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ABSTRACT 
 

This thesis is focused on the study and development of both electroconductive and 

stimuli-responsive coatings for the design of wearable textiles.  

In recent years, textile-based polymers have aroused great interest in the scientific 

community for the growth of a new research field based on the enhancement and 

innovation of this material, promoting functionalities that go beyond their conventional 

use of protection against atmospheric agents, fashion and social identity. Properties like 

wearability, flexibility, lightness, breathability, made textile materials interesting as 

substrates for a new generation of sensor materials, called smart textiles. In this regard, 

several research studies have been conducted to define the optimized strategy to obtain 

textile-polymers characterized with particular functions. Among them water repellency, 

flame retardancy, UV protection, wear and abrasion resistance, controlled release and 

electroconductivity as well as antimicrobial and halochromic properties. 

Besides technical textiles, the smart fabrics are able to sense environmental 

stimuli, to respond and to adapt intelligently thanks to specific functionality integrated 

into the textile structure. This provides smart wearable materials in several fields, such as 

medicine, health, sport, automotive and aerospace, among many. In particular, 

electrically conductive textiles can mainly consist of conductive fibers, yarns, fabrics, and 

final products made from these materials. These smart textiles should ensure fibrous 

performances, durability, launderability, and reusability. The most common materials 

used for the development of smart textiles are organic polymers, such as polyaniline 

(PANI), polypyrrole (PPy) and poly(3,4-ethylenedioxythiophene) (PEDOT) as one of the 

polythiophenes (PTh) derivatives. These organic polymers are able to conduct electricity 

and combine the electrical properties of metals with the mechanical characteristics of 

plastics. Smart textiles based on conductive organic polymers have been widely used for 

the development of protecting clothing, flexible fabric keyboards, medical textiles and 

several kinds of sensors. Recently, carbon nanotubes have been largely studied in this 

research field because of their interesting chemical-physical properties, particularly for 

electrical conductivity. 
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Stimuli-responsive polymers provide changes in their properties depending on 

environmental variations. Several examples are nowadays available regarding the 

stimuli-responsive polymers integrated into textiles to produce smart fabrics, such as 

thermal and pH-responsive hydrogels, thermal, light, and moisture responsive polymers. 

Such stimuli-responsive textiles provide several kinds of uses ranging from comfort to 

smart controlled drug release, color-change, smart wetting properties, wound monitoring 

and protection against serious environmental variations.  

Several technologies are available to integrate the most common functionalities in 

textile structures without losing the mechanical properties of the fabrics themselves, such 

as comfort and wearability. Among these technologies, the chemical approach is the most 

used, consisting of surface modification of the textile polymers through stable bonds 

(both physical or covalent) between electrically conductive or stimuli-responsive coatings 

and the textile surface itself. 

In this research study, both sol-gel technology and grafting polymerization 

approaches were used to obtain electrically conductive and stimuli-responsive coatings 

for textile applications. In particular, among the former coatings, smart textiles for the 

detection of environmental humidity and temperature level and also for heart rate 

monitoring through Photoplethysmography, have been realized. With this aim, carbon 

nanotubes coatings were incorporated onto textiles, which are able to provide variations 

in their electrical resistance depending on each variable. Among the stimuli-responsive 

coatings, halochromic textiles have been developed aimed at the colorimetric detection 

of sweat pH variation to assess the health status of the human body. Controlled release 

fabrics have also been realized to control the release from textiles of an antioxidant, anti-

inflammatory molecule under cutaneous stimuli. 

The sol-gel and grafting technologies were specifically chosen for the described 

smart coatings. With the sol-gel approach, it is possible to obtain organic-inorganic hybrid 

thin films doped with carbon nanotubes, halochromic, or active molecules and efficiently 

adhered to the cotton surfaces. Similarly, the grafting polymerization is efficient in the 

stable immobilization of halochromic dye on the textile surfaces.  

Both electrically conductive and stimuli-responsive coatings were thoroughly 

investigated through chemical-physical characterization techniques to study the chemical 

composition, morphology, and their sensing properties. 
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IX 
 

Thanks to the obtained results, two prototypes have been developed, "ELECT" 

and "Health Belt". The former is a T-shirt realized by the deposition of CNT-

electroconductive tracks integrated with an electronic device for the monitoring of heart 

rate rhythm through electrocardiogram. The latter, a belt realized through a halochromic 

textile integrated with an electronic device for the monitoring of sweat pH. The developed 

prototypes highlight the importance of the integration of electronic devices with fabrics 

for the realization of smart textiles and the necessity to use and greatly improve the 

multidisciplinarity in smart technologies. 

Future perspectives can consist of the improvement of the described technologies 

for the development of both electrically conductive and stimuli-responsive coatings for 

textile applications. These can be higher performing due to the aid of both technological 

developments and discoveries, both in the realization of the coating and in the electronics 

sector. Moreover, the total integration of electronics in the textile structure is an important 

challenge for the optimization of smart fabrics as well as the improvement of scientific 

research aimed at greater concrete applications of the developed prototypes in areas such 

as wound monitoring and healing or surgery. 
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CHAPTER 1  

 
 
INTRODUCTION 
 

 

The history of clothing follows the development of textiles contextually with 

human history. Clothing and textiles reflect the materials and technologies available in 

different civilizations at different times. Simultaneously, the type and quality of clothing 

as well as of used fibers within a society reveal social customs and culture. 

The wearing of clothing is exclusively a human characteristic, even if it is not 

precisely known when populations started wearing clothes. However, it is sure that animal 

skins and vegetation were adapted as protection from rain and cold, mainly as humans 

migrated to new climates. Other interesting examples of textiles employment in humans’ 

life are referred to specific and particularly dresses realized to mark the social identity, 

such as aristocracy, church, social orientation, as well as the development of a worldwide 

diffused market, fashion. So many examples are available nowadays too, even if instances 

of textiles use are greatly enhanced, overcoming their protection action. Such 

enhancement was the result of both the scientific progress, such as the advancement of 

electronics and nanotechnologies and the fascinating, unique properties of textiles. These 

interesting properties refer to mechanical strength, hardness, flexibility, breathability, 

biocompatibility (in the case of textile polymers of natural origin), simplicity of 

processing and the possibility of being subjected to washing cycles. For these reasons, 
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textiles polymers provide promising advantages compared to conventionally planar and 

bulk structures. Indeed, smart textiles can stably accommodate several kinds of 

deformations (e. g. twisting and bending) thanks to the fibers which are made of, and they 

are soft and close-fitting to any type of surface. These properties are critical for wearable 

and sensing applications, and they are challenging for the planar and bulky counterparts, 

which are losers in flexibility, comfort, and wearability. Further, the low weight of smart 

textiles is an advantage for the integration of microelectronics, as well as breathability (as 

a consequence of the fibers assemblage creating voids) of textiles is a relevant feature for 

wearability and comfort. 

In this regard, textile polymers became the protagonist of a new generation of 

materials [1] because of their innovative ability to interact with the surrounding 

environment due to the integration with electronic devices, such as batteries, sensors, 

displays, and so on.  

Recent developments in technological and scientific fields, such as 

nanotechnology, chemistry, computer science, engineering, electronics, and textile 

technology, allow the progress in the field of polymeric materials processing and 

engineering. Such textiles progress was also enhanced by the request of both modern 

companies and of society to obtain information on health status and environmental 

pollution in real-time thus leading to the development of an innovative and 

multidisciplinary field, the so-called smart textiles, also known as intelligent textiles and 

electronic textiles (E-Textiles) [2]. 

