. The first approach is the use of a tilted FBG 

(TFBG), whereas the refractive index modulation plane is tilted with respect to the fiber axis 

by angles usually lower than 10 [58]–[60]. This grating has a B similar to a standard FBG 

sensor, but also excites several cladding modes at the boundary between the cladding and the 

outer medium, that propagate out of the fiber. These modes are visible in reflection by coating 
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the fiber with an end-reflector, such as a gold mirror, and appear as a comb of narrow lin-

ewidths at wavelengths smaller than B [59]. The second approach is the etched FBG (EFBG), 

in which a uniform FBG is modified by chemically etching the fiber cladding along the grating 

[61], [62]. In EFBG, the poor light confinement causes a change of ηeff term as a function of the 

RI, depending on the fiber thickness. As a result, we observe both a B and a variation of the 

optical intensity when the grating is exposed to RI changes [61]. 

 

 

FIGURE 2:1. (A) The main configurations of FBGs: uniform FBG, CFBG, TFBG, EFBG, and FBG array. The spectral responses and 
measured parameters (ε, T, and RI) are also reported. (B) A schematic representation of the interrogation unit with all the com-
ponents used to interrogate and read the FBGs. An FBG array is shown by way of example. The data acquisition hardware -DAQ- 
in the receiver block is used to maintain the synchronization between the swept laser source and the array of photodetectors. 

 

The reflected bandwidth of FBGs is much smaller than the operating range of the interro-

gators. Hence, it is possible to fabricate several grating elements along the fiber, in an array 

format, each having a different B. In this principle, called wavelength division multiplexing 

(WDM), multiple FBGs are stacked in a single fiber. The use of this solution allows resolving 

the parameter of interest (e.g., T, ε, and RI) along the fiber, isolating each FBG sensor contribu-

tion [63]. The FBG arrays can be fabricated with a custom density of sensors and to achieve 

high resolution (i.e., sub-centimeter) for lengths up to several meters. Moreover, their behavior 

can be described by exploiting finite element models (FEMs) and combining experimental data 

with machine learning methods [64], [65]. 

 
 

All the aforementioned FBG configurations are designed as short-length distributed sen-

sors which resonate at wavelengths that correspond to the propagation within the FBG pitch. 
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2.2 Applications in medicine and healthcare : a literature over-

view 

 

In the following sections, the state-of-the-art of FBGs applications in medicine and 

healthcare is grouped into biomechanics, minimally invasive surgery – MIS, physiological mon-

itoring, and medical biosensing, as shown in Fig. 2:2. 

 

 

FIGURE 2:2. The main application scenarios where FBGs have been employed for medical and clinical purposes. 

 

2.2.1 Biomechanics 

The term biomechanics involves the application and the extension of mechanics to the hu-

man body at different levels of increasing complexity. In this section, an overview of FBGs-

based systems for biomechanical applications will be given, tracing the body structural organ-

ization, from the tissue level up to the system level [66]. The description will start with studies 

concerning soft and hard tissue responses to mechanical stimuli. Then, FBGs involved in mus-

culoskeletal applications in terms of joint kinematics and P mapping will be reviewed. Lastly, 

works related to the interaction between native biological tissues and foreign materials (i.e., 

prostheses and orthoses) in terms of load transfer mechanisms and pressure (P) distributions 

will be described. Fig. 2:3 shows the body parts involved in the following studies grouped into 

three main categories (i.e., Soft and Hard Tissue, Musculoskeletal System, and Prostheses, 
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Orthoses, and Bone Cement). Each category is coded by a different color (i.e., green, bright blue, 

and pink, respectively). 

 

 

FIGURE 2:3. Applications in biomechanics. Examples of systems for soft and hard tissues are highlighted in green, for the muscu-
loskeletal system in bright blue, and for prostheses, orthoses, and bone cement in pink. 

 

Soft and Hard tissues. In the last decades, FBGs have been used to measure stress-strain 

(σ-ε) fields in soft and hard tissue biomechanics, where conventional sensors are not techni-

cally feasible [46]. The principal aim is to extend the knowledge about the tissue mechanical 

properties useful to develop detailed analytic models and optimized sensing solutions. The 

term soft tissues mainly refer to ligaments, tendons, and muscles. In the literature, most of FBG-

based applications in this field have concerned the measurement of ε and force (F) of ligaments 

and tendons from both animals and cadavers [67],[68]. Gratings have been embedded into mi-

cro-fabricated encapsulations made of shape memory alloys [68], stainless steel [69], or di-

rectly attached to the tissue [28]. The systems’ response to applied loads and controlled strains 

have been monitored during static and dynamic conditions to find out the systems’ metrologi-

cal characteristics. For instance, an FBG sensor housed into a micro-fabricated encapsulation 

made of shape memory alloy in [68] and of stainless steel in [69] was fabricated for ε and F 

sensing. Tests in static and dynamic conditions (e.g., at different loads and during loading-un-

loading cycles to simulate various postures and locomotion) were performed on a femoral ca-

daveric tendon and a ligament in [68] and on a bovine tendon in [69]. Results demonstrated 
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good sensitivity, accuracy, and repeatability of the proposed systems that added to an easily 

implantability make these technological solutions adaptable for minimally invasive measure-

ments. In other studies presented in [67] and [70], similar tests were performed to validate 

FEMs. In [67], a good correlation was found between the tendon distribution of ε simulated by 

the proposed FEM and the one measured by an E-shaped buckle transducer (with an FBG sen-

sor glued on its central arm). However, better results may be achieved using an array of multi-

plexed FBGs to allow distributed ε measurements. Not only the biomechanics of soft tissues 

from the lower limbs but also from other body districts have been studied in the literature. 

Recently, an FBG encapsulated in a protective sheath was used for measuring chordae 

tendineae tension in the cardiac mitral valve [71]. The sensor shape and movement mimicked 

the ones of the native biological tissue. Results of tests performed on both a 3D-printed left 

heart simulator and six independent chordae of a porcine mitral valve showed good perfor-

mances and no interferences among chordae, during normal and hypertension-simulated con-

ditions. Lastly, also in-vivo measurements of longitudinal and transverse ε and changes in the 

muscle-tendon unit were performed in [72]–[74]. In all these applications, FBGs were directly 

attached to the skin, and Magnetic Resonance (MR) images of the inner tissues were acquired. 

Research efforts have also been dedicated to studying the biomechanics of hard tissues: 

bones and teeth. Bone deformations were investigated in response to applied loads [75]. More-

over, the influences of simulated fractures, bone decalcification, and sensor positioning layout 

on the ε measurements were studied [76], [77]. Synthetic and cadaveric femurs were em-

ployed, and strain gauges were often used as reference instruments. For instance, a total of four 

FBGs and four strain gauges were placed around the circumference of an acryl tube and a ca-

daveric femur bone of the same length. Results showed a loss of linearity by comparing results 

from sensors placed on the tube with the ones on the tissue. These findings reflect the genuine 

non-linearity in the bone segment. The measurement of ε as a quantitative evaluation of the 

effect of simulated fractures was presented in [76] and [77]. In [76], a total of seven FBGs were 

glued along a stainless-steel plate used to fix the fracture. FBGs were easier to use than strain 

gauges sensors, with higher feasibility to monitor the evolution of the ε in the bone. In [77], an 

array of FBGs was directly attached over fractured synthetic femur sawbones, and the influ-

ence of fiber orientation and gratings location on the ε measurements was investigated. Results 

suggested that a straight layout works better than a coiled one for ε sensing. Also, bone decal-

cification over time was analyzed as an influencing factor in the ε measurement [78].  

The comparison of FBG’s output changes detected on an untreated sample and on a par-

tially decalcified one showed a linear increase of ε with the calcium loss. In the literature, other 

applications of FBG-based systems in hard tissue biomechanics have concerned the 
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measurement of deformations of teeth and mandible during mastication [79], [80]. In particu-

lar, the capability of monitoring clinically relevant bite F in thirty-six volunteers, as well as de-

tecting different masticatory patterns associated with the chewed food in animals, was inves-

tigated. Results showed good performances for both the proposed systems. In [79], the bite F 

of males experienced higher values than females with the maximum F at the molar region; in 

[80], the output of an FBG sensor embedded in a titanium mesh showed a high signal-to-noise 

ratio useful to easily determine the magnitude and the frequency contents associated to the 

chewing process.  

Precisely at the halfway between soft and hard tissues, it is located the articular cartilage. 

The mechanical properties of this tissue were studied in [81]–[83]. In all these works, the car-

tilage has been modeled using a viscoelastic model, and micro-indenters with an FBG sensor 

located at the tip were used to study changes in tissue relaxation times and stiffness. In [81] 

and [82], results showed an increase of all these parameters with the indentation depth. The 

spherical tip showed advantages in terms of shorted indenter length and risk minimization of 

tissue surface damage. The spherical indenter was also able to distinguish healthy cartilage 

from artificially degenerated in [83] and from osteoarthritic tissue of seven patients who un-

derwent knee replacement in [84]. Higher F in [83] and higher stiffness in [84] were exhibited 

by the healthy cartilage. Otherwise, no significant differences were found in terms of relaxation 

time of tissues with different grades of degeneration [84]. 

 

Musculoskeletal system. The inherent connectivity between soft and hard tissues is es-

sential for musculoskeletal motion and stability. Indeed, at a higher level of complexity, the 

human body can be considered a whole-joint organism where bones meet and are functionally 

integrated with soft tissues to constitute a kinematic chain. In the literature, a lot of biome-

chanical studies focused on FBG-based systems for human joint kinematics. The principal clin-

ical aims are the prompt detection of bad postural habits, which may lead to musculoskeletal 

diseases, and the quantitative assessment of the rehabilitation programs to provide even more 

personalized treatments. Optical goniometers have been proposed for monitoring knee, elbow, 

and ankle range of motions (ROMs) [79], [85], [86], during static and dynamic conditions (e.g., 

static postures and walking). In all these works, cantilevers-based systems and different trans-

mission mechanisms (e.g., stiff arms and rubber belts) were used for de-amplifying the ε trans-

mitted to the grating, according to the ROM of the joint under investigation. The influence of 

the distance between a pin mechanism and a cantilever on the sensitivity of a custom optical 

goniometer was investigated in [84]. Results showed the bigger the distance, the higher the ε 

induced on the grating. Moreover, tests on twenty-six volunteers wearing the proposed device 
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on the knee showed a good agreement between the output of the FBG-based goniometer and 

the one of the reference system in monitoring F/E movements. Moreover, good accordance in 

the measurement of gait parameters during walking on either leg was achieved. Similar results 

were found in [87], where F/E movements of elbow and ankle were monitored by using an 

optical goniometer with rubber-based transmissions. However, all these solutions are bulky 

thus should be re-evaluated in terms of the user’s comfort and ability to keep its rotation axis 

during gait trials. 

For this reason, most of the studies for joint kinematics focused on the development and 

assessment of wearables based on FBGs [88]–[90]. Usually, to improve their robustness and 

performances, FBGs have been housed into more flexible structures made of polymers such as 

Polyvinyl chloride - PVC [88]–[90], Dragon Skin™ silicone families [91], [92], polylactic acid - 

PLA [93], and Thermoplastic Polyurethane (TPU) [94]. Buttons, belts, Velcro® strips, and tapes 

have been used as bonding elements.  

ROMs and movement patterns have been monitored on both lower and upper limbs and 

spinal cord segments. Goniometers and motion capture systems have been often used as 

benchmarks. Several works focused on lower limbs to study their kinematics and understand 

the complex dynamics associated with the gait. Usually, the metrological characteristics of the 

wearable systems have been reported, followed by tests on a treadmill during walking, jogging 

and/or running. Among others, a wearable solution comprising a Kinesio Tape® (K-Tape) em-

bedding an FBG sensor was proposed in [95] to monitor the angular displacement of the knee 

joint during gait cycles. Results showed the consistency of this solution to perform gait analysis 

and perceive the pick activity movements of the quadriceps. Some concerns of the proposed 

system are related to its fragility because the FBG was embedded bare. Thus, a step forward 

was done in [96], where an epoxy resin matrix was used to house the FBG, and two 3D-printed 

hooks were used to guarantee the sensor compliance with the K-Tape on the ankle. Another 

study proposed FBGs embedded in PVC strips to be worn on the elbow, knee, wrist, and back, 

in static angle posture maintenance and jogging tests [89]. Results showed stable output 

changes in response to step-by-step angular variations, and the elbow was the joint most af-

fected by disturbances. During jogging, the sensor mounted on the knee showed the highest 

values of ε and a signal amplitude reduction with speed. In this context, an innovative fabrica-

tion technique was proposed to develop a smart ring for knee and elbow joints in [93]. The 

FBGs were encapsulated in the system made of PLA during the printing process. Then, different 

bend angles were performed to retrieve the FBG sensitivity and to assess the capability of mon-

itoring movement patterns.  
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Wearables were also proposed for monitoring the mobility of phalanges of hands and feet. 

An instrumented rubber cable for monitoring plantar dorsiflex was fabricated in [97], whereas 

a smart glove in [98] and a smart TPU guide in [94] were used for interphalangeal joints move-

ment detection. In [98], an array of fourteen FBGs embedded in PVC was glued in a coiled layout 

over the interphalangeal joints on the glove upper surface. Results reported minimum and 

maximum ε for fully opened and closed hands, respectively, with the need for a pre-calibration 

when worn by different subjects [98]. The capability of accurately distinguishing among met-

acarpophalangeal, distal, and proximal interphalangeal was confirmed in [98], but slight losses 

of linearly in the system response were found with finger size reduction. In [94], an array of 

thirty-six FBGs in a TPU guide was worn, assuring the contact with each finger by a tape on the 

nail on one side, a Teflon flattener on the opposite side, and a silicon ring structure around the 

guide. Results of the angular displacements response vs. torques (calculated by multiplying 

applied F and moment arm) allowed the evaluation of the joint quasi-stiffness. Lastly, some 

studies investigated the use of FBG-based flexible sensors directly attached to the skin or taped 

on stretchable belts for spinal motion detection [92], [99]. In [92], the movements of F/E and 

axial rotation (AR) of the cervical segment of nine volunteers were detected by using two cus-

tom flexible sensors based on FBGs showing good performances when compared to a Motion 

Capture (MoCap) system used as a reference, with potentiality in preventing neck pain. 

Another function of the musculoskeletal system regards body stability. In this arena, FBGs-

based systems were used to monitor intravertebral discs (IVDs) P [100]–[103]. The IVDs are 

the main joints of the spinal segment, and an understanding of the P distribution is an essential 

indicator of disc mechanics, injuries, and degeneration aetiology. In [101], the IVD nucleus P 

was measured by an optical probe with the grating at the tip. The optical system exhibited good 

repeatability in monitoring P and an easier insertion than strain gauges, which often causes 

interferences with the vertebral endplates and potential damages. Also, the influence of the 

insertion depth and the diameter of the probe on the measured P was described in [102], [103]. 

The probe was constituted by two segments joined together by means of a bar with an FBG 

glued above. At the same level of insertion, results showed that the bigger the diameter, the 

higher the F, while at different levels, the deeper the insertion, the higher the F value. 

 

Prostheses, orthoses, and bone cement. Other applications of FBGs for human biome-

chanics are related to the study of the interaction between human inner/outer tissues and for-

eign materials. The main aims are the recovery optimization of lost musculoskeletal functions 

by replacing body parts (i.e., prostheses) and the improvement of residual functions through 
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the application of external devices designed to fit with the outer body components (i.e., or-

thoses).  

The P mapping and ε distribution at the prosthetic joints have been measured to study 

malalignments and/or unbalanced contact areas [104]–[106]. For instance, two arrays of five 

CFBGs each were embedded in a tibial spacer to map the P on cadaveric condylar grooves dur-

ing a total knee replacement. Results of non-uniform P mapping suggested a failure of knee 

arthroplasty with risky long-term degradation of the bones in in-vivo applications. Moreover, 

the fiber diameter, the presence of bone cement, and the use of press-fit prophylactic stems 

were investigated as influencing factors on load transferring and ε distributions at the implant-

femur interfaces in [100] and [107], respectively. Results showed that: a small fiber diameter 

improved the sensing element performance, a cemented prosthesis allowed a more uniform 

distribution of the P, and a press-fit prophylactic stem limited the risk of fracture in the imme-

diate postoperative care for patients with notch depth larger than 5 mm.  

As suggested in [100], bone cement plays a crucial role in the implant stabilization and 

uniform load and ε distributions; thus, the mechanical properties of various bonelike materials 

have been investigated in the literature. The curing processes of Poly(methyl methacrylate) - 

PMMA [108], [109], Hydroxyapatite (HA) [110], and Calcium Phosphate (CP) [111],[112] ce-

ments were monitored by embedding FBGs in blocks made of such materials. The ε profiles 

and T were measured over the whole duration of the material shrinkage to check the presence 

of values out of physiological range, particularly dangerous for tissue necrosis and implant in-

stability. Results in [109] and [111] showed that differences in ε pattern are related to the ce-

ment porosity (i.e., the number of voids which occurs after the monomer evaporation), and 

that a high number cause cement weakness and implant failure. Moreover, according to the 

porosity level, the immersion of cement specimen in liquid solutions until the saturation al-

lowed the determination of the material expansion coefficients [112].  

Once the prosthesis fits perfectly, the evaluation of body movements' mechanism has been 

assessed to study the recovery of lost musculoskeletal functions. For instance, FBGs embedded 

into a carbon fiber-reinforced transtibial prosthesis were proposed in [113], [114] to evaluate 

the recovery of the user’s gait. Eight FBGs were placed in a vertical position and nine FBGs in a 

horizontal position to enable the measurement of vertical ε and mechanical F/ ε non-perpen-

dicular to the ground direction, respectively. An additional FBG sensor was placed at the distal 

end of the prosthesis and used for the T compensation. Results of static tests showed a linear 

response of the proposed system to applied loads with values twice the mass of the volunteer 

enrolled in the study. Then, three walking tests at three different velocities (i.e., 0.5 m/s, 1.1 

m/s, and 2.2 m/s) were performed by attaching the instrumented prosthesis on the knee, 
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showing promising results especially for the FBGs attached to the regions where the prosthesis 

stores and releases energy during walking. Such a study, combined with other ones focused on 

robotic manipulators equipped with FBGs for tactile sensing [115],[116] opens up to future 

applications of FBGs in bionics. Indeed, FBG-based sensory feedback could enable closed-loop 

control of the prosthesis, improving its embodiment, amputee’s recovery functions, and en-

gagement with the surroundings going beyond the results achieved with MEMS sensors [117], 

[118].  

In the literature, the main orthoses instrumented by FBGs. have been developed in the 

form of amputee sockets, wheelchairs, fixed platforms, plantar insoles, and orthodontic appa-

ratus. The monitor of P at the amputee sockets-stump and skin-wheelchairs interfaces were 

investigated in studies concerned with the FP7 IASiS projects [119]–[121], whose aim was 

bringing optical fiber technology in rehabilitation applications, and more recently in [122]–

[124]. In all these studies, the sensing element was encapsulated into flexible matrices. More-

over, the influences of the matrix thickness in [121], [122], and the grating embedding depth 

[122] on the sensor performances have been investigated. For instance, in [122], the amputee 

sockets-stump interfacial P were measured by using an epoxy material sensor pad based on 

the FBG sensor embedded in a silicone matrix. Results showed that the system with the FBG 

sensor on the top of the pad encapsulated into the thickest matrix exhibited the highest sensi-

tivity. Foot plantar P and ground reaction forces (R) were detected by fixed platforms in [125], 

[126], and orthotic insoles in [127]–[134] instrumented by single or multiple FBGs. In [131], 

both shear and plantar P were discriminated during gait, using an array of ten FBGs. Other 

exciting approaches were proposed in [86] and [87], where the two FBGs-based solutions were 

developed to monitor the ground R: a fixed platform instrumented by five multiplexed  FBGs 

in [133] and a cork-based insole with an array of six FBGs in [134]. Both the proposed solutions 

were able to monitor vertical ground R during gait, as well as the body center of mass displace-

ments in static positions. Moreover, corks allowed the gratings thermal isolation. The most re-

cent smart insole was proposed in [132]. The system was wholly 3D-printed, and the FBGs 

were encapsulated into the insole during the printing process with promising during both 

standing position and walking cycles. 

Another important application in orthotics regards the study of dental biomechanics by 

measuring the properties of teeth and mandible in response to the installation of dental im-

plants and orthodontic apparatus.  In dental implants, the main aim is to study σ- ε patterns on 

the temporomandibular joint due to the implantation. In all these studies, the sensing elements 

were directly placed on the outer surface of a mandible equipped with a dental implant [135], 

[136]. In some cases, strain gauges were used as reference instruments to assess the system 
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capability of measuring a high level of static and dynamic ε, and these measurements were also 

used to validate FEM [137], [138]. Results in [137] showed a good agreement between the 

measuring method and FEM when teeth are subjected to symmetrical loads. At the same time, 

the marked differences during non-symmetric configurations suggested the hardness in repli-

cating the complex dental structure. Moreover, research efforts have also been devoted to 

study the influence of the sensor positioning on the ε measurement in [139]. Results showed 

the highest values for sensors positioned in the molar region.  

To fix dental implants, often dental cement is required. Thus, FBGs were also used to mon-

itor T, ε, and σ built-up during the curing process of gypsum products [140] and dental resin 

[141]. The most interesting sensing solution was described in [141], where two FBGs in highly 

birefringent (HiBi) fiber were employed to monitor the multi-axial stress build-up with prom-

ising results. Several studies also reported on the application of FBGs in the presence of dental 

orthosis involving splints [142] and brackets [143]–[145]. The proposed systems were used to 

measure T, ε patterns, and P distributions. Both T and F sensing were carried out during the 

splint positions in [142], showing an increment of both these parameters with small variation 

in the F values due to the patient self-adjusting. The orthodontic F applied by a bracket on the 

dental arch was measured by the custom solutions proposed in [91] and [92]. In [91], an FBG 

sensor written in a HiBi fiber was bonded on the orthodontic bracket between the orthoses 

and the incisor outer surface with good ability in detecting longitudinal and transversal F ap-

plied on the teeth, in the range corresponding to clinical applications. Lastly, the influence of 

grating positions on the ε distribution was investigated in [92], where seven FBGs were placed 

along three teeth roots and transversally along four teeth apex. As expected, the maximum ε 

was experienced by the gratings at the molar tooth's cervical position. 

 

2.2.2 Minimally Invasive Surgery 

The MIS and the associated tools are becoming increasingly relied upon across the 

healthcare industry. The term MIS describes all kinds of surgery that minimize injury to the 

patient with reductions of tissue trauma, pain, and recovery time. Recently, the advent of ro-

botic in MIS imposed an increasing burden on the surgeon’s manual dexterity and visual-motor 

control [105]. However, the use of handheld/robotic tools between the surgeon's hand and the 

tissue, as well as the physical separation in teleoperated surgery, limit the haptic feedback to 

the surgeon with potential tissue trauma or unintentional damage to healthy tissue [103]. To 

overcome these limitations, FBGs-based tools have been proposed for tasks of tissue manipu-

lation and ablation to restore tactile and T sensations fundamental for providing haptic 
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feedback to the surgeon during MIS and robot-assisted MIS [146], [147]. Moreover, to access 

the surgical target sites along tortuous anatomical paths, several surgical flexible tools have 

been equipped with FBGs to guide and track the tool positioning by monitoring its shape and 

location [148]. Fig. 2:4 shows the body parts involved in the following studies grouped into 

three main categories (Tissue Manipulation, Tissue Ablation, and Tool Shaping). Each category 

is coded by a different color (i.e., straw yellow, red, and bright green, respectively). 

 

 

FIGURE 2:4. Applications in MIS and robot-assisted MIS. Examples of tissue manipulations are highlighted in straw yellow, tissue 
ablation in red and tool shaping in bright green. 

 

Tissue Manipulation. Tissue manipulation includes surgical maneuvers to grasp, clip, su-

ture, and palp outer and inner tissues. These tasks establish tool-tissue interactions to allow 

unprecedented functionality including, automated robotic responses, recognition of tissue 

force signatures, ability to minimize tool-to-tissue forces during microsurgery, and potentially 

improve the safety and efficacy of the surgical procedures. As a result, the surgeon can control 

the applied F avoiding any tissue damage, and distinguish between hard and soft, healthy, and 

unhealthy palped tissues [146], [149]. In the literature, several surgical tools as graspers, clip-

pers, needles, and catheters have been instrumented with FBGs for applications of retinal mi-

crosurgery, laparoscopy, endoscopy, and percutaneous procedures, including epidurals and bi-

opsy [146]. 

Retinal microsurgery is one of the most technically challenging micron-scale maneuvers 

performed on delicate tissues [150]. Surgeons need to operate on very small and delicate eye 

tissue with the magnification of a surgical microscope and fine control of the surgical motion, 

discharging hand tremor. The proposed solutions ranged from 1 degree-of-freedom (1-DoF) 

[151] to 2-DoF [152] and 3-DoF [153] tool-tip force sensors based on single and multiple FBGs, 
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with and without T compensation. Evaluation experiments with the proposed instruments 

were conducted on different epiretinal membrane models with manual [154] and handheld 

robotic control [155]. In [151], the first attempt to develop a 1-DoF FBG-based intraocular force 

sensor was carried out instrumenting a 25 Gauge (~ 0.5 mm diameter) micro-pick instrument 

with a single FBG embedded in a Nitinol wire. Subsequently, by employing three FBGs, the con-

cept was extended to a 2-DoF tool for F-sensing with T compensation, and tests on different 

epiretinal membrane models with manual [154] and handheld robotic control [155] were per-

formed. In a follow-up work [153], the first sub-millimetric 3-DoF F sensing pick instrument 

employing four FBGs was proposed to maximize the decoupling between axial and transverse 

F sensing. Besides assisting with membrane peeling, some FBGs-based tool-tip F sensing de-

vices were developed to detect puncture F in retinal vein cannulation. Generally, these instru-

ments employ three longitudinal FBGs for 2-DoF F sensing capabilities attached to a cannula-

tion needle with a distal tip bent at around 45° relatively to tool shaft axis [156]–[158] to en-

sure puncture F in the direction of the needle tip. An 80-µm needle tip F sensing cannulation 

tool was proposed and assessed during the cannulation of synthetic retinal vessel models [156] 

and cadaver pig eyes [157]. Similarly, in [158], [159], a 70 µm needle tip tool was attached to a 

handheld robotic device and cannulated vessels in the chorioallantois membranes of chicken 

embryos. A step forward has been done in [160], where a new control method to compensate 

unintended movements of the operator's hand actively and to keep the cannulation device se-

curely inside the vein following cannulation was proposed. Experiments in fertilized chicken 

eggs vasculature, shown 100% success in venous puncture detection and significantly reduced 

cannula position drift via the stabilization aid of the robotic system [161].  

Several studies introduced micro-forceps with integrated FBG-based F sensing [160], 

[162], [163]. For instance, in [160], a 3-DoF F sensing motorized forceps was proposed em-

ploying an additional sensor to capture the tensile F along the tool axis. Moreover, a nonlinear 

F computation method was proposed to ensure that grasping does not affect the axial F read-

ing. Validation experiments, including random samples, showed that the method could predict 

3-DoF in the axial direction. Lastly, FBG-based force sensors integrated into the tool shaft out-

side the eye were described in [164]–[166]. This is a highly desired functionality in robot-as-

sisted retinal surgery because the stiffness of the robotic system attenuates the user’s percep-

tion of the scleral F with the potential for eye injury. In [164], a tool able to sense the scleral F 

in transverse directions and the location of the sclera contact point on the shaft was developed. 

This solution allowed a robot control framework based on variable admittance using the sen-

sory information to reduce the scleral interaction F exceeding a safe level. Furthermore, in 

[165], a control method was proposed to enable the robot to perform autonomous motions 
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reaching desirable sclera F and/or insertion depth and pre-defined safe trajectories. Moreover, 

robotic systems, FBG-based F sensing instruments, and a recurrent neural network were com-

bined to develop intelligent assistive solutions to predict excessive F instances and augment 

the performance of the user [166], [167]. 

Other surgical applications regard laparoscopic and endoscopic procedures, where FBGs 

have been extensively used to provide tactile feedbacks inferred from either the exerted F dur-

ing surgical tasks or the distal contact F during tissue palpation. Solutions based on one-point 

and distributed measurements have been proposed using uniform single or multiple FBGs, di-

rectly mounted on the tip, in the proximity of the tip or onto a transmission mechanism con-

nected to the tool (e.g., Steward [168], Sarrus [169], and cantilever-beams [170] structures). 

Moreover, FEMs have been often used to drive the system development in terms of optimized 

sensor positioning and miniaturized tool dimensions to achieve the best performances. T com-

pensation, axial F decoupling, bending outward effects, and creep resistance were also evalu-

ated to validate the feasibility of the proposed designs in MIS applications. In [171], a laparo-

scopic needle driver to measure axial and grasping F at the grasper tip was presented. The 

lower jaw of the grasper was equipped with two FBGs. The FBG sensor used to measure axial 

ε was embedded in the flexure structure of the jaw, as the deflection of this element during 

object pulling induces ε on the grating. The FBG sensor used for measuring grasping F was 

mounted on the jaw proximally after the flexure segment. This device is an updated version of 

a previous prototype proposed to overcome some issues related to grasping repeatability and 

axial sensor hysteresis error in [172]. The novelty lies in the use of a T-shaped grasper made 

of stainless steel instead of an I-shaped one made of plastic. These features improved the sys-

tem biocompatibility and sterilizability. The higher rigidity of the steel resulted in a reduction 

of the system sensitivity in favor of higher repeatability and accuracy with negligible bending 

and F coupling effects. 

However, systems equipped with an FBG sensor directly attached in the proximity to the 

tip often undergo either limited resolution or operating range. Trade-offs between the F sens-

ing resolution and proximity of the sensors to the tool tip can be optimized by adequately 

choosing the sensor locations. To overcome these issues, some studies proposed the use of 

FBGs incorporated onto the tool shaft [173] or a transmission mechanism between the end-

effector and the joint [170], [174], [175]. For instance, in [173], a 2-DOF needle driver based 

on four FBGs was developed to be compatible with the Da Vinci Surgical System. Tree robot-

assisted MIS tasks were carried out by novice and expert surgeons. Results showed different F 

profiles according to the level of expertise and improvement in the task execution for both the 

group thanks to the F feedback. Recently, two interesting solutions based on transmission 
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mechanisms were proposed in [169] and [175]. The same research group focused on two FBG-

based systems for grasping and palpation tasks using Steward and Sarrus linkage mechanisms 

in [175] and [169], respectively. The adopted structures were optimized on the basis of finite 

element analysis. In both the studies, the rigid kinematic parts of the proposed mechanism 

were substituted with flexural hinges to provide effective F interaction between tool and tissue 

and prevent damages to tissues during laparoscopic applications. Moreover, an FBG sensor in 

a tight suspension configuration was mounted at the flexure’s central line. In [175], FEM results 

suggested the need for an additional cantilever-beam structure to improve the system sensi-

tivity even if sacrificing its axial stiffness and F decoupling. Results in [175] showed an excel-

lent linear response to applied static loads with high sensitivity. A consistent agreement with 

a commercial F sensor used as a reference was also reported during dynamic loading experi-

ments (the average error between the two measuring systems was 0.26 N). Results in [169] 

showed that in both static and dynamic F loading experiments, excellent consistency was found 

in terms of simulated and experimental sensitivity and linearity. Then, two simulated cylindri-

cal cancer nodules were buried in the samples at different depths of a silicone phantom and a 

porcine liver, and the achieved results validated the effectiveness of the proposed sensor to 

detect tumors from the F distribution map during tissue palpation.  

Although laparoscopic surgery was considered the greatest revolution in MIS and robot-

assisted MIS over the past two decades, another surgical revolution for tissue manipulation 

involved FBGs in natural orifice transluminal endoscopic surgery [176]. In contrast to laparos-

copy, no superficial incisions are necessary to reach the target. In the literature, flexible cathe-

ters and tubes were equipped with FBGs and inserted through natural cavities [177]. Distal 

contact F, P mapping, and tactile distributions were some of the main measured parameters. 

For instance, nitinol tubes equipped with two FBGs for detecting the distal F of tendon-sheath 

mechanisms in flexible endoscopic robotic surgery were proposed in [178], [179]. The main 

differences between the two versions are related to the overall length of the nitinol tube (re-

duced from 6 mm to 3mm) and to the grating length (reduced from 4 mm to 1 mm). Evaluations 

of F calibration, hysteresis, and T compensation were carried out. Results showed linear re-

sponses of the two FBGs to F and T. Issues related to T compensation and creeping effect, as 

well as signal noise associated with improper glues, were fulfilled in [178] and ex-vivo and in-

vitro tests were performed to assess its functionality. Results showed a stable response with 

good linearity within the range of 0.1 N - 0.5 N with a percentage error of approximately 4.2 % 

between the measured and the theoretically estimated values.  

An interesting application of two FBGs arrays with thirty-two gratings each, for P mapping 

in gastroscopy was proposed in [180]. A flexible catheter was inserted through the nasal hole 
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with a sensing length covering the path from the pharynx to the stomach for monitoring the 

gastrointestinal mobility. Firstly, controlled in-vivo clinical trials were carried out to directly 

compared the system performance with a commercially available solid-state manometry cath-

eter showing a substantially equivalent response. Then, a volunteer was intubated and asked 

to perform controlled swallows. Results demonstrate the ability of the FBGs-based catheter to 

record peristalsis running from pharynx to stomach by measuring muscle contraction (P incre-

ments) and retraction (P decrements). Abnormal values can allow measuring early symptoms 

of diseases related to the upper digestive apparatus. Another FBG-based system suitable to 

work inside the digestive apparatus was proposed in [181]. An endoscopic instrument was de-

veloped for palpation of the inner colonic wall for future applications in colorectal cancer 

screening. The device was equipped with three silicone encapsulated FBGs. A FEM guided the 

system development, demonstrating the proposed tool's capability to measure contact F along 

its axis with a linear response between ε and applied F.  

Other percutaneous procedures for tissue manipulation involved FBGs-based needles for 

biopsies and epidural punctures [182]–[184]. Solutions for tissue-tool tip F sensing have been 

proposed in the form of a needle equipped with FBGs. In [182], an 18 Gauge needle stylet was 

provided with three optical fiber embedding four FBGs each. The needle was mechanically con-

nected to a device with a pen-like knob grasped by the users, and information of tool-tissue 

contact was rendered via a haptic display that uses ultrasonic motors to convey directional 

cues to users. An amount of twenty puncture trials were performed by each of the ten subjects 

involved in the study. Results showed that subjects could easily determine the direction in 

which haptic feedback was guiding them, improving their task performance. Lastly, an optical 

guidance system for epidural space identification was proposed in [183]. An FBG sensor was 

placed inside the lumen of an 18 Gauge epidural needle and tested on a lumbar phantom used 

to train clinical procedures for epidural space identification. Intentionally wrong punctures 

without achieving the epidural space were also performed. Results showed the system capa-

bility of discriminating the most significant tissue interfaces from the detection of the P state 

experienced by the needle tip during the penetration inside the phantom model. Moreover, the 

correct and wrong punctures were clearly distinguished.  

 

Tissue Ablation. Another important application of MIS is the cancer removal through tis-

sue thermal ablation. Localized measurement of T distributions inside the organs may improve 

the clinical outcomes reducing the probability of damaging surrounding healthy tissue. Tissue 

ablation by thermal treatments (e.g., laser ablation, radiofrequency ablation, microwave abla-

tion, high intensity focused ultrasound, and cryoablation) have an immense potential for the 
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removal of cancer and have already gained broad clinical acceptance [185]. The main ad-

vantages are related to their minimal invasiveness since these treatments can be performed 

either via a percutaneous insertion of a small needle-like applicator or through a natural orifice 

under endoscopic ultrasound guidance. Thermal treatments involve the use of different types 

of energy to induce a cytotoxic T increment in the target organ in order to destroy all the tu-

mors with an additional safety margin while sparing the surrounding healthy tissue. Although 

these techniques have been performed for decades, there are some open challenges. The high 

T induced to destroy tumors inevitably damage healthy cells. Besides, the difficulties to accu-

rately monitor the effects of the treatment in real-time can cause either an incomplete tumor 

removal or the damage of surrounding healthy structure. FBGs have immense potential for im-

proving the clinical outcome in this field since the knowledge of T during the treatment can be 

beneficial to target the thermal damage to tumor cells minimizing the harm of healthy tissues 

[186], [187]. The possibility to resolve T along with the fiber by fabricating FBG arrays facili-

tates the 3D reconstruction of tissue T. This unique characteristic makes FBGs better than other 

temperature sensors (e.g., thermocouples, thermistors) for this application. In 1997, the first 

attempts to monitor T during thermal ablation by FBGs were presented in [188]. In the last 

decades, FBGs usage in this field has grown tremendously, and these sensors have been applied 

in phantoms and during the treatments of different organs (e.g., liver, bone, kidney, pancreas, 

biliary tree) in animal models (ex-vivo and in-vivo) and clinical trials [188]–[196]. During the 

first attempts, the majority of the studies have been performed by using one or more fiber op-

tics embedding a single FBG sensor, while recent investigations have employed arrays of FBGs 

to perform high-resolved measurements and to reconstruct the whole map of T within the or-

gan. Recently, studies have proposed highly dense FBGs with spatial resolution better than 1 

mm with ten or more FBGs embedded within a single fiber. For instance, recently, a configura-

tion using an array of twenty-five FBGs with a grating length of 0.9 mm was proposed in [197]. 

Regarding other performances of these sensors, it is worth noting that they can measure T with 

accuracy in the order of 0.1 °C, with short response time, and data can be collected at sampling 

frequency higher than 1 kHz [63], [193], [197]. Other advantages are related to the absence of 

artifacts due to the direct absorption of the energy delivered to perform the treatment, while 

this problem can significantly affect different types of sensors [198]–[200]. An important ad-

vantage is that these sensors can be used in Computed Tomography (TC) and MR room. This 

can be crucial since several thermal treatments are performed under either CT or MR guidance. 