This kind of textiles materials can be categorized according to several 

definitions[3]. An exhaustive interpretation has been provided by L. Van Langenhove and 

C. Hertleer [4], who suggested that “smart textiles are able to sense stimuli from the 

environment, to react to them and adapt to them by the integration of functionality in the 

textile structure. The stimulus and response can have an electrical, thermal, chemical, 

magnetic, or other origin”.  

The first scientific research on smart textiles has been launched in the medical and 

military field [5] and, more recently, in the sports field [6], health care [7], professional 

workwear and many others. Therefore, the textile fabrics, as physical substrates but also 

like a source of information, have been extensively studied and several kinds of smart 

textiles [8] have been produced recently, such as sensors, energy harvesting devices, and 
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antennas, to be integrated into garments to create flexible and wearable devices. In 

particular, scientific research aimed at the integration of textile electrodes (but also 

sensors and actuators) into garments began at the end of the 20th century with the main 

objective of long-term monitoring or correcting specific physiological parameters related 

to the human health’s status in a non-invasive manner.  

Today the market for smart textiles is still growing thanks to the progress in the 

industrial and scientific fields that allow for manipulating textile materials at a nanometric 

level or for incorporating microelectronic components in them. Compared to 

conventional bulk sensors, this innovative typology designed with textile polymers is 

undoubtedly more comfortable to be wear and easier to be integrated into garments.  

The potentiality of smart textiles as wearable and intelligent technology for everyday life 

applications has made them one of the most important and interesting front-ends between 

the field of biology and technology. The development of smart textiles is usually based 

on multidisciplinary research merging know-how coming from several scientific areas, 

besides the textile one, such as medicine, biotechnology, electronics, and 

telecommunications. In this regard, the combination of computer technology and 

intelligent textiles paves the way for the introduction of a new type of functionality, such 

as the possibility for textiles to be able to perform computational operations [9]. Some 

iconic products of smart textiles are represented by electrocardiography T-shirts, 

electromyography pants, electroencephalogram caps, and many others. All these 

examples are based on the collection of different types of inputs or stimuli (electrical, 

mechanical, acoustic, optical) and electrical response. In particular, in healthcare, 

interactive electronic tissues have been developed to detect different parameters, such as 

blood pressure, time, distance, calories and movement in sportswear [10]. 

From the economic point of view, the development of smart textiles, thanks to the 

possibility of remotely monitoring various physiological and biochemical parameters, 

could lead to advantages in terms of health costs thanks to their use for the early diagnosis 

of many diseases. Monitoring the same parameters during sports activities (training or 

competition) could also be fundamental for athletes to obtain optimal performance. 

In the next paragraphs, an overview concerning the state of the art, the most 

relevant applications of smart textiles, their classifications, commonly technology 

available for their design, and future perspectives are examining. 
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 Smart textiles: state of the art  

 

It was 1989 when, for the first time, in Japan, smart materials were defined. But 

the birth of real smart materials was identified by the discovery of shape memory 

materials (the 1960s) and intelligent polymeric gels (the 1970s) while intelligent materials 

were introduced in textiles in the 1990s with a shape memory ancestor consisting of silk 

thread [11]. So, it was in the early 1990s that smart textiles made known their benefits, 

and in this regard, several examples of smart clothing (or smart garments) are available. 

They are clothes built (at least in part) with smart textiles which consist of knitted or 

woven fabrics with integrated specific functionality for sensing, processing and actuation 

(e. g. gestures, wearer’s postures, vitals tracking). Among the first examples of smart 

clothing, the sensor jacket [12] deserves to be mentioned. This first smart clothing was 

able to measure the wearer’s upper body posture through knitted stretch sensors placed 

over the joints. Following the interesting information provided by the monitoring of 

posture, a lot of research was conducted to integrate smart textiles with motion sensors, 

or of building new sensors. The linear correlation between the resistance of textile strain 

sensors and the flexing angle of joints was studied [13][14], thus highlighting the 

potentiality of conductive textiles in the measurements of joint angles. A representative 

example was fulfilled by Munro et al. that were able to prevent injuries for athletes by 

employing conductive polymers connected with sound feedback when they reach a proper 

degree knee flexing to keep legs in an optimal position [15]. Strain sensors were also used 

to investigate football kicking actions in a non-invasive way, just no interfering with 

athlete's movements [16].  

However, smart clothing was designed not only for the detection and analysis of 

activities but also for the evaluation of the wearer's physiological status. The earliest 

approaches date back to the end of the 1990s with the project called "Georgia Tech 

Wearable Motherboard" [17][18] that allowed developers to plugin different sensors into 

a single garment. It had to wait until 2005 to observe the development of the first example 

of clothing with wearable sensors intended for the healthcare sector [7]. Other examples 

are the "European MyHeart project"[19], in which underwear was realized for the 
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assessment of cardiovascular diseases (e. g. electrocardiogram - ECG) and respiration, 

and the "SimpleSkin shirt" [20] able to provide both physical and physiological sensing. 

The increased interest in the assessment of cardiorespiratory activities has aroused 

much interest in the scientific community, and a lot of research was conducted with the 

aim of integrated electrodes in garments. For example, Cho et al. demonstrated the good 

performance of embroidered and knitted ECG combined electrodes [14]. By employing 

belt-worn sensors, made by polyvinylidene fluoride film and conductive fabrics as 

sensing elements, for the analysis of the respiratory cycle and the consecutive cardiac 

inter-beat intervals (RR-intervals or RR-signals), Choi and Jiang developed a system for 

monitoring sleep conditions [21].  

Together with scientific development, the designing and construction principles 

of smart textiles are continuously up-to-date. In this regard, several studies have been 

conducted dealing with the strategies of textiles integration and components attachments 

depending on movement and body shape as well as prediction of errors due to skin 

contact, strain sensing and loose-fitting in orientation [22]. 

Nowadays, textiles can be employed as substrates for application in the most 

modern and diffused market segments such as health, transpiration, energy, security or 

digital thus giving them a significant added value. As well as the market of technical, 

nonwoven and composites textiles, estimated at $ 5.3, $ 3.4 and $ 10.5 (for 1kg) 

respectively, also the market of smart textiles is constantly growing [11]. Smart textiles 

market has grown rapidly by starting from 2014 with a market figure of $ 79 Million, and 

today, in 2019, this value reached $ 1.3 billion. It was estimated that the market of smart 

textiles would reach the profits of $ 2.9 billion in 2021 in a very rapid way [23]. 

Currently, a simultaneous increase in the "Internet of Things" (IoT), with which it 

is possible to merge physical and virtual worlds creating smart environments, has been 

observed. The global IoT market size was valued at $ 605.69 billion in 2014 [24]. The 

expansion of technology, along with rising investments, is anticipated to drive the overall 

market over the next years. In 2020, it could be count 30 billion devices connected, 10% 

of which will be clothing [11]. So, the market for smart textiles will be higher than the 

statistics. These predictions indicate significant changes in the way of life that we are 

already living in, and they are very encouraging for textile industries.  
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As an example, Google's Project Jacquard [25], thanks to new conductive yarns, 

allows the introduction of touch and gesture interactivity into any textiles using industrial 

and standard looms. In this regard, innovative techniques to integrate the conductive yarns 

with tiny circuits, for example, with the dimension of a button on a jacket, are 

continuously studied to obtain complementary and discrete engineered components. 