Also, this feature makes FBGs an optimal tool for assessing the performance of new non-inva-

sive protocols for monitoring T maps during thermal treatments by CT or MR images (i.e., CT 

thermometry and MR thermometry [201], [202]). A potential problem can be related to the 
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cross- Sε, especially during in-vivo experiments. In this scenario, movements caused by the pa-

tients' respiratory activity can strain the sensors causing measurement errors. This concern 

involves applications during lungs’ treatments and all the organs that experience movements 

during respirations (e.g., liver, pancreas, and kidney). Experiments have shown measurement 

errors up to some ºC, but they can be minimized by filtering the recorded data [193]. Recently, 

CFBGs have been applied to this field to estimate the thermal gradient, particularly significantly 

close to the applicator used to deliver the energy during the treatment [203]. The recent devel-

opments of highly dense FBGs allowing measurements with high resolution could discourage 

future use of CFBGs in this application, also considering the complexity of the data analysis to 

retrieve information from their spectrum.  

 

Tool Shaping. For the correct manipulation of surgical tools inside the patient’s body, it is 

essential to track their position and shape during a surgical procedure dynamically. Despite 

the availability of commercial FBGs-based shape sensors certified EN60601 (a series of stand-

ards for the safety and the effectiveness of medical electrical equipment) [204], the 3D real-

time shape reconstruction is still challenging. Indeed, the complex morphologies of the tar-

geted sites and the tortuous path access under constrained spaces require high embedding ca-

pability of the sensing system and inherent tool deformability. To overcome these issues, opti-

cal fiber technology has gained attention for curvature estimation and shape reconstruction. 

The main configurations of FBGs-based shape sensors can be grouped into multiple single-core 

fibers, epoxy-molded or fastener to a support, and multicore fibers (MCFs), having several 

cores integrated into a single fiber. The most widely used configurations for shape sensing are: 

triangular with three outer cores [205], [206], square with four outer cores  [207], [208], and 

hexagonal with one central core and six outer core [166] (typical configuration for MCFs). The 

more cores are exploited, the higher is the accuracy of the shape sensor at the equal value of 

core spacing (core-to-core distance) [209]. Besides, some studies investigated the multi-sensi-

tive capability of shape sensors for simultaneously detecting the interaction F between the in-

strument and the surrounding environment, while reconstructing shape [210], [211]. Needles, 

catheters, endoscopes, and continuum robots for MIS and robot-assisted MIS applications (e.g., 

in neurosurgery, otolaryngology, biopsy, colonoscopy, and intravascular surgery) have been 

equipped with FBGs, showing enormous potentialities in tool shaping. Among the instru-

mented tools, better performances have been found in the shape reconstruction of systems 

that undergo small deformations (e.g., steerable needle for biopsy and ablation). Indeed, their 

inherent higher stiffness in comparison to catheters and endoscopes induced a perfect ε trans-

mission to the attached FBGs. 
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Referring to multiple single-core fibers, the triangular configuration has been the most 

exploited in medical applications since it can be interrogated using only three channels of the 

interrogation unit and ensures a simpler assembly than the other configurations. Furthermore, 

when employing a central core, such configuration allows twist angles detection in addition to 

T compensation, axial ε removal, and curvature sensing [212]. For instance, in [205] and [206], 

a surgical needle was equipped with a triplet of single-core optical fibers in a triangular con-

figuration. Each fiber embedded four FBGs glued along the shaft grooves for shape sensing dur-

ing a biopsy. Results in free space and gelatin phantom insertion showed maximum errors in 

needle shape reconstruction and tip positioning (about 2.23 mm and 1.91 mm in free space, 

and 0.79 mm and 0.57 mm, in gelatin), higher in out-of-plane deflections than in in-plane ones. 

Improvements in target accuracy and precision of the proposed system were reached by com-

bining a robot-assisted needle steering method with FBGs-based shaping feedback [213]. At-

tempts have also been made toward the shape sensing of endoscopes and catheters. Their 

length and flexibility higher than those of needles require more FBGs to provide useful and 

accurate curvature information. Moreover, research efforts have been dedicated to the imple-

mentation of shape sensors in endoscopes. For instance, in [207] and [208], a square configu-

ration of four single core fibers, each consisted of five FBGs, was proposed. Results showed the 

system capability of reconstructing the tool shape but with large errors during in-vivo tests 

[207]. This configuration allows the T compensation and curvature profile measurement but 

suffers from low resolution in twist angle detection [208]. Recently, a step forward to the ac-

curacy improvement of shape reconstruction has been done exploiting MCFs arranged in a hex-

agonal configuration, as reported in [214]. Such a system resulted in a valid alternative to fluor-

oscopy for endovascular navigation. The shape sensor was obtained using three of the seven 

cores of the MCFs, inscribing thirty-eight multiplexed FBGs each, to sense curvature and shape 

from the ε detected by the gratings. Results showed high accuracy in the 3D shape reconstruc-

tion over the whole sensing length (380 mm). 

 

2.2.3 Physiological Monitoring 

The monitoring of physiological parameters is at the cornerstone of medicine and surgery 

since it is a relatively non-invasive measure of human health. The baseline indicators of a pa-

tient's health status are often known as vital signs [215]. This section is devoted to describing 

the FBG-based systems used to detect vital signs routinely checked by healthcare providers: fR, 

HR, BP, and BT). Fig. 2:5 shows the body parts involved in the following studies grouped into 

four main categories (named Respiratory frequency, Heart Rate, Blood Pressure, and Body 
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Temperature). Each category is coded by a different color (i.e., light blue, light red, purple, and 

acid green, respectively). 

 

 

FIGURE 2:5. Applications in physiological monitoring. Examples of systems for monitoring fR are highlighted in light blue, for HR 
in light red, for BP in purple, and for BT in acid green. 

 

Respiratory frequency. The fR has been extensively monitored by using FBGs-based tech-

nologies in clinical (e.g., respiratory rehabilitation and MR examination) and sports settings 

(e.g., cycling and archery) [216]. The majority exploited the grating intrinsic Sε for developing 

wearable and non-wearable systems able to monitor fR from the respiratory-induced chest wall 

deformations. In this kind of application, FBGs have been either bare or housed into passive 

flexible matrices, bonded on textiles (e.g., elastic bands and stretchable T-shirts) or on syn-

thetic surfaces the body skin comes into contact with (e.g., cushions, wheelchairs, flatbeds 

[217], [218]). Spirometers, flowmeters, and MoCap systems have been often used as bench-

marks [219]–[222]. The first study concerning the monitoring of fR by thoracic cage defor-

mations was described in [223]. An FBG sensor was embedded in an elastic band to hold it in 

place during breathing. Good signal-to-noise ratio, not fully linear response to ε, and capability 

of triggering external devices for artificial ventilation, was demonstrated. FBGs used to instru-

ment wearable systems were also proposed in [224]–[226], in the framework of the financed 

OFSETH FP6 EU project. Both thoracic and abdominal movements were detected by smart elas-

tic bands. One band was instrumented by a single FBG in a coiled-layout fiber. Once the Sε and 

fatigue strength have been studied, the system assessment was performed on healthy adults 
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and using a simulator inside the MR scan. The capability of measuring ε elongation up to 3% 

and to be a golden solution for MR vital signs monitoring was demonstrated. Smart T-shirts 

based on a different number of FBGs (from two up to twelve gratings) have been proposed as 

innovative technologies enabling unobtrusive respiratory monitoring in terms of fR, respira-

tory (TR), inspiratory (TI) and expiratory (TE) periods, tidal (VT) and compartmental (Vc) res-

piratory volumes in [221], [222], [227]. Indeed, a high number of gratings allows investigating 

the behavior of different chest compartments. For the first time, the MoCap system was used 

to drive both the system fabrication and assessment. Tests in standing and prone positions and 

MR scan and cycling were carried out to investigate the system response to different working 

conditions. The promising results showed that the system performances increased with the 

number of gratings, their location, and orientation (for instance, percentage errors in fR esti-

mation ≤ 0.38% [227] rather than 1.59% [222] and 1.14% [221]). Moreover, the smart textile 

based on twelve FBGs, a half located in specific positions on the front of the cage and a half on 

the backside, showed high accuracy in estimating breath-by-breath TR, TI and TE values (for 

instance, TR bias of 0.001 s rather than 0.14 s [222] and 0.04 s [221]) with good capability of 

monitoring VT after a pre-calibration (bias of 0.09 L). Such a prototype was also involved in 

studies where influences of sex and sensor positioning have been considered to drive further 

optimization in terms of the number of FBGs, robustness, and more adaptability to different 

body shapes [228].  

In this regard, two different branches of research have been proposed: i) the instrumen-

tation of synthetic surfaces in contact with the skin (e.g., cushions, wheelchairs, flatbeds [217], 

[218]), and ii) the rise of flexible wearable sensors based on FBGs, high compliant to the skin 

[229]–[231]. Some examples belonging to the first branch are FBGs taped on a cushion [217] 

and a plexiglass board [232], placed between the backside of the chest and the backrest of the 

seat or the MR flatbed, respectively. Results showed good performance in measuring dynamic 

ε caused by breathing (in both cases, percentage errors <12%).  

Regarding the second branch, an amount of novelty has been brought by studies based on 

flexible sensors to be comfortably worn by the subject. In these works, often, a metrological 

characterization is firstly required to find out the sensor Sε and other parameters (e.g., T and 

relative humidity - RH) since the properties of the 3D matrix influence the FBG response. For 

instance, in [231], a rectangular-shaped flexible sensor based on FBG technology was cali-

brated to retrieve static and dynamic metrological characteristics showing Sε one order of mag-

nitude bigger than the T ones, negligible RH-induced contributions, and acceptable hysteresis 

errors. Then, the proposed sensor was used to instrument two elastic bands for monitoring 
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mean and breath-by-breath fR values from the thorax and abdomen movements during tests in 

the lab and out-of-lab (i.e., during simulated archery races) [220].  

A different approach for the fR monitoring involved the measurement of nasal/oral airflow. 

Techniques for a direct measure of the respiratory airflow or based on different thermo-hy-

grometric conditions between inspiration and expiration have been proposed. The main dif-

ference between these two techniques is related to the presence of active polymer coatings for 

the grating functionalization. This configuration allows variations in the surroundings (i.e., in 

the content of water vapor and so in RH and T) to activate the coating volumetric or refractive 

index changes responsible for FBG wavelength shifts and coupling intensity variations.  

Focusing on the direct monitoring of respiratory airflows, both bare and metal-coated 

FBGs have been used to develop flowmeters (e.g., orifice meters and hot wire anemometers) 

and spirometers. Cantilever-based mechanisms and external energy sources (e.g., laser) have 

been often required for the transduction of the airflow into FBG output changes. For instance, 

in [233], an isosceles triangle cantilever with a couple of FBGs at either side was pushed/pulled 

by the flow F transmitted on it. The cantilever bending caused grating tensions/compressions, 

showing a non-linear relation between wavelength shifts, ΔλB and measured flowrates with a 

high Sε. Another cantilever-based approach was proposed in [234], where a spirometer based 

on FBG technology was proposed for pulmonary function tests. The FBG sensor was glued 

lengthwise along a cantilever beam mounted transversely to the upper section of an aluminum 

plate. During inspiration/expiration, the cantilever was pushed/pulled by the plate swiveling, 

and in turn, the FBG sensor was tensioned/compressed. Comparing some crucial respiratory 

parameters (i.e., forced expiratory volume in the first second, FEV1, forced vital capacity, FVC, 

and peak expiratory flow, PEF) obtained by the FBG outputs and the reference one measured 

by a commercial spirometer showed promising results. 

Research efforts have also been made in the use of metal-coated FBGs to develop hot wire 

anemometers, where an external source of energy has been often used to ensure the sensing 

element thermal equilibrium. Recently, examples of this kind of solution were described in 

[235], [236], where graphene and silver layers were used as coatings, respectively. Their meas-

urement principle is underpinned by the metallic layers, which absorb the power of pumping 

light. Usually, an external source heats the metallic layer causing a red shift of the coated FBG 

sensor. When the airflow hits the sensing element, part of the heat is taken away from the layer, 

and the FBG undergoes a blue shift. All these works showed an effective improvement of the 

system flowrates sensitivity thanks to the metallic layer, with a non-linear relationship be-

tween FBG wavelength shifts and measured flowrates.  
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As previously described, differences in airflow thermo-hygrometric conditions can also be 

exploited for fR monitoring. Few studies proposed devices with bare FBGs to estimate fR by 

detecting ΔT between inhaled and exhaled airs [237],[238]. The most used solutions are based 

on the FBG functionalization for RH sensing [239]. To accomplish this aim, several coatings 

have been exploited. Among others, synthetic and natural polymers (e.g., PVA, PMMA, and 

Agar) and nanostructured films of Graphene oxide (GO) and Polycyclic aromatic hydrocar-

bon/Silica nanoparticles (PAH/SiO2). The matrix thickness (tk) and coating polymer concen-

tration (wt%) have been investigated as influencing factors of the RH sensitivity of functional-

ized FBGs suggesting higher sensitivity and response times for thicker matrices and higher 

polymer concentration [240].  

 

Heart Rate. The HR has been monitored simultaneously to fR by most of sensing FBG-

based solutions previously described to measure chest displacements [217], [227], [229]–

[231]. Indeed, the heart's mechanical activity causes vibrations smaller and faster than the res-

piratory ones on the chest surface. The graphical representation of the heartbeat-induced dis-

placements is known as seismocardiogram (SCG) when measured as vibrations on the chest, 

and ballistocardiogram (BCG) when referred to the ballistic forces generated by the heart and 

measured at the center of mass of the human body. FBGs are very suitable for non-invasive 

cardiac monitoring since they are small and light, highly sensitive to ε, with long-term stability 

and proper frequency response. These features allow the recording of cardiac-induced dis-

placements, typically ranging from 0.2 mm to 0.5 mm, and frequency components, mainly rang-

ing from 0.6 Hz and 40 Hz [241]. The majority of the proposed studies investigated the cardi-

orespiratory monitoring describing wearable and non-wearable solutions made of polymers 

and composite materials such as Polydimethylsiloxane - PDMS [230], PVC [229], [242], Dragon 

Skin™ 20 [231], Plexiglass [243], Fiberglass [244] and reinforced carbon fiber (CFRP) [218]. 

Electrocardiogram (ECG) and photoplethysmography (PPG) have been often used as bench-

marks [243]. Despite the use of different measurement principles and various casing materials, 

all the studies agreed that the proposed systems show more accuracy in the estimation of fR 

than HR values. This finding is justified by the smaller amplitude of the signal related to the 

heart activity than the one due to respiration, by the need for more sophisticated filtering 

stages required to extract the cardiac contributions masked by the respiratory one, and by the 

lack of standardized fiducial measuring points for the SCG detection. Such harnesses are still 

limiting the clinical use of SCG/BCG signals for HR monitoring. 

 Recently, a first effort in the definition of fiducial points has been made in [220], [231] 

where an elastic based instrumented by a flexible sensor based on a single FBG was positioned 
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on three measurement sites (i.e., xiphoid process, umbilicus and below the left mammilla) of 3 

volunteers to investigate the site influence on the signal amplitudes. During both inter- and 

intra-volunteer analysis, significant differences were found, suggesting the influence of anthro-

pometry and sensor pre-stretching. However, the low values of standard deviation measured 

during each test indicated the high repeatability of the system once worn and the capability of 

measuring HR. A step forward has been done in [167], where HR was measured by two nomi-

nally identic FBGs, one sensor worn on the xiphoid process and the other one above the umbil-

icus of 9 volunteers. The FBG sensor at the xiphoid process resulted more accurate than the 

one above the umbilicus in estimating HR values when compared to the reference one, both in 

terms of mean and beat-by-beat values (e.g., mean absolute percentage errors around ~ 

5.74%).  

Other exciting solutions for potential SCG clinical applications have exploited the FBG MR-

compatibility. In [243] and [244], HR during the MR scan was measured, placing the sensor in 

contact with the backside of enrolled volunteers and the thorax (i.e., in the form of a wearable 

system), respectively. Despite the strong electromagnetic field generated inside the MR scan-

ner, the signal propagated in the fiber was not distorted, and a good agreement (percentage 

errors < 7% for both the proposed systems) was found between mean and beat-by-beat HR 

values measured by the FBG-based system and the reference instrument. The same system in 

[243], was used to instrument a chair and a footplate. Results of 3 volunteers showed differ-

ences always lower than 2.68 bpm between HR values obtained by the FBG and the ECG sen-

sors. Similar approaches were proposed in [218] and [242]. In [218], a smart bed equipped 

with 12 FBG in a single fiber was presented. Results showed that the HR detected by the smart 

bed was very close to the one measured by a pulse oximeter. Lastly, in [242], a conic-shaped 

device was instrumented by an FBG sensor and used to measure HR when positioned in contact 

with the left upper thorax of five volunteers. A comparison between mean HR values measured 

by the FBG sensors and a digital oscilloscope showed good agreement.  

 

Blood Pressure. The BP calculated from the pulse wave using FBGs is one of the most chal-

lenging measuring techniques concerning vital signs monitoring. Indeed, a low-pass filtering 

stage (e.g., 0.5Hz-5Hz), the identification of each pulse wave, the signal normalization along the 

y-axis and standardization along the x-axis, and a calibration curve built using partial least 

squares regression analysis are necessary before being able to calculate BP [245]. Usually, 

when the heart beats, the pulse wave moves through the circulatory system. In the literature, 

several FBGs-based solutions were proposed to perform the pulse wave analysis (PWA), de-

tecting the arterial pulse at different peripherical pulsatile sites. The PWA has been extensively 

 

Tesi di dottorato in Scienze e ingegneria per l'uomo e l'ambiente, di Daniela Lo Presti, 
discussa presso l’Università Campus Bio-Medico di Roma in data 9/04/2021. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



Chapter 2 – Fiber Bragg gratings in medicine and healthcare 

 

63 

used for monitoring BP (and the pulse rate, PR) starting from the peaks in the pulse wave pat-

terns. The advantage of PWA also relies on monitoring pulse variability in terms of pulse transit 

time (PTT) to retrieve an estimation of the arterial stiffness and of the waveform and to im-

prove the quantification of the systolic load on the heart and other central organs [246]. Sphyg-

momanometers placed on the arm/wrist, pulse oximeters on the finger, and stethoscopes have 

been often used as benchmarks. Systems based on FBGs for BP monitoring have been fabri-

cated to be directly attached to the skin [245], encapsulated into wearables [247],[248], or em-

bedded into probes in contact with the skin surface [249]–[251].  The pulse wave has been 

detected on several body parts (i.e., temple, finger, ankle, neck, foot, elbow and wrist [247], 

[248], [252]–[255]), at the level of the peripherical pulsatile sites (i.e., brachial, carotid, radial, 

ulnar and tibial arteries). In [245],[256], an FBG sensor was used for BP monitoring. It was 

taped perpendicularly to the direction of the blood flow in the radial artery of the right wrist. 

A sphygmomanometer around the left upper arm was used as a reference system. Moreover, 

influences of individual differences, measurement site height and assumed postures on the ac-

curacy of the BP monitoring have been investigated in [245], [256]. Tests were carried out on 

elderly and young subjects in supine posture in [245] and in supine, sitting, and standing posi-

tions with increasing height differences between the FBG sensor and the reference instrument 

in [256]. Results showed the good capability of the proposed sensor to calculated BP in several 

postures at fixed heights (error < 4 mmHg) with a reduction of accuracy according to individual 

differences and height (errors < 6 mmHg in both cases).  

Attempts have also been devoted to the employment of wearable solutions for the BP mon-

itoring. They have been developed in the form of skin-like systems [247] and hollow boxes 

[248], [257], [258] with a flexible diaphragm. The most recent solution has been proposed in 

[248], where an FBG-based hollow tube was developed to detect pulse waves from the volu-

metric changes of the finger. The results of eighteen volunteers showed the capability of the 

proposed device to monitor BP, PR, and PTT, using an electronic stethoscope as reference. 

Moreover, repeatable morphologies between followed pulses have been demonstrated. Lastly, 

among optomechanical probes based on FBGs, two studies proposed spring- and lever-based 

mechanisms to improve the systems’ sensitivity to the small ε caused by the pulse wave [249], 

[251]. Both the works showed highly performant solutions for BP monitoring. Indeed, such 

mechanisms improved the Sε around ten and twenty times compared to the ones obtained 

without transmission elements.  

 

Body Temperature. The BT has been monitored in some studies reported on FBGs-based 

systems. Needle-based systems and wearables have been proposed. Commercial 
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thermometers have been often used as benchmarks. In [259], polymer packaging was used to 

improve the sensitivity of bare FBGs. In particular, an unsaturated polymer resin encapsulating 

the grating allowed an increment of ST around 15 times higher than the bare one. Then, five 

prototypes of the proposed sensor were embedded into an upper body intelligent cloth, on the 

right and left chest and armpit, and on the upper back. A weighted FEM was proposed to obtain 

the final BT from the five sensors placed on the upper body. Indeed, the contribution of each 

body part to the final BT values is different and should be weighed. A good agreement was 

found between the last BT values measured by the proposed system and the ones measured by 

a medical mercury thermometer. A Teflon-based capillary structure was proposed in [260]. 

First, the capillary was filled with epoxy resin. Then, tests were carried out by placing the pro-

posed system and a mercury thermometer into a water bath at identical positions, when T 

ranges from 35 °C to 45 °C. A nonlinear input-output relationship was found presumably re-

lated to the resin solidification process. Thus, another structure was proposed to improve the 

system performance by fixing the FBG sensor only at two endpoints. Results showed a linear 

response with ST 23 times higher than a bare FBG sensor. Lastly, a prototypal FBG probe con-

sisting of a hypodermic needle has been recently proposed in [261] and subjected to cyclic 

sterilization processes. The aim was to investigate the influence of such a process on the FBG-

based probe performances compared to a commercial thermistor. Results showed that the op-

tical probe was not harmed from thermal stress cyclically induced by the sterilization while 

the thermistor was affected. Moreover, the ST of the FBG-based needle showed no significant 

changes with the accumulation of sterilization cycles (up to 250), and the standard deviation 

remained low and stable over the cycles as compared to those determinates by the commercial 

system. These findings are considered very promising for clinical practice.  

 

2.2.4  Medical Biosensing 

The need for even more accurate diagnosis and personalized medicine is leading to a 

growing understanding of disease pathological pathways through the detection of biomarkers. 

Biomarkers are considered efficacious indicators for several pathologies such as cancers, neu-

rodegenerative disorders, and cardiovascular disease [262]. For this reason, researchers have 

invested a lot of effort in medical biosensing to promptly assess the stage of the disease and 

design the most effective treatments tailoring to the patients’ individual needs [262], [263]. A 

biosensor is a compact device that incorporates a high-affinity biological receptor (e.g., en-

zymes, aptamers, cells, and antibodies) for the recognition of a specific analyte (e.g., proteins, 

DNA/RNA sequences, virus, and bacteria)[264]. Among others, medical biosensing based on 
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optical fiber gratings presents good performances in detecting biological components since the 

recognition of the analyte is transduced into a measured optical signal with high sensitivity, 

immune to external disturbance, stable, and with high signal-to-noise ratio [263]. Although 

TFBG is the principal grating configuration used in optical biosensing, also EFBGs have at-

tracted recent interest as biosensors [61]. However, some hurdles are still limiting their use. 

In biosensing applications, all the proposed sensing solutions should be able to detect 

changes in the surrounding refractive index caused by the biochemical receptor-analyte reac-

tion. Thus, the first step forwards in the fabrication of EFBGs-based biosensors is the partial or 

full exposition of the core-inscribed sensing part to the surrounding medium obtained by etch-

ing, polishing, or tapering the fiber [263]. Usually, the chemical etching has been performed 

before the grating functionalization to improve the biosensors’ surrounding RI sensitivity (SRI). 

Unfortunately, although a smaller diameter results in a higher SRI, an improvement in the fiber 

fragility during the functionalization steps is observed. Some studies have focused on the in-

fluence of EFBG diameters on the system performance to find out a good trade-off between SRI 

and robustness [265], but challenges still exist. Otherwise, TFBGs can be directly used for bio-

sensing purposes exploiting their intrinsic sensitivity to surrounding RI changes.  

The most widespread optical configuration for medical biosensing is represented by the 

surface plasmon resonance (SPR) based biosensors. Numerous studies reported on pure and 

localized SPR excitations obtained by coating the grating with noble metal films and nanopar-

ticles (e.g., gold and silver). Moreover, silane chemistry has often been performed as an addi-

tional biofunctionalization strategy to allow an appropriate immobilization of bio-receptors on 

the sensor surface. Lastly, the blocking of the uncovered sections to avoid non-specific analytic 

bindings and additional depositing of nanoparticles (e.g., gold and GO) have been proposed to 

improve the sensor selectivity and sensitivity [266]–[268].  

The choice of reagents depends on the final target applications. EFBGs- and TFBGs- based 

biosensors have been used to detect metabolic pathways, cellular growth and proliferation, 

proteins, bacteria, and viruses to allow diseases and disorders detention, drug testing, and cel-

lular regeneration. Most of the proposed detection technologies have not required fine labeling 

procedures, and the binding process could be assessed and monitored in real-time. Confocal 

and fluorescence microscopy-based approaches have been used to assess the effectiveness in 

modifying the fiber surface [269], [270]. Biosensors based on FBG sensors have been exten-

sively used for applications in medical diagnostics, ranging from the detection of cancers, vi-

ruses, and bacterial infections to cardiovascular, neurological, and endocrine disorders and 

diseases. According to the biological reagent in charge of capturing the analyte, the proposed 

EFBG/TFBG-based biosensors can be grouped into antibody-, nucleic acids-, enzyme- and 
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whole cell-based biosensors. The most popular biosensing technique for pathologies diagnosis 

is based on the immobilization of a bio-receptor (e.g., antibody, aptamer) on the fiber surface 

to capture a specific biological target (e.g., protein, virus, bacteria, whole-cell, and small mole-

cules) [271]. Fig. 2:6 shows the main diagnostic areas targeted by the following studies 

grouped into three main categories (i.e., Cancers, Viral and Bacterial Infections, Genetic Dis-

eases, and Neurodegenerative and Endocrine Disorders).  

These solutions allow fR monitoring from the oral or nasal airflow in the form of needle-

like probes and temporary wearable devices (e.g., face masks and plates below the nostrils), 

with uniform FBGs and TFBGs working in reflection or in transmission [272], [273]. An FBG 

sensor inserted in a metallic needle and coated by agar was proposed in [219], [274], [275] for 

fR monitoring during both mechanical ventilation and human breathing. The measured fR val-

ues were compared with the ones set on the mechanical ventilator and measured by using a 

commercial spirometer in [274], [275], and [219], respectively, showing promising results 

(percentage error <3%).  

Among temporary wearable devices, a respiratory mask instrumented by an FBG sensor 

coated by GO was used in [272] and by 23 PAH/SiO2 layers in  [276]. Both the devices showed 

a high capability of monitoring fR, but only the one in [276] was tested on humans. A more 

comfortable solution was recently proposed by [277], where a completely MR-compatible 

plate made of PVC was instrumented by an agar-coated FBG sensor encapsulated into a Dragon 

Skin™ matrix. The assessment was carried out on six volunteers during slow, normal, and fast 

breathing, placing the plate below the nostrils. Promising results were testified by values of 

absolute percentage errors ≤2.29%.  

 

FIGURE 2:6. Applications in medical biosensing. Examples of the main binding typologies are highlighted. 
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Cancers, Viruses, and Bacterial Infections. Systems for a prompt diagnosis of cancers 

and infections caused by viruses and bacteria have been proposed starting from the 

EFBG/TFBG detection of changes in RI due to the antibody-antigens reaction binding. In [266], 

the diagnosis of lung cancer in the distal bronchial tree was proposed. The group manufactured 

a minimally invasive gold film-coated SPR-TFBG sensor. The biosensor was embedded inside 

a catheter and designed to detect a cancer cell biomarker (i.e., Cytokeratin, CK 17) by the sur-

face immobilization of a specific antibody (i.e., anti-CK17). Ex-vivo studies on freshly resected 

human lobectomies showed that the device detected the biomarker and distinguished healthy 

samples from tumoral ones. Moreover, additional information about the tissue stiffness al-

lowed the right positioning of the catheter. Recently, nucleic acid aptamers (DNA or RNA) have 

been emerged as attractive alternatives to antibodies, leading to the development of nucleic 

acid-based biosensors based on FBGs. Cancer biomarkers were detected by DNA-based biosen-

sors in [266]. A specific DNA aptamer (i.e., MAMA2) was immobilized on the fiber surface (50 

nm gold film-based SPR-TFBG sensor) for the detection from the tissue surface of mammaglo-

bin proteins, expression of circulating human breast cancer cells. Moreover, additional gold 

nanoparticles were used as amplifier labels of the biosensor response. Results showed the ca-

pability of detecting a low concentration of cancer cells (10cells/mL) with a good specificity as 

compared to other control cell lines.  

Other studies have focused on the diagnosis of cancers and inflammatory processes from 

the detection of the cell growth density in response to cancer biomarkers drugs and other stim-

uli using whole cell-based biosensors. Among others, in [278] and [279], the detection of the 

epithelial growth factor receptor (EGFR) was performed. The EGFR is an important biomarker 

that is over-expressed by numerous cancer cells [280]. In [278] and [279], the functionalization 

of the fiber surface with specific monoclonal antibodies was performed to quantify extracellu-

lar membranes receptors in native human epithelial cells. In both the studies, the sensor archi-

tecture lay on a gold-coated SPR-TFBG with monoclonal mouse immunoglobulin G antibody 

(anti-EGFR) immobilized using Dojindo’s carboxylic acid. The interaction between the pro-

posed immunosensor and EGFRs (intact and with an overexpressed receptor) was investigated 

by measuring changes in transmission spectrum amplitude and wavelength as cellular binding 

events occurred. Specific bindings of cells were detected for concentration ≥ 3.0 ·106 cell/mL 

with linear binding relation over time.  

In the field of cell growth density, another application has focused on the investigation of 

drugs and microenvironments-cell interactions in cell culture equipment. The effect of trypsin, 

serum, and sodium azide on the NIH-3T3 fibroblast cells response was studied by using a gold-

coated SPR TFBG [281]. Results showed that such stimuli induced detachment of cells from the 
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sensor surface, serum uptake, and cellular metabolism inhibition, respectively. The resulting 

signal indicated a regeneration capability under repetitive stimuli and the possibility of detect-

ing biofilm formation and drugs on the fiber surface. 

Genetic Diseases. Another innovative field of application in medical diagnostics relies on 

the detection of genetic diseases performed by biosensors based on DNA hybridization [269], 

[270]. Indeed, the discovery of imperfect matches of DNA sequences is the leading cause of 

specific genetic mutations. Although innovative efforts have been assayed towards the devel-

opment of such biosensors, the development of high performant sensing solutions is still chal-

lenging. In [269], micro-structured FBGs were functionalized by single-stranded DNA (ssDNA) 

aptamer to bio-recognize complementary base sequences and form a stable double-stranded 

region. Results showed high specificity to detect low target concentration in real-time. The 

main issues are related to difficulties in performing reproducible fabrication processes. Indeed, 

the washing process with a phosphate buffer saline solution followed by a re-hybridization led 

to a different number of active sites occupied by DNA molecules. Considering that the optical 

response depends on the location of such binding sites on the fiber surface, a different value of 

local sensitivity was achieved. 

 

Neurodegenerative and Endocrine disorders. DNA and enzyme-based biosensors have 

been developed for the diagnosis of neurodegenerative disorders (e.g., depression, Parkinson’s 

disease, and dementia), often caused by the abnormal value of small molecules such as S-ade-

nosyl-L-homocysteine (AdoHcy) and dopamine. For instance, in [268], a gold-coated SPR TFBG 

was functionalized with ssDNA aptamer anchored on the graphene layer. The sensor showed 

a linear response with a dopamine concentration increment with high resolution.  A similar 

study was proposed in [282], where the enzyme named Lysine methyltransferase (Set7) was 

used to functionalize the surface of the gold film-coated SPR-TFBG  fiber to detect AdoHcy. Re-

sults showed the capability of detecting surrounding refractive index changes from the trans-

mitted spectrum, allowing low concentrations measurements.  

Another field of application in medical diagnostics regards endocrine disorders starting 

from the detection of the blood glucose level. Several studies proposed glucose oxidase (GOD)-

based TFBG biosensors. In [283], GOD was immobilized on a GO-coated TFBG via the cross-

linker1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N- hydroxyl succinimide 

(NHS). The glucose level was measured starting from the refractive index changes, which oc-

curred during the catalytic reaction of GOD. A sensitivity of 0.25 nm/mM was found in the 

range of low glucose concentrations between 0 nM and 8nM. Another TFBG sensor was used 

in [284], where the GOD enzyme was immobilized on a silanized optical fiber surface. The 
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strong adhesion of GOD to the optical fiber due to the silanization process enabled the detec-

tion of low glucose concentration (0.013-0.02 mg/ml). 
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Chapter 3 Wearable systems based 

on FBGs: from physiological sources 

to physiological measurements  

 

The new concept of SH aims at providing continuous monitoring of patient vital signs, 

physical activities, musculoskeletal parameters, and other internal and external factors that 

contribute together to the global health state and human wellness. As described in Chapter 1, 

the paradigm shift introduced by the SH framework grounds on technologically driven disease 

prevention and prompt medical interventions to establish a person-centered health system. 

Advances in sensing technology, communication, and data transmission, constitute some of the 

main pillars on which such a new framework consolidates itself. At the same time, tools de-

signed to be minimally invasive for clinical and surgical applications, systems based on flexible 

and smart technologies for cumbersome monitoring, and biosensors for personalized treat-

ments foster consistent improvements in the quality of the delivered care and the level of pa-

tients’ engagement. Among various sensing technology, Chapter 2 focuses on FBGs which are 

considered by the research community very attractive over the competitors thanks to their 

inherent characteristics. These advantages make FBGs extremely useful for several applica-

tions in medicine and healthcare. 

 

3.1 Wearables for cardiorespiratory monitoring 

 

3.1.1 The importance of cardiorespiratory monitoring 

Monitoring both respiratory and cardiac activities is fundamental since the cardiovascular 

and ventilatory systems regulate several vital functions of the human body and adapt them-

selves in response to various stressors.  

Cardiorespiratory variables can be monitored to inform on the occurrence of relevant patho-

logical or stress conditions that may be responsible for unhealthy states. The regulation of the 
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cardiovascular and ventilatory systems is very complex, and each variable may be a crucial 

indicator of severe clinical events [285].  

The fR and HR are the two physiological parameters of vital importance related to respiratory 

and cardiac activities. The fR, defined as the times of respiration observed during a minute (ex-

pressed in breaths min-1 or bpm), is a vital sign whose abnormal values are predictors of 

breathing dysfunctions but also chronic heart failure, cardiopulmonary arrest, and admission 

to an intensive care unit [286]. Moreover, evidence showed that fR responds to various non-

metabolic stressors, including environmental-induced stress, cognitive load, pain, and emo-

tional stress [287], [288]. Recently, fR appears to be a useful marker of physical effort during 

exercise, with important implications for different sporting activities [289], [290]. However, 

although fR results in a strong indicator of serious events, its measurement has been often con-

sidered negligible [291] or not recorded routinely, even when the patient’s primary problem 

is a respiratory condition [292] [293] due to the lack of a reliable automated fR monitor system 

contributes. 

Not only fR but also VT is a crucial component of ventilation. The term VT, defined as the 

volume of air delivered to the lungs at each inspiration, may increase under conditions that 

cause metabolic acidosis (e.g., abdominal pathology or sepsis) as well as any hypoxia and hy-

percapnia [294], [295]. 

 

Different from respiration, cardiac monitoring has always played a crucial role in the clinical 

scenario. According to the WHO, cardiovascular diseases are the principal cause of death glob-

ally, taking an estimated 17,9 million lives each year [296]. Thus, many technologies have been 

proposed for providing information about heart health and supporting clinical decision-mak-

ing. Among several cardiac parameters, HR is the most frequently measured since its changes 

are directly associated with pathological abnormalities (e.g., cardiovascular diseases and car-

dio-metabolic factors) as well as behavioral factors and lifestyles (e.g., diet and physical exer-

cises) [297]. The HR is the number of times the heart beats per minute (often expressed as bpm 

or beat·min-1), and its reliable monitoring made this vital sign one of the most popular also for 

fitness and sport application. Indeed, it is considered an important indicator of the state of an 

athlete’s body during physical activity [297].  

Another specific variable derived from HR is the HR variability (HRV). The HRV is defined 

as the physiological variation in the duration of intervals between sinus beats and serves as a 

measurable indicator of cardiovascular integrity and prognosis [298] [299], [300].  
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In the following subsections, two different methods for monitoring respiratory and car-

diac activities based on FBGs are proposed:  

 

1. The mechanical coupling between the chest and the FBG sensor for monitoring both 

respiratory and cardiac parameters. 

 

2. Thermo-hygrometric exchanges between the human body and the surrounding at-

mospheric environment (i.e., the breathing zone) where the FBG is located for moni-

toring respiratory parameters. 

 

3.1.2  The mechanical coupling between wearables based on FBGs and chest 

The description of the wearable systems for monitoring respiratory and cardiac activity 

based on the mechanical coupling between the measuring systems and the chest starts with 

the description of the physiological sources of the signals collected by the proposed sensing 

solutions. Then, the model of the chest wall displacements associated with these physiological 

sources and the principles of work of the proposed FBG-based sensing solutions designed for 

these aims are presented. 

3.1.2.1 Physiology  

Exchanging the air inside the lungs as well as pumping blood through the vascular system 

are physiological mechanical functions achieved by organs (i.e., lungs and heart) deformation, 

and fluid (e.g., blood) displacement [285]. 

The process in which air moves in and out of the lungs is known as breathing. The breath-

ing mechanism involves two processes: inspiration and expiration. During the inspiration, 

there is a contraction of muscles attached to the ribs on the outer side, which pulls out the ribs 

and results in the expansion of the chest cavity. Then, the diaphragm contracts, moves down-

wards, and expands the chest cavity resulting in the contraction of the abdominal muscles. Dur-

ing the expiration, muscles attached to the ribs contract, the muscles of the diaphragm and the 

abdomen relax, which leads to a decrease in the volume of the chest cavity and increases the P 

of the lungs, causing the air in the lungs to be pushed out through the nose [301]. 

 

Pumping blood through the cardiocirculatory system is the primary function of the heart 

beating. This pumping activity needs rhythm generators (the sinoatrial node) to produce the 
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electrical sequence of depolarization and repolarization carried by conductive pathways (e.g., 

the atrioventricular node, the bundle of His, the right and left bundle branches, Purkinje fibers) 

toward contractile cells (myocardium). When the electrical signal of a depolarization reaches 

the contractile cells, they contract; when the repolarization signal reaches the myocardial cells, 

they relax. Synchronized contraction of the myocardium generates P to drive the blood flow in 

arteries to distal organs, and the constant repetitive pumping action maintains the circulation 

to all organs [302].  

 

The results of these two mechanical activities can be subcategorized into: i) deformations 

of the chest wall during the respiratory cycles and ii) displacements and vibrations caused by 

the heart beating and the pulse wave traveling through the body. These contributions are dif-

ferent: the one of breathing is macroscopic and thus, easily detectable by using sensors sensi-

tive to ε and in contact to the chest; the contribution of the heart beating is microscopic and 

masked by the respiratory one because of its smaller amplitude. Moreover, although faster, the 

signal induced by the heart beating to the chest surface spectrally overlaps with the higher 

respiratory harmonics (3rd or 4th harmonics [17]), making very challenging the separation of 

the cardiac components from the dominant respiratory harmonics.  

The detection of chest wall displacements due to breathing was extensively investigated, 

and several contact-based techniques have been proposed over the years. A deeper description 

of these wearable technologies was proposed in [288], where also FBGs are presented as an 

alternative to common electrical and mechanical ε sensors. Their short response time (approx-

imately 10 ms) and high Sε (typically 1-1.2 pm/με) allow easy monitoring of chest wall defor-

mations (with an amplitude of 4 mm to 12 mm and a frequency range of 0.2 Hz – 0.34 Hz in 

normal activity) by positioning a sensor on the thorax or the abdomen. 

 

The detection of the cardiac mechanical activity was performed as early as the turn of the 

20th century [8] using two main approaches [303]: i) the measurement of whole-body recoil 

forces in response to cardiac ejection, usually termed BCG signal [304]; and ii) the local chest 

surface measurement of cardiac-induced vibrations, typically referred to as SCG signal [305]. 

These vibrations are usually measured in the form of accelerations by using accelerometers 

and gyroscopes on the body, while the use of strain sensors as FBGs for BCG/SCG monitoring 

is often limited to devices installation on bed mattresses and chair supports [243] [218]. The 

recent development of FBG-based smart garments for cardiorespiratory monitoring has led to 

a growing interest in the measurement of SCG signals aiming at improving its reliability and 

clinical use.  A typical SCG signal along with the corresponding ECG signal on a window of 10 s 
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is shown together with ensemble-averaged SCG and ECG in Fig. 3:1. The peaks in the SCG signal 

correspond to the opening and closing of the aortic (AO/AC) and mitral (MO/MC) valve, while 

the IM point occurs during the period of rapid change in ventricular P. The intervals PEP, LVET, 

and QS2 illustrated in Fig 3:1 are: pre-ejection period, left ventricular ejection time, and elec-

tro-mechanical systole. Any deviation of these intervals can correspond to an abnormality of 

the heart function. For instance, increased PEP and decreased LVET are visible in heart failure 

patients compared to healthy subjects. 

 

 
FIGURE 3:1. A 10s-lasting window of typical BCG (blue) and ECG (magenta) signals on the left. A zoom on a single heart beating-
related mechanical and electrical on the right with fiducial points. As evident, the electrical cardiac activity (e.g., systole) triggers 
the mechanical one (aortic valve opening) as the systolic complex with the R-peak in ECG signal is followed by the AO peak in BCG.  

 

Unfortunately, both BCG and SCG failed to prove their feasibility, and some limitations are still 

dampening their spread in clinical evaluations. The main issues related to their use are: 

 
• A lack of standard measurement methods: various methods in several locations 

detect slightly different signals. In Fig. 3:2, the sensors' location distribution pro-

posed in [306] is shown. A widely used placement has been on the sternum or its 

left lower border. Other locations include the heart apex (lateral left lower chest) 

and the aortic valve listening area at the right upper sternal border. 

FIGURE 3:2. Sensors location on the chest [306]. 

 

• A lack in understanding the exact physiologic origin of the BCG/SCG waveforms; 
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• Insufficient clear guidelines for the interpretation of results; 

• Clinical diagnosis of myocardial infarction, angina pectoris, and coronary heart 

disease required a high level of specificity and reliability that the BCG and SCG had 

not reached yet; 

• A large inter-subject variability, mainly due to the limited tools available at that 

time for signals analysis;  

 

3.1.2.2 Model  

To better describe the chest wall displacements detectable by strain sensors in contact 

with the chest surface, the model in [307] is summarized.  

The chest wall displacement x(t) may be described as a sum of the displacement due to 

breathing xb(t) and the much smaller ones caused by the heartbeat xh(t). 

 

𝑥(𝑡) =  𝑥𝑏(𝑡)  + 𝑥ℎ(𝑡) 

Equation 3:1 

 

Each component can be modeled as follows: 

• the displacement due to breathing xb(t) as the lowpass filtered periodic sequence of 

quadratic inspiration and exponential expiration waveforms w(t), expressed as: 

 

𝑤(𝑡) =

{
 
 

 
 
−𝐾𝑏

𝑇𝐼𝑇𝐸
+

𝐾𝑏𝑇𝑅

𝑇𝐼𝑇𝐸
𝑡;                                  𝑡 ∈ [0, 𝑇𝐼]

𝐾𝑏

1 − 𝑒−
𝑇𝐸
𝜏

𝑡2(𝑒
−(𝑡−𝑇𝐸)

𝜏 − 𝑒
−𝑇𝐸
𝜏 ) ; 𝑡 ∈ [𝑇𝐼, 𝑇]

 

Equation 3:2 

 

Where Kb is the model constant used for adjusting the breathing displacement ampli-

tude, TI is the inspiration period, TE is the expiration period, and TR is the respiratory 

period (TR= TI + TE), whereas τ is the time constant.  

The xb(t) signal has an amplitude ranging from 4 mm to 12 mm with a frequency range 

of 0.2 Hz – 0.34 Hz in normal activity [308]. 
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• Regarding xh(t), several models have been proposed in the literature. The first ones 

modeled this displacement as a sine wave [309], half-cycle sine pulses [310], and 

Gaussian pulse train [311]. However, although the cardiac displacement due to the 

heart beating is characterized by a pulsatile nature, the related waveform is more com-

plex. Several mechanical contributions caused by two main electrical events: the ven-

tricular depolarization (QRS complex in the ECG) and the ventricular repolarization (T 

wave in the ECG) should be considered. Therefore, a single heartbeat displacement 

xhs(t) is modeled by two distinct pulses as  

 

 

Equation 3:3 

 

Where b, c, η, 𝜔, γ, and Ω are constant parameters. The total displacement xh(t) can be 

expressed as:  

 

Equation 3:4 

where tBB[j] is the j-th beat-to-beat interval.   

These motions are faster and weaker than the ones due to breathing. To better quantify, 

the heart-induced vibrations xh(t) have an amplitude ranging from 0.2 mm – 0.5 mm and fre-

quency from 1 Hz – 1.34 Hz (i.e., from 60 bpm to 80 bpm) in quiet conditions [308].  

An example of simulated chest wall displacements x(t) considering both the contributions 

are shown in Fig 3:3 with a zoom on a single breathing displacement xbs(t) and a single heart-

beat displacement xhs(t). Usually, to better analyze and discriminate these contributions low, 

high and/or bandpass filters are applied on the raw signals x(t).  

Generally, the respiratory component is located in a frequency range of less than 0.5 Hz; 

thus, Butterworth lowpass filters with cut-off frequency of 0.5 Hz are applied [312]. Regarding 

the descriptions of the cardiac component, a deeper consideration should be made. SCG signal 

details two main frequency domains. Measurements of frequency components from 0.6 Hz to 

20 Hz are related to vibrations induced by the blood flow ejection into the vascular bed can be 

used to identify heart malfunctioning [312]. The second frequency domain from 20 Hz up to 2 

kHz is mainly used in investigations of positional and shape changes of the heart and intracar-

diac events such as the closure of the mitral and tricuspid valves, which can produce 

 

Tesi di dottorato in Scienze e ingegneria per l'uomo e l'ambiente, di Daniela Lo Presti, 
discussa presso l’Università Campus Bio-Medico di Roma in data 9/04/2021. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



Chapter 3 –Wearable systems based on FBGs: from physiological sources to physiological measurements 

 

78 

frequencies up to 200 Hz [312]. Thus, several filters have been used in the literature, but the 

most used has been the Butterworth bandpass filter with a lower cut-off frequency of 0.6 Hz or 

1 Hz and a higher cut-off frequency of 10 Hz, 15 Hz, 20 Hz, or 25 Hz [313]. Once filtered, the 

processed signal relates to peaks and valleys on the SCG and can be used for cardiac investiga-

tion. 

 

 

FIGURE 3:3. The modeled chest wall contributions with a zoom on a single breath and a single heartbeat displacement. 

 

3.1.2.3 FBG-based wearables for cardiorespiratory monitoring by chest displacement: 

working principles 

As described in Chapter 2, FBGs are intrinsically sensitive to ε. This feature can be ex-

ploited to develop wearables where good adhesion and compliance between the sensor and 

the chest surface must be achieved to detect the chest wall displacement and in turn, its defor-

mation. 

Focusing on the respiratory activities, when the subject inhales, the diaphragm contracts, 

and the stomach inflates, the sensor that is positioned in contact with the chest is strained. 
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Conversely, during the exhalation, when the diaphragm expands, and the stomach depresses, 

the sensor is compressed.  

According to the model previously described, the displacement related to the respiratory 

activities are not the only ones detectable on the chest, but many events originated by the car-

diac mechanical activity such as the cardiac valves opening and closing, isovolumic contraction, 

cardiac filling, and blood injections induce vibrations/displacements onto the chest surface.  

 

All these respiratory and cardiac activities are detected by the FBGs in terms of ΔλB over 

time, exploiting the FBGs intrinsic Sε and their short response times. As described in Chapter 2, 

an FBG works as a strain and temperature sensor; thus a variation of ε and T affects both Λ and 

ηeff resulting in a ΔλB [52] following Eq 2:2.  

For improving the adhesion to the skin/garments and the mechanical coupling between 

the FBG sensor and the chest, flexible polymeric matrices have been often used to encapsulate 

the grating [314]–[316]. When the FBG is housed in the matrix, its ε and thermal sensitivities 

are largely influenced by the polymer's elastic and thermal properties, much thicker than the 

silica fiber. Hence, changes in the constitutive characteristics of the casing material and in 

bonding strength at the fiber-matrix interface are the main influencing factors. 

To optimize the Sε, silicones are often used as polymer matrices since they shield the grat-

ings from environmental perturbations resulting in negligible influences of ΔT, ΔRH, and 

sweater on the FBG output [52]. 

In Fig. 3:4, an example of FBG-based flexible sensor in a soft dumbbell-shaped matrix is 

proposed.  

 

 

FIGURE 3:4, A dumbbell-shaped flexible sensor with a zoom on the FBG sensor inside. During inspiration, the chest wall expansion 
causes a displacement on the matrix resulting in a grating ε and in turn, in a positive shift of ΔλB . 

L + ΔL λB + ΔλB

L λB
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Typically, in these applications, FBG mainly works as a strain sensor, and the ΔλB caused 

by chest wall displacements during breathing and cardiac activity may be described as the sum 

of two contributions: 

 

𝛥𝜆𝐵(𝑡) = 𝛥𝜆𝐵
𝑏 (𝑡)  + 𝛥𝜆𝐵

ℎ (𝑡) 

Equation 3:5 

with ΔλBb (t) the contribution related to the ε induced by the breathing and ΔλBh(t), the one 

related to the heart activity. 

A typical ΔλB (t) detected by a strain sensor based on FBG and placed on the chest surface 

is shown in Fig 3:5. It is evident the influences of both the activity and the similarities in the 

pattern already showed in Fig 3:3. 

 

 

FIGURE 3:5. A typical FBG output during cardiorespiratory activity. The ΔλB vs. time of single respiratory and cardiac contribution 
is highlighted.  

 

 

3.1.3 Thermo-hygrometric conditions of respiratory gases 

 

Before starting with the description of studies based on this approach, the description of 

the air exchange processes in breathing is provided. In particular, the physiology behind the 

generation of breathing airflow is proposed, focusing on the heat and moisture exchanges that 

occurred during inspiration and expiration in the breathing zone. 
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3.1.3.1 Physiology 

Extra-thoracic airways (nasal passages, mouth-throat, larynx, pharynx) are the gateway of 

the respiratory system as inhaled and exhaled air passes through the nose or the mouth [317]. 

During normal breathing, the extra-thoracic airways implement several mechanisms for res-

piratory heat and transfer and water vapor exchanges. As air is inspired, it is heated and hu-

midified, resulting in cooling and drying of the mucosa. A healthy person reaches that equilib-

rium during nasal breathing at the bifurcation of the trachea. Therefore, the air which reaches 

the alveoli is at body T (~ 37°C) and fully saturated with water vapor (RH ~ 100%). During 

exhalation, the expiratory airflow passes over the cooler upper airway mucosa, and this cooling 

effect causes a regain of heat energy by the mucosa together with the condensation of a portion 

of moisture in the air coming from the lungs (at RH = 100% T =37°C) on the mucous mem-

branes, whereby the mucous membranes are moisturized again [317], [318] (see Fig. 3:6). 

 

FIGURE 3:6. Thermo-hygrometric exchanges during inspiration and expiration [319]. 

 

Expired air reaches the nares at ~32° C and the net content of water loss is affected by the 

surrounding environment: the cooler the ambient air, the more moisture is reclaimed by the 

process of condensation as shown in Fig. 3:7. 
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FIGURE 3:7. A simplified psychrometric chart [318]. 

 

Thus, the measurement of ΔRH may be useful for investigations on respiratory activity using 

sensors not in contact with the chest but worn close to the nose/mouth in the breathing zone.  

 

3.1.3.2 Model 

The human upper airway's airflow structure is quite complicated, and the flow ranges 

from laminar to turbulent. In this section, a simple model of the nasal airflow is proposed con-

sidering that in a healthy person, 75% of respiratory gas conditioning takes place in the naso-

pharynx. The remaining part is taken over by the trachea.  

The governing equations of the model of flow in the nasal cavity are described in [320] 

and consist of: the equation of conservation of mass (Eq. 3:6),  momentum (Eq. 3:7), transport 

equation of energy (Eq. 3:8), and transport equation of the mass fraction of water (Eq. 3:9) 

under the assumptions of laminar airflow:   

 

𝛻 ∙  𝑢 =  0  

Equation 3:6 

𝜌(
𝜕𝑢

𝑑𝑡
+ 𝑢 ∙ 𝛻) 𝑢 =  −𝛻 𝑃 +  𝜇𝛻2𝑢 

Equation 3:7 

𝜌𝐶𝑝[
𝜕𝑇

𝜕𝑡
+ (𝑢 ∙ 𝛻)𝑇] =  

𝑘

𝑃𝑐𝑝
 𝛻2𝑇 

Equation 3:8 
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𝜕𝑀𝐹

𝜕𝑡
+ (𝑢 ∙ 𝛻)𝑀𝐹 = 𝐷𝛻2𝑀𝐹 

Equation 3:9 

 

Here t, u, P, K, T, and MF denote time, velocity, pressure, temperature, and mass fraction 

of water vapor, respectively. Material properties ρ, μ, Cp, K, and D are density, viscosity, specific 

heat, thermal conductivity, and the mass diffusion coefficient, respectively [321].  

To incorporate the T and humidity adjustment performed by the nasal cavity functions, 

appropriate boundary conditions should be introduced to represent the heat and water ex-

changes occurring at the nasal cavity wall for solving the transport equations of energy (Eq. 

3:8) and mass fraction of water (Eq. 3:9) [322]. 

 

The nasal cavity wall has a layered structure consisting of a mucous membrane and a ca-

pillary layer consisting of capillaries located on the organ side (see Fig. 3:8). The inhaled air's 

T and humidity are adjusted by heat and water exchanges between the organ side and the air 

side via the mucous membrane.  

 

 

FIGURE 3:8  Structure of nasal cavity wall [322] 

 

To determine the heat flux from the organ to the airflow, the following equation is pro-

posed  

 

𝑄𝑚𝑒𝑚𝑏 = 𝐾𝑚𝑒𝑚𝑏

𝜕𝑇

𝜕𝑛
= 𝐾𝑚𝑒𝑚𝑏

𝑇0 − 𝑇𝑠

𝛿𝑚𝑒𝑚𝑏
 

Equation 3:10 

 

With T0 the temperature of the organ side (constant because the organ is provided with 

sufficient heat by the capillary layer), Ts the temperature of the membrane surface (not con-

stant), Qmemb (red arrow in Fig 3:9) represents the heat flux from the organ to the air via the 

membrane, Kmemb and n denote the thermal conductivity of the membrane and the normal 
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vector of the nasal cavity wall surface. If T0> TS, Qmemb is transmitted into the air side from the 

organ, otherwise from the air to the organ side, and the inhaled air is cooled.  

 

 

FIGURE 3:9. Model of heat exchange on nasal cavity wall [322]. 

 

Regarding the computation of the mass fraction of water F in Eq 3:9, a two-film theory is 

used to model the water exchange between organ and air sides. This theory describes water 

transport between the nasal mucus layer (liquid phase) and inhaled air (gas phase) via a thin 

film constituted of the membrane layer and an additional layer called the boundary layer next 

to the nasal cavity wall surface on the air side (Fig. 3:10).  

 

 

FIGURE 3:10. Model of water exchange using bilayer film theory [322]. 

 

The governing equation of the water fluxes between the organ side and the boundary layer 

via the membrane (Wmemb)and the water flux between the membrane and the air side via the 

boundary layer (Wbl) are the following.  

 

𝑊𝑚𝑒𝑚𝑏  = 𝐷𝑚𝑒𝑚𝑏  
𝜕𝐹 

𝜕𝑛
 =  𝐷𝑚𝑒𝑚𝑏  

𝐹0 − 𝐹𝑠 

𝛿𝑚𝑒𝑚𝑏
   

Equation 3:11 

𝑊𝑏𝑙  = 𝐷𝑏𝑙  
𝜕𝑀𝐹 

𝜕𝑛
 =  𝐷𝑏𝑙  

𝑀𝐹0 − 𝑀𝐹𝑠
𝛿𝑏𝑙

   

Equation 3:12 

where MF0 is the vapor mass fraction on the organ and mucous membrane side, which is 

a constant value because the mucous membrane is supplied with sufficient water by the capil-

lary layer; MFs is the vapor mass fraction on the surface of nasal cavity wall; MF is the vapor 

 

Tesi di dottorato in Scienze e ingegneria per l'uomo e l'ambiente, di Daniela Lo Presti, 
discussa presso l’Università Campus Bio-Medico di Roma in data 9/04/2021. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



Chapter 3 –Wearable systems based on FBGs: from physiological sources to physiological measurements 

 

85 

mass fraction on the air side; Dbl and Dmemb are the mass diffusion coefficient of boundary layer 

and mucous membrane respectively [321] [323], δbl and δmemb are the thickness of boundary 

layer and mucous membrane layer [324].  

 

Moreover, this theory assumes that the fluxes in both layers should be equal because the 

species transported to the gas phase from the liquid phase pass through the two layers: 

 

𝑊𝑚𝑒𝑚𝑏  = 𝑊𝑏𝑙 

Equation 3:13 

 

By solving all these equations, the species mass fraction on the nasal cavity is: 

 

𝑀𝐹𝑠 =  
(𝐷𝑚𝑒𝑚𝑏/𝛿𝑚𝑒𝑚𝑏) 𝑀𝐹0  + (𝐷𝑏𝑙/ 𝛿𝑏𝑙) 𝑀𝐹  

𝐷𝑚𝑒𝑚𝑏/𝛿𝑚𝑒𝑚𝑏  +  𝐷𝑏𝑙/ 𝛿𝑏𝑙
 

Equation 3:14 

 

Starting from this model, several studies in the literature investigated thermohydrometric 

exchanges in the so-called breathing zone for monitoring respiratory activity and breathing 

patterns. Such a zone is the micro-environment close to the nose and mouth where a stream of 

inspired particles from the ambient to the nasal/oral cavity and of the expired ones from the 

human body to the ambient takes place. Hence, a sensor worn in the proximity of the nasal/oral 

cavity is reached by gases at different thermohydrometric conditions ranging repetitively from 

environmental T and moisture values to ~37°C and 100% of RH. These differences between 

the inspired airflow and the one already expired can be detected by wearable sensors located 

in the breathing zone in order to perform respiratory monitoring. 

 

3.1.3.3 FBG-based wearables for respiratory monitoring from thermohygrometric con-

ditions of respiratory gases: working principle 

The main solutions for detecting changes in T and RH in the respiratory flow based on 

FBGs exploit hygroscopic materials as active coatings to functionalize the gratings [239]. As 

described in Chapter 2, synthetic (e.g., PVA, PMMA) and natural polymers (e.g., Agar, Agarose, 

and Chitosan) have been proposed in the literature [325].  
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When a hygroscopic material coats the grating, its volumetric expansion due to the trapping of 

water vapor droplets into the coating matrix causes changes in ΛB (ΔΛB) and ηeff and, in turn, 

ΔλB. Thus, Eq. 2:2 is modified as follows [326]: 

 

𝛥𝜆𝐵

𝜆𝐵
= (1 − 𝑝𝑒) ⋅ 휀𝑅𝐻 + (1 − 𝑝𝑒) ⋅ 휀𝑇 + 𝛼𝑛 ⋅ 𝛥𝑇 

Equation 3:15 

 

With εRH, the strain induced by the RH changes (∆RH) and εT, the strain induced by ∆T.  

 

                    

FIGURE 3:11. The working principle of a functionalized FBG sensor during coating swelling and deswelling. A volumetric expan-
sion of the coating causes a positive ΔλB, otherwise a shrinkage a negative ΔλB. 

 

The FBG principle of work, when exposed to RH changes, is shown in Fig. 3:11. During the wa-

ter absorption, the hygroscopic material (coating radius of rc0) surrounding the fiber (fiber ra-

dius rf) swells; thus, the coating radius increases (rc2>rc0). Otherwise, during the water desorp-

tion, the coating deswells, and its radius decreases, rc1<rc0. 

 

Two models can be used for describing the static and dynamic behavior of a functionalized 

FBG.   

In a first analysis, the coated FBG can be modeled by neglecting the radial ε and using a 1D 

theoretical model of an infinitely long rod made of two materials with a perfect adherence: the 

hygroscopic material and the fiber glass [326]. 
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At the equilibrium, the stresses induced by these materials on the axial direction must be 

balanced, and the axial elongation must be the same: 

 

𝜎𝑐𝐴𝑐 = 𝜎𝑓𝐴𝑓; 𝛥𝐿𝑐 = 𝛥𝐿𝑓  

 Equation 3:16 

 

With σc and σf, the stresses, and ∆Lc and ∆Lf the axial elongations, induced on coating 

(cross-section area Ac) and fiber (cross-section area Af), respectively. Assuming the behavior 

of fiber and coating linear, isotropic, and elastic, the generic σ-ε relationship is: 

 

휀𝑐 =
𝜎𝑐

𝐸𝑐
; 휀𝑓 =

𝜎𝑓

𝐸𝑓
 

Equation 3:17 

 

Where εc and εf are the axial strains induced on coating (Young modulus Ec) and fiber 

(Young modulus Ef), respectively.  

Assuming linear relationships both ∆λB-∆RH and ∆λB-∆T [327], the FBG sensitivity can be 

split into two components: 

 

𝛥𝜆𝐵

𝜆𝐵
= 𝑆𝑅𝐻 ⋅ 𝛥𝑅𝐻 + 𝑆𝑇 ⋅ 𝛥𝑇  

 Equation 3:18 

 

Where SRH and ST are the humidity and thermal sensitivity coefficients, respectively. Con-

sidering all the assumptions above, these coefficients can be expressed as: 

 

𝑆𝑅𝐻 = (1 − 𝑝𝑒) ⋅ (
𝐴𝑐𝐸𝑐

𝐴𝑐𝐸𝑐 + 𝐴𝑓𝐸𝑓
) ⋅ (𝛽𝑐 − 𝛽𝑓) 

Equation 3:19 

𝑆𝑇 = (1 − 𝑝𝑒) ⋅ [𝛼𝑓 + (
𝐴𝑐𝐸𝑐

𝐴𝑐𝐸𝑐 + 𝐴𝑓𝐸𝑓
) ⋅ (𝛼𝑐 − 𝛼𝑓)] + 𝛼𝑛 

Equation 3:20 

 

Where βc and αc are the hygroscopic and thermal expansion coefficients of coating and βf 

and αf are the hygroscopic and thermal expansion coefficients of the fiber. As the glass does not 
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absorb water βf can be assumed zero [326]. Moreover, if the T contribution can be considered 

negligible, the FBG behavior and the SRH coefficient may be expressed as follows: 

 

𝛥𝜆𝐵

𝜆𝐵
= 𝑆𝑅𝐻 ⋅ 𝛥𝑅𝐻 → 𝑆𝑅𝐻 = (1 − 𝑝𝑒) ⋅ (

𝐴𝑐𝐸𝑐

𝐴𝑐𝐸𝑐 + 𝐴𝑓𝐸𝑓
) ⋅ 𝛽𝑐  

Equation 3:21 

 

As expected, SRH increases according to both geometrical and mechanical properties. In 

the literature, the FBG sensitivity to RH is expressed in two different ways: in term of SRH [%-1] 

as shown in Eq 3:21 and in term of KRH [nm%-1] as shown in Eq. 3:22: 

 

𝛥𝜆𝐵 = 𝐾𝑅𝐻 ⋅ 𝛥𝑅𝐻  

Equation 3:22 

 

Regarding the transient analysis and dynamic characteristics of a coated FBG, the bilayer 

model is presented. Considering the mass transfer inside a coating modeled by a bilayer (i.e., 

the surface and the inner layers of coating), two response times are considered: the fast re-

sponse time τf, which describes the surface layer response to RH step change, and the slow 

response time τs which is the inner layer response time [328]. The constant τf is faster than τs 

because it is the first layer that the water vapor reaches during the absorption process (see Fig. 

3:12). 

                        
   FIGURE 3:12 The bilayer model of an active coating. 

 
Following this model, the layers response to a step change can be described by using the 

sum of two exponential functions, as reported in Eq 3:23: 

 

𝛥𝜆𝐵
𝑛𝑜𝑟𝑚 = 1 − (𝑤𝑓 ⋅ 𝑒−𝑡 𝜏𝑓⁄ + 𝑤𝑠 ⋅ 𝑒−𝑡 𝜏𝑠⁄ ) 

 

Equation 3:23 
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Where wf and ws represent the weights of the surface and the inner layers, respectively. 

The absorption process is influenced by the coating radius [329]. In particular, the bigger the 

radius, the longer the time constants. At the same time, the polymer concentration wt% influ-

ences the coating porosity, which decreases with wt%. As a consequence, the higher wt%, the 

longer the time constants  [330].  

A global response time may also be evaluated to describe the system's step response as 

the time needed to reach a specific value (usually τ63, which is the time required for a first-

order system to achieve 63.2% of the step change magnitude). 

A typical example of the output changes of a functionalized FBG sensor for RH measure-

ment, when placed in the breathing zone close to the nostrils, is shown in Fig. 3:13. A compar-

ison with the chest wall volume changes is proposed to underline that the FBG output trend is 

the opposite of the ones of the chest volume. Indeed, during expiration, the chest volume is 

reduced while the exhaled airflow hits the sensor at higher T and RH. Otherwise, during inspi-

ration, when the chest expands itself, the inspired air is at ambient conditions; thus, a flow at 

ambient T and RH moves from the environment to the body. 

 

 

FIGURE 3:13. A typical trend in time of a functionalized wearable FBG sensor in the breathing zone together with the chest vol-
umes. As evident, an opposite trend is shown between the two signals: during expiration, the chest volume (VChest) on the bottom 
reduces while RH and T increase. Otherwise, λB on the top, increases; during inspiration, the chest volume increases, and RH and 
T are at ambient conditions. Otherwise, λB on the top decreases. Three different airflow velocities are underlined by green, blue, 
and red color lines. 

 

A

B
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3.2 Wearables for joint motions detection  

 

3.2.1 The importance of detecting articular joints movements 

Human motion monitoring has gained attention in many research and clinical areas, such 

as medicine, ergonomics, and sports. Through this analysis, the deviations from normal move-

ment in terms of the altered kinematic, kinetic, or patterns can be identified and used to eval-

uate neuro-musculoskeletal conditions, establish optimized treatment planning, and assess the 

efficacy of rehabilitation programs for various patients [66]. 

A joint is a location where bones meet each other to give the skeleton stability and mobil-

ity. Three types of joints are present in the body: immovable (the fibrous joints), semi-movable 

(the cartilaginous joints), and freely movable (the synovial joints) [66].  Among them, the syn-

ovial ones are the key joints because they provide mobility by allowing load-bearing, low-fric-

tion, wear-resistant smooth movement between articulating bone surfaces. Each movement at 

a synovial joint result from the contraction or relaxation of the muscles that are attached to the 

bones on either side of the articulation. Movement types are generally paired, with one being 

the opposite of the other such as flexion/extension (F/E), left /right (L/R) and superior/infe-

rior (S/I) rotation (R), abduction/adduction (A/A), and supination/pronation (S/P) [331].  

Wearable devices that provide continuous monitoring of joint activity are gaining growing 

attention [332]. These devices are extremely useful in the SH framework since with aging, syn-

ovial fluid production is reduced, the cartilage wears, and the articulating bones come into di-

rect contact, causing irregular articular surface and loss in bone density, which are commonly 

known as musculoskeletal damage. Worldwide, musculoskeletal disorders have become a se-

rious threat to healthy aging. Musculoskeletal disorders are one of the major causes of work 

loss and early retirement, lost retirement wealth [333], and reduced productivity [334]. At the 

same time, wearables can enable home rehabilitation crucial for optimization planning thera-

pies and patient outcomes. The general approach proposed in the literature for monitoring 

joint movements via FBG-based wearable systems is based on the mechanical coupling be-

tween the sensor and the joint under investigation [335]. Systems in the literature can be 

grouped into garments instrumented by flexible sensing elements and flexible sensors directly 

stick to the skin, as previously described in Chapter 2. 
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3.2.2 The mechanical coupling between wearables and joints 

 

3.2.2.1 Physiology 

Each movement at a synovial joint results from the contraction or relaxation of the mus-

cles that are attached to the bones on either side of the articulation. During the contraction, 

changes in the magnitude of muscle length result in different joint angles, motions, and pos-

tures. From measuring the range of motion (ROM) of a joint, it is possible to estimate the max-

imum F generated by the muscle, which indicates the health condition of a joint. Similarly, joint 

angles, number of repetitions, and orientations at different activity levels also depict muscle 

strength and endurance [336]. Movement types of joints are various and generally paired (see 

Fig. 3:14), with one being the opposite of the other such as F/E, L/R and S/I R, A/A, and S/P. 

Each joint has optimal angles and ROM according to the type of movement and a physiological 

repetition frequency according to the activity in which the joint is involved [66],[337].  

 

 

FIGURE 3:14. The body movements  [337]. 

 

3.2.2.2 Model 

The human body is a well-developed mechanical structure made up of more than 200 dif-

ferently shaped bones, which serve as a framework of the body.  All synovial joints have six 

degrees of freedom (DOF) in which six independent parameters must be measured and 

 

Tesi di dottorato in Scienze e ingegneria per l'uomo e l'ambiente, di Daniela Lo Presti, 
discussa presso l’Università Campus Bio-Medico di Roma in data 9/04/2021. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



Chapter 3 –Wearable systems based on FBGs: from physiological sources to physiological measurements 

 

92 

described if the relative positions of the attached body segments are to be defined [338]. How-

ever, depending on analysis objectives and degree of accuracy requirements, simplified me-

chanical structures are usually adopted [338].  

The simplest model of the human body considers it constituted of rigid links, connected by 

geometrical joints categorized by the types of movement permitted: pivot, hinge, saddle, plane, 

condyloid and ball-and-socket joints [339]. (see Fig 3:15) 

 

     

       
FIGURE 3:15. Joint types and allowed movements. Some examples are listed in the table [337]. 

 

For a description of the general planar motion of the articular surfaces, the terms sliding, 

spinning, and rolling are commonly used. Sliding motion is defined as the pure translation of a 

moving segment against the surface of a fixed segment [340]. The contact point of the moving 

segment does not change, while its mating surface has a continually changing contact point. If 

the surface of the fixed segment is flat, the instantaneous center of rotation (ICR) is located at 

infinity; otherwise, it will be located at the center of the curvature of the fixed surface.  Spinning 

motion is the exact opposite of sliding motion, where the moving segment rotates, and the con-

tact point on the fixed surface does not change. The ICR is, in this case, located at the center of 

the spinning body that is undergoing pure rotation. Rolling motion is a motion between moving 

and fixed segments where the contact points on each surface are constantly changing. 
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However, the arc length of the moving surface matches the path on the fixed surface so that the 

two surfaces have point-to-point contact without slippage. The relative motion of rolling is a 

combination of translation and rotation. The ICR is located at the contact point.  

Most of the planar motion of anatomical joints can be described using a combination of 

any two of the above three basic types of motion. Still, in practice, the determination of the ICR 

is highly sensitive to error. 

 

The analysis of anatomical joint kinematics commonly uses a spherical joint model. This 

type of joint allows 3 DOF rotation; thus, it needs three angles to specify the relative position 

between moving and fixed segments. Given a proper selection of axes of rotation in which one 

is fixed to the fixed segment and another is fixed, it is possible to make the finite rotation se-

quence-independent or commutative.  In the knee joint, for example, the F/E angle (Φ) occurs 

about a mediolaterally directed axis fixed to the femoral condyle, and the angle of axial R (ψ) 

is measured about an axis along the shaft of the tibia (Fig. 13:3). The third axis (i.e., the floating 

axis) is orthogonal to them and defines the angle of A/A (ϑ).  

The Eulerian angle system describes these joint motions. Indeed, if a unit vector triad (I, J, 

K) is fixed to the fixed segment along X, Y, Z axes and another triad (i, j, k) is fixed to the moving 

segment, along x, y, z axes, the relationship between them can be expressed by a rotational 

matrix in terms of the Eulerian angles (Φ, ψ, ϑ) in terms of sine and cosine as shown in Fig. 

3:16. 

 

 

FIGURE 3:16. The planes of motions [340]. 
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These motions are normally accompanied by the stretching of tissues such as skin and 

muscle. Wearables coupled to the skin strained according to the type of joint movement, and 

the ε which can occur at the skin surface are axial, bending, shear, and torsional. The sensor 

location should be carefully evaluated to guarantee comparable measurements and optimize 

the sensor’s capability in detecting joint movement. Strain sensors can only measure the 

amount of stretch on the opposite sides of the joint in the case of rotation or along the bending 

curvature in the case of F/E [341] [342].  

 

[

𝑖

𝑗

𝑘

] = [

𝑐𝜙𝑐𝜗 𝑠𝜙𝑐𝜗 −𝑠𝜗
−𝑠𝜙𝑐𝜓 + 𝑐𝜙𝑠𝜗𝑠𝜓 𝑐𝜙𝑐𝜓 + 𝑠𝜙𝑠𝜗𝑠𝜓 𝑐𝜗𝑠𝜓
𝑠𝜙𝑠𝜓 + 𝑐𝜓𝑠𝜗𝑐𝜓 −𝑐𝜙𝑠𝜓 + 𝑠𝜓𝑠𝜗𝑐𝜓 𝑐𝜗𝑐𝜓

] [

𝐼

𝐽

𝐾

] 

Equation 3:24 

 

By way of example, during the tibial on femoral F/E, the most common ε that occurred on 

the skin surface are the axial and bending ones. In the case of small ROM, the displacement ΔL 

between two generic aligned points belonging to the same circumference on the sagittal plane 

may be described by the following relationship: 

 

𝛥𝐿 = 𝑟 · 𝛼 

Equation 3:25 

 

With r the circumference radius and 𝛼 the angle on the sagittal plane (see Fig. 3:17). 

 

 

FIGURE 3:17. Model of tibial on femoral F/E motion. 
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3.2.2.3 FBG-based wearables for monitoring joint movements: working principles 

During joint movements, several types of ε may occur on the sensing element in contact 

with the skin: axial, bending, shear, and torsional ε. The proposed FBG-based systems consist 

of gratings encapsulated into flexible polymeric matrices and have been commonly designed 

to be axially strained and bent. The axial ε occurs when the flexible matrix is stretched or com-

pressed by a linear F in the horizontal direction due to the joint movement. Bending ε occurs 

when the matrix is stretched on one side and compressed on the opposite side due to the linear 

F applied in the vertical direction when the joint moves [94],[335].  