Among many functions, miniaturized electronics can capture touch interactions, thus 

deducing gestures through the use of machine-learning algorithms.   

Smart textiles, useful for the design of intelligent clothing wearable as 

conventional clothes, are also feasible because of the availability of new fibers and 

textiles materials, as well as miniaturized electronic components. 

 

 Classification of Smart textiles  

 

Based on the definition of smart textiles provided in the introduction, their specific 

actions concern the detection, reaction, and adaptation towards stimuli. Thanks to these 

abilities, smart textiles can also be considered adaptive, intelligent, interactive and 

reactive fabrics [26]. Following a general scheme, smart textiles [27] are characterized by 

several elements: sensor, actuator, communication elements, power supply, generation, 

interconnections, storage and data processing. It is possible to make a first classification 

of smart textiles according to the action they can perform [28]: 

- Passive smart textiles; 

- Active smart textiles; 

- Very smart textiles. 

The passive smart textiles represent the first generations of these materials, 

sensors-based and able to sense in a passive mode, specific user's or environmental 

parameters [29]. The most representative examples of passive smart textiles are optical 

fibers, halochromic, anti-microbial, anti-static and anti-odor textiles [30].  

The second generation of intelligent textiles is represented by active smart textiles 

that are both sensors and actuators. They can both sensing and automatically react to 

external stimuli through actuators on a textile, flexible or miniaturized basis. Examples 

of active textiles are thermoregulated, vapor absorbing, and heat evolving fabric, but also 
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water-resistant and vapor permeable (hydrophilic/ nonporous), heat storage and 

electrically heated suits [30][31]. 

Finally, the third generation of smart textiles, the very smart, are able to sense, 

react and adapt their response to given situations.  

Sensors can be compared to the nervous system and, for this reason, they are the 

core of passive smart materials. Similarly, essential elements for active smart textiles are 

actuators together with sensors. Actuators can act from a central control unit [32] or 

autonomously. The core of very smart textiles is a unit working as a brain with the 

capability of cognition, reason, and activity. They are the most representative example of 

the previous mentioned "multidisciplinarity" because they were designed merging the 

scientific knowledge coming from traditional textiles and clothing technology, with those 

from others fields, among that sensor and actuator technology, nanotechnology, 

chemistry, medicine, material science and biology [31]. 

Such sensing elements can be integrated into textiles at any level, and in particular, 

fabrics can be modified according to specific physical/chemical treatments to act as 

sensors, actuators or transducers. 

According to the previous definitions, a sensor can be defined as a device able to 

transform physical inputs in signals of different types. Often this definition is also adopted 

for a transducer that usually converts a signal in one form of energy to another one. The 

main difference with a generic sensor is that the conversion that a transducer provides on 

the physical input is electrical, while actuators convert electrical energy into physical 

manifestations. Sensors can be classified according to their application, thus referring to 

the physical/chemical phenomena measured. On the other hand, transducers can be 

electrochemical, optical, electromagnetic, colorimetric, piezoelectric and mechanical. 

In this panorama, hybrid technologies are still developed, taking into account the 

convergence of conventional scientific sectors. In this regard, new processes have been 

developed to achieve ever stronger synergies between textiles and electronics. According 

to the term "textilification" [33], it is possible to preserve specific requirements of textiles 

fabrics (such as flexibility, comfort, washability) and, at the same time, to transfer in them 

functions from certain technology by realizing a functionality (e.g. antenna), by textile 

processes (e.g. weaving) or by integrating in them technological components (e. g. LED). 

More in detail, techniques that enable the creation of smart textiles are mainly related to 
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the type of application and can be summarized in two common approaches whose main 

aspects are reported in Table 1.1 [34]. The first one concerning the introduction of 

transducers and filiform material electrically conductive in textiles and the second one is 

based on connecting transducers and circuit components to fabrics. 

Table 1.1. Approaches for the development of smart textiles: advantages and 

disadvantages.  

Approach Materials employed Advantages Disadvantages 

Introduction of 

transducers and 

filiform material 

electrically 

conductive in 

textiles 

Flexible conductive materials 

(e. g. conductive 

polymers/fibers, optical 

fibers, stainless steel wires, 

carbon nanotubes, 

piezoelectric materials) 

Wearable textiles 

with intrinsic 

properties of 

fabrics 

Lack of: 

- Sensibility 

- Computational 

functions 

Connection of 

transducers and 

circuit components 

to fabrics 

Electronic devices  
Complementary to 

the first approach 

*Limitation of: 

- comfort 

- textiles 

flexibility 

* referred to rigid and non-washable electronic components. 

 

A detailed classification based on the applications foresees three main categories 

of smart textiles [28]: 

- Portable and wearable electronic products developed through the incorporation of 

piezoelectric, thermoelectric devices and organic solar cells; 

- Materials with high electrochemical performance, mainly used as flexible feeding 

systems; 

- Chromatic devices integrated into the fabrics, intending to develop wearable 

sensors. 

 

As already mentioned, smart textiles find applications in various fields including 

medicine, diagnostics, health care, fitness, wellness and the environment [35][36] thanks 

to the advantages deriving from the high number of "sensing molecules" and electronic 

devices available for the integration with fabrics. Different types of sensors can be 
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integrated into fabrics, such as ECG (electrocardiography), EMG (electromyography) and 

EEG (electroencephalography) sensors, thermocouples, luminescent elements, but also 

carbon electrodes, useful for detecting biomedical and environmental components and/or 

parameters (e.g. oxygen, salinity, moisture or contaminants) [28]. 

 

 Active coatings for smart textiles 

 

As already mentioned, through the combination of knowledge from conventional 

scientific fields, such as textile technology, chemistry, and electronics, it is possible to 

introduce specific functionalities in textile fabrics for the design of active coatings.  

It is useful, now, to clearly distinguish between functional and smart coating. The 

former is defined as conventional coating with properties of decoration and protection 

with further functionalities such as self-cleaning, antimicrobial, anti-wrinkle, flame 

retardant, thermal insulation, softening, soil release properties [37]. An advanced 

functional coating can be considered an active (or smart) coating able to sense the 

environmental changes and to respond in an appropriate way depending on those external 

stimuli by changing its physical or chemical properties irreversibly or reversibly [38]. 

For their definition, active coatings are generally sensors, transducers, or actuators 

[39][40], thus performing, besides response, the tracing of performance, for example, 

through remote monitoring.  

Moreover, active coatings can be doped with intelligent elements or molecules 

able to respond to the environment such as chromic molecules, conductive materials, 

phase-change materials, memory materials and many others. 

So, doped smart coatings can sense and react to heat, humidity, pressure changes, 

light, chemicals, bioactivity changes according to a lot of response modality depending 

on the nature of the intelligent element or molecule. The response could consist of shape 

adaption, color change, surface cleaning, energy release, textiles structure dimensional 

changes, drug release, and many others.  

In literature, several examples of active materials or molecules are available such 

as polymers or resins with specific properties. Among these, nanoparticles for self-

cleaning, pigments for color changes, memory polymer, phase-changes materials for 
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thermoregulation, antimicrobial agents for medical textiles, microelectronic devices for 

wearable electronics. 