The FBG principle of work in this scenario is similar to the one described for detecting 

chest wall displacement due to breathing and cardiac activity. Still, in this case, the input which 

causes ΔλB is often the bending due to the joint movement. Assuming no negligible shears be-

tween the sensor and the garments/skin and environmental perturbations in terms of T and 

RH, the ΔλB vs. ε relationship is the following:  

 

ΔλB = Sε ε 

Equation 3:26 

 

The ε -induced on the FBG is defined by a beam bending theory, in which the ε is propor-

tional to the curvature of bending (C) and also to the distance offset (do) of the optical fiber 

from the system neutral axis: 

 

ε=𝐶 · 𝑑𝑜 

Equation 3:27 

 

When the sensor is encapsulated into a flexible matrix, an offset 𝑑𝑜 from the neutral axis 

may be present according to the deepness of the fiber within the polymer. This distance 𝑑𝑜 may 

be expressed in function of the thickness of the polymeric matrix (ht) and the distance of the 

fiber from the upper surface (t1) (see Fig. 3:18): 

 

 𝑑𝑜= t1-t/2 

Equation 3:28 

 

C is not a value we can designate, but an external factor that can be estimated by measuring 

the ΔλB from the previous two equations as follows: 
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𝐶 =
1

𝑑𝑜(1 − 𝑝𝑒)

 𝛥𝜆𝐵

𝜆𝐵
 

Equation 3:29 

 

 

 

FIGURE 3:18. (A) The transverse section of an FBG-encapsulated flexible sensor for finger F/E; (B) the flexible sensor placed on 
the index finger and the sensor neutral axis; (C), the FBG output changes ΔλB over time during F/E movements: an increase of ΔλB 

due to grating ε during F and a decrease of ΔλB during E [94]. 

 

3.3 Wearables for sensorimotor behavioral assessment 

 

The term “sensorimotor system” describes the sensory, motor, and central integration and 

processing components involved in maintaining joint homeostasis during bodily movements 

[343]. Briefly, sensorimotor circuits simultaneously process multiple different somatosensory 

stimuli and create many different patterns of muscle contractions to produce innate behaviors 

adapted for environmental conditions.  

 

3.3.1 The importance of primitive reflexes 

The sensorimotor system develops in the perinatal period, and the attainment of both 

gross and fine motor skills depends on it. Within the first few post-natal months, infants rapidly 

acquire new patterns of posture, muscle tone, and motor behavior. Spontaneous but seemingly 

non-goal-orientated movements known as “primitive” reflexes are replaced by purposeful 

goal-directed and skillful movements. This occurs parallel by increasing the motor cortex's 

maturation and the traditional explanation for the disappearance of this “primitive” reflex that 

is suppressed with the maturation of inhibitory tracts from the cortex [343].  As a result, the 
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developing infant starts to interact in an increasingly active manner with the enclosing envi-

ronment by exploration, early learning, communication, as well as maintaining musculoskele-

tal integrity [344]. An understanding of child development focusing on the over lasting pres-

ence of primitive reflexes constitutes a key prerequisite to promptly highlight injuries in the 

sensorimotor systems at different ages.  

For instance, a preterm birth (delivery before the full 37 weeks of gestation) has the po-

tential to alter the natural process of infant motor development and may represent a critical 

window of vulnerability for altered sensorimotor cortex development responsible for abnor-

mal reflexes patterns (see Fig. 3:19). This may be an explanation of the high incidence of func-

tional motor and sensory difficulties in the adult population [345]. 

 

 

FIGURE 3:19. The brain development with potential delays in milestones attainment in preterm infants. 

 

Primitive reflexes are a group of key behavioral motor responses to particular sensory 

stimuli in a specific place (e.g., the palm) that commence during pregnancy and are fully pre-

sent at birth in term infants. They are natural reactions that start a developmental process that 

releases a neural circuit for a specific function. The neurological connections necessary are at 

a subcortical level located in the brain stem [346]. 

These movements are highly stereotyped; indeed, human infants exhibit spontaneous 

movements and primitive reflexes elicited by proper stimulations, such as Moro reflex, tonic 

neck reflex, step/walking reflex, plantar reflex, and palmar grasp reflex (Fig. 3:20). 
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FIGURE 3:20. Examples of primitive reflexes. 

 

Among the primitive reflexes, grasping is considered a key behavior that enables the infant 

first interactions with the surroundings. Atypical grasping patterns are considered predictive 

of neuromotor disorders and injuries but unfortunately, its clinical assessment suffers from 

examiner subjectivity, and the neuropathophysiology is poorly understood. Clinical assess-

ment of palmar grasp is currently performed by applying light P on the infant’s palm with an 

object or the examiner’s finger to induce hand closure. This approach is entirely qualitative and 

based on the use of functional scales and the examiner’s expertise [347] and is therefore po-

tentially affected by inter-rater variability [348]. Furthermore, whilst clinicians and physio-

therapists may develop discriminative experience about the quality of this reflex, they will still 

lack the sensitivity to identify subtle features that are not perceivable by a human observer 

(e.g., the discrimination of active/passive touch or the quantitative measurement of grasping 

strength and holding time). Therefore, a quantitative measure of grasping actions may provide 

new and valuable information about infant motor behavior. For this reason, clinical assessment 

tools, including wearables for neurodevelopment disorders and brain abnormalities in the in-

fant period (particularly for those born preterm or at high risk of developing later CP) together 

with functional Magnetic Resonance Imaging (fMRI) are gaining a growing interests to help in 

precisely mapping the brain activity associated with motor tasks and thus provide important 

insights into how functional outcomes can be improved following cerebral injury [349], [350]. 

 

3.3.1.1 Physiology 

Grasping is one of the first dominant motor behaviors that enable the interaction of a new-

born infant with its surroundings. To elicit the palmar grasp reflex, the examiner inserts his or 

her index finger into the palm of the infant from the ulnar side and applies light pressure to the 

palm. Tactile without P and nociceptive stimulation of the palm are both inadequate. The re-

sponse of the reflex comprises flexion of all fingers around the examiner's finger, which is com-

posed of two phases: finger closure and clinging. The latter occurs as a reaction to the 
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proprioceptive stimulation of the tendons of the finger muscles due to slight traction after the 

application of pressure to the palm.  

 

3.3.1.2 Model 

The simplest model to approximate the infant’s grasping actions is described in [351]. This 

model is based on the equilibrium translational and rotational reached between the ob-

ject/hand systems. No friction forces are considered, and mechanical coupling between the 

hand and the object is achieved in terms of F/P. The grasping F exerted by each finger can be 

divided into three contact F for each phalanx of the finger (F1, F2, F3), orthogonal to the phal-

anxes areas, and acting on the object surface with the direction passing through the center of 

the object.  

The resultant F (FT) passes through the center of the object due to the rotational equilib-

rium, and an equal R opposite to FT is applied by the palm (see Fig. 3:21). For each finger, the 

effective contact surface is the grasped object surface divided for the four fingers and distrib-

uted along each of three phalanxes. Hence, the grasping action can be modeled in terms of two 

forces acting on the grasped object that are the resultant of the fingers forces F1, F2, and F3 (i.e., 

FT) applied on the contact surface and the reaction force (R) applied by the palm. 

 

 

FIGURE 3:21. The forces F1, F2, and F3 (and their resultantFT) applied by the fingers and the reaction force R applied by the palm 
during grasping [352]. 

 

3.3.1.3 FBG-based wearables for the assessment of grasping 

The linear relation between the ΔλB and the axial ε applied to grating has been described in 

Eq. 2:2.  

During palmar grasping, the ε induced on the grating is the result of transduction of the 

vertical F or P applied by the fingers and the palm on the polymeric matrix housing the FBGs. 
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If the FBG is coated by a thick polymer and Ef is close to polymer E (Ep), the axial ε along the 

FBG due to an applied pressure P is given by: 

 

휀 =  𝑃 (2𝜈 − 1) / 𝐸 

Equation 3:30 

 

Considering a typical configuration of an FBG encapsulated at the mid-section of a cylinder-

shaped polymeric matrix, the transduction of pressure into the axial ε of the grating is de-

scribed by following the equation: 

 

𝛥𝜆𝐵

𝜆𝐵
= 𝑆𝑝 · 𝑃 

Equation 3:31 

 

With P the pressure applied by the fingers during grasping and SP, the P sensitivity calculated 

as (1 − pe) 
νAP

aEf−
LFBG
Lp

(A−a)Ep

 , where a is the cross-section area of the FBG, LFBG is the grating length, 

and LP is the axial length of the cylinder filled by the polymer [352].  

A typical trend of FBG output changes ΔλB over time during grasping is proposed in Fig. 3:22. 

When the hand is closed around the object, the polymer squeezes, and the grating inside is 

strained; and is then unstrained once the object is released again [353]. 

 

 

FIGURE 3:22. The FBG-based graspable/greppable device working principle: an increase of ΔλB occurs during object squeezing 
while a reduction during object releasing [353]. 
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Chapter 4 Wearable systems based on 

FBGs: design, fabrication, and feasibility as-

sessment  

In the present Chapter, particular attention will be given to the scientific contributions 

provided by the Ph.D. candidate in the field of wearable devices for applications in healthcare. 

In all these contributions, FBGs are involved as the key sensing elements and used to instru-

ment garments and wearable devices or to be directly stuck to the skin. Applications of FBG-

based systems for cardiorespiratory monitoring and joints motion detection will be described. 

Lastly, the recent use of an innovative FBG-based interface for sensorimotor behavioral assess-

ments will be presented. In all these studies, different populations have been targeted: healthy 

volunteers, adult patients, neonates, and athletes of different disciplines. Experiments were 

performed in various scenarios, from laboratories to hospitals and sport centers.  

The main institutions and research groups involved in this work are: 

• The unit of Measurements and Biomedical Instrumentation of UCBM where this 

Ph.D. has been carried out; 

• The Neurophysiology and Neuroengineering of the Human-Technology Interac-

tion of UCBM, where I carried out several activities of my Ph.D.; 

• The Italian Agency for New Technologies, Energy and Sustainable Economic De-

velopment (ENEA), where I carried out several activities of my Ph.D.; 

• The Neuro-Robotic Touch Laboratory at The BioRobotics Institute of Sant’Anna 

School of Advanced Studies (SSSA), where I spent some short visiting periods dur-

ing my Ph.D.; 

• The Department of Movement, Human and Health Sciences, University of Rome 

“Foro Italico”, where I carried out several activities of my Ph.D.; 

• The Department of Bioengineering of the Imperial College London (ICL), where I 

spent a 3-months visiting period during my Ph.D. 
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4.1 Wearables for cardiorespiratory monitoring 

In this section, the wearables developed for monitoring both respiratory and cardiac ac-

tivity are presented. These systems are grouped into the ones based on the mechanical cou-

pling between the FBG sensor and the chest wall surface and based on changes in thermohygro-

metric conditions of respiratory gases.   

As shown in Fig. 4:1, wearables belonging to the first group consists of bare or polymer-

encapsulated FBGs for cardiorespiratory investigations. In contrast, the ones belonging to the 

second group are based on functionalized FBGs for respiratory monitoring. 

 

 

FIGURE 4:1. Wearables for cardiorespiratory monitoring: bare, encapsulated, and functionalized FBG have been used for their 
sensorization. 

 

4.1.1 The mechanical coupling between wearables and chest 

The mechanical coupling between the FBG sensors embedded into the proposed weara-

bles and the chest wall surface was achieved by: 

 

• Sticking bare FBGs directly to a smart textile. 

• Encapsulating FBGs into polymeric flexible matrices with different shapes and di-

mensions for the sensorization of elastic bands.  
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4.1.1.1  Smart textile based on an array of 12 FBGs for cardiorespiratory moni-

toring 

The use of wearable systems in the form of smart textiles for monitoring vital parameters 

has gained wide popularity in several medical, sport, and occupational settings since smart 

textiles can act as a “tech” second skin.  

The proposed wearable system consists of a smart textile based on 12 bare FBGs stuck to 

an elastic t-shirt. This system was developed for respiratory monitoring and thoraco-ab-

dominal motion pattern analysis. The feasibility of the proposed smart t-shirt was assessed by 

performing three main trials: 
 

Trial 1: the use of the smart textile on healthy male volunteers for monitoring several tem-

poral respiratory parameters (i.e., TR, fR, TI, and TE), VT and volume variations of the chest wall 

compartments during quiet breathing. 

Trial 2: the use of the smart textile on healthy female volunteers for monitoring temporal 

TR, fR, TI, TE, and VT during quiet breathing. 

Trial 3: the use of the smart textile for monitoring fR during physical activity (i.e., cycling).  

The system performances have been evaluated by using reference instruments (i.e., a mo-

tion capture system - Mocap in Trial 1 and Trial 2 and Quark b2metabolic cart during cycling in 

Trial 3). 

To broader understand the findings achieved in each trial, the design and fabrication pro-

cesses of the proposed system are first described.  

 

Design and fabrication 

The developed smart textile is the garment based on 12 FBGs,  well-described in [354]. Typ-

ically, in the literature, single FBGs have been used to instrument garments and monitoring fR. 

The novelty of this system relies on the use of 12 sensors according to the chest wall biome-

chanics. Indeed, from a mechanical point of view, the chest wall can be considered a twelve 

compartmental structure since the different muscles and physiological systems that contribute 

to the ventilatory pump. The model is composed of the left and right side of the pulmonary rib 

cage (RCp), abdominal rib cage (RCa), and abdomen (AB). Besides, each side of each compart-

ment can be functionally split into the frontal and back contributions. The 12-compartment 

model allows considering that RCp and RCa are exposed at different pressures during the 
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inspiration, that the diaphragm acts directly only on RCa and non-diaphragmatic inspiratory 

muscles influence largely the RCp and not the RCa. The smart textile was designed by following 

this compartmentalization, so it embeds 12 FBGs. A further important novelty is that the FBGs 

positions have been chosen in accordance with the results of a breathing mechanics analysis 

carried out using a MoCap system (Smart-D, BTS Bioengineering Corp., Milan, Italy). The expe-

rimental protocol included ten infrared cameras set up following a circular pattern around 

each volunteer who stood at the center of the optoelectronic system (OS) room with 89 photo-

reflective markers attacked on his skin (see Fig. 4:2). Data were collected during 120 s of quiet 

breathing at the sampling rate of 60 Hz, and seven participants (all male, mean ± SD: age 28 ± 

7 years, stature 181 ± 5.7 cm, body mass 72 ± 5 kg) were enrolled for these aims. The positions 

of the 12 sensors were selected with the purpose of optimizing the smart textile sensitivity to 

chest wall displacements following these main steps: i) the markers 3D trajectories were im-

ported into MATLAB environment;  ii) for each couple of markers, the maximum distance 

change (∆dmax) was calculated as the distance between its maximum value and the minimum 

one, and the average distance value (dmean) was calculated as the mean distance between the 

two markers during the 120 s of quiet breathing;  iii) the ratio between ∆dmax and dmean was 

considered the maximum ε (εmax); iv) the couple of markers with the highest εmax for each com-

partment was selected; v) lastly the FBGs were placed on the t-shirt along the 12 segments 

joining the selected markers. The 12 λB values (6 related to the sensors on the left side: FBG1L, 

FBG2 L and FBG3 L on the front and FBG4 L, FBG5 L, and FBG6 L on the back, and 6 related to the 

ones on the right side: FBG1R, FBG2R, and FBG3R on the front and FBG4R, FBG5R and FBG6R on 

the back) were chosen to avoid any overlapping choosing a minim difference of 4nm. All FBGs 

have a grating length of 10 mm, 90% of reflectivity, and a Sε of ~1.2 pm·με-1. 

 

 

FIGURE 4:2. The experimental setp and protocol. 
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Two optical fibers were fabricated, each one with 6 FBGs spaced by 15 cm to allow the t-

shirt to fit different anthropometric sizes. An optical fiber was placed on the front of the chest 

and the other one on the back. Then, the fiber extremities were looped into two small termina-

tion boxes placed on the sleeves of the t-shirt with the MU connectors necessary for connecting 

the FBGs to the interrogation unit necessary to send light along the fiber and collect the FBG 

output changes during the respiratory activity of the wearer. 

All the FBGs used to instrument such a system are bare and directly stuck on the t-shirt 

using a commercial polymeric glue (3145 RTV MIL-A-46146, DOW CORNING, Michigan, MI, 

USA). Fig. 4:3 shows the design of the smart t-shirt based on 12 FBGs and their positioning. 

 

 

FIGURE 4:3. The design of the proposed smart textile. Each compartment (left and right) is identified by a specific color. 

 

The capability of monitoring respiratory activity has been assessed at rest on both males 

(Trial 1) and females (Trial 2) and during cycling (Trial 3). 

 

Trial 1: Smart textile assessment on males during quiet breathing2 

The aim of this trial was the feasibility assessment of the developed 12 FBG-based smart t-

shirt for monitoring TR, fR, TI and TE, VT, and other volume variations of the chest wall compart-

ments during quiet breathing.  

Eight healthy male volunteers (age 24±2 y.o. height 173 ± 5 cm, weight 69 ±7 kg) with no his-

tory of respiratory disorders were enrolled in this study. Each volunteer was invited to wear 

the smart textile and to assume a standing posture. Then the 89 infrared photoreflective 

 

2 This work is an excerpt from “Smart textile for respiratory monitoring and thoraco-abdominal motion pattern evaluation” in 
which the Ph.D. candidate is main co-author. doi: https://doi.org/10.1002/jbio.201700263 
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markers were placed on the t-shirt for enabling the MoCap data collection. Each volunteer was 

instructed to perform two different trials of self-paced quiet breathing lasting 60 s each, after 

a brief forced inspiration used to synchronize the signals of smart textile and MoCap in the 

post-processing phase. The 12 FBG outputs were collected simultaneously by using the optical 

spectrum interrogator (si425, Micron Optics Inc., Atlanta, USA) at a sampling rate of 250 Hz. A 

dedicated Virtual Instrument in LabVIEW environment running on a notebook provides the 

data visualization and saving.  

From the markers trajectories, the volumes enclosed into the thoraco-abdominal surface were 

obtained through the connection of markers in a net of triangles. For each triangle obtained, 

the area and direction of the normal vector were determined. Thus, the internal volume of each 

shape was calculated using Gauss’s theorem, which converts a surface integral into a volume 

integral. This procedure allows computing the volume enclosed by the 12 compartments of the 

thoraco-abdominal surface (left and right sides of ΔVRCp MoCap, ΔVRCa MoCap, ΔVABMoCap). The volume 

enclosed by the whole chest wall (ΔVglobal MoCap) is mathematically obtained by the sum of these 

6 compartmental volumes.  

Data collected in the first trial by the MoCap and by the smart textile were used to: i) calcu-

late the temporal breathing parameters (TR, fR, TI, TE) from the ΔVglobal MoCap and the ΔλB global and 

to compare the two systems. The values of ΔλB global were obtained by summing all the ΔλB of 

the 12 FBGs and removing the mean value (see Fig. 4:4); ii) calibrate the smart textile in the 

calculation of the global volume (ΔVglobal smart textile) and compartmental volumes (ΔVRCp smart textile, 

ΔVRCa smart textile, ΔVAB smart textile), hereinafter called training phase.  

 

 

FIGURE 4:4. (A) the smart textile output of all the FBGs and the FBGs sum over a 30s-lasting window of quiet breathing; (B) The 
ΔVglobal MoCap and ΔλB global signals over time. 
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The second trial was used to test the calibrated smart textile in the estimation of compart-

mental (ΔVRCp smart textile, ΔVRCa smart textile, ΔVAB smart textile) and global volume (ΔVglobal smart textile) 

changes by using the compartmental (ΔVRCp MoCap, ΔVRCa MoCap, ΔVAB MoCap) and ΔVglobal MoCap volume 

changes obtained by the MoCap used as a reference. 

Focusing on the temporal parameters, the signal obtained by summing the 12 FBG output 

changes (ie, ΔλB global) and the ΔVglobal MoCap were used to extract all the above-mentioned tem-

poral parameters from the smart textile and the MoCap, respectively. The steps followed are 

reported here below and schematically summarized in Fig. 4:5: 

1. The minimum peak at the end of the forced inspiration in the signal was identified on 

both the ΔλB global and ΔVglobal MoCap: these two points were used to synchronize the sig-

nals; 

2. The signals were resampled at 60 Hz (i.e., the lower sampling frequency between the 

two systems), and then their mean values were removed by the signals; 

3. Maximum and minimum peaks were identified on both the zero-mean signals by a cus-

tom-made algorithm based on both a setup time window and signal threshold.  

 

 

FIGURE 4:5. Steps of data analysis followed to obtain temporal parameters. 
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Thus, each TR value was calculated as the time elapses between two consecutive maximum 

peaks, TI, as the time interval between a maximum and its previous minimum, and TE, as 

the time interval between the same maximum and the following minimum. Then fR - ex-

pressed in bpm - was calculated as the ratio between 60 and TR values. The comparison 

between all the TR, fR, TI, TE values obtained by using the two measurement systems was 

performed using three approaches: i) Bland–Altman analysis carried out to evaluate the 

mean of difference (MOD), as well as the limits of agreements (LOAs), calculated as the 

MOD ±1.96 SD where SD is the standard deviation; ii) linear regression was used to evalu-

ate the relationships between values; iii) a statistical test was used to investigate the hy-

pothesis that there is no linear relationship between each parameter of interest estimated 

by the two different measuring systems (P values close to 0 correspond to a significant 

correlation between parameters). A significance level of 0.05 was set. Then, from TR and fR 

values, the percentage differences between the two instruments (%𝑒𝑇𝑅 and %𝑒𝑓𝑅 , respec-

tively) were calculated as in Eq. 4:1: 

 

%𝑒𝑇𝑅
=

𝑇𝑅

smart textile
− 𝑇𝑅

MoCap

𝑇𝑅

smart textile
⋅ 100;  %𝑒𝑓𝑅

=
𝑓𝑅

smart textile
− 𝑓𝑅

MoCap

𝑓𝑅
smart textile

⋅ 100 

Equation 4:1 

being the 𝑇𝑅 smart textile, 𝑇𝑅 MoCap, 𝑓𝑅 smart textile, 𝑓𝑅 MoCap the mean value of TR and fR calculated for 

each volunteer using the two systems, respectively.  

Regarding the chest wall volumes, the reconstruction of the compartmental volume 

changes from the FBG signals was performed as follows: 

1. By summing the signal outputs of two FBG sensors that monitor the same com-

partment according to Fig. 4:3 (i.e., 1 and 2, 3 and 4, 5 and 6, 7 and 8, 9 and 10, 

11 and 12), the six wavelength changes relative to the left and right sides of each 

compartment were obtained as shown in Fig. 4:6;  

2. The peak at the end of the forced inspiration in the signal was identified on both 

the ΔλB global (obtained summing the six wavelength changes signals) and ΔVglob-

aLMoCap: since all the FBG signals are synchronized as well as all the volume 

changes, this peak was used as starting points of both the six wavelength 

changes signals and of the six compartmental volumes;  
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3. All the signals were resampled at 60 Hz (i.e., the lower sampling frequency be-

tween the two systems), and then their mean values were removed; 

4. Minimum peaks were identified on the six smart textile signals and the six-vol-

ume signals by the same custom-made algorithm used in the temporal param-

eter calculation. 

 

FIGURE 4:6. Steps of data analysis for the estimation of the volumes. 

 

To reconstruct the compartmental volume changes from the FBG signals, multiple linear 

regression was performed on each breath included between two consecutive minimum peaks 

using MATLAB function regress. The six smart textile signals and the six-volume signals of the 

j-th breath were used in the multiple linear regression to obtain the j-th square matrix Kj (6 × 

6 size) that contains the different weights of the 6 FBG outputs in the six compartmental vol-

ume changes reconstructions as reported in Eq. 4:2: 
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(𝛥𝑉𝑖
𝑀𝑜𝐶𝑎𝑝

)𝑗 = 𝐾𝑗 ⋅ (𝛥𝜆𝐵 𝑖)𝑗 

Equation 4:2 

where i represents the six compartments (right
RCp, left

RCp, right
RCa, left

RCa , right
AB , left 

AB). Then the cali-

bration matrix K of each volunteer was obtained by averaging the values of j square matrix Kj. 

Data collected in the second trial were used to test the smart textile in the volume estimations. 

The calibration matrix K - obtained by the training phase - was applied to the 6 FBG signals in 

order to estimate the compartmental volumes (ΔVi FBG) according to Eq. 4:3:  

 

𝛥𝑉𝑖
𝑠𝑚𝑎𝑟𝑡 𝑡𝑒𝑥𝑡𝑖𝑙𝑒

= 𝛥𝜆𝐵 𝑖 ⋅ 𝐾 

Equation 4:3 

 

Hence, from the six compartmental ΔV smart textile, left and right contributions of the same 

compartment were summed to obtain three compartmental volumes changes from the smart 

textile relative to the pulmonary rib cage (ΔVRCp smart textile), the abdominal rib cage (ΔVRCa smart 

textile), the abdomen (ΔVABsmart textile). The global volume changes (ΔVglobalsmart textile) were calcu-

lated by summing the three compartmental volume changes.  

Fig. 4:7 shows the zero-mean global and the three compartmental ΔVsmart textile obtained after 

the calibration process (training phase) by data collected on a volunteer, together with the 

ΔVMoCap collected contemporaneously. So, the three compartmental and global volume changes 

obtained by the smart textile calibration were compared to the ones saved by the MoCap.  

 

FIGURE 4:7 Volumes estimated by the Mocap (blue lines) and the FBGs (red lines). 
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First, similarly to the first trial, peak at the end of the forced inspiration in the signal was iden-

tified, on both the ΔVglobal smart textile and ΔVglobal MoCap, to synchronize the four volumes of the smart 

textile with the ones of the MoCap; then all the signals were resampled at 60 Hz and the mean 

removed. Then maximum and minimum peaks were identified on the ΔVglobal smart textile and 

ΔVglobal MoCap signals: tidal volume - VTi values were calculated as the difference between two 

consecutive minimum (end-expiratory volume) and maximum (end-inspiratory volume) 

points, with i the quantity of the breaths selected between the two points. All the VTi values 

collected by the eight volunteers per each i-th breath obtained from the smart textile (VTsmart 

textile) were compared against the VTMoCap obtained by the MoCap system. Following the analysis 

performed on temporal parameters, the comparison between all the VT values collected by the 

eight volunteers with the two measurement systems was performed using the same three ap-

proaches: i) Bland–Altman analysis; ii) linear regression analysis; iii) statistical test used to 

investigate the hypothesis that there is a linear relationship between VTMoCap and VTsmart textile (P 

< 0.05). 

By following the same procedure adopted to extract VT from the global signals, the compart-

mental VT were extracted by ΔVRCp, ΔVRCa, and ΔVAB signals gathered by MoCap and calibrated 

smart textile. Then, average percentage contributions were calculated according to Eq. 4:4: 

 

{
 
 
 
 
 

 
 
 
 
 

%𝑅𝐶𝑝 =
∑ %𝑅𝐶𝑝𝑖

𝑖

𝑁
=
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=

∑
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𝑖

𝑉𝑇𝑖 ⋅ 100𝑖

𝑁

 

Equation 4:4 

 

being i the i-th breath considered and N the number of breaths executed by the volunteer in 

the second trial. Moreover, SD was also calculated considering all the N values of VT contribu-

tions obtained from each compartment. The SD values may be useful to evaluate the variability 

of the thoraco-abdominal contributions during the breathing activity. This procedure was car-

ried out per each volunteer, separately. 
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To evaluate the quantitative differences between the two systems, raw differences (Δ%) be-

tween %𝑅𝐶𝑝,%𝑅𝐶𝑎, %𝐴𝐵 were calculated as in Eq. 4:5, by using the values gathered by the 

MoCap as reference: 

𝛥%𝑅𝐶𝑝 = %𝑅𝐶𝑝
Smart textile

− %𝑅𝐶𝑝
MoCap

𝛥%𝑅𝐶𝑎 = %𝑅𝐶𝑎
Smart textile

− %𝑅𝐶𝑎
MoCap

𝛥%𝐴𝐵 = %𝐴𝐵
Smart textile

− %𝐴𝐵
MoCap

 

Equation 4:5 

 

In order to investigate the statistical differences between the smart textile and the reference 

instrument in the percentage contributions, a statistical t-Student test was applied to investi-

gate the hypothesis that there is a linear relationship (P < 0.05). 

The mean and the SD values of each temporal parameter (TI, TE, TR, fR) obtained by the two 

systems for each volunteer are listed in Table 4:1. The SD was calculated by considering all the 

breaths in each signal collected during the trial. Table 4:2 shows the results of the Bland Altman 

analysis (expressed as bias ± SD), the linear regression (R2), and the statistical test (P-value).  

TABLE 4:1 

 

TABLE 4:2 
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Both TR and fR estimated by the smart textile showed a good agreement with the reference 

ones. This is testified by: i) the results of the linear regression (high R2 values of 0.97 and 0.93, 

respectively, as well as the closeness to 1 of the slope of the best fitting line, 0.99 in both cases, 

as shown in Fig. 4:8); ii) the results of the Bland Altman analysis (the low value of the bias, 0.01 

s for TR and -0.02 bpm-1 for fR) as shown in Fig. 4:8; iii) the low value of the maximum %𝑒𝑇𝑅
 and 

%𝑒𝑓𝑅
, -0.09 s (1.72%) and -0.20 bpm-1 (-1.75%), while the average values were 0.27% for both 

the systems. Finally, as expected, a linear relationship between the two parameters estimated 

by the two systems was statistically significant (P <0.05). 

 

 

FIGURE 4:8. Bland-Altman plots and the linear regression 

 

The performance of the smart textile in the calculation of global volume changes was eval-

uated by comparing the breath-by-breath tidal volume extracted by the ΔVFBG
global (VTsmart textile) 

against the tidal volumes extracted by ΔVMoCap
global (VTreference), used as reference values. 

Fig. 4:9 A shows the Bland-Altman plot (with MOD and LOAs) and the linear regression used 

to evaluate the relationships between VT values measured by the smart textile and the refer-

ence system. The Bland-Altman analysis showed a mean bias value of -0.09 ± 0.15 L suggesting 

that the smart textile slightly underestimates VT, pointing out the good agreement between the 

two systems (R2 = 0.90, P <0.05).  

 

Tesi di dottorato in Scienze e ingegneria per l'uomo e l'ambiente, di Daniela Lo Presti, 
discussa presso l’Università Campus Bio-Medico di Roma in data 9/04/2021. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



Chapter 4 -Wearable systems based on FBGs: design, fabrication, and feasibility assessment 

114 

 

FIGURE 4:9. (A) Bland-Altman plot and linear regression of VT; (B) Mean and SD values of VT estimated by the smart textile (red 
bar) and MoCap (blue bar) of all the eight volunteers.  

 

The mean values of the VTSmart textile and VTreference values calculated per each volunteer are 

shown in Fig. 4:9 B, together with the SD calculated by all the VT values of the same volunteer. 

A linear relationship was found between the mean values of VT collected by the two instru-

ments (P < 0.05).  

Regarding the thoraco-abdominal patterns, Fig. 4:10 shows the compartmental percentage 

contributions (i.e., %RCp, %RCa, %AB) calculated by the two instruments per volunteer.  

 

 

FIGURE 4:10. Compartmental percentage contributions %RCp, %RCa, and %AB calculated by the two instruments. 
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By considering all compartmental percentage values for all the volunteers enrolled, we 

found a linear relationship between values gathered by the two systems (P<0.05 for %RCp, 

%RCa, and %AB). 

These findings, together with biases found in the breath-by-breath inspiratory and expira-

tory phase durations values (up to 0.15 s), are similar to values reported in previous studies 

adopting fiber optic-based garments for the breathing rate monitoring [14],[13],[19],[24]. In 

addition, the fR estimation shows that the results herein reported are similar to those shown in 

a previous paper focused on the smart textile under test [227]. These results highlighted that 

after one year of use, the performance of the proposed garment did not show any drift. 

Regarding the monitoring of the respiratory volume, the proposed smart textile demon-

strated an overall slight underestimation of breath-by-breath VT values with a bias of -0.09 ± 

0.15 L and a strong correlation with reference measurements (R2 = 0.90). No statistical differ-

ences were found when the mean values of VT collected by the two instruments were com-

pared. 

A significant linear relationship between smart textile and MoCap percentage contribution 

values was found (P<0.05). It means that the proposed smart textile can be potentially used to 

identify abnormal breathing pattern and disorders within the respiratory system and help re-

fine the differential diagnosis in clinical practice [358] by the analysis of thoraco-abdominal 

patterns, and it should be used to can indirectly measure the muscular involvement and the 

coordination of the breathing during the effort in sport science [359].  

 

Trial 2: Smart textile assessment on females during quiet breathing3 

Smart textiles are usually developed to fit a small range of body sizes since they are intended 

to be worn in close contact with the body for giving reliable information.  

This trial aimed to evaluate the performances of the man-fit smart textile based on 12 FBG 

sensors, already described, in monitoring breath-by-breath temporal respiratory parameters 

(i.e., fR, TR, TI, and TE) and VT when worn by women. On average, women are smaller than men 

for many body parts, for example, shoulder breadth, stature, and upper thorax circumference, 

while they are significantly larger than men in their hip breadth. Thus, when a woman wears a 

 

3 This work is an excerpt from “Smart textile based on FBG sensors for breath-by-breath respiratory monitoring: tests on 
women” of which the Ph.D. candidate is the main author. doi: 10.1109/MeMeA.2018.8438721. 
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man suit, it will fit larger in her thorax and tighter in her hips. Presumably, its performances 

will be affected by these sex-related differences of body shape and anthropometry. 

Eight young female volunteers (expressed in terms of mean  SD are: 22  2 years old, 166  5 

cm of height, 58  5 kg of weight) with no history of respiratory disorders were enrolled in this 

study and invited to perform the protocol previously described for male volunteers. The expe-

rimental setup of the proposed study is shown in Fig.4 :11. 

 

 

FIGURE 4:11. The experimental setup. 

 

Results of both Bland-Altman analyses for respiratory parameters are listed in Table 4:3. The 

Bland-Altman plots are shown in Fig. 4:12 for fR and VT. 

 

TABLE 4:3 
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FIGURE 4:12. Bland-Altman plots for fR and VT. 

 

The average percentage difference values %e𝑓𝑅
 and %e𝑉𝑇 per each subject are listed in Ta-

ble 4:4. 

 

TABLE 4:4 

 

 

These findings suggest the high accuracy in the fR estimation as it was found in male volun-

teers [360]. So, as expected, a not well fit does not affect the estimation of fR because it is based 

on the distance between the following maximum peaks detected on the signal. Otherwise, re-

garding VT monitoring, the proposed system demonstrated a high average percentage differ-

ence with respect to the reference value (with maximum differences of 66%). Moreover, the 

bias of 0.0800.375 L obtained by the Bland-Altman analysis demonstrated the weak capabil-

ities of the proposed smart textile in the breath-by-breath analysis of volume changes on fe-

males. It means that anatomical dimorphism has an impact on the estimation of respiratory 

volumes. In particular, women tend to have smaller airways diameter, lung volumes, and upper 

thorax circumference while larger hip breadth. It results in a no well fit of the t-shirt necessary 

for accurate measurement of respiratory volume. In this case, data analysis is based on the 

calculation of signal amplitude between the minimum and maximum peaks. As expected, if the 

t-shirt fits too large, the mechanical coupling between the FBGs and the chest is not achieved, 

resulting in high errors in the VT estimations. 
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Trial 3: Smart textile assessment during cycling4 

The close contact to the body makes smart textiles performances affectable by any undesir-

able trunk movements, which may lead to noise on the desired signal. To distinguish between 

the sought-after signal and the movement noise, post-processing filtering methods are com-

monly used. However, the accommodation of a higher number of sensors (i.e., twelve FBGs) 

may improve the system redundancy and in turn, its reliability and accuracy of the measure-

ment. 

 

Thus, the aim of this trial was the assessment of the performances of the smart textile em-

bedding twelve FBGs during a cycling incremental exercise test to identify the areas of the 

trunk which are most suitable for measuring fR during activity and to verify if the sensors re-

dundancy may improve the system performances with important implications for the design 

of sports respiratory wearables for respiratory monitoring. 
 

Four volunteers were asked to wear the smart textile and using simultaneously a reference 

instrument based on airflow measurement with the purpose of validating the measure of fR.  

During the experiments, a gold standard reference system (i.e., Quark b2, COSMED S.r.l., 

Rome, Italy) was used to collect reference respiratory airflow data. These data were recorded 

at 25 Hz (see Fig. 4:13) while an optical spectrum interrogator collected the t-shirt sensors 

outputs at 250 Hz. An electromagnetically braked cycloergometer (Lode Excalibur Sport, Gro-

ningen, the Netherlands) was used to carry out experiments during cycling exercises.  

In the pilot tests, each volunteer wore the smart textile while ventilating into the mask of 

the reference instrument, and a ramp incremental exercise test to exhaustion [361] was per-

formed. Prior to cycling tests, participants held their breath for 10 s to synchronize the signals 

from the t-shirt with those from the reference instrument. 

For each subject, the 12 FBGs signals recorded by the smart t-shirt and the flow signal by 

the reference instrument (respiratory flow) were synchronized by using the first 10 s of apnea. 

Then, a band-pass filter between 0.05 Hz and 2 Hz was used to remove frequency content out-

side breathing bandwidth (up to 2 Hz) and to avoid the slow signal variations unrelated to 

respiratory movements. By summing all the twelve sensors signals (FBG1, …. FBG12) in each 

time instant, a signal, hereinafter called t-shirt SUM signal, is obtained by considering all the 

information registered by all the sensors. Moreover, summing the signals recorded by the sen-

sors positioned on the upper thorax (FBG1 and FBG7), those on the lower thorax (FBG 2, 8, 6, 

 

4 This work is an excerpt from “Respiratory monitoring during cycling exercise: performance assessment of a smart t-shirt 
embedding fiber optic sensors” in which the Ph.D. candidate is co-author. doi: 10.1109/MetroInd4.0IoT48571.2020.9138307 
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12, 5, 11), and those on the abdomen (FBG3, 9, 4 and 10) the computation of the RCp signal, 

the RCa signal, and the AB signal was carried out. Additionally, the Anterior signal was com-

puted (adding the outputs FBG signals related to the anterior part of the trunk, FBG 1,7, 2, 8, 

3,9) and the Posterior signal (adding the outputs of FBGs on the posterior part of the trunk, i.e., 

4,10, 5,11, 6,12). 

 

 

FIGURE 4:13. The setup used for carrying out the tests during cycling. 

 

The performance of the proposed t-shirt in monitoring the average fR was estimated every 30 

s. To do this, the windowing of all the signals (reference, FBG1, … FBG12, t-shirt SUM, RCp, RCa, 

AB, Anterior and Posterior) was computed to extract 30 s-lasting signals and their following 

post-processing (see Fig. 4:14). In each window, the power spectrum of each signal was ob-

tained. Then, the maximum peak of each power spectrum was identified as the window average 

fR.  

To compare the data, the mean absolute error (MAE) was calculated as in Eq. 4:6 considering 

the fR values obtained by FBG1, … FBG12, t-shirt SUM, RCp, RCa, AB, Anterior and Posterior 

signals and those from the reference instrument: 

𝑀𝐴𝐸 =
∑ |𝑓𝑅 𝑖 − 𝑓𝑅 𝑖

𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
|𝑛

𝑖=1

𝑛
 

Equation 4:6 

being n the number of the windows of length 30 s, 𝑓𝑅 𝑖 the i-th window average respiratory 

value estimated by the signal (FBG1, … FBG12, t-shirt SUM, RCp, RCa, AB, Anterior and 

 

Tesi di dottorato in Scienze e ingegneria per l'uomo e l'ambiente, di Daniela Lo Presti, 
discussa presso l’Università Campus Bio-Medico di Roma in data 9/04/2021. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



Chapter 4 -Wearable systems based on FBGs: design, fabrication, and feasibility assessment 

120 

Posterior) and 𝑓𝑅 𝑖
𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

 the i-th window average respiratory value estimated by the reference 

signal. 

 

FIGURE 4:14. Example of a 30 s-window. (A) The signal recorded by the reference instrument (black). (C) The signal obtained 
summing all the FBG signals (i.e., t-shirt SUM signal – red). (B) The power spectrum related to the reference and (D) The power 
spectrum related to t-shirt SUM signals. The maximum peaks are around 0.4 Hz (i.e., average fR of 24 bpm). 

 

Lastly, the Bland-Altman analysis was carried out to identify MOD and LOAs values by using all 

the data recorded by the four volunteers [362]. 

Fig. 4:15 graphically reports the MAE values obtained using the different signals. Values always 

lower than 2 bpm were found estimating fR from t-shirt SUM, RCa, and AB signals. Relatively 

high MAE values (up to 17 bpm) were found when fR was estimated exclusively using FBG1, 

FBG2, FBG3, FBG4, FBG5, FBG6, FBG7, and FBG8.  

 

FIGURE 4:15. MAE values for the different sensors, the t-Shirt SUM, RCp, RCa, AB, Anterior, and Posterior, per each volunteer. 
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Focusing on the t-shirt SUM, Fig. 4:16 reports the 30 s – window fR values of this signal and the 

reference instrument. A good overlap between reference values and the t-shirt was found in all 

the volunteers.  

 

FIGURE 4:16. The 30 s – window fR values of this signal and of the reference instrument. 

 

Table 4:5 reports the MAE between the fR values retrieved from t-shirt SUM, RCa, and AB signal 

against the reference values. t-shirt SUM showed a lower MAE than all the other combinations. 

RCa presented similar results, followed by AB. All these signals provide a robust estimation of 

fR, with MAE values ranging from 0.66 bpm to 2.94 bpm. 

TABLE 4:5 
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Lastly, Table 4:6 shows the MOD and LOAs values obtained from the Bland-Altman analysis. 

We investigated these values considering fR gathered from each sensor’ signal, from the t-Shirt 

SUM, RCp, RCa, AB, Anterior and Posterior signals separately. Additionally, we investigated the 

performances for each volunteer as well as considering all the four volunteers’ data (last col-

umn of Table 4:6). 

These preliminary findings show that the sensors' location may be crucial to improve the 

performance of a device measuring fR with strain sensors during cycling. The performance of 

the RCa and AB sensors was superior compared to those of the RCp sensors. These results may 

be attributed to the fact that during cycling, the hands are fixed on the handlebar, the trunk is 

inclined, and the muscles of the thorax are activated to stabilize the trunk, thus influencing the 

respiratory-related movements of the thorax. On the other hand, the RCp signal was obtained 

only from two sensors, while the RCa and AB signals were obtained from six and four sensors, 

respectively. This suggests that the number of sensors considered may have affected our re-

sults. Hence, the precise mechanisms underlying the observed differences between RCp, RCa, 

and AB sensors require further investigation. It is also interesting to highlight that the anterior 

and posterior parts of the trunk showed similar performances. This information is useful for 

the design of respiratory wearables, given that currently available devices often have sensors 

located in the anterior part only. 

TABLE 4:6 
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4.1.1.2 Flexible sensors based on FBGs for respiratory and cardiac monitoring 

There is a growing demand for strain sensors that can be used to instrument wearables for 

several applications ranging from clinical to sport and occupational settings. Among others, 

strain sensors based on FBGs encapsulated into flexible polymeric matrices have gained grow-

ing attention for cardiorespiratory monitoring thanks to the FBG intrinsic Sε. In the following 

studies, custom wearable systems based on flexible sensors are presented.  

Three specific wearable configurations are proposed:  

Configuration 1: A wearable system instrumented by rectangular-shaped flexible sensors 

with a single FBG. 

Configuration 2: A wearable system instrumented by dumbbell-shaped flexible sensors 

with a single FBG. 

Configuration 3: A wearable system instrumented by a dumbbell-shaped flexible sensor 

with multiple FBGs. 

Before assessing the capability of the developed wearables of cardiorespiratory monitoring, 

the design and the fabrication processes of the flexible sensors are described together with the 

results of their static and dynamic metrological characterization.  

The metrological properties (e.g., sensitivity values and hysteresis behavior) are obtained 

since data given by the manufacturers are related to bare FBGs. When single or multiple FBGs 

are housed into soft matrices, the flexible material dampens the ε induced on the grating. The 

main influencing factors are matrix geometrical and mechanical properties of the matrix (e.g., 

dimensions, shape, and hardness), and the bonding strength at the fiber-matrix interface are 

the main factors that can positively/negatively affect the transmission. Therefore, for all the 

configurations, a metrological characterization of the developed flexible sensor has been per-

formed to retrieve the sensor Sε after the fabrication process. Moreover, the sensor response 

to a variety of parameters (i.e., environmental ΔT, ΔRH, and sweat) that can potentially influ-

ence the system performance in the scenarios of interest have been often investigated. In ad-

dition, the hysteresis errors (herr) were evaluated to measure the energy dissipation of the sen-

sor when subjected to period breathing and cardiac patterns. After finding out the static and 

dynamic characterizations of the flexible sensor, the wearable systems were developed by an-

choring the encapsulated FBGs on elastic bands by using clips for Configuration 1,  hooks and 

loops for Configuration 2, and on a stretchy t-shirt by using a medical tape for Configuration 3.  
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Design, fabrication, and metrological characterization 

Focusing on the design of the proposed configurations:  

• The flexible sensor is Configuration 1 consists of a rectangular-shaped matrix of 90 mm 

x 24 mm x 1 mm encapsulating an acrylate-recoated FBG sensor with a grating length 

of 10 mm commercialized by AtGrating Technologies. The rectangular shape was cho-

sen since it is the most widely proposed in the state-of-the-art and easy to fabricate. 

• The flexible sensor in Configuration 2 consists of a dumbbell-shaped matrix of 100 mm 

x 22 mm x 2 mm (with a narrow portion of 21 mm x 5 mm) encapsulating  PI-recoated 

FBG with a grating length of 10 mm commercialized by Broptics Technology Inc. The 

sensor design was guided by the international standard ISO 37:2017 (Tensile Stress-

Strain Properties of Vulcanized or Thermoplastic Rubber) [363]. Among various spec-

imen size included in the standard, Type 1A has been chosen to fulfill the following 

requirements: i) the positioning of more sensors per band, one on the left side and the 

other one on the right side of both the thorax and the abdomen; ii) the well-anchorage 

of the sensors on the elastic bands through the dumbbell end wider than the narrow 

portion where the FBG is located. This solution prevents each sensor from mechanical 

damages which may occur during the bands dressing, improves the adhesion of the FBG 

to the band and, in turn, its compliance with the rib cage displacement 

• The flexible sensor of Configuration 3 consists of a dumbbell-shaped matrix of 230 mm 

x 35 mm x 2 mm (with the narrow portion of 180 mm x 8 mm) encapsulating and an 

array of 4 FBGs with acrylate-recoating. 

All the proposed systems were encapsulated into a frame of Dragon Skin™ 20 silicone rub-

ber (Smooth-On, Inc. USA). Dragon Skin™ 20 has been chosen for its flexibility, stretchability, 

low tearing and distortion, and a wide range of service T (-53°C to 232°C) broadly covers the 

operating T values experienced in the application of interest [364].  

The fabrication process of each flexible sensors consists of the following main steps: 

1. Part A and Part B are mixed in an equal amount of weight (stoichiometric ratio 1A:1B, 

as suggested in the technical bulletin [364]); 

2. The mixture was degassed using a vacuum chamber to promote the spillage of air 

trapped during mixing;  

3. After vacuum degassing, the mixture was slowly poured into a custom 3D-printed mold 

(see Fig. 4:17) in which the FBG, placed at the midsection, is fully housed;  
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FIGURE 4:17. (A) The CAD of the mold used for the rectangular-shaped flexible sensor, (B) the one for the dumbbell-shaped sensor, 
and (C) the mold for the dumbbell-shaped sensors with 4 FBG. 

 

4. Dragon Skin vulcanization was carried out at room T for four hours (as suggested in the 

technical bulletin [364]); 

5. The flexible sensor was extracted from the mold. 

 

 Before investigating the performance of each wearable system in terms of cardiorespira-

tory monitoring, the response of the FBG-based flexible sensors to ε, under cyclic loading at 

velocities mimicking fR and HR values and the influence of external agents (such as environ-

mental ΔT and ∆RH, and sweating, for instance, caused by a high level of stress, anxiety, and 

intense workout) are assessed.  

By way of example, the metrological characterization of the rectangular-shaped flexible sen-

sor of Configuration 1 is described5 [365].  For all the other configurations, the same procedure 

was followed. 

The characterization of the flexible sensor to controlled ε was performed by means of a tensile 

testing machine (Instron, mod. 3365). In particular, the static assessment was executed by po-

sitioning the sample between the lower base and the upper fixture of the machine at room T. A 

low displacement rate (i.e., 2 mmmin-1) was set to simulate quasi-static conditions, as well as 

ε%max of 2% in order to cover the ε range which could be experienced by the sensor in the 

applications of interest. The static assessment started from a resting position and ended at the 

position (lmax) corresponding to ε%max. The ε applied by the testing machine to the polymeric 

 

5 This work is an excerpt from “Wearable system based on flexible FBG for respiratory and cardiac monitoring” in which thw 
Ph.D. candidate is the main author. doi: 10.1109/JSEN.2019.2916320 

 

Tesi di dottorato in Scienze e ingegneria per l'uomo e l'ambiente, di Daniela Lo Presti, 
discussa presso l’Università Campus Bio-Medico di Roma in data 9/04/2021. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



Chapter 4 -Wearable systems based on FBGs: design, fabrication, and feasibility assessment 

126 

encapsulation (ε) was recorded at the sampling frequency of 10 Hz while the FBG outputs were 

collected by using an optical spectrum interrogator (si425, Micron Optics Inc., USA) at the sam-

pling frequency of 250 Hz. 

This mechanical test was implemented three times.  The calibration curve (ΔλB vs. ε) was ob-

tained by processing the collected data through a custom algorithm. The mean value of ∆λB and 

the related uncertainty was calculated across the three tests. The expanded uncertainty was 

estimated by multiplying the standard uncertainty with the coverage factor (k=4.303) obtained 

considering a t-student distribution with two degrees of freedom and a confidence level of 95% 

[366]. The calibration curve was calculated as the best fitting line considering the average ∆λB 

vs. ε. The Sε of 0.125 nmmε-1) was estimated as the slope of the best fitting line (see Fig. 4:18 

a). The trade-off between the experimental data and the linear model was confirmed by the 

high value of the correlation coefficient (R2=0.994). 

Regarding the influence of ∆T, it was analyzed to estimate the ST. The sensing element was 

positioned within a laboratory oven (PN120 Carbolite®) and exposed to ∆T of ~20 °C (T 

ranged from 26 °C to 46 °C). During tests, reference values of T were collected by a thermocou-

ple (EL-USB-TC-LCD, EasyLog, Lascar Technology) at 10 Hz while the FBG at the sampling fre-

quency of 1 Hz. 

The value of ST was also conceived as the slope of the best fitting line of the calibration curve 

ΔλB vs. ∆T. Results showed a value of ST (i.e., 0.012 nm°C-1) close to the value reported by the 

manufacturer for a nominal identical bare FBG (i.e., ST=0.010 nm°C-1) as shown in Fig 4:18 b. 

The slight increase of sensitivity value can be due to the thermal expansion coefficient of the 

silicone-based elastomers larger than the one of the fiber silica. Thus, when exposed to ∆T, the 

polymeric matrix expands itself and, in turn, stretched the grating [367]. 

Concerning the influence of RH on the response of the sensing element, it was carried out by 

placing the piece within a custom climatic chamber. The output of a commercial RH sensor 

(HIH 4602A, Honeywell International Inc., Morristown-USA), used as a reference instrument, 

was collected by a DAQ (USB-6009, National Instruments) at the sampling frequency of 100 

Hz, and RH ranged from 10% to 70%. The FBG outputs were collected simultaneously at the 

sampling frequency of 1 Hz. The T within the chamber was also measured by a thermocouple 

(EL-USB-TC-LCD, EasyLog, Lascar Technology) at the sampling frequency of 1 Hz. Results 

showed a non-linear response to ∆RH and SRH almost negligible (Fig. 4:18 c). This result cor-

roborates the fact that the influence of ΔRH on the sensor response is negligible. This is ex-

pected, considering that the Dragon Skin is a silicone rubber, commonly known for good hy-

drophobicity [368].  
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In addition, a set of experiments was performed to mimic challenging conditions the wearable 

system once worn, may be exposed to sweat. In order to simulate these conditions, the flexible 

FBG was immersed inside a plate filled with water. A nominal identical bare FBG was also 

tested to compare the two systems response and figure out whether the encapsulation influ-

enced the flexible FBG response. The sensors’ output was collected for ~1200 s after the im-

mersion. The results showed no drifts of the outputs, corroborating the suitability of the pro-

posed FBG sensor to work as a strain sensor in challenging conditions (see Fig. 4:18 d). 

 

FIGURE 4:18. Results of metrological characterization: response to ε (a), T (b), RH (c), and water immersion (d). 

 

Lastly, considering the periodical pattern of the respiratory and cardiac activities, the flexible 

sensors underwent two dynamic tests consisting of 10 hysteresis cycles at different velocities, 

which allow simulating fR of 10 bpm and 20 bpm. For Configuration 2 also velocity simulating 

36 bpm was added, and for Configuration 3, velocities simulating heart pumping at 30 bpm, 60 

bpm, and 90 bpm were applied since this configuration is intended to be used especially for 

cardiac investigations (HR measurement and SCG monitoring).   
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Data from the tensile machine were at the sampling frequency of 100 Hz, while the FBG output 

was collected by an optical spectrum interrogator (si425, Micro Optics Inc.) at the sampling 

frequency of 250 Hz.  

The herr of each test was calculated starting from the difference between the value of FBG wave-

length changes during the ascending and descending phases (i.e., Δ𝜆𝐵
𝑢𝑝(휀) − Δ𝜆𝐵

𝑑𝑜𝑤𝑛(휀)) of each 

hysteresis loop at the same ε (expressed in %); then, the maximum value of this difference was 

computed and divided by the Δ𝜆𝐵
𝑓𝑢𝑙𝑙−𝑠𝑐𝑎𝑙𝑒

 of each loop as: 

%ℎ𝑒𝑟𝑟 =
𝑚𝑎𝑥[𝛥𝜆𝐵

𝑢𝑝(휀) − 𝛥𝜆𝐵
𝑑𝑜𝑤𝑛(휀)]

𝛥𝜆𝐵
𝑓𝑢𝑙𝑙−𝑠𝑐𝑎𝑙𝑒

∙ 100 

Equation 4:7 

 

Results for the rectangular shape showed a %herrmax of 21.4% and 26.7% for 10 bpm and 20 

bpm, respectively (see Fig. 4:19). The %herrmax values are quite large. These results can be ex-

plained considering the viscoelastic behavior of polymers [369]. 

 

 

FIGURE 4:19. Hysteresis loops at velocities simulating 10 bpm (black loops) and 20 bpm (blue loops).  

 

From the results of the metrological characterization, the influence of ΔT, ΔRH, and water 

immersion on the sensor response can be considered negligible for two main reasons: i) 

these parameters have a slower dynamic than the one related to the cardiorespiratory ac-

tivity; ii) the silicone matrix shields the FBGs from environmental agents. In particular, the 

low thermal conductivity of silicone materials prevents the significant influence of ΔT on 
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the FBG output and the water-repelling capability protects the encapsulated sensors from 

the effect of RH or sweating. Hence, these sensing elements work as strain sensors. 

The Sε and the %herrmax values for all the configurations are listed in Table 4:7. 

 

 

TABLE 4:7 

 

 

Configuration 1: A wearable system instrumented by rectangular-shaped flexible 

sensors with a single FBG6 

The proposed study aimed to assess the capability of a wearable system consisting of two 

elastic bands instrumented by rectangular-shaped flexible sensors for cardiorespiratory mon-

itoring. Firstly, tests were performed in a laboratory environment using a flowmeter and a PPG 

sensor as benchmarks for respiratory and cardiac activity, respectively. Then, the proposed 

wearable system was tested during sports activity (i.e., archery).  

Two nominally identic rectangular-shaped flexible sensors were used to develop a smart 

textile consisting of two elastic bands (600 mm x 40 mm x 2.1 mm, 10 kg of resistance, and 

100% of polyamide) worn around the thorax and the abdomen, respectively. The fit of each 

band was adjusted by the VELCRO® fastener. Each flexible sensor was anchored to the band 

using 4 automatic bottoms, one FBG in correspondence with the xiphoid process and the other 

one above the umbilicus. The use of anatomical landmarks allows the FBGs to be worn on the 

same measurement points. Each sensor consists of an FBG (Bragg wavelengths λB of 1541 nm 

 

6 This work is an excerpt from “Cardio-Respiratory Monitoring in Archery Using a Smart Textile Based on Flexible Fiber Bragg 
Grating Sensors” in which the Ph.D. candidate is the main author. doi: https://doi.org/10.3390/s19163581 
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for the band around the thorax and 1545 nm for the band the abdomen, grating length of 10 

mm, and reflectivity of 90%; AtGrating Technologies).  

The smart textile was assessed firstly on nine healthy volunteers (four males and five fe-

males, anthropometric characteristics listed in Table 4:8, (CT and CA are the thoracic and ab-

dominal circumferences) during tests carried out in a laboratory environment and then on two 

archers during the shooting in a real scenario. 

TABLE 4:8 

 

 

Focusing on the laboratory tests, each participant was asked to perform a protocol consist-

ing of three main phases: i) a short apnea useful to synchronize the reference instruments and 

the FBG outputs; ii) 16 quiet breaths; iii) a final apnea as long as each volunteer can. 

The flexible sensors were positioned in correspondence with the xiphoid process and in corre-

spondence with the umbilicus (see Fig. 4:20). Each FBG embedded into the smart textile (FBGT 

for the band around the thorax and FBGA for the band around the abdomen, a box in Fig. 4:20) 

was connected to an optical spectrum interrogator (si425, Micron Optics Inc., b box in Fig. 4:20) 

that worked at the sampling frequency of 250 Hz. The reference signal for the respiratory ac-

tivity was collected by a commercial flow sensor (SpiroQuant P, EnviteC, c box in Fig. 4:20) 

connected to a differential pressure sensor (163PC01D75, Honeywell). The output of the ref-

erence system used for the respiratory monitoring was collected by using a DAQ (NI USB-6009, 

National Instrument, d box in Fig. 4:20) and a custom Virtual Instrument developed in Lab-

VIEW® environment at the sampling frequency of 250 Hz. The reference system for the cardiac 

monitoring was a PPG sensor (e box in Fig. 4:20), placed on the index fingertip of the left hand, 

as in [354]. The PPG sensor was input into two other analog ports of the same DAQ used for 

the respiratory monitoring and collected at the sampling frequency of 250 Hz.  

 

 

Tesi di dottorato in Scienze e ingegneria per l'uomo e l'ambiente, di Daniela Lo Presti, 
discussa presso l’Università Campus Bio-Medico di Roma in data 9/04/2021. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



Chapter 4 -Wearable systems based on FBGs: design, fabrication, and feasibility assessment 

131 

 

FIGURE 4:20. The experimental setup. 

 

The collected data were analyzed to estimate fR (during quiet breathing) and HR (during ap-

nea). For each volunteer, data were processed following four main steps:  

1. the outputs of the FBGs and the flow sensor were synchronized by selecting the first 

minimum points (i.e., starting points) after the starting apnea (see Fig. 4:21); 

2. the quiet breathing stage was selected by cutting all the synchronized signals from the 

mentioned starting points and considering all the 16 breaths performed during the 

protocol (Fig. 4:21); 

3. a filtering stage consisting of a second-order pass-band filter (lower cut-off frequency 

of 0.05 Hz and higher cut-off frequency of 0.5 Hz) was applied on both FBGs and flow 

sensor outputs; 

4.  a custom algorithm was used to select the maximum peaks of each signal (Fig. 4:22). 

  

The respiratory periods (i.e., TRA and TCT for the band around the abdomen and the thorax, 

respectively, and TR
FLOW for the flow sensor) were calculated as the time interval between two 

consecutive maximum peaks. Then, the fR values estimated by both the FBGs (i.e., fRA and fRT) 

and the flow sensor (i.e., fRFLOW) were calculated as the ratio between 60 and the respiratory 

period in order to express fR in bpm. 
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FIGURE 4:21. Signals collected during the experimental protocol by the FBG on(A) the abdomen, (B) THE thorax, and (C) the flow-
meter. 

 

The smart textile was assessed in terms of both breath-by-breath and mean fR values. The 

Bland-Altman analysis was performed to describe the agreement between fR values estimated 

by the proposed system and the reference one [370]. This analysis considered all the fR values 

of the enrolled volunteers (i.e., a total of 135 fR values for each Bland-Altman analysis) for the 

calculation of MOD and LOAs. The mentioned analysis was performed considering the data 

provided by each flexible sensor. The mean absolute percentage error in the fR estimation (i.e., 

MAPEfR) was used to compare mean fR values and was calculated as: 

𝑀𝐴𝑃𝐸𝑓𝑅 =
1

𝑛
⋅ ∑

|𝑓𝑅
𝑠𝑚𝑎𝑟𝑡_𝑡𝑒𝑥𝑡𝑖𝑙𝑒−𝑓𝑅

𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒|

𝑓𝑅
𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 ⋅ 100  

Equation 4:8 

with 𝑓𝑅
𝑠𝑚𝑎𝑟𝑡_𝑡𝑒𝑥𝑡𝑖𝑙𝑒and 𝑓𝑅

𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 the values of the fR obtained by the proposed system and the 

reference one, respectively. 
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FIGURE 4:22. The peaks detection. 

 

Results of the breath-by-breath analysis are shown in Fig. 4:23 and Table 4:9.  

 

 

FIGURE 4:23. The Bland-Altman plots with the linear regression for breath-by-breath fR estimation. 

 

TABLE 4:9 
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The good agreement between the fR values measured by the proposed system and the refer-

ence one is confirmed by the high value of the correlation coefficient for both FBGT and FBGA 

and by the low value of both MOD and MAPEfR. 

The HR estimation during the apnea was performed by following four main phases: 

1. for each trial, the first minimum points after the holding of breath were selected on the 

FBGs output to define the starting point of the apnea stage for the FBGs and the PPG 

sensor; 

2. the same time interval (i.e., 10 s) was chosen to estimate HR of all the volunteers during 

the apnea (see Fig. 4:24);  

3. a fourth-order Butterworth pass-band filter with a lower cut-off frequency of 0.6 Hz 

and a higher cut-off frequency of 20 Hz was applied to the signals. This band of fre-

quency was chosen according to the frequency components of vibrations induced on 

the chest wall by the blood flow ejection into the vascular bed [371];  

4. a custom algorithm was used to select minimum peaks (blue markers in Fig. 4:25) on 

each filtered FBG signal. The beat-by-beat cardiac period (TC) from the FBG outputs 

was calculated considering the minimum peaks, as the time elapsed between two con-

secutive minimum peaks (TCT and TCA from the band around the thorax and the abdo-

men, respectively). Minimum peaks were chosen because easier to be detected on the 

filtered FBG signals automatically. Beat-by-beat cardiac periods were calculated con-

sidering the time interval between two consecutive maximum peaks on the filtered PPG 

signal (TCPPG). The HR values (i.e., HRA, HRT, and HRPPG) were calculated as the ratio be-

tween 60 and TCT, TCA, and TCPPG; in this way, HR is expressed in bpm. 

 

 

FIGURE 4:24. A zoom on the apnea stages collected by FBGs and PPG sensor. 
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FIGURE 4:25. The peak detenction. 

 

The smart textile capability of monitoring HR was assessed in terms of beat-by-beat and mean 

HR values. The Bland-Altman analysis was performed comparing HR values estimated by the 

proposed system and the reference one, considering all the volunteers for a total number of 

149 beats. The mean absolute percentage error (i.e., MAPEHR) was also calculated as follows: 

 

𝑀𝐴𝑃𝐸𝐻𝑅 =
1

𝑛
⋅ ∑

|𝐻𝑅𝑠𝑚𝑎𝑟𝑡_𝑡𝑒𝑥𝑡𝑖𝑙𝑒−𝐻𝑅𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒|

𝐻𝑅𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 ⋅ 100  

Equation 4:9 

 

with 𝐻𝑅𝑠𝑚𝑎𝑟𝑡_𝑡𝑒𝑥𝑡𝑖𝑙𝑒and 𝐻𝑅𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 values estimated by the smart textile and the PPG sensors, 

respectively. Results of the beat-by-beat analysis are shown in Fig. 4:26 and Table 4:10.  

 

 

FIGURE 4:26. The Bland-Altman plots with the linear regression for beat-by-beat HR estimation 
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The good agreement between the fR values measured by the proposed system and the refer-

ence one is confirmed by the high value of the correlation coefficient for FBGT and FBGA and 

the low value of both MOD and MAPEHR. 

TABLE 4:10 

 

 

After assessing the system performance in terms of the capability of cardiorespiratory mon-

itoring in a laboratory environment, the proposed wearable system was also tested on two 

archers (a male and a female) for application in a sport setting. Their anthropometric charac-

teristics are listed in Table 4:11.  

 

TABLE 4:11 

 

 

In archery, the control of breathing and heart beating is crucial to help the body to remain 

stable in the shooting position. To improve body stability, archers try to adopt similar breath-

ing patterns and low heartbeat during each shot. The shooting action can be separated into 

three main phases: set-up, aiming, and release. During the set-up phase, shoulders are brought 

in line with the target, hips are rotated forward, and the hand position on the bow grip is set-

up. During the aiming phase, the focus is completely diverted to the target, and the alignment 

of bow-sight-target is performed. The shooting of the arrow takes place in the release phase.  

In these tests, the two archers were invited to perform two shooting sessions. Each session 

consists of six arrows to be shot in 5 minutes at designed 70 m targets. The first session is a 

practice round. In this round, the arrows are shot at the beginning and do not count as part of 

the score. Instead, the second one is a scoring round with an awardable maximum score of 60 

points (10 points for arrow).  

During each shooting session, archers wore the flexible sensors on the same positions investi-

gated during tests on volunteers (see Figure 4:27). The optical spectrum interrogator (si425, 
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Micro Optics Inc.) for the acquisition of the FBGs output was placed at 3 m of distance from the 

archer. The sampling frequency was 250 Hz. Since the smart textile assessment was previously 

performed on volunteers during in-lab tests, no reference instruments were used during the 

shooting action to not impair the archer's movements. 

 

 

FIGURE 4:27. The experimental setup during shooting. 

 

Changes of FBGT and FBGA output of the two practice shooting sessions are plotted in Fig. 4:28.  

The analysis was performed by selecting FBGT output because the respiratory acts and the 

shooting phases are clearly discernible, while FBGA output has a more irregular trend (see Fig. 

4:28). FBGT output changes were analyzed following three main steps: 

1.  the six shooting actions were selected, as shown in Fig. 4:28; 

2. for each shooting action, the signal related to the aiming phase was filtered, and its 

minimum peaks were detected to calculate the HR values (Fig. 4:29);  

3. the signal related to the breathing activity which precedes the shooting actions was 

filtered, and its maximum peaks were detected to estimate the fR values. The filtering 

stage, the peak detection algorithm, and the fR and HR estimation were carried out as 

in Section 3. Results in terms of fR and HR for all the four trials are summarized in Table 

4:12. 

 

 

Tesi di dottorato in Scienze e ingegneria per l'uomo e l'ambiente, di Daniela Lo Presti, 
discussa presso l’Università Campus Bio-Medico di Roma in data 9/04/2021. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



Chapter 4 -Wearable systems based on FBGs: design, fabrication, and feasibility assessment 

138 

 

FIGURE 4:28. Shooting actions performed by archer 1 and archer 2. 

 

 

FIGURE 4:29. The phases of a single shooting action and the collected signal. 
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TABLE 4:12 

 

  

The main novelties of this investigation were the assessment of the custom wearable system 

on volunteers for monitoring of both respiratory and cardiac activities and its application in 

archery during shooting sessions.  In the literature, FBGs encapsulated into flexible materials 

for cardiorespiratory monitoring were mainly proposed for clinical applications (e.g., during 

magnetic resonance exams). These technological solutions consist of FBG sensors encapsu-

lated into polydimethylsiloxane, PDMS [372], polyvinyl chloride, PVC [229], and fiber-

glass[373]. In [372], an FBG was encapsulated into PDMS matrix (dimensions: 85 mm x 85 mm 

x 5 mm). Tests were carried out by positioning the sensing element on the back of two males 

and two females during MR examination. Results showed maximum relative errors of 4.41 % 

and 5.86% for respiratory and cardiac monitoring, respectively. In [22], an FBG was housed 

into fiberglass matrix (dimensions: 30 mm x 10 mm x 0.8 mm).  

The accuracy of the proposed sensor was characterized by relative error < 4.64% for fR and 

< 4.87% for HR. In the present study, tests performed on volunteers showed promising results 

in both the estimation of both fR and HR (i.e., MAPEfR ≤ 1.97% and MAPEHR ≤ 5.74%). Focusing 

on the shooting sessions, results showed that the proposed system can detect all the six shoot-

ing actions and, in turn, monitor fR during the breathing activity and HR during the aiming 

phase. In the literature, commercially available devices able to monitor only one of these pa-

rameters (fR and HR) were used on archers [374] [2], [376], and [377]. All these studies showed 

that both fR and HR are important, and they influence archers’ performances.  
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Configuration 2: A wearable system instrumented by dumbbell-shaped flexible sen-

sors with a single FBG7 

The proposed study aimed to monitor fR in an occupational setting while mimicking real 

working tasks. The fR is considered one of the most reliable worker mental load and fatigue 

state indicators that may lead to work injuries. Monitoring this parameter through wearable 

devices represents an efficient solution for the maintenance of Occupational Health and Safety.  

This study proposed a wearable system consisting of two elastic bands instrumented by 

four dumbbell-shaped flexible sensors. Each sensing element consists of a commercial PI-

coated FBG encapsulated into a Dragon Skin ™ 20 matrix. The choice of PI as fiber coating in-

stead of acrylate is motivated by the higher flexibility and handiness of PI-recoated optical fiber 

[378]. The size and shape of the encapsulating matrix were chosen to enhance the flexible sen-

sor sensitivity to uniaxial ε and improve the adhesion of the FBG to the band, resulting in a 

better compliance with the rib cage displacement. [379]., 

The anchorage of the flexible sensors to the band is performed thanks to two 3mm-diameter 

holes interspaced by 5 mm on the ends of the matrix. In this way, no matrix cracks and lacera-

tions occur because of the implementation of a bonding mechanism (e.g., automatic buttons) 

after the polymer vulcanization. Each band has a length of 1 m with two Velcro® straps to make 

it suitable for different anthropometric characteristics. Two multiplexed flexible dumbbell-

shaped sensors with λB values of 1549 nm and 1557 nm were anchored on each band using 

four hooks handsewn on the fabrics and two rectangular pad plates with two loops each. The 

rectangular-shaped pad plates are provided (55 mm x 10 mm x 2 mm) with two u-shaped loops 

(3 mm of diameter) to join a hook couple.  

The hooks-and-loops anchoring system allows the flexible sensor to be placed on the band 

along a specific direction after its dressing around the chest (i.e., on the thorax and the abdo-

men). The locking of the flexible sensor to the pad plates is performed by clamping the matrix 

ends of each sensor between the pad plate in contact with the back surface (back pad plate in 

Fig. 4) of the sensor and an additional smaller rectangular plate (21 mm x 10 mm x 2 mm) on 

the front (front plate in Fig. 4:30).  

 

7 This work is an excerpt from “A wearable system based on flexible sensors for unobtrusive respiratory monitoring in occupa-
tional settings” in which the Ph.D. candidate is the main author. doi: 10.1109/JSEN.2020.3036443 
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FIGURE 4:30. The wearable system with a zoomed detail of the anchoring system. The front rectangular plate is highlighted, the 
back-pad plate with U-shaped loops in dotted line, hooks in yellow. 

 

The developed system was assessed on ten healthy volunteers with the following age and an-

thropometric features expressed as mean ± standard deviation: age of 28 ± 4 years old, height 

of 165 ± 9 cm, body mass 61.5 ± 10.5 kg, and chest circumference 87.7 ± 9.7 cm.  

 

FIGURE 4:31. The experimental setup. 

 

Each volunteer was invited to wear a tight shirt and stand still while an operator helped 

him/her to wear the wearable system. In particular, two stretchable elements were tightened 

with some Velcro strips around the subject’s torso in thoracic and abdominal positions, respec-

tively. Then, two sensing elements (each of which embeds two flexible sensors) were securely 

anchored upon the two elastic bands via the adjustable systems of hooks fixed at the extremi-

ties of the sensors. The experimental setup is shown in Fig. 4:31.  

An FBG interrogator (Hyperion si255, Micron Optics) was used to collect FBGs outputs at the 

sampling frequency of 100 Hz. To assess the performances of the wearable system, we used as 
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a reference instrument a commercial variable orifice flowmeter (SpiroQuant P by EnviteC, 

Honeywell), which provides a restriction to the airflow allowing transducing the flowrate in a 

pressure drop between two static taps. The flowmeter has been coupled with a differential 

pressure sensor (163PC01D36, Honeywell), which transduces the pressure drop into a voltage. 

This voltage is then recorded using a custom electronic board embedding a 12-bit analog-to-

digital converter (ADC MAX 1239 by Maxim), a microcontroller (STM32F446RET by STMicro-

electronics), and a Bluetooth module (SPBT2632C2A by STMicroelectronics) for wireless data 

transmission at 100 Hz. The box containing the pressure sensor and the data acquisition board 

was placed in the sternal position with some stripes of adhesive polymeric tape, and the flow-

meter was placed at the volunteer’s mouth with the help of a commercial breathing mask.  

To pilot the experimental protocol, two Graphical User Interfaces (GUIs) were developed in 

LabVIEW (National Instruments, TX, USA). The first GUI was used to synchronize and save the 

outputs readout of the wearable system, namely the FBGs, and the benchmark, namely the 

flowmeter. The other GUI has been implemented to make the experiment clearer to the partic-

ipant and improve engagement during the test, guiding the subject to perform the current task 

associated with an image as a virtual instructor. The subject was then instructed on the move-

ments to be executed and invited to follow the sequence of images displayed in the GUI. Two 

progress bars were used to indicate respectively, the number of tasks to complete the protocol 

and the remaining time to complete the current task. 

The following trials were tested during five protocols (Fig. 4:32): 

1st. A time interval of 60 s of eupnea and 60 s of tachypnea, both in standing, sitting, and 

supine static postures; 

2nd. A time interval of 120 s of self-paced walking;  

3rd. Cyclical changes of three different postures (i.e., standing, sitting, and prone), keeping 

each position for 30 s; 

4th. Isolated upper limbs and trunk movements (i.e., frontal bending of the trunk, maximum 

right torsion of the trunk, maximum left torsion of the trunk, maximum arms up, lateral lifting 

of the arms, and frontal lifting of the arms), keeping each position for 10 s; 

5th. Combination of different upper limbs and trunk movements consecutively performed 

(i.e., starting from a standing position, grab a target item laterally placed on the ground -on the 

left and the right-, move it frontally on a rack and then replace it back on the ground), repeating 

each cycle four times. 
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The experimental design of the presented protocol aimed at assessing the ability of the sensing 

system in tracking the subjects’ breathing activity in selected static and dynamic conditions 

characterizing working settings. Specifically, trial 1 aims at evaluating fR in the absence of body 

motions, while trials 2, 3, and 4 aim at estimating fR during the execution of dynamic tasks. 