Depending on the applications, several types of wearable sensors can be designed 

by starting from active coatings or materials to obtain deformation, pressure, temperature, 

heat flow, humidity, temperature and gas wearable sensors. For example, using fibers 

sensitive to deformation, but also by combining conventional fibers with other sensitive 

ones, by coating conventional fibers with metals or by using conductive polymeric 

composites (e. g. insertion of carbon nanotubes in textile polymers) it is possible to obtain 

deformation sensors for respiratory rate monitoring [41], posture [13] or body movements 

[42]. Swallow and Thompson in 2001 [43] created a "sensory fabric" made up of two 

conductive fabric layers with a nonconductive mesh sandwiched in between: applying 

pressure on the upper conductive fabric, it will make contact with the bottom conductive 

fabric through the holes of the mesh thus providing a variation in the measured electrical 

resistance. Smart textiles for monitoring body temperature should follow the most 

common body deformation, and so they should comply with the criteria of wearability. 

In this regard, the most critical limit is represented by the electronic devices used, which 

are commonly flexible, thus allowing the compliance to these criteria. In particular, 

depending on the materials used and the principle on which they are based thermistors, 

thermocouples and silicone-based sensors can be obtained. To monitor or improve the 

thermal comfort of a garment, smart textiles capable of measuring the amount of thermal 

energy crossing the two sides of the fabric and acting as heat (or thermal) flow sensors 

can be obtained. The latter provides information on the heat exchange between body and 

environment. Moisture sensors are usually made up of metal electrodes deposited onto a 

substrate coated with a conductive polymer, salt or other chemical products: with 

increasing humidity (which consists in the absorption of vapor water molecules by the 

sensor and consequent dissociation of functional groups) the resistance of the material 

decreases. This type of smart textiles can be useful for the analysis of body fluids (sweat, 

urine or tears) as well as gas sensors can be used to detect odors (volatile compounds) 

related to body fluids (urine, sweat in specific body parts, breath composition). 

Besides the choice of suitable textile polymers to realize smart textiles, in-depth 

studies were also carried out for the selection of conductive materials and coatings to be 

used and for electronic devices to improve the comfort of the sensors. The main features 
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of wearable electronics are miniaturization, low-consumption work capacity, and when 

possible, the use of biocompatible materials to minimize the impact on the daily activities 

of the wearer. In particular, electronic devices can be integrated into textiles according to 

three approaches based on the employment of: i) sensors, electronic elements (e. g. 

resistors, diodes, transistors, LEDs, thermoresistors, thermocouples, conventional 

batteries) or electroconductive fibers/yarns; ii) miniaturized circuits; iii) manufacture of 

electronic components (conductors, diodes, transistors, sensors and actuators, 

photovoltaic cells, LEDs, batteries) directly on the textile substrate, thanks to the use of 

nanotechnologies. An example is provided by the manufacture of miniaturizable silicon 

sensors thanks to Si technology, which are also easily functionalizable for the detection 

of contaminants (bacteria [44], heavy metals [45], pesticides [46]). 

Most of the detection mechanisms of smart textiles are based on electrical signals 

and make use of electroconductive fabrics, but optical detection methods have also been 

used, based for example on the use of polymeric optical fibers (POF) thanks to their 

strengths and more compatibility with textile materials compared to conventional optical 

fibers [47]. In particular, optical detection methods can be used for monitoring vital 

signals [48] thanks to the use of very sensitive photodetectors (silicon photomultipliers - 

SiPMs), whose most recent examples are biosensing applications [49], 

photoplethysmography measurements (PPG) [50]. 

Electric transduction methods have attracted considerable interest thanks to the 

possibility of miniaturizing microelectronic devices such as MOSFETs (metal-oxide-

semiconductor field-effect transistors) or MOS diodes. 

All electronic devices require energy, obtainable through piezoelectric elements 

[51] which store energy from movement or photovoltaic elements [52]. 

Human interfaces to active systems can be grouped mainly into two categories: 

input devices and display devices. Input devices may include capacitive patches that act 

as buttons or shape-sensitive fabric [53] capable of recording movement or bending, 

pressure and stretching or compression. Signaling and visualization devices can include 

electroluminescent yarns [54] or threads that are processed to integrate organic light-

emitting diodes (OLEDs) [55]. Textile based antennas are a relatively simple application 

of smart textiles: they are conductive yarns of specific lengths that can be sewn or woven 

into non-conductive textile polymers [56]. 
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Similarly, there is a wide range of data transmission elements starting from USB 

connections with conductive wires in flexible tape [57], up to the integration of antennas 

in clothing [4] and wireless technologies (Bluetooth, WiFi, etc.). 

 

 Development of smart textiles 

 

Recently, besides their conventional uses, textile fabrics have aroused much 

interest in technical applications for functional properties that they can provide, such as 

water repellency, fire resistance, abrasion resistance as well as for their advanced use like 

smart textiles. Indeed, fabric samples became the ideal substrate for this kind of 

application thanks to their extensive employment in daily life but also to their intrinsic 

properties among which breathability, washability, high flexibility, mechanical stability, 

reusability, large surface area, and lightweight. 

 

1.4.1 Textile polymers and their features 

 

Compared to other bulk materials, textile fabrics are characterized by unique 

properties that make them interesting for innovative and advanced applications. Textile 

fabrics can have different nature depending on the fibers they are made, natural or 

artificial. The main properties of a textile depend on the fibers' ones, which can provide 

a well-defined elasticity, heat, resistance and other features to the final textiles. 

Starting from the constituent fibers, they can be natural, regenerated or synthetic. 

Natural fibers are produced from plants, animals or insects, and they are mainly 

represented by cellulose (e. g. cotton) or proteins (e. g. wool and silk). On the other side, 

the regenerated and synthetic fibers are also known as human-made or manufactured 

fibers. More in detail, regenerated fibers are produced from natural polymers to develop 

new materials by chemical processes. The most important cotton-like regenerated fibers 

examples are viscose and acetate. Synthetic fibers are produced through the 

polymerization of small molecules (monomers) into larger ones (polymer) in an industrial 
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process. There are many different kinds of synthetic fibers, but among them, polyester 

and polyamide are widely used. 

Furthermore, fibers can be classified into nanofibers, microfibers or in 

conventional textile fibers depending on their diameter, and respectively, < 500 nm, 3 – 

10 µm and 10 – 50 µm.  

The most important natural fiber is cotton, and it consists of cellulose, the most 

abundant polymer. Compared to synthetic fibers, the flexibility, lightweight, absorption 

potential, renewable nature, biodegradability and high porosity [58] of cellulose fibers, 

make the cotton fabric commonly used in several application areas such as clothing. In 

particular, the porosity (total volume of the pores in one fabric and its distribution plotted 

against the pore radius) provides a significant effect on the wettability of the fabric [59]. 

Moreover, thanks to the high density of hydroxyl groups onto the cotton surface, it is 

possible to obtain ease surface modification and to distribute active materials on fabrics 

through high adhesion [60]. Besides unique properties, cotton fabrics are characterized 

by hydrophilicity, strength, sensitivity to the UV light, low antimicrobial activity that 

limits their applications for some areas like self-cleaning, functional textile, medicine and 

personal healthcare. Through functionalization, it is possible to provide added values to 

cotton fabrics and to allow its use in biological and medical protection.  

Synthetic fibers are a large part of the textile industry. Many different kinds of 

synthetic fibers are widely used in textile productions, among which polyamide, also 

known as nylon, and polyester that alone surpassed the cotton production. Polyethylene 

terephthalate (PET), as polyester-based polymer, is a cheap fiber characterized by 

interesting mechanical properties [61][62], with some drawbacks. It is s a hydrophobic 

synthetic fiber [63] with very low moisture, thus limiting some applications, also for the 

adverse electrostatic properties of end-product [64].  