Finally, trial 5 aims at investigating the performances of the wearable in a real working sce-

nario, mimicking some typical working tasks.  

 

FIGURE 4:32. From top to bottom, the five designed protocols. Each box is colored as the icon representing the activity performed 
by the volunteer during the execution of the protocol. The activities are: A) standing, B) sitting, C) supine, D) walking, E) lateral 
lifting of the arms, F) front lifting of the arms, G) maximum arms up, H) maximum right torsion of the trunk, I) maximum left 
torsion of the trunk, J) front bending of the trunk, K) lifting an item from the ground on the left, L) moving the item from left to 
right, M) lifting an item from the ground on the right and N) moving the item from right to left. 
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The acquired data have been processed offline in MATLAB by the following steps: 

1. The reference instrument signal has been filtered using a 3rd order Butterworth band-

pass filter with a low cutoff frequency of 0.05 Hz and a high cut-off frequency of 2 Hz.  

2. The 4 FBG signals have been summed together and then filtered using a 3rd order But-

terworth bandpass filter with a low cutoff frequency of 0.05 Hz and a high cutoff fre-

quency of 2 Hz.  

3. fR estimation. The fR value has been estimated by identifying the inspiratory maxima 

peaks and then calculating the reciprocal of the averaged time differences between 

consecutive peaks, thus obtaining 𝑓𝑅
𝑟𝑒𝑓

(𝑖) and 𝑓𝑅
𝐹𝐵𝐺(𝑖)  

In this process, the detection of maxima peaks is crucial. Therefore, given the variability of the 

respiratory ranges within each trial, the identification of maxima peaks has been performed by 

considering a moving time window of 15 s for each sampling point (Fig. 4:33).  

 

FIGURE 4:33. The moving window used to estimate fR. 

Therefore, identifying an instantaneous fR value for both the reference and the wearable sys-

tems, which averaged in the i-th time window, allows obtaining fR
ref(i) and fR

F G(i). Finally, we 

averaged fR
ref(i) and fR

F G(i) obtaining 𝑓𝑅
ref̅̅ ̅̅ ̅ and 𝑓𝑅

𝐹𝐵𝐺̅̅ ̅̅ ̅̅ ̅ for each protocol.  

To assess the overall performance of the system for each protocol, we also calculated the mean 

𝑓𝑅
ref̅̅ ̅̅ ̅ and 𝑓𝑅

𝐹𝐵𝐺̅̅ ̅̅ ̅̅ ̅ among all volunteers. Results are listed in Table I in  [380]. 

To evaluate the proposed wearable device's performance compared to the reference instru-

ment, the percentage error (%efR) has been computed as in the following equation. 
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%𝑒𝑓𝑅 = 
𝑓𝑅

𝐹𝐵𝐺̅̅ ̅̅ ̅̅ ̅ − 𝑓𝑅
𝑟𝑒𝑓̅̅ ̅̅ ̅̅

𝑓𝑅
𝑟𝑒𝑓̅̅ ̅̅ ̅̅

 ∙ 100 
 

 

Equation 4:10 

 

The average %efR and the absolute percentage error |%e𝑓𝑅| have been computed for each 

subject and protocol. The overall results are listed in [380]. 

 

The proposed wearable system showed a proper match with the reference instrument as tes-

tified by both the 𝑓𝑅
ref̅̅ ̅̅ ̅ and 𝑓𝑅

F G̅̅ ̅̅ ̅̅ values and the %efR values. Indeed, the %efR was lower than 5% 

in all volunteers except for volunteer 2 during the third protocol, in which the error was of 

9.9%. Regarding the average errors, values ranging from -0.33 % and 3.38 %, and from 1.0 % 

and 4.2% were found for %efR and |%e𝑓𝑅| , respectively. 

The main strengths of the proposed study rely on: i) the PI fiber recoating, which improves 

the robustness of the optical fiber and reduces the slippage between the coating and cladding 

than the acrylate one; ii) the dumbbell shape, which allows better adhesion of the sensing part 

to the band, a well-anchorage of the sensors through the wider matrix ends, a well-compliance 

to the chest wall displacement and the optimization of the tensile strength concentration in the 

narrow portion of the flexible matrix; iii) the good performance of the wearable system in the 

fR estimation during simulating working activities.  

The lower Sε value of the proposed sensor than the one of the FBG sensor encapsulated into a 

rectangular-shaped matrix (0.08 nm·mε −1 vs. 0.20 nm·mε −1) described in the previous works 

may be explained considering that there may be a weaker bonding between Dragon Skin™ and 

PI coating than between Dragon Skin™ and acrylate (i.e., materials used in [38]). However, the 

proposed sensors showed high inter-subject variability. Otherwise, ST values are comparable. 

Lastly, lower %herr values suggest a lower energy dissipation in the dumbbell-shaped one than 

in the rectangular.  

The similar system proposed and tested on archers for respiratory and cardiac monitoring 

showed performance of the flexible rectangular-shaped sensors slightly higher than the ones 

of the wearable system proposed in this study (in the worst case, %efR < 1.97 % vs. 5%), but 

the scenario of interest is different. Indeed, in those experimental trials, fR is monitored during 

a precision sport (i.e., archery), which requires stable chest maintenance and slow/quiet 

breathing with apnea stages during the arrow release. Otherwise, in this study, the system was 

tested during more challenging working activities where breathing-unrelated movements oc-

cur and may affect its performances. 
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Configuration 3: A wearable system instrumented by a dumbbell-shaped flexible sensor 

with multiple FBGs 

The continuous monitoring of the patient’s heart beating is very useful since cardiac dis-

eases are the leading cause of death worldwide. In the last decades, electrocardiography and 

photoplethysmography have been used as dominant cardiac monitoring techniques. ECG elec-

trodes greatly limit the user's mobility, while PPG sensors are very susceptible to motion arti-

facts caused by hand movements that affect the accuracy in HR estimation during daily routine 

activities. The proposed configuration was developed with the aim of using a flexible sensor as 

a promising alternative technique for recording the vibrations/displacements induced by the 

heart pumping on the chest surface. 

The proposed wearable system consists of a custom-made fiber optic array of 4 FBGs 

equally spaced of 2 cm, and encapsulated in a flexible polymer. Each sensing element consists 

of an FBG with a different Bragg wavelength (λ 
F G1 =1525 nm,  λ 

F G2 = 1533 nm, λ 
F G3 = 

1541 mm, and λ 
F G4 = 1549 nm, with a grating length of 10 mm). 

The preliminary assessment of the system performance was performed on a healthy volun-

teer. He was asked to lay on a mattress in a supine position with the flexible sensor taped on a  

t-shirt with three electrodes placed underneath to collect the reference ECG signal. The SCG 

waveforms were recorded in twelve different measurement sites. Four sites were recorded 

simultaneously, so three different trials were carried out by positioning the sensor as in 

Fig.4:34 (i.e., horizontally on the sternum left side, vertically between the xiphoid process and 

the umbilicus, and horizontally above the umbilicus). Data from the flexible sensor were col-

lected using an optical spectrum interrogator (si255 based on HYPERION platform; Micron Op-

tics Inc.) at the sampling frequency of 1 kHz. Simultaneously, an AD8232 ECG sensor was used 

as a gold standard to record the ECG waveform. 

During the experiments, the volunteer was invited to hold his breath for approximately 20 sec-

onds after lung inflation at his maximum inspiration volume to emphasize the vibrations ex-

clusively originated from the mechanical heart activity. 

A custom algorithm was developed in MATLAB environment and used to synchronize and 

properly filter the collected data. A band-pass filter between 0.5 and 100 Hz was applied to the 

ECG signal, while the raw FBGs outputs were band-pass filtered in the range 20 Hz - 60 Hz to 

emphasize the mechanical activity of the cardiac aortic and mitral valves. The preliminary re-

sults showed the proposed solution's capability to detect SCG signals in all the measuring sites 

and the peaks related to the opening and closure of the aortic valve AO/AC, mitral valve 
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MO/MC, the isovolumetric moment IM and the rapid ejection RE are clearly identified. Further 

efforts will be devoted to enlarging the sample size, implement methods to identify mechanical 

events automatically, and estimate HR and HRV from SCG waveforms. Moreover, additional 

analysis will be carried out to investigate the influence of the measuring sites on the signal-to-

noise ratio and cardiac events identification. The mechanical events identification coupled with 

the HR estimation (even collected by an ECG device) could open up new insight into the under-

standing of cardiac events and cardiovascular pathologies.   

 

 

FIGURE 4:34. (A) The positioning of the ECG electrodes (RA, LA, and RL) and the flexible sensor (in the three positions: horizontally 
along the left side of the sternum, above the umbilicus, and vertically between the xiphoid process and the umbilicus). The ECG 
signal with the corresponding SCG signals recorded by the 4 FBGs is shown on the right with a zoom on two consecutive beats 
related to the ECG signals and the corresponding SCG signal with the proper fiducial points. (B) the signals collected when the 
sensor is placed vertically (on the left) and horizontally over the umbilicus (on the right).  
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4.1.2 Thermo-hygrometric conditions of respiratory gases 

The development of FBG-based wearable systems for monitoring changes in thermo-

hygrometric conditions of respiratory gases and from them fR is based on the use of active coat-

ings necessary for making FBGs sensitive to RH. This process is known as FBG functionaliza-

tion.  

Several materials have been proposed in the literature to coat optical gratings with thin 

active films. Among them, hygroscopic synthetic (e.g., PI, PMMA, SiO2, TiO2) and natural poly-

mers (Agar, Agarose, and Chitosan) have been the most useful [239].  As for the encapsulated 

FBG, a metrological characterization of these sensing elements is mandatory after the fabrica-

tion processes to retrieve SRH as well as the response times (τf τs and τ63 ) considering the dy-

namics of the phenomena under investigation.  
 

The following section presents two configurations of systems based on functionalized 

FBGs: 

 

Configuration 1: A smart needle encapsulating a 1 wt% agar-coated FBG for RH and fR 

monitoring. 

Configuration 2: An MR-compatible wearable system based on a silicone matrix encap-

sulating a 1 wt% agar-coated FBG for fR monitoring. 

 

To assess both these configurations' performances, a mechanical ventilator and a spirom-

eter were used as reference instruments for Configuration 1 and a MoCap system for Configu-

ration 2. 

 

Before describing each configuration and the achieved results, a look inside at the design, 

the fabrication, and the metrological characterization of the functionalized FBGs is necessary. 

Moreover, the influences of coating polymer wt% and tk on the sensor performances are also 

investigated. These results guided the development of a high performant sensing solution able 

to work in the breathing zone for respiratory monitoring. 

 

Design, fabrication, and metrological characterization 

Agar was chosen as an active coating in both the configuration thanks to its low tendency 

to evaporate, its biocompatibility, and its good adhesion to silica. Agar is made of agarose, the 

component with excellent gelling ability, and agaropectin, in different proportions, commonly 

75% of agarose and 25% of agaropectin. Agarose is a linear and neutral polysaccharide whose 
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linear chains arrange themselves into double helixes. Three-quarters of hydroxyl groups in 

each helix structure can interact with other helixes or solvents through hydrogen bonds, while 

one-quarter is directed internally and can interact with water molecules trapped inside the 

helix. Agaropectin, instead, is characterized by poor gelling ability [381]. Agar is soluble in hot 

water, and the solution forms a gel on cooling to about 35–45 °C, which does not melt below 

85°C [382].  
 

The agar-based FBG functionalization was usually carried out, following four steps: 

1. A bare FBG sensor is cleaned by using ethanol alcohol for enhancing the polymer adhe-

sion to silica;  

2. The sensor was placed into grooves of a 3D-printed mold. The straightness of the sens-

ing part is important to achieve a uniform coating and to avoid polymer adhesions on 

the internal surface of the mold. Thus, FBG is keeping straight by two magnet clips that 

grasped the optical fiber on either side. Then, an adhesive tape is used to block the fiber 

tips, and the clips were removed; A negligible ε is induced; 

3. The agar-based solutions are deposited on the FBG sensing part; 

4. The drying process is carried out at controlled environmental conditions to avoid rapid 

changes in the drying kinetics, affecting the polymer cross-linking [383]; 

5. After 48h, the last two steps (3 and 4) were repeated to achieve better coverage.  

Before developing systems of Configuration 1 and 2, the metrological properties of func-

tionalized FBG should be retrieved, and the influences of wt% and tk on the sensor responses.  

 

In my Ph.D. activity, the influence of two agar concentrations (i.e., 1wt% and 2wt% dis-

solved in distilled water) and four different tk values were investigated8.  

The functionalization of FBGs was carried out by using two 3D-printed molds. Each mold 

is constituted of two parallelepiped-shaped molds in which FBGs were located (with λB=1541 

nm for agar 1 wt% and λB=1549 nm for agar 2 wt%; all FBGs has a sensing length of 10 mm). 

The molds have different square cross-sections (i.e., 0.8mm x 0.8mm and 1.4mm x 1.4mm, re-

spectively) for achieving different tk. Molds are made of ABS (Acrylonitrile Butadiene Styrene) 

[384].  

After the fabrication process (steps 1-5, previously described), tk was evaluated using a digital 

microscope (i.e., Dino-Lite AM4515ZT with 1.3 Megapixels) as shown in Fig. 4:35. Three 

 

8 This work is an excerpt from “Agar-coated fiber Bragg grating sensor for relative humidity measurements: influence of coating 
thickness and polymer concentration nm” of which the Ph.D. candidate is the main author. doi: 10.1109/JSEN.2019.2892900 
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different points along the coated fiber were considered, and an average was calculated to ob-

tain a tk value for each FBG. All tk values are listed in Fig. 4:35. 

 

 

FIGURE 4:35. A digital microscope picture of the coated FBG sensor. All the coatings features are listed in the table. 

 

The influence of tk and wt% was assessed by using the following experimental set-up: each 

FBG is interrogated by an optical spectrum interrogator (sm425, Micron Optics, Atlanta-USA) 

which works at a sampling frequency of 250 Hz. A capacitive-based RH sensor (HIH 4602A, 

commercialized by Honeywell International Inc., Morristown-USA) detects the reference RH 

values. Its output voltage is collected by a data acquisition card (DAQ NI USB-6009, National 

Instruments) at a sampling frequency of 250 Hz. Both FBGs and RH sensors are placed in a 

custom-made climatic chamber, adding a bare FBG for monitoring the Δ T during tests. The RH 

level inside the chamber ranges from RH<10% to RH>95%: the humidification of air is per-

formed by forcing the air to flow inside the humidification chamber of a heated humidifier (red 

line in Fig. 4:36), while the dehumidification bypassing the humidifier (green line in Fig. 4:36) 

and forcing dry air to flow directly inside the climatic chamber. 

 

 

FIGURE 4:36. The experimental set-up. The optical spectrum analyzer (A), the climatic chamber (B), the molds (C), the capacitive-
based RH sensor (D), the bare FBG (E), the humidifier (F), the laptop to check RH reference in LabVIEW environment inside the 
chamber during tests (G), the computer to check the FBG outputs during tests (H), DAQ (I), and the mass flow controller (L). 

 

Tesi di dottorato in Scienze e ingegneria per l'uomo e l'ambiente, di Daniela Lo Presti, 
discussa presso l’Università Campus Bio-Medico di Roma in data 9/04/2021. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



Chapter 4 -Wearable systems based on FBGs: design, fabrication, and feasibility assessment 

151 

To retrieve SRH, the static calibration of the four sensors was performed using the experimental 

set-up described in Fig. 4:36applying RH values from 10% to 95%.  

The step response was evaluated by exposing the agar-coated FBGs to RH step change (∆RH ~ 

26%) at a constant T of approximately 26 °C. Tests were performed bypassing the humidifier 

and forcing dry air inside the chamber. When RH reached a low value (about 10%), the cham-

ber was opened, and sensors were exposed to the environmental condition (RH ~ 32%). The 

acquisition lasted ~ 33 min to allow the FBG with higher agar wt% and thickest coating (i.e., 

Coating 4: 2 wt% and tk = 278 µm) to reach the equilibrium (green curve in Fig. 4:37). 

 

FIGURE 4:37. The RH step response of the four functionalized FBG with the reference. 

 

Before investigating the effects of tk and wt% on sensitivity and response time, the effect 

of the coating deposition process on the reflected FBGs spectra and their features were inves-

tigated. 

A comparison between spectra collected before and after the coating deposition was per-

formed. This analysis was based on the evaluation of the Full Width at Half Maximum (FWHM) 

for each functionalized-FBG to check the preservation of spectrum shape. Indeed, to work 

properly, FBGs must exhibit a narrow and symmetric bell-shaped spectrum centered at λB. 

However, coatings can introduce anisotropic radial compression, which could result in spectral 

broadening. For this reason, potential changes in the coated FBGs spectra were checked. Re-

sults showed FWHM of about 0.3 nm for Coatings 2 and 3 and FWHM of about 0.4 nm for Coat-

ings 1 and 4 before the polymer deposition, while all FWHM increase up to about 0.5 nm for all 

coatings after deposition (see Fig. 4:38). Perhaps, no spectral broadening arose, and no evident 

changes in the spectral shape, which can cause problems on the spectrum interrogator detec-

tion of peaks, were found. Nevertheless, all λB peaks shift to lower values at the end of the dry-

ing process (from a minimum of 0.2 nm to a maximum of 1 nm with tk). 
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FIGURE 4:38. The 4 FBGs spectra before and after the functionalization. 

 

Focusing on the metrological characterization, the static calibration of the four sensors 

showed a linear relationship between ∆RH and ∆λB, as shown in Fig. 4:39. The linear fitting 

model implemented in MATLAB showed good values of the correlation between the experi-

mental data and the model with correlation coefficients R2 especially higher for agar concen-

tration of 2wt% (for 1wt%: R2 of 0.73 and 0.86 for Coating 1 and 2, respectively; for 2wt%: R2 

of 0.97 and 0.99 for Coating 3 and 4, respectively). The linear model was implemented after the 

T-induced shift compensation. 

 

 

FIGURE 4:39. Plots show the agar-based FBGs responses to RH increase after the T compensation. 

 

The detection of ∆T during the increase of RH was performed by using a bare FBG as a reference 

of T: a T increment of 2 °C was evaluated considering its ST (i.e., 0.01 nm/°C), as shown in Fig. 

4:40. 
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FIGURE 4:40. The reference ∆RH on the left and the bare FBG output (expressed as ΔT [°C]) over time on the right. 

 

As evident, the sensors sensitivity increases with tk: at 1 wt%, KRH=0.0024 nm%-1 for 

Coating 1 (tk of 87 µm) and KRH=0.0052 nm%-1 for Coating 2 (tk of 212 µm); at 2 wt%, 

KRH=0.0076nm%-1 for Coating 3 (tk of 118 µm) and KRH=0.0164 nm%-1for Coating 4 (tk of 278 

µm). Focusing on the influence of wt%, the analysis can be performed comparing Coating 2 

with Coating 3. Although Coating 2 is thicker (tk of 212 µm) than Coating 3 (tk of 118 µm), it 

has lower sensitivity (0.0052 nm%-1 vs. 0.0076 nm%-1) due to the lower concentration (1 wt% 

vs. 2 wt%). Results are summarized in Table 4:13 in terms of KRH and SRH and agreed with the 

theoretical analysis of the sensitivity dependence from coating geometrical and mechanical 

properties, as shown in (Eq 3:21). Indeed, the parameters under investigation play a crucial 

role mainly in the cross-section Ac and the Young modulus Ec. As experienced, a thicker tk leads 

to a bigger Ac, and a higher wt% leads to a higher Ec, resulting in an increase of sensitivity. 

 

TABLE 4:13 

 

For the response time estimation, an exponential fitting based on the bilayer model (Eq. 

3:23) was applied to each step change response by setting ws=wf=0.5. The model showed a 

good agreement with the experimental data, as shown in Fig. 4:41, confirmed by the high val-

ues of R2 (see Table 3). To simplify the comparison between sensors with different tk, we plot-

ted the normalized Bragg wavelengths ∆λBnorm obtained by ∆λB/∆λBmax (i.e., the ratio between 

the Bragg wavelength shift from its initial value and the maximum wavelength shift induced by 
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RH change). Additionally, a global response time was evaluated by calculating τ63, useful to 

immediately compare the systems' responses to a step change. 

 

 

FIGURE 4:41. The fitting model of the step responses of all the four FBG sensors. 

 

Results showed that τ63 increases with tk: at 1 wt% it was estimated as 56.7 s for Coating 1 

(tk=87 µm) and 107.6 s for Coating 2 (tk=212 µm); at 2 wt% it was estimated as 143.4 s for 

Coating 3 (tk=118µm) and 328.7s for Coating 4 (tk=278 µm). The influence of wt% can be 

shown by comparing Coating 2 and Coating 3: in spite of Coating 2 thickness (thicker than 

Coating 3), Coating 3 showed a longer τ63 (143.4 s vs. 107.6 s). This result may be explained by 

the higher agar concentration of Coating 3 (2 wt% vs. 1 wt%).  

The values of tk and wt% influence some material properties which play a crucial role on the 

dynamic response: the thicker the coating the bigger the radius, and the bigger the polymer 

concentration the lower its porosity (i.e., fraction of the volume of voids over the total volume). 

As a result, an increase in the response time is obtained. The main reason for this phenomenon 

is due to the coating radius influence on the diffusive processes (bigger is the radius largest is 

the time to reach the equilibrium [329]). At the same time, a reduction of polymer porosity 

causes a higher obstruction to water diffusion resulting in an increase in response time [385]. 

Results are summarized in Table 4:14. 

TABLE 4:14 
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These findings suggest an easy control of wt% than tk during the fabrication process. Thus, the 

following configurations were fabricated using agar at controlled wt% (i.e., 1 wt%) instead of 

2%, considering the faster dynamics and thin coating films.  

 

The overall metrological properties of the following systems are listed in Table 4:15. 

 

TABLE 4:15 

 

 

 

Configuration 1: A smart needle encapsulating a 1wt% agar-coated FBG for RH and fR 

monitoring9 

This configuration was developed aiming at proposing a functionalized FBG-based system 

in an easy-to-use form (a needle) for monitoring both fR and RH. The goal of this study is the 

assessment of the needle performances during mechanical ventilation in monitoring fR and RH. 

The measurement of these two parameters may be useful because of their influence on the 

performance of heat wire humidifiers, which accomplishes the pivotal task of humidifying the 

air delivered by the mechanical ventilator. The performance deterioration increases the risk of 

endotracheal tube occlusion, patient's airway infections, and dehydration [386], [387].  

 

The fabrication of the multi-sensitive system is described in detail in previous work [388]. 

A commercial FBG characterized by 10 mm-length of active part and λB of 1532 nm has been 

embedded inside a needle of 16 gauge of diameter for enhancing its usability, insertion into the 

breathing circuit, and sensor robustness. The needle surface has been pierced with ten holes 

to allow contact between the sensing part and the environment (Fig. 4:42). Then, among hy-

groscopic polymers, a solution of agar 1 wt% dissolved in distilled water has been deposited 

inside the holes for coating FBG and functionalizing the sensor active part as well to make the 

proposed system sensitive to RH. 

 

 

9 This work is an excerpt from “Multi-sensitive FBG-based needle for both relative humidity and breathing rate monitoring” of 
which the Ph.D. candidate is the main co-author. doi: 10.1109/MeMeA.2018.8438658 
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FIGURE 4:42. The developed needle instrumented with a functionalized FBG sensor. 

The needle performances were first tested inside the Y-piece's inspiratory limb, commonly 

used for connecting the patient’s upper airways to the breathing circuit. The T and the RH of 

air are conditioned by a commercial heated wire humidifier (MR850, Fisher & Paykel 

Healthcare-Auckland-New Zealand). This system works to keep the T of the air flowing through 

the Y-piece at approximately 40 °C. Then, the expired air flows back to the ventilator by the 

expiratory limb.  

Regarding the fR monitoring, a ventilator (Siemens SERVO 300A Ventilator) is used for per-

forming eight tests by setting MV and fR, and these values are considered as references. During 

these tests, the FBG-based needle is inserted inside the inspiratory limb, and the humidifier is 

used for keeping the T at ~40 °C (Fig. 4:43 B). Instead, the RH monitoring performed by FBG is 

performed by inserting a reference capacitive RH sensor (HIH 4602A, commercialized by 

Honeywell International Inc., Morristown-USA) in the inspiratory limb for checking the RH lev-

els.  

The experiment consists of three phases:  

1. the ventilation is performed by delivering the dry air of the ventilator to the Y-piece 

(Fig. 4:43 A);  

2. just after the acquisition is started, the heated wire humidifier is inserted in the inspir-

atory limb of the breathing circuit. In this way, the dry air delivered by the ventilator is 

humidified before reaching the Y-piece (Fig. 4:43 B). The ascending phase of RH starts, 

and it is stopped when RH value reaches ~90%;  

3. the inspiratory limb is connected to the ventilator bypassing the humidifier assuming 

the beginning configuration (Fig. 4:43 A). Thus, dry air flows into the breathing circuit, 

and the descending phase of RH starts. Data from the RH sensor are collected using a 

data acquisition board (DAQ NI USB-6009, National Instruments) during these phases. 

The DAQ allows recording and plotting in real-time the RH changes in LabVIEW envi-

ronment; in addition, it supplies the RH sensor at 5V.  
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The FBG-based needle is interrogated by an optical spectrum interrogator (si425, Micron 

Optics, Atlanta-USA) during both fR and RH monitoring. The same system is used for collecting 

the FBG output changes due to the intermittency of the airflow and the RH changes. 

 

Figure 4:43. Experimental set-up of the first and third phases: the ventilator (a), the FBG-based needle (b), the capacitive RH sensor 
(c), the lung simulator (d), the Y-piece (e), the optical spectrum interrogator (f) and the DAQ (g). in fig. 3b experimental set-up of 
the second phase in which the humidifier (h) is added. 

 

During mechanical ventilation, a patient requires ventilator support for breathing, and his 

upper airways are bypassed; thus, the dry air delivered by the ventilator must be humidified. 

This procedure is usually performed by a heated wire humidifier [389]. In this case, the moni-

toring of RH is crucial for avoiding respiratory infections and irritations [390]. In addition to 

that, as known, mechanical ventilation is characterized by an intermittent airflow supplied by 

the ventilator because, during the inspiratory phase, the airflow is present, while during the 

expiratory phase, is absent. It causes periodic fluctuations in the output of the FBG sensor when 

placed in the inspiratory limb of the Y-piece, probably due to mechanical ε induced by air that 

flows intermittency on the sensor. This period can be used to estimate fR, crucial vital sign for 

providing oxygen needed for the tissue metabolism and removing carbon dioxide and metab-

olism waste products.  

The assessment of the FBG-based needle for fR monitoring was evaluated by performing data 

analysis in MATLAB environment. In order to get immediate comprehension of the data anal-

ysis procedure, a workflow is built and shown in Fig. 4:44.  

At first, the whole pattern collected for each MV is split into five parts called 1stfR, 2ndfR, 3rdfR, 

4thfR, and 5thfR according to the fR set for each MV. The numbers 1st, 2nd, 3rd, 4th, and 5th are re-

ferred to 8 bpm, 11 bpm, 14 bpm, 17 bpm, and 20 bpm, respectively. The MV subscripts, 
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instead, are referred to the values of MV set on the ventilator (i.e., 2, 4, 6, 8 according to 2Lmin-

1, 4Lmin-1, 6Lmin-1 and 8 Lmin-1, respectively). 

 

 

FIGURE 4:44. Data analysis workflow. Example of experiment performed at MV= 4Lmin-1. The 120s lasting signal which peak 
detection is applied on, refers to 5thfR4. 

 

Then, peak detection is performed by applying the findpeaks function in MATLAB. As a result, 

minimum and maximum peaks are highlighted on each 120s-lasting ithfR pattern, as shown in 

the workflow at the Peak Detection block. Starting from the respiratory period (TR), evaluated 

as the time that elapses between two following maximum peaks, fR is calculated as 60/TR. As 

previously described, two tests were carried out for each MV: one test during the first stage of 

the experiment and the other during the second stage. The same analysis was performed for 
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each stage and, both of the fR arrays referred to the same MV but based on data collected during 

different stages were concatenated. Moreover, the amplitude of each ithfR pattern was evaluated 

as the ∆λB between a minimum peak and the following maximum one. Then, the concatenation 

of these arrays was executed as well. This last analysis showed the ∆λB-fR relationship.  

Referring to the monitoring of RH, data collected by the optical spectrum interrogator and the 

DAQ were imported in MATLAB environment, and the capability of the FBG-based needle to 

follow the RH changes was investigated.  

Results show that the proposed system is able to estimate fR with high accuracy. In Table 4:16, 

fR estimated by the system are expressed as mean ± expanded uncertainty, after the array con-

catenations. The expanded uncertainly was evaluated using a Gaussian distribution because 

the sample sizes are always bigger than 30. The level of confidence was 95%, so a coverage 

factor of 1.96 was used, as reported in [391].  

TABLE 4:16 

 

Then, the percentage errors (%e) were calculated as shown in Eq. 4:11, where 𝑓𝑅𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
 is 

the ventilator set fR:  

𝑒% =
𝑓𝑅𝑛𝑒𝑒𝑑𝑙𝑒−𝑓𝑅𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝑓𝑅𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

⋅ 100 (4) 

Equation 4:11 

Overall results of %e are shown in Table 4:17. The maximum %e of the system is 3.74% for fR 

= 8 bpm at MV=6Lmin-1 followed by 2.17% for fR=14 bpm at MV=8Lmin-1. Instead, the mini-

mum %e referring to the absolute value is 0.06% for fR=17 bpm at MV=6Lmin-1. 

Focusing on the obtained results, there is no a marked difference among tests performed at set 

fR and MV. However, a potential influence of the peak detection on %e is possible. Two factors 

can be in charge. On the one hand, high fR values result in a decrease of the signal-to-noise ratio 

(SNR); on the other hand, low fR values result in a smooth signal pattern. Both of these factors 

make the peak detection complex. According to this assumption, it reasonable that the highest 
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%e is related to the lowest fR. It is also worthy to note that the ventilator accuracy is ±0.5 bpm 

(i.e., the Servo 300A ventilator accuracy). The differences between the estimated BR and the 

one set by the ventilator (from -0.20 bpm to 0.30 bpm) are always comparable to the ventilator 

accuracy.  

TABLE 4:17 

 

Lastly, it is important to underline how the signal amplitude analysis showed decreased FBG 

output amplitude (Amp) according to the increasing of fR. This phenomenon can be explained 

considering a relationship between the amplitude of FBG output changes and the tidal volume 

(i.e., the volume of air ventilated during a single act). Keeping MV constant, the tidal volume (it 

can be calculated as MV/fR) decreases with fR; the consequence is a decrease in the amplitude 

of FBG output changes. This phenomenon is immediately showed in Fig. 4:45, where the red 

line in the middle of each box is the sample median, and the whiskers, above and below, extend 

from each box to boundary lines at the 25th and the 75th percentiles, respectively. 

 

FIGURE 4:45. Whiskers plots: the red line is the red line in the middle of each box is the sample median, and the whiskers, above 
and be-low, extend from each box to boundary lines at the 25th and the 75th percentiles. 
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Regarding the monitor of RH, the FBG-based needle is able to follow cycle-by-cycle the RH 

changes allowing its measurement (Fig. 4:46). Results show that a ∆λB of 0.38 nm corresponds 

to a ∆RH of ~70% (i.e., from ~20% to ~90%). Moreover, during the descending phase, it is 

possible to note small fluctuations in the ∆λB pattern, presumably caused by the intermittent 

airflows delivered by the mechanical ventilator. 

 

FIGURE 4:46. RH changes recorded by the reference instrument (blue line) and the FBG sensor (orange line). 

 

Our system showed high performances in terms of fR and RH changes monitoring, as pre-

viously described. The idea of housing an FBG inside a metallic structure (the needle) allows 

an easier insertion within the breathing circuit and easy handling as well, compared to [316]. 

This solution might be extremely useful for giving the control unit of the humidifier feedback 

of T during mechanical ventilation. Nowadays, this procedure is mainly based on electrical sen-

sors like thermocouples or thermistors for adjusting the heat loss on the metallic plate and 

keeping the T of air that flows in the inspiratory limb at ~37°C. However, the atmosphere dur-

ing mechanical ventilation is potentially explosive, so that using these common electrical solu-

tions is risky. Instead, the proposed solution will be intrinsically safe and compact, and it might 

be used in harsh environments without any risk. 

 

According to the literature, other works show the simultaneous monitoring of more parame-

ters by using FBG-based systems. Chen et al., for example, proposed a system made of two FBG 

sensors, one coated by polyimide for the RH measurement and the other one coated by acrylate 

for T monitoring [392]. The polyimide-coated-FBG experienced SRH of ~0.27 nm/%RH, and RH 
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ranged from ~10% to ~90%. Another FBG-based system for monitoring both ΔRH and ΔT is 

shown by Zhang et al. in [393]. Poly(methyl methacrylate, PMMA was used as a coating for the 

FBG functionalization because the PMMA high water affinity leads to a higher and quickly pol-

ymer swelling and, indirectly, increasing in ∆λB. As expected, results showed SRH of 1.6 

nm/%RH in a range of RH between ~50% to ~95%. Lastly, Hernandez et al. reported in [394] 

an FBG whose tip was coated by a mesoporous film, realizing a Fabry-Perot cavity made of 23 

bilayers of Poly(allylamine hydrochloride-PAH) and SiO2 nanoparticles for measuring T and 

RH during mechanical ventilation. The ST of the FBG was 10 pm/°C while the SRH was -1.410-12 

W/%RH.  

 

The same configuration was also tested on nine healthy volunteers10. The goal was to in-

vestigate the needle's ability for fR monitoring on nine healthy volunteers, five females and four 

males (age from 23 to 26 years old), during spirometry, the most common pulmonary function 

test. 

The FBG-based needle was inserted transversally to airflow direction through a plastic tube 

used for connecting the volunteers’ mouth to a spirometer (SpiroLab III, MIR SpA, Rome, Italy), 

as shown in Fig. 1B. The spirometer signal was recorded by proprietary software (WinSpiro 

Pro, MIR SpA, Rome, Italy). Contemporary, an optical spectrum interrogator (si425, Micron Op-

tics, Atlanta-USA) was used to interrogate the probe and record the back-reflected λB at a sam-

pling frequency of 250 Hz.  

Regarding the protocol, each volunteer was asked to perform a 60 s-lasting functional test. 

Before, a warming-up stage of 60 s was performed to help volunteers to feel more confident 

with the spirometer and more relaxed. Each test can be split into two phases: i) the apnea stage 

in which the volunteer is initially asked to hold his breath approximately for 8 seconds for the 

signals time-alignment and ii) the quiet breathing stage in which the volunteer is invited to 

breathe quietly. 

Data collected by the spirometer and the FBG-based needle inside the tube were analyzed as 

follows: 

1. The end of first expiration after the apnea phase is used as the point to cut the signals 

for data analysis (the green point on Fig. 4:47) at the end of the signals; 

2. The signals are detrended (i.e., the mean is removed); 

 

10 This work is an excerpt from “Polymer-coated fiber optic probe for the monitoring of breathing pattern and respiratory rate” 
in which the Ph.D. candidate is co-author. doi: 10.1109/EMBC.2018.8512566. 
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3. All the peaks are automatically detected on each signal by using a threshold algorithm 

based on [221], [355] to estimate the duration of each breath TR ; 

4. The instantaneous respiratory rate fR  is calculated as the ratio between 60 and the 

duration TR ; 

 

 

FIGURE 4:47. Data collected by the spirometer. W is a part of the warming-up stage (60 seconds in total), A is the apnea stage. 
Then, the quiet breathing stage is shown, together with the synchronization point at the end of the first expiration after the apnea. 

 

An example of the two signals (spirometer and proposed FBG-based needle inside the tube) 

during quiet breathing is shown in Fig. 4:48. 

 

 

FIGURE 4:48. A 30-s window showing the signals collected by the spirometer (blue line, ΔV) and by the proposed probe (orange 
line, ΔλB). 

 

Considering all the fR values estimated by each signal, the average value fR̅ was calculated. From 

these values, the percentage error %efR was estimated. Lastly, all the instantaneous fR values 

gathered by the spirometer and the needle were compared with a Bland Altman analysis [362].  
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Results showed %efR ranging from -0.56% to 1.43%, with the only exception of -2.07% for the 

Volunteer 8.  

Bland-Altman analysis demonstrated the feasibility of the breath-by-breath monitoring of fR: a 

MOD value of 0.06 bpm was found, while the LOAs were in the range  2.90 bpm (see Fig. 4:49) 

 

 

FIGURE 4:49. Bland-Altman plot. A colored symbol represents each volunteer. The black line represents the MOD value, while the 
upper and lower red line the upper and lower LOA, respectively. 

 

Configuration 2: An MR-compatible wearable system based on a silicone matrix encap-

sulating a 1wt% agar-coated FBG for fR monitoring11 

The most popular techniques for fR monitoring are not usable in several clinical applica-

tions and unstructured environments. These issues have fostered a dramatic growth of interest 

for wearable systems devoted to monitor fR. In this arena, FBGs have gained attention due to 

various benefits, including the MR compatibility. This configuration consists of a wearable de-

vice to monitor fR from the nasal airflow. The sensing part is based on an FBG encapsulated into 

a polymeric matrix to improve its robustness, with the grating coated by agar to make the FBG 

sensitive to RH. The aims of the present work are: i) to design and fabricate an MR-compatible 

head-mounted wearable device, and ii) to perform a pilot study to assess the feasibility of the 

custom wearable device for monitoring fR from the nasal airflow. 