 

1.4.2 Technologies for the development of smart coatings 

 

Two strategies can be followed to give or improve functional or intelligent 

properties to polymer fabrics. The first one is based on the development of new fibers, 

which is an expensive approach that often needs the relearning of product manufacture 
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and new equipment for different materials. The second approach is the surface 

modification of conventional fibers or fabrics according to cheap processes with 

minimum changes to the textile processes [65].  

The latter approach is the most interesting in the field of textile engineering and for the 

development of smart textiles. A definition provided by Kosa [66] stated that a "coating" 

is:   

“the application of a semi-liquid material such as rubber, polyvinyl chloride, or 

polyurethane to one or both sides of a textile material. Once the coating has been dried 

(and cured, if necessary), it forms a bond with the fabric”. 

The development of higher advanced coatings has led to, not only functional 

fabrics but also engineered textiles able to interact with and respond to the environment.   

Active coating for smart textiles can be prepared according to different techniques, 

most of which are conventional while some of them are recent and innovative, such as 

nanotechnologies. In general, all these techniques are based on the bond of specific 

chemical moieties onto textile surfaces and, at the same time, they differ for the modifying 

material, substrate to be modified, type of modification and other parameters.  

In a coating process, both the wettability of the fabric and the adhesion of the 

coating itself to the fabric sample are of crucial importance. In particular, the wettability 

of the textiles by the coating affects the wicking of the treated fabrics, while the adhesion 

of the coating is essential for a stable bond with fabric surfaces. Coating adhesion with 

textiles fabrics consists of intermolecular forces between the two interfaces, ionic or 

covalent bonds or weak interactions (dipole-dipole, hydrogen bond, induced dipole-

dipole interactions or dispersive) [67].  

An important aspect of being addressed is the optimization of the coating process 

because it can affect several textile parameters such as comfort, breathability and the hand 

of the treated fabric. Moreover, the coating adhesion can be influenced by both the fabrics 

surface and the presence of contaminants. In this regard, the homogeneity and the good 

distribution of the coating on fabric surface is an essential feature to obtain both functional 

and smart textiles with excellent performance. For these reasons, textile fabrics are 

pretreated according to specific treatments. Among the latter, the most common are 

represented by: i) water/solvent scouring to remove residual spin finishes or dirt, oil, 

grease or stains, ii) plasma ablation or caustic etch to improve wettability, iii) bonding 
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coat to improve the coating adhesion to the substrate. The next step, after substrate 

preparation, is the synthesis of the coating that can be represented by the mixture of 

functional substances in solvents or emulsions often through the use of stabilizing 

additives useful to keep the coating solution stable for the time required for the 

application. After coating application, the post-processing step could be required, such as 

curing (cross-linking) through thermal treatment or different energy sources like gas, 

infrared oven or ultraviolet light [68] [69].  

Several technologies are available for the development of smart coatings and 

mainly consisting of sol-gel, plasma, electrospinning, physical and chemical vapor 

deposition, among many. 

  

1.4.2.1 Sol-gel technique 

 

The sol-gel technique represents an environmentally friendly approach to 

functionalize fabric surfaces through the deposition of a thin layer with particular physical 

properties, chemical stability and optical transparency thus representing an advantageous 

technology over the available ones for the introduction of specific functionality onto 

textile fabrics [70]. Indeed, through the sol-gel process it is possible to obtain UV-

protection, halochromic, antimicrobial, hydrophilic, self-cleaning and flame-retardant 

coating [71][72][73–75][76–78][79,80][81][82,83][84,85][86,87]. 

Sol-gel coatings are useful also to provide durability to textile fabrics thanks to 

their protection action over fibers’ mechanical and chemical properties [88][89][90], and 

they are considered particularly suitable for textile applications thanks to their no 

cytotoxic effects on human skin cells [91]. Furthermore, sol-gel represents a versatile and 

easy synthetic process to realize glass materials and ceramics thus providing several 

advantaged with respect to other conventional method such as: possibility to control both 

porosity and composition at molecular scale, low process temperature, possibility to 

obtain final product with high purity up to atomic scale, as well as the possibility to 

synthesize complex composition materials and coatings over complex geometries [92]. 

The main reactions involved in this process are hydrolysis and condensation 

reactions of metal alkoxide precursors. The most employed precursors for the 
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development of hybrid organic-inorganic coatings are Si-based although their lower 

reactivity compared to that of other metal alkoxides. Indeed, inorganic precursors like Ti, 

Al, Zr, Sn, V salts or organometallic substrates in which the metal is linked to organic 

moieties that can be hydrolyzed and then condensed are available [93–95]. The sol-gel 

process is characterized by several advantages compared to other conventional techniques 

like high purity of the obtained product, low-temperature process conditions and ease 

removal of the solvent during the handling period.  

The sol-gel synthesis is based on the transition of a system from a colloidal liquid 

(sol) into a solid gel and consists of two main reaction steps: hydrolysis of metal alkoxides 

and subsequent condensation reactions. During the first step, hydroxyl groups were 

produced by the hydrolysis of metal alkoxides thus leaving alkoxyl groups, while the 

condensation reactions between hydrolyzed metal alkoxides were induced by heat 

treatment thus generating a hybrid organic-inorganic three-dimensional (3D) porous 

network. Organic and inorganic precursors can interact between them according to weak 

(e. g. hydrogen, ionic, van der Waals interactions) or covalent bonds, classified as Class 

I and II, respectively [90][96][97]. In particular, the covalent interaction leads to the 

supramolecular Hybrid Organic-Inorganic Materials (HOIM), which the most common 

precursor for textile applications is represented by the organofunctional alkoxysilane 

(Class II). Such precursors are characterized by a general formula R′n-Si(OR)4−n in which 

R is represented by methyl, propyl or butyl functionalities, while R’ is an alkyl or 

organofunctional group. The schematic representation of the hydrolysis of the three R 

groups of the silica alkoxide precursor and further condensation to provide the 3D 

network is reported in Scheme 1.1. The hydrolysis in water can be catalyzed by acids or 

bases and is followed by the condensation reactions that lead to the formation of the Si-

O-Si linkages (Scheme 1.1a). Often sol-gel precursors bring also an organic functional 

group besides the alkoxysilane one, such as vinyl, epoxy or methacrylate functionality 

[90][96]. 

Depending on the catalyst employed for hydrolysis and polymerization reactions, 

linear or randomly branched polymers and highly branched clusters such as spherical 

nanoparticles can be obtained for acidic or alkali medium [98]. It was also observed that 

hydrolysis reactions are faster in the acidic than in alkaline medium, while the 

condensation rate is higher in alkali catalyzed reactions. 
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Another important parameter to be controlled is the temperature of the process. 

Indeed, it influences the mechanisms of hydrolysis and condensation reactions, and in 

particular their kinetics. On the other hand, the temperature of the process affects the 

evaporation whose rate plays a crucial role in the definition of the morphology of the 

hybrid networks thus leading to final products characterized by fractures or cracks or with 

different density if evaporation is too fast. 

 

 
Scheme 1.1. a) Hydrolysis and condensation reactions of a generic silica precursor 

catalyzed by acids or alkali; b) Three-dimensional silica network as a result of 

condensation reactions. 