 

11 This work is an excerpt from “A Magnetic Resonance-compatible wearable device based on functionalized fiber optic sensor 
for respiratory monitoring” in which the Ph.D. candidate is the main author. doi: 10.1109/JSEN.2020.2980940 
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The design of the proposed wearable device was driven by requirements of comfortability, un-

obtrusively, and MR-compatibility. It consists of two parts: Block A, which is the sensitive part, 

and Block B, which is the supporting one (see Fig. 4:50 A). Block A was fabricated as follows:  

1. A commercial FBG sensor (λB of 1533 nm, grating length of 10 mm, At Grating Technol-

ogies) was encapsulated into a custom silicone brick (50 mm x 10 mm x 2 mm) made 

of Dragon Skin 20 (Smooth-On, USA), except for the grating (bare volume of 15 mm x 

3 mm x 1.5 mm). The silicone rubber was cured for 4 h at room T, as suggested by the 

technical bulletin;  

2. A 1 wt% solution of agar (commercialized by Sigma-Aldrich) was prepared by dissolv-

ing agar powder in distilled water at T ~ 85 °C. Then, the 1 wt% agar solution was 

deposited on the grating, and the drying process lasted 24 hours, at room T.  

 

Regarding Block B, two 3D-printed sliding covers of PLA were used to connect Block A to a 

flexible polyvinylchloride (PVC) tube by a heat-shrink sheath made of Polyethylene (PE).  

 

 

FIGURE 4:50. The MR-compatible wearable device. Block A shows the FBG (1), the agar-based matrix (2), the Dragon-Skin brick 
(3), and the PLA-based case (4). Block B shows the sliding covers (5), the heat-shrink sheath (6), and the flexible tube (7). 

 

The wearable device is intended to be worn with the FBG sensor in Block A placed below the 

nostrils in the breathing zone and the PVB tube of Block B over the head and tightened by an 

adjustable piece at the back. 

A pilot study was performed on six healthy volunteers (three males and three females, age 

25-31 years old, body mass 48 kg - 85 kg, and height 163 cm - 182 cm) to assess the wearable 
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device's feasibility for monitoring fR. An eight-cameras MoCap system (D-Smart, BTS Bioengi-

neering S.p.A., Milan, Italy) was used to record reference respiratory waveforms. On the torso 

of the participant, thirty-two IR-photo-reflective spherical markers (with a diameter of 15 mm) 

were positioned according to the protocol reported in [395], [396] (see Fig. 4:51 A, B, and C). 

The MoCap system records markers' trajectories to indirectly estimate fR starting from the 

chest wall volume [397]. The sampling frequency was 60 Hz. 

 

 

FIGURE 4:51. (A) The experimental setup; (C) the IR markers protocol; (D) the developed wearable system worn below the nos-
trils. 

 

Each participant was invited to sit and wear the custom wearable device. Each participant per-

formed a single trial which consists of three main phases: i) 10 s of apnea followed by 30 s of 

slow breathing; ii) 10 s of apnea followed by 30 s of normal breathing, and iii) 10 s of apnea 

followed by 30 s of fast breathing. Therefore, the proposed trials allow investigating the system 

performance. During the trial, a metronome was used to control the sb, nb, and fb. 

The sensing element of Block A was exposed to the airflow (approximately 5 mm below the 

nostrils). The PVC tube of block B was snugly fitted over the ears and tight at the base of the 

skull. The output of the FBG-based sensing element was recorded by an optical interrogator 

(si255 based on Hyperion platform, Micron Optics, USA) at 100 Hz. 

Data were collected using the wearable device and the MoCap, simultaneously. After 10 s of 

apnea (reported in Fig. 4:52), the slow breathing stage (green line), the normal breathing (blue 

line), and the fest breathing stage (red line) lasting 30 s are also clearly discriminated by both 

the proposed system and the reference one. Between each phase, there are 10 s of apnea, which 

can be identified by an interval of time where the systems’ output is almost constant (shown 

in black line). 
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For each volunteer, the collected data were analyzed in MATLAB environment in five main 

steps: 

1. Data collected by both the wearable device and the reference one were split into three 

signals according to the breathing stages performed by each volunteer; 

2. A filtering stage was applied on the signals: a third-order Butterworth low pass filter 

with a cut-off frequency of 2 Hz for signals collected during sb and nb, and of 5 Hz for 

the one related to fast breathing; 

3. All the signals were normalized; 

4. A custom algorithm, described in detail in [398], was used to perform the peak detec-

tion on the normalized signal; 

5. Since each maximum peak corresponds to the end of each inspiration, the time elapsed 

between consecutive peaks was calculated and considered equal to the respiratory pe-

riod, TR. The breath-by-breath fR was estimated as 60/TR (expressed in bpm). 

 

 

FIGURE 4:52. Results collected during the experiments on one of the volunteers: (A) the output of the wearable system and (B) 
the output of the MoCap system (VChest). The green line is related to the slow breathing stage, the blue one to normal breathing 
stage, and the red one to the fast breathing stage. In black, the apnea stages.  

 

The agreement between the breath-by-breath fR values estimated by the wearable device and 

the ones by the reference system was evaluated considering all the three breathing stages 

(slow, normal, and fast breathing). The MPE and Bland-Altman analysis were performed.  

The MPE (expressed in %) was calculated as follows:  
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𝑀𝑃𝐸 =
1

𝑛
⋅ ∑

𝑓𝑅
𝑤𝑒𝑎𝑟𝑎𝑏𝑙𝑒_𝑑𝑒𝑣𝑖𝑐𝑒 − 𝑓𝑅

𝑀𝑜𝐶𝑎𝑝_𝑠𝑦𝑠𝑡𝑒𝑚

𝑓𝑅
𝑀𝑜𝐶𝑎𝑝_𝑠𝑦𝑠𝑡𝑒𝑚 ⋅ 100 

Equation 4:12 

 

Regarding the Bland Altman analysis, we calculated the MOD and LOAs according to [362].  

All the MPE values are listed in Table 4:18.  

TABLE 4:18 

 

MODs and LOAs are listed in Table 4:19, and Bland-Altman plots for each condition are re-

ported in Fig. 4:53. 

TABLE 4:19 

 

 

Results showed a good agreement between the fR values measured by the proposed system and 

the reference ones during slow, normal, and fsta breathing. 

 

 

FIGURE 4:53. Bland-Altman plots related to slow breathing, normal breathing, and fat breathing. Each color represents one volun-
teer. The continuous black line is the MOD, while the dashed lines delimitated the LOAs interval. 
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The novelty of this study relies on the use of agar as an active film to functionalize the 

grating encapsulated into Dragon Skin™ 20 to improve its usability. This configuration solution 

has a high SRH and low 63 with respect to the needle previously described [219] and [399]. 

Moreover, the new system showed better performance in terms of mean fR estimation (maxi-

mum MPE value of 0.27 % vs. 2.07 %) and breath-by-breath analysis (MOD ± LOAs of -0.02 ± 

0.33 bpm vs. 0.06 ± 2.90 bpm). 

In the literature, some wearable solutions have been proposed [400], [401], and [402]. In [401], 

a sensing probe embedding an FBG in the proximity of the fiber tip was proposed for RH meas-

urement and tested on 20 volunteers showing its ability to follow the respiratory patterns 

without an analysis of the performance using a reference system. However, the use of a mask 

as FBG support can reduce the device's acceptability and comfortability. Indeed, intolerance, 

claustrophobia, and facial discomfort often fail to gain broader patients' acceptance, especially 

during long-term monitoring and chronic administration [403]. Moreover, considering the 

feeling of stress and anxiety experienced by patients during MRI, the mask can also act as an 

additional anxiety-inducing element [404]. Our system, otherwise, improves the wearability of 

the device and the usability of this kind of technological solution during MR procedures.  
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4.2 Wearables for joint motion detection 

In this section, wearables developed for joint motions are presented. These systems ex-

ploit the mechanical coupling between the flexible sensors based on FBG and the body part in 

contact. (Fig. 4:54) 

This research activity focused on the detection of motions of the spinal cord (i.e., the cer-

vical and the back segment) since the main musculoskeletal disorders (MSD) whose population 

is affected are neck and low back pain. Their applications range from rehabilitation to occupa-

tion settings. 

 

 

FIGURE 4:54. Wearables for joint motion detection: encapsulated FBGs have been used for the sensorization of wearable systems 
for neck and low back movements. 

 

Two main configurations are proposed: 

Configuration 1: A wearable system based on a rectangular-shaped flexible sensor di-

rectly stuck to the neck for monitoring F/E and AR movements. 

Configuration 2: A wearable system based on a rectangular-shaped flexible sensor used 

to instrument an elastic band worn on the back for monitoring low back F/E movements.    
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The feasibility assessment of both these configurations was performed using a MoCap as 

a reference instrument. The achieved results are presented after describing the design, fabri-

cation, and metrological characterization of the flexible sensors. As previously underlined, 

when the FBG is encapsulated into a polymeric matrix, its metrological properties as a strain 

sensor are investigated. 

 

Design, fabrication, and metrological characterization 

  The design and the fabrication processes followed the same steps already described for 

the flexible sensors used in the cardiorespiratory monitoring (see Section 4.1.1.2 “Design, fab-

rication and metrological characterization”). The only difference relies on the 3D-printed 

molds used for the sensor in Configuration 2 while the sensing element used in Configuration 

1 is the same involved during tests in both laboratory environment and archery.  

Configuration 2 is based on a polymeric matrix with a rectangular shape (see Fig. 4:55) as 

Configuration 1 but smaller in length and width (90 mm x 24 mm vs. 55 mm x 20 mm) and 

thicker (1 mm vs. 2mm). Moreover, Dragon Skin™ 30 was used as silicone instead of Dragon 

Skin™ 20, resulting in lower sensor flexibility (hardness of 20 A vs. 30 A, expressed in Shore A 

scale) but higher robustness necessary in case of bigger joint bending and in turn, the higher ε 

applied on matrix during low-back F/E.  

 

 

 

FIGURE 4:55. The flexible FBG-based sensing element. (A): Shape and size of the sensor in frontal view (up), lateral view (middle), 
and warped configuration (bottom); (B): Details of the sensor in frontal view (up), lateral view (middle), and warped configuration 
(bottom). 
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The investigation of the metrological properties followed the same procedure described for 

the flexible sensors used in cardiorespiratory monitoring. The Sε values are 0.125 nm·mε-1 for 

Configuration 1 and 0.20 nm·mε-1 for Configuration 2, suggesting the influence of the matrix 

geometrical and mechanical properties as well as the bonding strength at the polymer-fiber 

interface. 

 

Configuration 1: A wearable system based on a rectangular-shaped flexible sensor 

directly stuck to the neck for monitoring F/E and AR movements12 

Neck pain is an MSD highly prevalent in office works [405], [406]. The 31% of computer 

workers in Europe experience neck pain [407]. It represents a socio-economic burden since it 

causes periods of absence from work, reduced productivity, and high utilization of health care 

services [407]–[409]. Bad postural habits and non-compliance of the workstation to ergonom-

ics guidelines are the leading causes of neck pain. These factors may also alter respiratory func-

tions. This configuration was developed to monitor neck F/E and AR together with fR because 

prolonged head F/E and twisted neck are the main vicious computer workers' habits, and on 

fR may be negatively influenced by job stress and wrong neck positions [410]. 

 

The proposed wearable system consists of two flexible sensors based on FBG technology 

(i.e., FBG1 and FBG2 with Bragg wavelength λBFBG1 of 1545 nm and λBFBG2 of 1541 nm, grating 

length of 10 mm and reflectivity of 90%; AtGrating Technologies, Shenzen, China).  

Sensor positioning was carefully evaluated to ensure high sensor capability in detecting 

and eliminating different neck movements and breathing activity. A polyacrylate bandage 

(100% polyester, Curafix® H, Lohmann & Rauscher, Padova, Italy) was used to allow a better 

adhesion and compliance to the skin. This bandage features adhesiveness, elasticity, and high 

breathability.  

To detect F/E movements, FBG1 was positioned in correspondence with the cervical spine seg-

ment C1-C7, along the longitudinal direction starting from C7. For the AR monitoring, FBG2 

was placed on the right side of the neck, horizontally to FBG1 beginning from the center of C6-

C7 (Fig. 4:56 A). The positions were chosen to optimize the ε distribution along the FBG 

 

12 This work is an excerpt from “A Multi-Parametric Wearable System to Monitor Neck Movements and Respiratory Frequency 
of Computer Workers” in which the Ph.D. candidate is the main author. doi: https://doi.org/10.3390/s20020536 

 

Tesi di dottorato in Scienze e ingegneria per l'uomo e l'ambiente, di Daniela Lo Presti, 
discussa presso l’Università Campus Bio-Medico di Roma in data 9/04/2021. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



Chapter 4 -Wearable systems based on FBGs: design, fabrication, and feasibility assessment 

173 

longitudinal direction. The F/E movements cause longitudinal ε on FBG1. The AR movements 

are mostly detected by the FBG2 as in Fig. 4:56 B and C. 

 

 

FIGURE 4:56. The FBG working principle when (A) attached to the neck for detecting (B) F/E and (C) left and right AR movements. 

 

In this pilot study, a total of five healthy subjects (three males and two females) were enrolled. 

The subjects did not show any MSD or neck pain. Age and anthropometric measures (i.e., 

height, body mass, neck circumference) of each participant were collected before starting the 

experimental tests (Table 4:20).  

TABLE 4:20 

 

 

Participants were asked to sit on an armless and height-adjustable chair, maintaining their feet 

on the floor, both hands on the knees, with hips and knees flexed at 90° (Fig. 4:57 A).  

A MoCap system (Smart-D, BTS Bioengineering Corp., Milan, Italy) was used as a gold standard 

to assess the multi-parametric wearable system's capability to discriminate F/E and AR move-

ments. Four spherical, infrared photo-reflective markers (15.2 mm in diameter) were placed 

on each subject, as shown in Fig. 4:58 A and B. In particular, the first marker is placed on the 

forehead (marker P1 in Fig. 4:58 A and B), the second marker on the C7 spinous process 

(marker P2 in Fig. 4:58 A and B), and the last two markers were placed in correspondence of 
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the acromioclavicular joints (P3' and P3'' in Fig. 4:57 B). 8 cameras collected the trajectories of 

the markers at a sampling rate of 60 Hz. An FBG interrogator (si255 based on HYPERION plat-

form; Micron Optics Inc. USA) was used to record the FBGs output at a sampling rate of 1000 

Hz.  

After markers and FBGs positioning, the protocol was explained to each subject. Participants 

started with the head and neck in a neutral position and looking forward. Firstly, the partici-

pants were asked to perform F/E and AR movements, simultaneously recorded by the weara-

ble and MoCap systems. Each participant performed: i) five F/E repetitions, followed by 30 s 

in the neutral position, and then five FE repetition (Fig. 4:57 B); ii) five AR repetitions to the 

right, followed by 30 s in the neutral position, and then by five AR repetition to the left (Fig. 

4:57 B). An additional trial was executed to assess the multi-parametric wearable system's 

ability to monitor breathing activity (Fig. 4:57 C). During this trial, a commercial flowmeter 

(SpiroQuant P, EnviteC, Alter Hozhafen, Wismar, Germany) connected to a differential pressure 

sensor (163PC01D75, Honeywell, Minneapolis, Minnesota, USA) was used as a reference sys-

tem. The output of the differential pressure sensor was collected through a DAQ (NI USB-6009, 

National Instrument, Rockville, Maryland, USA) and a custom Virtual Instrument developed in 

LabVIEW® environment at the sampling frequency of 250 Hz. The participants were asked to 

ventilate into a mouthpiece while performing two breathing patterns: 10 breaths of quiet 

breathing and ten breaths of tachypnea (in both cases, self-controlled breaths were per-

formed); a 10 s stage of apnea (i.e., self-controlled breath-hold) was performed between the 

two breathing patterns (Fig. 4:57 D). 

 

FIGURE 4:57. The experimental setup and performed protocol for (A and B) neck movements and (C and D) respiratory activity. 
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The number of F/E and AR repetitions was calculated from the raw data collected by the MoCap 

and the wearable systems. The 3D coordinates of the markers recorded by the MoCap system 

were used to carry out the reference signals by following these steps: i) the FE angle (αFE) was 

estimated in the sagittal plane (i.e., y-z) as the angle between the vectors P2P1 ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗and u⃗  (same 

direction of the y-axis), as shown in Fig. 4:58 A; ii) the AR angle (θAR) was estimated in the 

transverse plane (i.e., x-z,) as the angle between the vectors  P2P3′ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ and v ⃗⃗  (the same trend may 

be obtained by considering the vectors P2P3′′ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   and v ⃗⃗ ), as shown in Fig. 4:58 B. The θAR de-

creases during the right rotation (clockwise) and increases during the left rotation (counter-

clockwise). 

Regarding the wearable system, the analysis of the neck movements’ detection was performed 

as follows: i) the changes of FBG1 output were used to evaluate FE movements since the chin 

lowered down toward the chest causes a longitudinal deformation of FBG1; ii) the changes of 

FBG2 output were considered to evaluate AR movements, as the right and left rotations of the 

head around its vertical line (y-axis in Fig. 4:58 A) causes a longitudinal deformation of FBG2.  

Trends of signals collected by the MoCap system are shown in Fig. 4:58 C and D, and the ones 

collected by the wearable system are shown in Figure 4:58 E and F. 

 

 

FIGURE 4:58 (A)The αFE and (B) the θAR angles formed in the sagittal and transverse plane; (C) reference output changes over time 
during F/E and (D) AR repetitions; (E) FBGs outputs changes over time during F/E and (F) AR repetitions. 
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To assess the capability of the proposed system to detect neck movements on different planes, 

the collected data were processed by following two main steps: 

1. The outputs of both the wearable and the MoCap system were normalized and plotted 

over time to evaluate trend similarity between signals; 

2. The F/E and AR repetitions were detected by using a custom peak detection algorithm 

in MATLAB environment. F/E movements were detected by considering the maximum 

peaks of both MoCap and FBG1 signals: when αFE increases during the neck flexion 

(signal provided by the MoCap) FBG1 is strained with a consequent rise of λB (Fig. 4:59 

A and B). Right AR movements were detected by considering the minimum peaks of 

both MoCap and FBG2 signals: when θAR decreases during the right AR (signal pro-

vided by the MoCap) FBG2 is compressed with a consequent decrement of λB (Fig. 4:59 

C). These data were collected during the first 5 AR repetitions; left AR movements 

were detected by considering the maximum peaks of both MoCap and FBG2 signals 

because when θAR increases during the left AR (signal provided by the MoCap) FBG2 is 

strained with a consequent increment of λB (Fig. 4:59 B). These data were collected 

during the last 5 AR repetitions. 

 

FIGURE 4:59. (A) The peak detection during the first group 5 F/E, (B) the second group 5 F/E right, (C) right AR repetitions, (D) 
left AR repetitions 
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Results showed that the proposed wearable system followed both F/E and AR movements and 

detected the repetitions, as shown in Fig. 4:60.  

 

FIGURE 4:60. The output changes of both the wearable (black line) and the MoCap system (blue line) collected during F/E and AR 
repetitions.  

 

In particular, the wearable system showed good performance in detecting F/E and left AR rep-

etitions. Indeed, the ΔλBFBG1 and ΔλBFBG2 patterns matched the MoCap ones (pink and light blue 

boxes in Fig. 4:60). On the contrary, ΔλBFBG2 pattern during the right AR movements did not 

always match the reference signal (blue box in Fig. 4:60). 

Focusing on fR, the assessment of the proposed wearable system was performed by using the 

flowmeter as a reference instrument and following six main steps: 

1. The outputs of the wearable system and the flowmeter were normalized in amplitude 

and split into quiet breathing-related signals and tachypnea-related ones (i.e., FBG1qb, 

FBG2qb, FLOWqb, FBG1tc, FBG2tc, and FLOWtc), as shown in Fig. 4:61; 
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FIGURE 4:61. Signals collected by the flowmeter (blue trend) and by the FBGs (black trend) during both quiet breathing (light blue 
box) and tachypnea (red box). 

 

2. The signs of both FBG1qb and FBG1tc were reversed since the FBG1 was compressed 

during the inspiration (when the volume of lungs increases) and tensioned during the 

expiration (when the volume of lungs decreases). This step was not implemented on 

the FBG2 output since its trend in time matches one of the reference system; 

3. A third-order Butterworth low pass filter was applied on signals collected during quiet 

breathing (cut-off frequency of 0.5 Hz) and during tachypnea (cut-off frequency of 3 

Hz); 

4. Spectral analysis in terms of power spectral density (PSD) was performed on the fil-

tered signals, and the maximum frequency (f0) of both the reference and the wearable 

systems signals were evaluated (Figure 7);  

5. Peak detection was performed by using findpeaks in MATLAB environment: the input 

parameter related to minimum peaks distance was set starting from the value of f0 

(Fig. 4:62);  

6. The respiratory periods of each breath (i.e., TRi) were computed as the time elapsed 

between two consecutive maximum peaks of the signal provided by FBG1, FBG2, and 

the flowmeter, see Fig. 4:62. The fRi values during both quiet breathing and tachypnea 

were estimated as 60/TRi and expressed as bpm. 
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The assessment of the wearable system in the estimation of fR during both quiet breathing and 

tachypnea was performed using three parameters: 

1. In terms of percentage error (%𝑒𝑓𝑅) as in: 

 

%𝑒𝑓𝑅 =
𝑓𝑅

𝐹𝐵𝐺
−𝑓𝑅

𝐹𝐿𝑂𝑊

𝑓𝑅
𝐹𝐿𝑂𝑊 · 100  

 

 

Equation 4:13 

 

where fR is the mean value of fR;  

2. In terms of absolute percentage errors for a breath-by-breath analysis: 

 

|%𝑒𝑓𝑅
𝑖 |  =

|𝑓𝑅
𝑖𝐹𝐵𝐺

−𝑓𝑅
𝑖𝐹𝐿𝑂𝑊

|

𝑓𝑅
𝑖𝐹𝐿𝑂𝑊 · 100  

 

Equation 4:14 

 

where fRi FBG and fRi FLOW are the values of the ith fR estimated either by FBG1 or FBG2 

and by the flowmeter;  

3. By calculating the mean value of the breath-by-breath absolute percentage errors (i.e., 

MAPE) for each volunteer as in: 

 

|%𝑒𝑓𝑅
𝑖 | =

1

𝑛
⋅ ∑

|𝑓𝑅
𝐹𝐵𝐺−𝑓𝑅

𝐹𝐿𝑂𝑊|

𝑓𝑅
𝐹𝐿𝑂𝑊 ⋅ 100  

 

Equation 4:15 

 

All signals involved in the peak detection of the breathing analysis are shown in Fig. 4:63. The 

peak detection allowed estimating fR in all volunteers but one (for FBG1 output changes of Vol-

unteer 1 during both quiet breathing and tachypnea). The fR  with the %𝑒𝑓𝑅 are listed in Table 

4:21. 
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FIGURE 4:62. An example of signals processing performed for the fR estimation from data recorded by the flowmeter and the wear-
able systems, during quiet breathing. The PSD spectra over frequency [Hz] and the peak detection over time [s] are shown for both 
the reference system and the proposed wearable system based on two flexible sensors (FBG1 and FBG2). The Sfn (t) signals are 
filtered and normalized. 
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FIGURE 4:63. (A) signals collected by the flowmeter (blue line) and the FBGs (black line) for each volunteer during quiet breathing 
and (B) during tachypnea. All the signals are synchronized, filtered, and normalized. The detected peaks are highlighted by using 
red markers. 

 

The ep, the MAPE, and the |ep| values are listed in Tables 4:22 and 4:23. The efRFBG1 are always 

≤1.53% and ≤ 0.71%, whereas the efRFBG2 ≤ 6.09% and ≤1.90%, during quiet breathing and 

tachypnea, respectively. The MAPEFBG1 errors are always ≤ 12.87% and ≤ 5.86%, and MAPEFBG2 

always ≤ 15.36% and ≤ 4.90%, during quiet breathing and tachypnea, respectively. Data from 

FBG1 for Volunteer 1 were discarded. 
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TABLE 4:21 

Quiet Breathing [bpm] 

Volunteer  𝐑FBG1   𝐑FLOW  𝐞 𝐑
𝐅𝐁𝐆𝟏

[%] 

1 - 15.37 - 

2 14.47 14.63 -1.09 

3 14.36 14.14 1.53 

4 22.36 22.09 1.22 

5 15.15 15.22 -0.45 

    

  𝐑FBG2   𝐑FLOW  𝐞 𝐑
𝐅𝐁𝐆𝟐

 [%] 

1 15.30 15.37 -0.48 

2 14.65 14.63 0.15 

3 15.00 14.14 6.09 

4 22.40 22.09 1.40 

5 15.10 15.22 -0.79 

    

Tachypnea [bpm] 

Volunteer  𝐑FBG1  𝐑FLOW  𝐞 𝐑
𝐅𝐁𝐆𝟏

[%] 

1 - 83.62 - 

2 48.65 48.80 -0.32 

3 83.28 83.87 -0.71 

4 54.53 54.58 -0.09 

5 37.88 38.09 -0.56 

    

  𝐑FBG2   𝐑FLOW  𝐞 𝐑
𝐅𝐁𝐆𝟐

 [%] 

1 82.02 83.62 -1.90 

2 48.46 48.80 -0.72 

3 82.98 83.87 -1.05 

4 54.99 54.58 0.75 

5 38.01 38.09 -0.19 

 

TABLE 4:22 

 Quiet Breathing  
Volunteer |efRfbg1| [%] MAPEFBG1 [%] 

1 - - - - - - - - - - 

2 10.40 0.34 0.28 0.19 0.58 1.91 2.24 2.93 3.22 2.45 

3 16.66 10.88 2.28 4.97 10.26 7.75 13.7 5.62 8.17 8.92 

4 12.32 7.11 14.04 13.51 10.17 28.65 1.24 15.56 13.21 12.87 

5 0.21 8.24 4.48 5.92 0.91 3.56 6.58 4.71 1.04 1.47 

 |efRfbg2| [%] MAPEFBG2 [%] 

1 5.28 3.76 0.20 2.18 4.75 4.19 1.33 4.92 4.33 3.44 

2 2.69 0.86 2.06 1.14 0.97 2.09 0.19 6.76 4.42 2.36 

3 29.36 12.12 4.05 3.63 17.35 27.82 8.21 15.75 19.93 15.36 

4 15.34 16.03 4.22 0.85 7.36 3.46 3.33 0.16 1.35 5.79 

5 2.53 1.52 0.95 1.95 ~0 0.41 2.31 2.89 1.23 1.53 
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TABLE 4:23 

 Tachypnea  

Volunteer |efRFBG1| [%] MAPEFBG1 [%] 

1 - - - - - - - - - - 

2 3.74 0.65 3.11 3.34 7.56 6.21 4.64 11.54 3.75 4.95 

3 1.69 2.70 1.71 0.55 3.72 4.09 ~0 5.82 1.16 2.38 

4 2.95 9.77 4.48 18.86 0.37 1.46 1.44 5.35 8.10 5.86 

5 0.52 1.06 0.77 1.84 0.50 0.73 0.24 1.31 2.11 1.01 

 |efRFBG2| [%] MAPEFBG2 [%] 

1 6.95 2.26 0.56 2.72 2.63 3.68 1.63 2.81 5.13 3.15 

2 4.07 0.97 3.67 2.52 3.34 0.96 0.97 6.69 3.45 2.96 

3 8.85 7.14 0.55 ~0 1.12 1.14 0.55 1.11 7.41 3.10 

4 6.41 2.47 9.92 5.24 5.43 2.11 6.23 6.29 ~0 4.90 

5 0.52 1.33 0.26 1.84 0.49 ~0 1.72 1.02 0.72 0.88 

 

 

This configuration is the first wearable system that monitors the above-mentioned param-

eters, which significantly expands our explorative study on a single FBG-based wearable sys-

tem [411]. Indeed, the presence of 2 FBGs allowed the new system to monitor both neck move-

ments and fR. Also, we performed a quantitative assessment of system performances on five 

volunteers by using reference systems during each trial.  

Regarding the neck movements’ detection, the proposed wearable system showed good per-

formance in following both F/E and left AR movements and detect the repetitions, while some 

limitations resulted in the right AR detection. These findings could be explained considering 

different working conditions of FBG2 during AR repetitions: the grating is tensioned during left 

AR and compressed during right AR, which causes a partial adherence of FBG2 to the neck sur-

face due to the friction shear stress between the skin and the contacting wearable system. Con-

sequently, the asymmetric sensor arrangements can cause small distortions of the reflection 

spectrum [412].  

In the literature, the neck movements’ detection was mainly performed by using wearable 

systems based on electric sensors (e.g., inertial sensors [413], accelerometers [414], and pie-

zoresistive sensors [415]). Two inertial sensors were proposed to evaluate F/E, AR, and lateral 

bending (LB) of patients treated with cervical arthrodesis [413]. Sensors were placed on the 

forehead and the sternum, respectively, and an optoelectronic system was used as a reference 

instrument. Differently from our system, such wearable inertial sensors required a pre-calibra-

tion to align the sensor axis with the segment anatomical frame. Moreover, the measurement 

units were not located on the neck but single points of other anatomical segments. A 3-axis 

accelerometer was placed on the forehead to monitor cervical postures [414]. Only F/E move-

ments were monitored, but no reference instrument was used to assess such capability. The 
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flexible encapsulation of our sensors allows for multi-point positioning and better compliance 

with the neck anatomy with respect to these solutions based on accelerometers or inertial sen-

sors. A wearable system based on six piezoresistive sensors was proposed to monitor F/E, AR, 

and LB movements [415]. As our system, the sensing elements detected neck movements from 

the induced ε, being in direct contact with the skin. Each movement was monitored by using a 

couple of sensors on the opposite sides of the neck, whereas we used only one FBG for F/E and 

one FBG for AR. Our choice was motivated by the desire to enhance system wearability and 

comfortability. Results in the literature [415] suggested that placing sensors diametrically op-

posite on the neck can allow monitoring both right and left AR movements despite the higher 

amount of wires. 

The high sensitivity of the custom-made flexible FBGs allows our system the monitoring of fR 

from the neck. Our findings suggest a good accuracy in fR monitoring in terms of mean and 

breath-by-breath values in all trials except for Volunteer 1, presumably because of a non-well 

adherence of the sensing element to the skin due to a more prominent C1-C7 cervical segment 

and skin surface properties. For all the other volunteers, both FBG1 and FBG2 were able to 

detect fR values. They showed comparable results in terms of mean and breath-by-breath val-

ues during both quiet breathing and tachypnea (i.e., %efR ≤ 6.09% vs. ≤1.90%, |%efR| ≤ 29.36% 

vs. ≤ 18.86%%, and MAPE ≤ 15.36% vs. ≤ 5.86% during quiet breathing and tachypnea, respec-

tively). In the literature, only a few studies investigated the possibility of monitoring respira-

tory activity by using acoustic sensors in contact with the neck [416], [417]. An acoustic sensor 

was attached to the anterior lateral base of the neck to measure the sounds coming from the 

flow of air in the trachea [416]. However, these acoustic systems, usually employed in sound-

controlled environments, need to reject noises related to heartbeat, muscle activations, and 

swallowing [418]. 

 

Configuration 2: A wearable system based on a rectangular-shaped flexible sensor 

used to instrument an elastic band worn on the back for monitoring low back F/E move-

ments13   

Low back pain (LBP) is one of the MSD that most affects workers. As it causes exploitation 

of the National Health Service and absenteeism in workplaces, LBP constitutes a relevant socio-

economic burden. In such a scenario, prompt detection of wrong seating postures can be useful 

 

13 This work is an excerpt from “A Wearable Device Based on a Fiber Bragg Grating Sensor for Low Back Movements Monitoring” 
in which the Ph.D. candidate is co-author. doi: https://doi.org/10.3390/s20143825 
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to prevent the occurrence of this disorder. This configuration is a novel wearable device em-

bedding an FBG sensor to detect low back F/E movements and ROMs in seated subjects. 

Four healthy volunteers (two males and two females) with no history of back disorders were 

enrolled. The main population characteristics, expressed as mean ± standard deviation, are: 

age of 28.4 ± 0.5 years old, height of 175.2 ± 4.4 cm, body mass 67 ± 11.7 kg, and chest circum-

ference 94.4 ± 9.5 cm. Each subject wore the elastic structure over a tight t-shirt and was in-

vited to sit on a stool placed at the center of the four-camera MoCap recording area (about 3 

m3 of calibrated volume) and maintain a straight posture. In line with the protocol proposed in 

[419], 11 photo-reflective passive markers with a diameter of 18 mm were positioned on spe-

cific body landmarks (i.e., C7, T1, T4, T7, T10, L1, L3, L4, L5, right and left shoulder) using a bi-

adhesive tape (see Fig. 4:64 A). The FBG-based flexible sensor was then fixed with bi-adhesive 

tape for textiles upon the elastic wearable structure, in correspondence with the lumbar area 

between the subject’s L1 and L5 lumbar vertebrae, as shown in Fig. 4:64 A. The volunteer was 

instructed to follow the protocol that consisted of executing four consecutive back flexions fol-

lowed by four consecutive extensions two times, for an overall of sixteen F/E movements per 

trial. Each volunteer repeated the protocol twice; a total amount of eight trials was collected. 

During the trials, the outputs of both the wearable system and the MoCap system were ac-

quired. An optical spectrum interrogator (si255, Micron Optics Inc., Atlanta, GA, USA) was used 

to collect the FBG outputs at a sampling rate of 100 Hz, while the positions in time of the photo-

reflective markers were collected by the MoCap at the sampling frequency of 60 Hz and pro-

cessed with dedicated software (i.e., OEP-Smart, BTS Bioengineering Corp., Milan, Italy) to ob-

tain the trajectories of the F/E movements.  The entire experimental set-up is shown in Fig. 

4:64 B. 

 

FIGURE 4:64. (A) the markers placement and (B) the experimental setup. 
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Per each trial, from markers’ trajectories, the distance between markers L1 and L3 (dL3−L1, see 

Figure 6) was calculated as in the following formula: 

 

𝑑𝐿3−𝐿1 = √((𝑥𝐿3 − 𝑥𝐿1)
2 + (𝑦𝐿3 − 𝑦𝐿1)

2) (3) 

Equation 4:16 

 

where xL3 and xL1 are the x-axis coordinates of L3 and L1, respectively and yL3 and yL1 the y-

axis coordinates. The ΔdL3−L1 was then calculated as 

 

𝛥𝑑𝐿3−𝐿1 = 𝑑𝐿3−𝐿1 − 𝑑𝐿3−𝐿1|𝑡=0 (4) 

Equation 4:17 

 

This value allowed us to quantify the relative distance between L1 and L3 (expressed in cm) 

during F/E movements. 

Referring to a single trial, the first maximum peaks recognized both on the ΔλB and on the 

ΔdL3−L1 signals were used to synchronize the wearable device and the MoCap. Then, the ΔλB 

and ΔdL3−L1 data recorded during the first flexion movement were used to calibrate the wear-

able device output for reconstructing the L1-L3 displacements from ΔλB (to obtain ΔdΔλ). 

Since the linear relationship between the ε and the ΔλB, a least-squares linear regression was 

carried out to accomplish this task, considering the ΔdL3−L1 as predictor variables and ΔλB as 

response variables as in Eq. 4:18, 

 

y = α+ βx + ζ (5) 

Equation 4:18 

 

where α is the y-intercept (fixed at 0), β the slope (or regression coefficient), and ζ the error 

term.  
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To quantify the goodness of regression, the coefficient of determination R2 was calculated.  

The obtained calibration coefficient β was then applied to the whole signal ΔλB to obtain ΔdΔλB 

signal as in the following equation: 

ΔdΔλB = β ΔλB  

Equation 4:19 

To quantify the difference between the distance ΔdL3−L1 and the reconstructed distance ΔdΔλB 

the MAEΔd coefficient was calculated as in the following equation: 

 

𝑀𝐴𝐸𝛥𝑑 = 
∑ |𝛥𝑑∆𝜆𝐵

− 𝛥𝑑𝐿3−𝐿1|
𝑁
𝑖 = 1

𝑁
  

Equation 4:20 

Additionally, the lumbar angle (θ) was calculated considering the trajectories of L1, L3, and L4 

as shown in Fig. 4:65. In particular, θ was obtained as the angle among two vectors (L1L3⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  and 

L3L4⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ) at each instant: 

𝜃 =  𝑐𝑜𝑠−1 (
𝐿1𝐿3⃗⃗⃗⃗⃗⃗ ⃗⃗ ⃗⃗  ∙ 𝐿3𝐿4⃗⃗⃗⃗⃗⃗ ⃗⃗ ⃗⃗ 

‖𝐿1𝐿3⃗⃗⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ‖ ∙ ‖𝐿3𝐿4⃗⃗⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ‖
)  

 

FIGURE 4:65. The distance dL3−L1 (left image) and the lumbar angle θ (right image) retrieved from markers’ trajectories. 

 

 

Tesi di dottorato in Scienze e ingegneria per l'uomo e l'ambiente, di Daniela Lo Presti, 
discussa presso l’Università Campus Bio-Medico di Roma in data 9/04/2021. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



Chapter 4 -Wearable systems based on FBGs: design, fabrication, and feasibility assessment 

188 

In Figure 4:66, the trends in time of the wearable output (ΔλB), the distance between L1 and L3 

(ΔdL3−L1) and the lumbar angle θ evaluated for each trial are reported. It is possible to observe 

that the FBG and the reference system outputs show good agreement. In fact, as visible from 

the ΔλB and the ΔdL3−L1 trends, the wearable device was able to follow the volunteers' move-

ments for the entire duration of the trials. In particular, the system succeeded in following the 

protocol even during the pauses between each set of flexions and extensions and during the 

execution of minimal movements (see Figure 7, Trial 6), which confirms the high sensitivity of 

the flexible sensor. The trends in time of θ are used as a further reference to evaluate the am-

plitude of the F/E movements performed during the protocol's execution. Moreover, F/E are 

clearly distinguishable: flexions are defined as the signal peaks (which are the portions of the 

signal between two consecutive minimum points starting from the first recorded value), while 

the extensions are defined as the signal valleys (which are the signals included between two 

successive maximum points starting from the first recorded value). For every trial, eight flex-

ions and extensions can be counted, with a total amount of sixteen F/E movements, as ex-

pected. The widest ∆λB excursion that occurs during the trials is about 2 nm. It is worth noting 

that such strain condition was widely evaluated during the mechanical characterization of the 

flexible sensor. 