 

Different porous materials (e.g. polycrystalline powder, dry gel, coating film, or 

glass) can be obtained by tailoring conditions like pH, temperature, time, catalyst and 

solvent [99]. Several parameters influence the thermodynamics of both synthetic steps, 

among which electrophilicity of the metal, the strength of nucleophile and stability of the 



CHAPTER 1 – INTRODUCTION 
 

 18 

leaving group, while the kinetics of the processes depend on the molecular complexity of 

the metal precursor. On the other side, both the chemical structure and the nature of the 

metal precursors affect the properties of the obtained hybrid material. The latter can also 

be obtained by doping the silica 3D network with different organic or inorganic 

functionalities thus realizing hybrid materials useful for sensing applications [70]. 

The sol-gel process represents a suitable wet method for the deposition of 

nanoparticles and hybrid organic-inorganic materials. The widely employed application 

processes are based on dip-coating, padding or spray thus obtaining functional or smart 

textiles, with features strictly related to the metal oxide precursors or the doped molecules. 

Sol-gel process, as well as other process technologies, provides surface modification of 

textile materials through the bonding of coating chemical moieties to the surface of 

materials themselves. The bond between the coating and the substrate can be based on 

covalent linkages, on molecular attractions (such as Van der Waals forces, hydrogen 

bonding, dipole-dipole interactions) with a functional molecule (entrapped in the matrix 

or held in- or on- the surface of a substrate by steric factors), and finally based on retention 

of the molecule by the substrate through adhesive and cohesive forces between the 

molecule to the substrate, and the molecule to itself, respectively [100]. 

 

1.4.2.2 Grafting polymerization 

 

Grafting polymerization technologies have been widely studied for textiles 

functionalization because they allow the introduction of covalent linkages between the 

polymeric textile surfaces and the functional matrix. The grafting processes need active 

sites on the surface of materials (e. g. textile fabrics) to which reactive species will be 

intimately placed in contact for the covalent graft onto their surface. These active sites on 

the textile surface consist of free radicals created by other free radicals coming from 

reactive molecules such as vinyl or acryl groups, of other reactive functional species (e. 

g. hydroxyl, carboxyl, and many others) by means of radical initiators (chemical grafting) 

or radiation (radiation-induced grafting). Similarly, active sites on a substrate can be 

generated by a high-energy system of ions, radicals, and metastable molecules in plasma-

induced grafting. Also the ultraviolet light is employed as an energy source for activation 



CHAPTER 1 – INTRODUCTION 
 

 19 

of substrate in light-induced grafting. On the other side, the employment of radical 

initiators (e. g. potassium persulfate) is a low-cost approach than other ones. 

The common mechanism refers to as a "grafting from" [101] and starts from the 

generation of free radical sites on the substrate polymer chain (e. g. cellulose), whereby 

the active monomers (e. g. vinyl monomers) can react with the radicals to propagate onto 

the surface, to obtain a permanent linkages of the monomers themselves onto the 

substrate. Accordingly, covalent bonds are formed between monomers and polymers, 

thus providing new functionalities with high durability to the treated polymeric materials. 

In Scheme 1.2, the main steps of the graft polymerization of a generic vinyl monomer 

onto cellulose polymers through radical initiator are reported. Following the thermal 

heating, the radical initiator (potassium persulfate in Scheme 1.2) in water solution leads 

to the formation of sulfate ion radicals (SO4-·) due to the decomposition of persulfate 

ions. Such radicals can react with water molecules to produce OH· radicals (Scheme 1.2a 

and 1.2b). Both persulfate and hydroxyl free radicals attack the double bond of vinyl 

monomers in solution thereby generating other radicals (Scheme 1.2c), able to initiate 

reactions of homo- and co-polymerization [102][103]. Then, the solution containing the 

radical species and the formed polymers can be used to wet cotton fabrics thus allowing 

the free radical species in solution to attack the textile polymer producing macroradicals 

by the direct abstraction of hydrogen atoms from the cellulose molecules and initiating 

grafting reactions onto polymer surface (Scheme 1.2d and 1.2e). Subsequently, the graft 

polymerization between vinyl monomers and cellulose macroradicals is promoted by 

further propagation reactions (Scheme 1.2f), and finally, the grafting process ends 

through coupling or disproportionation reactions that take place between the cellulose 

chain and the initiator [102][103]. According to the described mechanism, the formation 

of functional polymer chains covalently bonded with the cotton surface occurs thus 

providing interesting and durable functional material for both technical and smart 

applications, such as flame retardant, halochromic, hydrophilic, antibacterial, controlled 

release systems. 
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Scheme 1.2. Schematic representation of graft initiation and propagation of radical 

reactions. 

 

1.4.2.3 Plasma 

 

Thanks to the advantages it leads over other surface treatments, such as low-

energy coast, physical and chemical range and environmental-friendly aspects, plasma 

treatments have been widely investigated for the potentiality in the development of 

hydrophilic/hydrophobic, flame-retardant, antibacterial, electroconductive surface 

treatments for textiles [65]. 

Plasma is defined as the fourth state of matter and is characterized in terms of the 

average electron temperature and the charge density within the system [65]. The process 

consists of the exciting gaseous state characterized by atoms, molecules, ions and 

metastables and electrons in such a way that the concentration of positively and negatively 

charged species is almost the same. Ionized gas systems are characterized by physical and 

chemical properties, notably different from those of neutral conditions. 
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Hot and cold plasma are the two main phenomena commonly employed. The 

latter, held at low temperature, is generally used in material modification and the electron 

temperatures are 10 or 100 times higher than the gas temperature [104]. It is precisely this 

technology that is used for the modification of polymer surfaces, and the definition of low 

temperature comes from the density and temperature of electrons. Indeed, due to the very 

low density and heat capacity of the latter, they reach a very high temperature, over than 

several tens of thousand Kelvin (not implying hot plasma), maintaining though the gas 

temperature at 100 K.  

Due to its composition, a gaseous mixture consisting of electrons, equally charged 

ions, molecules and atoms, different reactions can co-occur in the plasma system. 

The main processes are two, plasma polymerization and ablation, and they provide 

opposite effects. Indeed, the former leads to the deposition of materials contrary to 

ablation that involves the removal of materials. Not only the condition of discharge (e. g. 

energy density) but also the plasma gas determines the dominant process [104]. In 

particular, plasma polymerization is provided if the plasma gas has high proportions of 

carbon and hydrogen atoms (e. g. methane, ethylene and ethanol). 

Generally, the plasma polymeric films are highly cross-linked, insoluble and often 

very thin [105]. On the other side, two principles are at the base of the ablation, the 

physical sputtering, and the chemical etching. The former can be represented by the 

sputtering of materials by chemically nonreactive plasma (e. g. argon gas plasma), while 

an example of the chemical etching occurs in chemically reactive types of plasma gas, 

including inorganic and organic molecular gases, (e. g. O2, N2 and CF4) which are 

chemically reactive but do not deposit polymers in the pure gas plasma. Plasma ablation 

represents a competitive way compared to polymer formation in several cases for the 

treatment of solid surface materials [104]. 

The plasma treatment provides a large number of free radicals on the treated textile 

fiber surface that have a crucial role in the formation of both functional groups and bonds 

between the fiber and the deposited material. The atmosphere exposure, in particular to 

oxygen, generates a decrease in the extent of such bonding, thus extinguishing the radical 

species. Accordingly, the time lapse between plasma treatment and composite fabrication 

should be as short as possible.  
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Therefore, the plasma treatment is a chemical modification of the surface achieved 

by some reactive functions. During plasma treatment, a thin film at the surface of the 

material is produced and in particular, it is commonly desired the formation of covalent 

bonding between the plasma species and the material surface instead of physically 

adsorbed coatings [106].  