Here below, Table 4:24 summarizes the β regression and the R2 coefficients related to the re-

gression procedures. 

TABLE 4:24 

 

 As shown in the table, the β differs trial by trial from 0.32 cm·nm−1 to 2.78 cm nm−1; all the R2 

values denote moderate to good quality of regression. 

Table 4:25 reports the range of ΔdL3−L1 calculated from data recorded by the MoCap together 

with the MAEΔd. The maximum value of MAEΔd was 0.33 cm (~16% on the ΔdL3−L1 the ampli-

tude of 2.02 cm, as in Figure 4:66 (a). 

TABLE 4:25 
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FIGURE 4:66. (1) The wearable output (ΔλB), (2) the distance between L1 and L3 (ΔdL3−L1) and (3) the lumbar angle (θtrends 
obtained per each trial. (a): Trial 1; (b): Trial 2; (c): Trial 3; (d): Trial 4; (e): Trial 5; (f): Trial 6; (g): Trial 7; (h): Trial 8. 

 

In Fig. 4:67, the distance between L1 and L3 evaluated by the MoCap system (ΔdL3−L1) and the 

reconstructed distance (ΔdΔλB) are shown for each trial. Once again, it is possible to appreciate 

the concordance of the two signals over time. Also in this case, F/E movements are clearly 
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distinguishable, as well as the minimal movements and the pauses performed between each 

set of flexions and extensions. 

 

FIGURE 4:67. (1) The distance between L1 and L3 evaluated by the MoCap (ΔdL3−L1) and (2) the reconstructed distance (ΔdΔλ ) 
obtained per each trial. (a): Trial 1; (b): Trial 2; (c): Trial 3; (d): Trial 4; (e): Trial 5; (f): Trial 6; (g): Trial 7; (h): Trial 8. 

 

The strength of the presented wearable device relies on the high sensitivity of the flexible 

sensor that permits continuous lumbar monitoring over time (even in case of pauses between 
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the F/E movements or minimal motions), as well as the distinction of flexion and extension 

phases. Moreover, the design of the structure allows the proposed solution to be easily worn 

over any type of garment, while its lightness and compactness permit the use of the device for 

the entire working day. Furthermore, thanks to the adjustable elastic suspender, the smart 

wearable can fit any body shape and size.  

The proposed device lays the basis for the development of FBG-based wearables for work-

ers’ safety monitoring and could carry the research one step forward in occupational health. In 

clinical practice, one of the most reliable and accurate techniques to detect lumbar ROMs is the 

use of radiography [420], [421]. In fact, intervertebral angles can be identifiable by evaluating 

the radiographic images of subjects’ back in F/E postures. Unfortunately, the disadvantages 

brought by such practice are several, as it is time-consuming and too invasive due to repeated 

X-ray exposures. Therefore, in the last decades, clinicians have been moving towards the use 

of ever safer, less invasive, and immediate techniques and devices (e.g., goniometers [422], 

MoCap systems [421]) and wearable instrumented by MEMS accelerometers and piezoresis-

tive textiles [423], strain gauge sensors [424], and FOSs-based systems [425]–[427] technolo-

gies. Thanks to its flexibility, although the proposed configuration reached MAE values higher 

than 2% and was assessed in sitting positions, it is unobtrusive and compliant with the natural 

spinal curvature, so easily acceptable for the users in the working scenario. Besides, the optical 

signal is not affected by noises and electromagnetic interferences, permitting large-scale em-

ployment even in challenging and harsh environments (e.g., in the presence of strong electro-

magnetic fields).  
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4.3 Wearables for sensorimotor behavioral assessment  

In the following section, the design of an FBG-based smart device for measuring palmar 

grasps of newborn infants is proposed. This is the first device based on FBG proposed in the 

literature for this aim.  

 

It consists of a cylindrical-shaped structure filled by a flexible polymer encapsulating an 

FBG sensor (see Fig. 4:68). The mechanical coupling between the hand and the device is des-

cribed using F and P exerted.  

 

FIGURE 4:68. Wearables for sensorimotor behavioral assessment: for grasping investigations, encapsulated FBG are used to fill 
greppable/graspable tools. 

 

A description of this FBG-based system focusing on the design, fabrication, metrological 

characterization, and results of the preliminary tests during grasping is presented below.   

 
An fMRI compatible smart device for measuring palmar grasping in newborns14 

Grasping is one of the first dominant motor behaviors that enable the interaction of a newborn 

infant with its surroundings. Although atypical grasping patterns are considered predictive of 

neuromotor disorders and injuries, their clinical assessment suffers from examiner subjectiv-

ity, and the neuropathophysiology is poorly understood. Therefore, the combination of tech-

nology with fMRI may help to precisely map the brain activity associated with grasping and 

thus provide important insights into how functional outcomes can be improved following 

 

14 This work is an excerpt from “An fMRI Compatible Smart Device for Measuring Palmar Grasping Actions in Newborns” in 
which the Ph.D. candidate is the main author. doi: https://doi.org/10.3390/s20216040 
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cerebral injury. The present study aims to develop an FBG-based measuring system (hereinaf-

ter called the smart graspable device - SGD) to detect newborns' grasping actions. Firstly, the 

design, the fabrication, and the metrological characterization are proposed. Finally, two pre-

liminary trials were carried out to investigate the performances of the proposed device when 

used by a preterm infant in the neonatal intensive care unit and an adult during an fMRI exper-

iment. 

 

Design, fabrication, and metrological characterization 

Designing a sensing device able to detect natural grasping actions and work simultaneously 

within an fMRI experiment is very challenging. Furthermore, there are additional constraints 

set by the target population (i.e., preterm and term newborn infants), which are not fulfilled by 

the majority of devices currently proposed in the literature [348], [428]. Also, the electromag-

netic field inside the MRI environment can affect the working capability of most electronic de-

vices proposed for grasp measurements and can induce currents in metal loops leading to in-

fant contact burns [429], [430]. In the same way, ferromagnetic elements widely used as com-

ponents of graspable electronic devices may cause artifacts on the MRI images themselves, af-

fecting diagnostic image quality [431].  

As newborn infants are inherently uncooperative subjects, a further requirement of the device 

is that their natural movements can be safely measured under natural conditions [348], [432]. 

The proposed tool should be small and light-weight to allow handling by a newborn infant, and 

its shape should be appropriate to improve engagement and encourage palmar grasping [433]. 

Moreover, high sensitivity to a low range of loads is necessary to detect the hand closure of a 

newborn infant, as well as being biocompatible and easily cleaned reduce the risk of cross-

infection between subjects [434], [435].  

To meet all of these technical and clinical requirements, an FBG sensor was chosen as the sen-

sing element. A flexible and non-toxic silicone rubber (i.e., Dragon Skin™ 10) was used as a 

squeezable matrix to encapsulate the FBG sensor [379]. Lastly, a polylactic acid (PLA) structure 

characterized by a linkage mechanism filled with the soft silicone was designed according to 

the index finger dimensions of an adult human as this is typically used to insert into the infant’s 

palm to elicit the grasping reflex. The proposed solution is highly sensitive, robust, safe, af-

fordable, and infant-friendly.  
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The idea behind the system design and manufacturing was based on the need for it to be sen-

sitive enough to detect Fext applied by the infant and able to transduce Fext into grating ε meas-

ured by the FBG sensor. At the same time, the device should be robust and safe enough to be 

handled and grasped by a newborn infant in a variety of settings.  

The medium consists of a PLA-based structure characterized by a linkage mechanism and filled 

by flexible silicone (i.e., Dragon Skin™ 10). The transduction mechanism exploits four-bar link-

ages hinged to the PLA structure ends to convert the applied Fext into ε via the silicone squeez-

ing and releasing. When the newborn infant grasps the device, the silicone squeezes, and the 

FBG is strained; and is then unstrained once the SGD is rereleased (see Fig. 3:22).  

The PLA structure is a hollow cylinder made up of two semi-cylindrical pieces (see Figure 4:69 

A and 4:69 B). Each piece is constituted of two end parts perpendicularly spaced by two bar 

linkages (40 mm of length, 4.2 mm of width, and 1 mm of depth). The bar linkages are hinged 

along the ends with a uniform interval of 60° to form a symmetrical structure (Fig. 4:69 A, top 

and front views). One semi-cylinder has a 10-mm length conduit to accommodate the jacket 

(yellow cable in Fig. 4:69 B). The jacket is the last layer of protection of the optical fiber from 

the end of the PLA structure to the interrogation unit. 

The outer diameter of the PLA structure is 12 mm, and its overall length is 50 mm, which cor-

responds roughly to the dimensions of a human finger. The sensing element embedded into 

the PLA structure consists of an FBG sensor (B of 1547 nm and grating length of 10 mm, com-

mercialized by AtGrating Technologies, Shenzen, China) configured with the middle part of the 

optical fiber encapsulated into a Dragon Skin™ 10 silicone matrix.  

The encapsulation was fabricated as follows:       

1. The optical fiber was tightly suspended inside the PLA structure by firmly gluing its 

two ends inside the small grooves fabricated at the center of the structure ends. This 

configuration utilized a pre-tension to keep the FBG in a stretched state in order to 

improve its resolution and sensitivity (stage 1 in Fig. 4:69 B); 

2. The PLA structure was placed inside a mold to allow the cavity to fill without any sili-

cone spilling. The silicone rubber was synthesized by mixing A and B liquid compo-

nents of Dragon Skin™ polymer at a ratio of 1:1; the mix was degassed and poured into 

the cavity (stage 2 in Fig. 4:69 B); 
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3. A curing process of 5h was carried out at room T, as suggested in the technical bulletin 

[379], to allow the silicone rubber vulcanization before extracting the SGD from the 

mold (stage 3 in Fig. 4: 69 B ).  

 

 

FIGURE 4:69. (A) The geometrical features of SGD; (B) the main manufacturing steps: the FBG sensor positioning (step 1), the 
silicone mixture pouring (step 2), and the SGD removed from the mold after the rubber vulcanization (step 3). 

 

Two nominally identical SGDs (from now on referred to as SGD1 and SGD2) were developed 

following the same manufacturing stages previously described.  

To improve the SGDs usability during fMRI, both the devices were also designed to be able to 

instrument an already existing fMRI-compatible robotic interface for conducting experiments 

with newborn infants described in [436], [437]. This interface was designed to accommodate 

the infant’s forearm on a central non-sensitive platform and to passively guide the flexion and 

extension of the infant's wrist while the hand was wrapped around a bar. The instrumentation 

of the robotic interface with the proposed SGD was performed by switching the non-sensorized 

handlebar with the SGD, so allowing the investigation of brain activity related to grasping and 

spontaneous movements (Fig. 4:70 A and B). Two temporary PLA-based anchoring systems 

were fabricated to fit the SGD to the robotic interface (see Fig. 4:70 A). The anchoring mecha-

nism was designed to allow quick and easy fitting of the SGD according to the fMRI investiga-

tion being performed.  

 

Tesi di dottorato in Scienze e ingegneria per l'uomo e l'ambiente, di Daniela Lo Presti, 
discussa presso l’Università Campus Bio-Medico di Roma in data 9/04/2021. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



Chapter 4 -Wearable systems based on FBGs: design, fabrication, and feasibility assessment 

196 

 

FIGURE 4:70. (A) A detail of the anchoring system elements designed to allow fitting of the SGD within an already existing robotic 
interface; (B) the SGD together with the robotic interface. 

 

Before developing the proposed system, the compression behaviors of Dragon Skin™ sili-

cones with different harnesses were investigated in order to define the one which better meets 

the technical requirements of the proposed sensing solution. 

The mechanical properties of Dragon Skin™ 10 Medium, 20, and 30 were investigated in terms 

of σ-ε properties. To better quantify the compression behavior of Dragon Skin™ silicones, the 

Young modulus E (expressed in MPa) was calculated to drive the selection of the material, 

which better satisfies all the requirements mentioned above. Considering the scenario of inter-

est and target population, the application of low squeezing F will induce a compression on the 

silicone rubber with ε values lower than 10% of the rubber sample (l0). Thus, the σ-ε relation-

ship can be described by Hooke’s law [438]: 

 

       σ = E ε   

Equation 4:21 

 

Where σ is the external F applied to the sample per its cross-sectional area - A and ε is calcu-

lated as (l-l0) / l0.  

The standard ISO 7743:2017 (Rubber, vulcanized, or thermoplastic - Determination of com-

pression stress-strain properties) was used for defining the dimensions of the cylindrical 

pieces used for the compression tests. The test piece B (method C) with a diameter of 17.8 ± 

0.2 mm and a height of 25.0 ± 0.2 mm was chosen [439]. Dragon Skin™ 10 Medium, 20, and 30 

were poured into a cylindrical mold designed in Solidworks (Dassault Systemes, Tennessee, 

USA) and 3D printed using PLA. As suggested by the technical bulletin, the curing process was 
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carried out at room T for 5 h, 4 h, and 16 h for Dragon Skin™ 10, 20, and 30, respectively. A total 

of fifteen specimens were fabricated, five pieces for each hardness level. 

Compression tests were carried out using the Instron machine (Instron mod. 3365, load cell 

with a range of measurement of  10 N, an accuracy of 0.02 N, and a resolution of 10-5 N) to 

apply controlled ε values (from 0% to 25% of l0 as suggested by the standard ISO 7743:2017) 

in a quasi-static condition (at a low displacement rate of 2 mm·min−1). The static assessment 

of each specimen was executed by positioning the cylinder-shaped sample between the lower 

and the upper plates of the machine, as shown in Fig. 4:71.  A total of five repetitive compres-

sion tests were carried out at room T for a total of twenty tests per sample. The loads and the 

displacements applied by the compression machine to the specimen were recorded at a sam-

pling frequency of 100 Hz using Bluehill Universal software (Instron®, Torino, Italy).  

 

 

FIGURE 4:71. Setup of the compression tests: the cylinder-shaped sample between the lower and the upper plates of the Instron 
machine and the initial sample length before (l0) and during the compression (l) are illustrated. The top plate moves at constant 
speed parallel to the x-axis. 

 

The σ-ε relationships of each Dragon Skin™ material were obtained by processing the col-

lected data through a custom algorithm. The mean value of experimental σ (σexp) and the re-

peatability of the system response was determined by calculating the related uncertainty 

across the twenty tests by considering a t-student reference distribution with 19 degrees of 

freedom and a level of confidence of 95% [366]. The best fitting line of the calibration curve 

was obtained, and its angular coefficient was calculated to estimate E. Lastly, the linearity error 

was calculated by using Eq. 4:22 in terms of the maximum linearity error (% uLmax): 
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% uLmax= {max [σexp (ε) - σth (ε)] · σfsexp-1} 100   

Equation 4:22 

 

Where σfsexp is the full-scale output range, σexp(ε) the experimental stress experienced by the 

sample at a specific ε, and σth(ε) is the theoretical stress obtained by the linear model at the 

same ε value. 

Results showed E values of 0.24 MPa, 0.47 MPa, and 0.74 MPa, for Dragon Skin™ 10, 20, and 30, 

respectively (see Fig. 4:72). The R2 values higher than 0.98 were found for all the responses, 

and linearity errors of 5.7%, 7.8%, and 8.9% were obtained for Dragon Skin™ 10, 20, and 30, 

respectively. As expected, Dragon Skin™ 10 is more flexible than Dragon Skin™ 20 and Dragon 

Skin™ 30. In particular, the E value of Dragon Skin™ 10 is approximately half that of Dragon 

Skin™ 20 (i.e., 0.24 MPa vs. 0.47 MPa) and one-third that of Dragon Skin™ 30 (i.e., 0.24 MPa vs. 

0.74 MPa). The high R2 values (for all tests R2 > 0.98) indicate good agreement between the 

experimental data and the linear model. Moreover, the Dragon Skin™ 10 response showed the 

best linear behavior as testified by the % uLmax value (i.e., 5.7%), which is lower than the ones 

of Dragon Skin™ 20 (i.e., 7.8%) and Dragon Skin™ 30 (i.e., 8.9%), as shown in the respective 

plots in Fig. 4:72. Finally, Dragon Skin™ 10 showed the best results in terms of uncertainty 

(maximum uncertainty of 0.004 MPa) when compared to Dragon Skin™ 20 (i.e., 0.01 MPa) and 

Dragon Skin™ 30 (i.e., 0.007 MPa). 

 

FIGURE 4:72. The σ-ε relationships for Dragon Skin™ 10, 20, and 30 are shown in blue, red, and green, respectively. In particular, 
the continuous lines represent the average σexp values, the shaded areas the related uncertainties, and the black dotted lines the 
σth values obtained by the best linear fitting model. 

 

These findings demonstrated that Dragon Skin™ 10 is best suited to meet the technical require-

ments of the SGD; particularly given the expected low ranges of Fext applied by newborn infants, 

which would likely require high flexibility, Dragon Skin™ 10 allow the SGD to be easily 

squeezed by a newborn for the Fext transduction into grating ε.  
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After that, the two SGDs were fabricated by filling the cylindric-shaped structure with Dragon 

Skin™10 and, their metrological properties were investigated. 

To estimate SGD sensitivity to Fext (SF), compression tests were performed by using a tensile 

testing machine (Instron, mod. 3365, load cell with a range of measurement of  10 N, an accu-

racy of 0.02 N, and a resolution of 10-5 N).  

Each sensor (i.e., SGD1 and SGD2) was placed on the lower base of the machine blocked to the 

support place by using the 3D-printed clamps. External loads in the range ~0 N - 2 N were 

applied on each bar of the SGD at a low compression rate of 2 mmmin-1 to simulate quasi-static 

conditions (see Fig. 4:73).  

 

 

FIGURE 4:73. The SGD in the blocking system, the load cell, and the mechanical indenter are shown in the picture. A schematic 
representation of the SGD between the lower and the upper plates of the Instron machine is illustrated. The top plate moves at 
constant speed parallel to the x-axis. 

 

The load was applied to the center of each bar by using a mechanical indenter (5 mm diameter). 

A total of five compression tests were performed on each of the four bars for a total of 20 tests. 

Once the five tests related to a single bar ended, the SGD was rotated of 90° along its longitudi-

nal axis, re-blocked to the support, and the second bar was loaded. The same procedure was 

repeated for the remaining two bars. The SF value of each SGD was found, averaging the twenty 

responses of all the bars to the applied loads. During each test, the output from the tensile ma-

chine was collected at a sampling frequency of 100 Hz. The ΔλB values were simultaneously 

recorded using the optical spectrum interrogator (si255, Hyperion Platform, Micro Optics Inc., 

Atlanta, GA, USA) at the same sampling frequency. 

The calibration curve (ΔλB vs. Fext) was obtained by processing the collected data through 

a custom algorithm. The average value of ΔλB and the related uncertainty were calculated 

across the twenty tests by considering a t-student reference distribution with 19 degrees of 

freedom and a level of confidence of 95%. The best fitting line of the calibration curve was 
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computed, and its angular coefficient was calculated to find out the SF value for SGD1 and SGD2 

(see Fig. 4:74). 

 

 

FIGURE 4:74. The ΔλB vs. Fext of SGD1 and SGD2: in continuous magenta lines the average ΔλB vs. Fext responses, in the shaded ma-
genta area the related uncertainties and in dotted black lines the best linear fitting. 

 

Results showed SF value of ~ 0.23 nm·N-1 for both the devices suggesting a good reproduc-

ibility of the fabrication process. Moreover, R2 > 0.99 indicated excellent agreement between 

the experimental data and the linear fitting model.  

 

Preliminary trials 

 After the metrological characterization, the proposed SGDs performance was investigated 

in a real scenario. Two explorative tests were performed with a newborn infant and an adult 

subject. Given the high agreement in SF value between SGD1 and SGD2, SGD1 was used for the 

following tests and for simplicity, is now referred to as SGD. First, an explorative test was per-

formed on a healthy newborn infant in the neonatal intensive care unit of St. Thomas Hospital 

(London, UK) to test the compatibility of the SGD and assess its ability to detect a newborn 

infant’s grasp. A further explorative trial within an fMRI experiment was then carried out to 

validate the device performances inside the MRI scanner and confirm that activation within 

the brain areas associated with the grasping action detected by SGD could be identified with 

fMRI.  

To assess the capability of SGD to detect grasping behavior in newborn infants, three 

healthy infants were recruited at St Thomas’ Hospital (London, UK). Of them, only one infant 

(gestational age at birth: 36 weeks + 6 days, postmenstrual age at the time of recording: 37 

weeks + 2 days) was in a suitable awake state at the time of the recording. The study was ap-

proved by the NHS research ethics committee (REC code: 12/LO/1247), and informed written 

consent was obtained from parents before participation. Under the supervision of a physician, 
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a neonatal physiotherapist handled the SGD and applied light pressures on the infant’s palm to 

induce hand closure around the device and elicit grasping behavior. Data from the SGD were 

collected using the FBG interrogator (si425, Micron Optics Inc., Atlanta, GA, USA) at a sampling 

frequency of 250 Hz. A video used as reference was simultaneously recorded using a camera 

(Handycam, Sony, Minato-ku, Tokyo JP). After data acquisition, the physiotherapist and the 

physician checked the recorded video to identify the time windows corresponding to the new-

born infant's grasping action. A total of five grasping events were identified. A total of five 

grasping events were identified (see Fig. 4:75 A).  

 

 

FIGURE 4:75. (A) Video frames of grasping actions identified by the clinicians; (B) the related signals collected by the SGD. Grasps 
actions are enumerated from 1 to 5. 

 

Those time windows were then used to highlight changes in the SGD output associated with 

grasping actions. The signal showed evident peaks during this specific time window related to 

presumed SGD squeezing and releasing actions (see Fig. 4:75 B). Results showed ΔλB values 

ranging from 0.04 nm to 0.11 nm that corresponds to F ranging from ~0.17 N to ~0.48 N. 

 

The second trial was performed on a healthy volunteer (32 years old, adult female volun-

teer) inside a 3 Tesla MRI scanner (Philips Achieva, Best, NL) located at St Thomas Hospital 

with a 32-channel receive head coil. High-resolution structural T1-weighted and T2-weighted 

images were acquired for image registration purposes. BOLD contrast fMRI data with an EPI 
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GRE sequence with parameters: x/y/z resolution: 3.5 mm x 3.5 mm x 6 mm; TR: 1500ms; TE: 

45ms; FA 90o.  

The subject was studied with her right hand fitted inside the instrumented robotic interface 

described in [436], [437] with the right index and middle fingers strapped to the SGD on the 

handlebar. The subject was then asked to use their two fingers to apply a short F on the SGD at 

spontaneous and random times during an acquisition session lasting 225 s (corresponding to 

150 images). The SGD signal was collected using the FBG interrogator (si425, Micron Optics 

Inc., Atlanta, GA, USA) at a sampling frequency of 250 Hz, and the recording started synchro-

nously with the fMRI image acquisition so that the timing of the task could be related to the 

fMRI time series. The task was designed to simulate a situation in which the experimenter is 

unaware of the timing of the task inside the scanner, as would be in the case of studying spon-

taneous motor behavior in infants, but can obtain this information from the output of the 

SGD. The experimental set-up and data flow are shown in Fig. 4:76.  

 

FIGURE 4:76. Experimental set-up of fMRI trial with the data flow: the MRI scanner (a), the patient (b) and the robotic interface 
instrumented by the SGD (c) in the scanner room, and the workstation (d), the FBG interrogator (e) and the laptop (f) in the control 
room. Digital and analogue data flows between the scanner and control rooms are shown using blue and red arrows, respectively. 

 

The acquisition volume trigger markers (via a TTL pulse) were transmitted to the scanner 

workstation and used offline to synchronize the fMRI data with the signal recorded by the SGD. 

Data from the SGD were analyzed in MATLAB environment. As shown in Fig. 4:77 A, the device 

was able to detect the F applied by the subject without prior knowledge of its timing (i.e., 26 

actions in the SGD output across the period of acquisition) from which the event-related occur-

rence of the task could be defined for the fMRI data analysis. In order to identify which voxels 

of the brain images were active during the task, it is possible to use a simple general linear 
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model (GLM) to fit the BOLD time series within each voxel with a temporal model of the pre-

dicted activation and the strength of each fit is used to generate a z-statistics map across the 

whole brain. The predicted activation used as a model is built as the convolution of the exper-

imental design (a vector that represents the timing of action vs. rest) and the haemodynamic 

response function (HRF) that acts as a temporal smoothing kernel. The SGD-derived task pat-

tern was then expressed in a binary vector form (with 1’s representing action and 0’s repre-

senting rest) where the events were identified using the findpeaks function on the normalised 

SGD signal in MATLAB (see Fig. 4:77 A).  

 

 

FIGURE 4:77. (A) The flow of data analysis. The peaks in ΔλB coming from the SGD were used to infer the timing of the action and 
create a boxplot MRI design. This was convolved with the HRF to generate the design model for the GLM. (B) Significant clusters 
of functional response to the task (in red and yellow) overlaid onto the subject’s T1-weighted brain image.  

 

Each event was represented by 8 ms centered at the peak of the action. The binary vector 

was then convolved with the canonical hemodynamic response function (HRF) to generate the 

design model for the general linear model fMRI analysis (see Fig. 4:77 A). MRI data were pro-

cessed using tools implemented in the FMRIB Software Library (FSL) in [440] following a 

standard pipeline which included: high pass temporal filtering (with 0.02 Hz cut-off fre-

quency), MCFLIRT rigid body motion correction, slice timing correction, brain extraction using 

BET, spatial smoothing (Gaussian of FWHM 5 mm), univariate general linear model (GLM) with 

additional six motion parameters derived from the rigid body motion correction as confound 

regressors, cluster correction (p threshold 0.05). As predicted, significant clusters of positive 

BOLD activity located in the primary contralateral (left) somatosensory and motor cortices and 
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supplementary motor area correlating to the task performed by the subject, and the main clus-

ter of activation located at the hand knob on the precentral gyrus (see left - L and right - R 

lateral and top view on the 3D rendered brain images in Fig. 4:77 B). 

 

To the best of our knowledge, the proposed SGD is the first fMRI-compatible device based 

on FBG able to detect and measure palmar grasp in preterm and term infants. The SGD is 

shaped and sized appropriately to be handled by a newborn infant’s hand, easily squeezed, and 

able to detect low grasping Fext. Furthermore, the FBGs’ EMI compatibility ensures the safety 

and working capability both outside and inside the MRI environment. These preliminary vali-

dation experiments revealed that the SGD could work in both cases: on a non-collaborative 

subject (i.e., the newborn infant) and within the MRI environment.  

In the literature, pioneering work describing grasping behavior in infants began in the 1930s 

[441]–[443]. These first studies were based on functional scales or on the direct observation 

of infant responses to light pressure applied on the palm [444]. These methods suffer from 

several limitations, including examiner subjectivity and incapability of quantifying grasping 

actions in terms of strength and duration. With the advancement of technological devices, 

novel methods emerged for assessing motor function in early infancy [351], [432], [435], 

[445]–[449]. In particular, grasping behavior has been studied in infants in terms of strength 

and holding time, with some studies proposing novel systems to investigate the relationship of 

these variables with intrinsic (e.g., infant sex [435], weight [434], preterm birth [450]) and ex-

trinsic factors (e.g., object shape and texture [449]). Moreover, systems for objective assess-

ment of grasping actions were developed to detect early abnormal neuromotor development 

and based on the premise that this could guide prompt intervention to improve functional out-

come [447], [451]. The main findings of the state-of-the-art showed: i) a higher grasping 

strength and pronounced handedness symmetry in males more than females [435], ii) a de-

crease in holding time when the same object is repetitively put in the newborn infant’s hand, 

and an increase when its shape and smoothness changes [449]; iii) longer holding times in 

preterm in comparison to term neonates with significant differences related to sex [435].  

Existing technological tools developed for measuring grasping in newborn infants can be 

grouped into devices worn on the examiner’s finger [351] or those that are directly handled by 

an infant. [351], [432], [446], [447]. Very few of these systems were also specifically designed 

to be used by newborn infants in the first days following birth. All of these systems are based 

on pressure transducers with electrical components (i.e., piezoresistive sensors [446], F sens-

ing resistors – FSR [432], capacitive sensors [351], and conductive polymer layers [447]). 

These features do not allow their employment inside the MRI scanner. In contrast, our device 
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is designed to be directly handled by a newborn infant and can be used in fMRI owing to the 

FBG sensor EMI immunity and the SGD affordable shape.  

In [446], as in our study, the device was designed to be directly grasped by a newborn infant 

without active involvement from the examiner during the experimental trial. An electrical 

sensing element (i.e., a piezoresistive pressure transducer) was used to develop a ring-shaped 

device consisting of a silicone-filled chamber hanged within a rigid case and connected to the 

transducer (total diameter of 93 mm). This allowed measuring infant grasping activity gener-

ated by chamber internal pressure changes due to the silicon squeezing. Our device differs as 

the proposed SGD is based on optical technology instead of electrical components, is softer 

(10A vs. 50A), and considerably lighter (8 g vs. 115 g). All of these features make our system 

more suitable for studying a broader range of infant populations, including preterm and term 

infants.  

Indeed, this study was only a preliminary investigation. Future applications of the proposed 

SGDs will aim to investigate further the feasibility assessment in a broader range of newborn 

infants both inside and outside the MRI scanner. To improve the system usage, the SGD will be 

embodied into a wearable device for the fingers/palm of infants. In this way, the SGD can be 

easily employed inside the MR scan without any external clinical support. Moreover, wearable 

systems for left and right hands instrumented by the SGDs can be used together in longitudinal 

studies to study the emergence of hand dominance and (bi)manual grasping to investigate de-

velopmental motor disorders resulting from localized brain injury and provide new insights 

into behavioral neurophysiology and neuropathology. 
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Chapter 5 Conclusion 
 

The increase of the elderly population and the development of chronic diseases is leading 

to the growing market for wearable devices. Their application in SH, ranging from clinical to 

sport/fitness and occupational sectors, suggests the increasing immersion of wearables into 

daily life and their considerable impact on people's health, as described in Chapter 1.  

Continuous monitoring of human activities can foster a culture of well-being pushing the dis-

ease treatment progression, a prompt patient assistance, and the development of patient-spe-

cific technological solutions. Focusing on their use as medical devices, wearables often require 

direct contact with skin or interact with a biological substance such as sweat and exhaled air; 

thus, they should meet stringent clinical (e.g., biocompatibility, EMI proof, high/low- T operat-

ing life, and high-pressure resistance) and technical requirements (e.g., user-friendly, highly 

reliable and accurate).  

FBG sensing is a well-established technology that provides an accurate monitoring of the 

human health status showing advantages where the competitor electric sensors have difficul-

ties (Chapter 2). Following this path, this thesis focused on the SH revolution and the role of 

FBGs-based wearable systems in the SH framework to answer the two questions proposed at 

the end of Chapter 1. 

The first one was: 

 

” What are the key elements to consider for the development of FBG-based wearables 

usable for SH applications?” 

 
 

The FBGs advantages promote the use of this sensing technology for the development of 

wearables with medical potentialities. For instance, in all the previous study cases, the FBG 

small size, good metrological properties, and intrinsic biocompatibility resulted in key features 

where high performance, well body mechanical coupling, and fabrics integration were re-

quired. These benefits made these sensors particularly attractive for the development of 
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wearables employable in biomechanics, physiological monitoring, and sensorimotor behav-

ioral assessment on newborns (see Chapter 4). At the same time, the possibility to perform 

high resolved and distributed measurements enabled the use of FBGs for monitoring chest wall 

vibrations, compartmental volumes after a pre-calibration and, vital parameters with higher 

reliability (as in some technological solutions described in Chapter 4).  

Further investigations will mainly focus on the BCG/SCG extraction from the chest wall 

displacements by developing innovative sensors in terms of shape, mechanisms of adhesion to 

the body, and standard positioning. Moreover, arrays for low back measurements and spline 

shape reconstruction will also be considered as novel technological solutions for rehabilitation 

and occupational settings. 

 

Some limitations related to this technology should also be underlined since they must be 

considered in the development of  high-performant and robust medical wearable devices. First, 

an improvement of robustness is mandatory when FBGs are used to instrument wearable de-

vices. Indeed, this technology requires body-contact and may be subjected to high ε (e.g., dur-

ing joint bending) as described in Chapter 3. To meet these requirements, flexible and soft pol-

ymeric matrices have been used in the described works to encapsulate the grating and making 

FBGs more robust and easier to handle. Moreover, systems for making the wearable solutions 

able to fit different body shapes have been developed (e.g., Velcro straps and buttons) to make 

the FBG-based flexible sensors easily worn by subjects with different anthropometric (see 

Chapter 4).  

Another important factor to underline is that these sensors need a physical connection 

between the interrogation unit and the optical fiber. Thus, during the design, it is important to 

consider additional wearable elements such as terminal boxes with patch panel faceplates. In-

side the box, the optical cable ends, providing a patch point for a small number of connections 

to access the communication and interrogation equipment. This box is usually installed with 

adapters or pigtails with connectors and should also be positioned on the wearable system. 

One side of the panel is usually fixed, meaning that the fiber cables are not intended to be dis-

connected. On the other side of the panel, patch cords can be plugged in to establish the physi-

cal connection between the wearable system and the interrogator unit. 

 

The second question was:  

 

“Which main steps should be accomplished to translate such an optical technology 

from structured environments to clinical and everyday settings?” 
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The Healthcare 4.0 revolution has placed demands of systems conformally attached to hu-

man bodies minimalizing discomfort and promoting a great deal of sensing functionalities. The 

achievement of such high expectations requires the development of skin-like flexible sensors 

more comfortable and performant than those currently proposed in the state-of-the-art (Chap-

ter 1). For this reason, a considerable amount of research has been dedicated to the fabrication 

and characterization of FBG-based sensors encapsulated into soft matrices.  

Over the last years, several polymers have been investigated for grating encapsulations 

and fastener solutions have been proposed (e.g., buttons, straps, tapes), improving the FBGs 

use and acceptance for a broader range of population (Chapter 2). In this works, Dragon Skin 

silicones have been extensively used as flexible matrices due to their high flexibility and bio-

compatibility (Chapter 4).  

Although the successful implementation of FBGs-based technologies in clinical trials and 

daily life activities has been proved both in this thesis than in the literature, there are still chal-

lenges to encounter and issues to overcome.  

A limited amount of solutions are currently used in clinical practice [48], and no systems 

have been used for long-term monitoring in everyday settings. Some FBGs-based systems have 

been tested in clinical trials for biomechanics, and physiological monitoring [46], [355], pa-

tented surgical instruments have been proposed for tactile and shape sensing, and few solu-

tions tested in scenarios mimicking real-life settings (Chapter 2 and Chapter 4).  

 

To show the maturity of FBGs-based solutions described in Chapter 2, the technology 

readiness level (TRL) is illustrated in Fig. 5:1. All the implemented systems achieved a TRL 

ranging from 3 to 9. The highest level is around 3 for biosensing, 5 for both biomechanics and 

physiological monitoring where many wearable solutions are included, and 9 for MIS as com-

mercial solutions certified EN60601 are available [204] (see Fig. 5:1).  

 

FIGURE 5:1. The TRL level of FBG-based systems for medical and healthcare applications. 
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Our custom technological solutions achieve a TRL around 5-6. Hence, more efforts should 

be made to translate these prototypes from laboratory settings to everyday life. 

  

Unfortunately, the wide acceptance of FBGs-based wearables for uses in SH framework 

(for both clinical and everyday life settings) is still dampened by the need for both an interro-

gation unit and the physical connection between the interrogator and the optical fiber embed-

ding the FBGs, as already described. Recently, steps forward have been taken to contain the 

optical interrogator bulkiness and related costs. Indeed, commercial solutions with package 

dimensions smaller than 40 mm x 40 mm x 50 mm and prices lower than $ 7000 are available. 

The open challenge is to improve the performance of the miniaturized interrogators since they 

show lower resolution, lower interrogation speed, narrower wavelength bandwidth, and 

smaller number channels than the bulky interrogators. A miniaturized interrogation unit can 

also lead to a remotion of the terminal boxes and, thus, to low overall encumbrance.  

Another open challenge regards the development of even more realistic simulations for 

studying the polymeric matrix-fiber surface interaction. This knowledge may be useful to de-

velop optimized, flexible sensors customized on the application of interest, finding the good 

trade-off between system structure robustness and performances. To date, no further models 

of this interaction are presented in the literature; hence, future works will be devoted to stud-

ying these bonding mechanisms and their modeling to develop optimize sensing solutions  

Moreover, in a future perspective, improvements in the FBG inscription process, contain-

ment of FBG array dimensions, quality of multicore fiber technology, and T self-compensation 

will extend the potential market of FBG-based wearable devices in medicine and healthcare.  

 

However, the considerable amount of attention given to FBGs in scientific papers and the 

growing market interest regarding their applications in healthcare (e.g., the increase of emerg-

ing and up-to-date sensing solutions for wearables and biosensing) underline the strong inter-

est to fulfill the gap between research and everyday practice [49], [48].  

Once the challenges above will be addressed and future trends realized, the next genera-

tion of medical devices will exploit the advantages of FBGs into portable solutions. The minia-

turization of high-performant interrogation units and the development of optimized FBG-

based sensing solutions, as well as the incorporation of wireless data communication modulus 

and the implementation of direct control strategies, will push the establishment of digital 

Health architectures also based on fiber optics. Such innovation will encourage the extensive 

use of FBG-based technology in SH framework, contributing to make it an effective integral part 

of medical devices and a novel healthcare system.
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