Compared with conventional technologies and finishing processes, plasma 

treatment presents the advantages relative to the reduction in the use of chemicals, water, 

and energy. Through plasma technologies, it is possible to achieve a wide range of the 

most common functionalities on textiles. 

 

1.4.2.4 Physical and chemical vapor deposition 

 

Among the conventional process techniques for textile surface modification, the 

vapor deposition is one of the most diffused. They are represented by the physical (PVD) 

and the chemical (CVD) vapor deposition. The PVD is based on physical processes to 

vaporize a solid target material according to several approaches among which sputtering, 

laser bombardment, vacuum evaporation and many others, differing in the way the energy 

is put in the target material [107]. PDV is prevalently used in the metallization of films 

and fabrics to obtain conductive materials for electromagnetic interference shielding and 

for the realization of gold sputter coatings of samples for scanning electron microscopy 

(SEM). In general, PVD is a vapor coating in which a solid target material is converted 

and has atoms or molecules removed from it on an atomic or molecular scale. The vapor 

is first created and then deposited and condensed on the surface to be modified, so the 

first step occurs with vaporization of the target material, hotter than the substrate material, 

in a vacuum chamber. Then, the evaporated molecules condense on the substrate surface 

without interfering with other molecules [108]. Three main streams characterize the PVD 

process, vacuum evaporation, ion implantation, and sputter coating, which differ in the 

energy of their depositing materials. The coating materials in vacuum evaporation, sputter 

coating and ion implantation techniques have low (a few tenths of electronvolts), 

moderate (tens to hundreds of electronvolts) and high energy, respectively [65]. The 
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applied energy is influential in the interactions of coatings materials with substrates and 

the growth of the film [65]. 

On the other side, CVD uses reactive gases that can react on, or near, the heated 

surface of a material, then diffuse on the surface and chemically attach by evacuating 

from the chamber by-products or unreacted precursors gases. Contrary to PVD, CVD 

does not need a high vacuum, but the substrate must be hotter than the gas steam which 

could consist of volatile gas. By controlling the temperature process of CVD, it is possible 

to expand the window of precursor gases and, when they require very high temperature 

to volatilize, additional energy sources can be employed, such as plasma, thus obtaining 

plasma-enhanced or plasma-assisted CVD. Even CVD is widely employed for the 

realization of conductive or metalized textiles and fibers.  

It is possible to produce uniform conformal conductive coating by the CVD 

method using polypyrrole [109], and moreover, such technology allows to realize 

superhydrophobic, wear and corrosion resistance coated surfaces. 

 

1.4.2.5 Electrospinning 

 

According to electrospinning, it is possible to deposit uniform coatings of 

nanofibers onto different substrates. In this approach, a high voltage is introduced to the 

nozzle and a substrate, thus producing an interconnected membrane-like network of mat 

fibers. By starting from a solvent solution or a melt form, electrospun fibers are obtained 

by tailoring several parameters among which ambient parameters and solution properties 

that affect the transformation of the starting polymer solutions into nanofibers 

[110][111][112].  

According to this technique, it is possible to obtain fibers with a diameter between 

10 and 500 nm and several polymers, such as polyurethane, nylon, polyacrylonitrile, 

polylactic acid, and polyvinyl alcohol, are applied by providing ultrathin fibers with 

different properties [110][111][112].   

An electric field is applied between the tip of a nozzle, through which the polymer 

solution flows, and a collector plate thus generating electrostatic forces between them. 

The polymer solution is distorted by the electric field from a spherical drop shape to a 
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conical one (Taylor cone). When the electrostatic forces overcome the surface tension of 

the polymer solution at the nozzle, a jet stream is drawn from the tip of the latter. The jet 

becomes unstable because of interactions between charges of the external electric field 

and solvent evaporation thus providing bending and splaying. These two processes cause 

elongation of the jet, and the so produced nanofibres are randomly deposited on the 

collector plate as a non-woven structure. 

Electrospinning is employed not only for the synthesis of nanofibers but also to 

coat nanofiber surfaces to obtain electrodes with a high ratio of surface area to volume. 

In particular, the tailoring of the processing time achieves the thickness control of the 

coating and, an increase in the coating thickness leads to an insignificant decrease in 

sensor sensitivity [113].  

According to the electrospinning process, it is possible to realize coating with 

specific functionalities for interesting textile applications, thus obtaining halochromic 

fabrics or abrasion-resistance textiles, among many. The latter is realized by the coating 

of monofilaments via electrospinning, and subsequent twisting improves abrasion 

resistance as a result of the cohesion phenomenon [114]. 

 

 Future perspectives of smart textiles 

 

Smart textiles applications can be considered related to some features that are at 

the basis of the wearable sensor systems. In particular, the development of organic solar 

cells, thermoelectric and piezoelectric devices to be incorporated into textiles allows 

overcoming the non-portability and non-wearability of conventional planar power 

systems. Electrochemical storage devices, lithium-ion batteries, and supercapacitors have 

been fabricated into textiles to take advantage of the electricity and of obtaining high 

electrochemical performances as flexible powering systems. Moreover, several powered 

functionalities, like actuating and chromatic devices, have been introduced into textiles 

providing high performances. 

It was supposed that smart textiles would develop in two different ways that 

proceed in parallel [11]. The first kinds of smart textiles are defined as "low-cost", mainly 

produced for the general public and integrated into clothes and home textiles. The second 
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type is dedicated to superior applications, and they are characterized by high costs and 

significant added value. 

The smart textiles sector has been growing rapidly during the last years, but 

nowadays few products are available on the market mainly because they are not yet been 

fully developed, particularly for reliability. Thanks to the research activities, several 

products are available and ready for the scale-up to make them more reliable and robust.  

Future perspectives can consist of the improvement of the described technologies 

for the development of both electrically conductive and stimuli-responsive coatings for 

textile applications. These can be higher performing due to the aid of technological 

developments and discovering, both in the realization of the coating and in the electronics 

sector. Moreover, the total integration of electronics in the textile structure is an important 

challenge for the optimization of smart fabrics as well as the improvement of scientific 

research aimed at greater concrete applications of the developed prototypes in areas such 

as wound monitoring and healing or surgery. 

 

 Aim of the thesis 

 

According to the premises made in the preceding paragraphs, the following 

chapters are focused on the study and development of both electroconductive and stimuli-

responsive coatings for the design of wearable textiles. In this research study, both sol-

gel technology and grafting polymerization approaches were used to obtain the so 

mentioned active coatings for textile applications. 

Among electrically conductive coatings, smart textiles for the detection of 

environmental humidity and temperature level, and also for heart rate monitoring through 

Photoplethysmography, have been realized. With this aim, carbon nanotubes coatings 

were incorporated onto textiles, which are able to provide variations in their electrical 

resistance depending on each variable. More in detail, Chapter 3 deeply describes the 

following research studies: 

- Carbon nanotubes-based conductive textiles for environmental detection; 

- Carbon nanotubes-based conductive textiles for heart rate monitoring. 

Stimuli-responsive polymers represent interesting materials in sensors fields. 

Indeed they provide changes in their properties depending on environmental variations. 
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Several examples are nowadays available regarding the stimuli-responsive polymers 

integrated into textiles to produce smart fabrics, such as thermal and pH-responsive 

hydrogels, thermal, light and moisture responsive polymers. Such stimuli-responsive 

textiles provide several kinds of uses ranging from comfort to smart controlled drug 

release, color-change, smart wetting properties, wound monitoring and protection against 

serious environmental variations. Among the stimuli-responsive coatings, halochromic 

textiles have been developed aimed at the colorimetric detection of sweat pH variation to 

assess the health status of the human body. Controlled release fabrics have also been 

realized to control the release from textiles of an antioxidant, anti-inflammatory molecule 

under cutaneous stimuli. In this regard, Chapter 4 is focused on the development of 

halochromic textiles and more in the details on the following research: 

- Halochromic textiles for human sweat pH monitoring by grafting of Nitrazine 

yellow through glycidyl methacrylate onto cotton fabrics; 

- Halochromic textiles for human sweat pH monitoring by sol-gel immobilization 

of Alizarin Red S onto cotton and polyester fabrics. 

Chapter 5 deals with the development of controlled drug release textiles and in 

particular with the sol-gel encapsulation of an anti-inflammatory/antioxidant molecule 

for textile applications.    

Investigations conducted through characterization techniques reveal the 

potentiality of the developed systems and thanks to the obtained results, two prototypes 

have been realized in collaboration with Microelectronics Laboratory of the University 

of Bergamo, "ELECT" and "Health Belt". The former is a T-shirt achieved by the 

deposition of CNT-electroconductive tracks integrated with an electronic device for the 

monitoring of heart rate rhythm through electrocardiogram. The latter, a belt realized 

through a halochromic textile integrated with an electronic device for the monitoring of 

sweat pH. The developed prototypes highlight the importance of the integration of 

electronic devices with fabrics for the realization of smart textiles and the necessity to use 

and greatly improve the multidisciplinarity in smart technologies. 
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2 CHAPTER 2 
 
 
MATERIALS, METHODS AND CHARACTERIZATIONS 
 

 

In this chapter, materials, methods, and instrumentations employed for physical-

chemical characterizations of synthesized products, both coatings and textiles, will be 

reported and deeply described. Paragraph 2.1. is scheduled in subparagraphs dealing with 

studies developed during Ph.D. research:  

 

2.1.1.  Carbon nanotubes-based conductive textiles for environmental detection; 

2.1.2.  Carbon nanotubes-based conductive textiles for heart rate monitoring; 

2.1.3.  Halochromic textiles for human sweat pH monitoring by grafting of 

Nitrazine yellow through glycidyl methacrylate onto cotton fabrics; 

2.1.4.  Halochromic textiles for human sweat pH monitoring by sol-gel 

immobilization of Alizarin red S onto cotton and polyester fabrics; 

2.1.5.  Controlled drug release textiles by sol-gel encapsulation of active 

molecules. 

 

Commonly materials and methods employed for all research will be reported 

before the detailed description of each paragraph.  

Depending on the nature of the synthesized coatings, they have been applied to 

textile fabrics according to specific methodologies deeply reported in Par. 2.2. and 
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divided for coating typology (conductive, halochromic, controlled drug release), while 

specific conditions of application, drying and curing will be reported later, after the 

synthetic procedure in the corresponding chapter of the research study. 

A subparagraph schedule will be followed for some specific characterization 

techniques (e.g. morphological one) while techniques employed for all research will be 

reported without further specifications. 

 

 Materials 

 

All chemicals reported in the following subparagraphs were used as received, 

without further purifications. 

In all research studies conducted, cotton or polyester fabrics were employed as 

substrates.  

100% plain-weave cotton fabric, scoured and bleached, with mass per unit area 

331 g/m2, supplied by Mascioni S.p.A (Cuvio, Italy) was employed in all research studies. 

Besides the cotton described before, another cotton fabric, with the same characteristics, 

except for the mass per unit area of 119 g/m2 (kindly supplied by Albini S.p.A., Albino, 

Italy), was employed in the research study dealing with the controlled release of N-

palmitoyl-(4-nitro-phenyl)-amine (PNPA). In this research, the two cotton samples were 

named CO_H and CO_L (H = heavy, L = light), respectively. 

Polyester sample, with a mass per unit area of 213 g/m2, was kindly supplied by 

Cittadini S.p.A (Paderno Franciacorta, Italy). 

Before all experiments, to purify textiles fabrics from impurities, the textile 

substrates were washed in non-ionic detergent for 20 minutes at 40°C and pH 7. After 

washing, the samples were rinsed with deionized water for several times and put in a 

convection oven to be dried. As the last step, the washed and dried fabrics were left a 

climatic chamber for at least 24 h. The fabric conditioning was carried out under standard 

atmospheric pressure at 20 (± 1) °C and 65 (± 2)% relative humidity. 
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2.1.1 Carbon nanotubes-based conductive textiles for environmental detection 

 

Pristine multiwalled carbon nanotubes (P_MWCNTs) were used as starting 

conductive materials for the development of a conductive coating with environmental 

monitoring textiles applications. P_MWCNTs were synthesized according to an 

optimized procedure [1] and then oxidized following an established method [2] later 

described in Chapter 3. The conductive coating was realized using 1,2,3,4-

butanetetracarboxylic acid (BTCA), Sodium hypophosphite monohydrate (SHP), both 

purchased from Aldrich, poly(vinyl alcohol) (PVA) and MIROXÒFC, kindly supplied by 

KemPaTex S.r.l. (Italy) and Bozzetto Group S.p.A. (Italy), respectively.  

 

2.1.2 Carbon nanotubes-based conductive textiles for heart rate monitoring 

 

For the realization of conductive coating for heart rate monitoring textiles two 

kinds of vertically aligned carbon nanotubes (VACNTs), previously synthesized [3], 

characterized by two different lengths (1.5 mm and 3.0 mm, sample s-CNTs and l-CNTs, 

respectively ) were employed.  

For CNT dispersion and immobilization onto cotton substrates, Ethanol (bought 

from Carlo Erba), the commercial products Geniosil® GF 94 (N-[3-

(triethoxysilyl)propyl]ethylenediamine, named EDAES), Invadine® PBN (1-3 wt%) and 

thickener CT were employed and purchased from Wacker Chemie AG, Huntsman 

Chemicals and F.T.R. S.p.A, respectively.  

 

2.1.3 Halochromic textiles for human sweat pH monitoring by grafting of 

Nitrazine yellow through glycidyl methacrylate onto cotton fabrics 

 

The immobilization of Nitrazine Yellow (NY) through glycidyl methacrylate 

(GMA) to create smart textiles for sweat pH detection, was carried out by grafting 

immobilization onto cotton surfaces according to thermal grafting (by a radical initiator, 

potassium persulfate (KPS).  
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For this approach, the following chemicals were employed. NY, GMA (≥ 97.0%), 

KPS, ethanol (≥ 99.8%) were bought from Sigma Aldrich (Italy), NaOH was acquired 

from Carlo Erba (Italy), while Boron trifluoride diethyl etherate (BF3OEt2), as the 

catalyst, was purchased from Fluka (Italy). For the pH-sensing study in the range between 

4 and 8, both in solution and on treated textiles, McIlvane buffers were used and prepared 

by mixing Sodium phosphate dibasic dihydrate and Citric acid (acquired from Carlo Erba, 

Italy) in water solutions.  

 

2.1.4 Halochromic textiles for human sweat pH monitoring by sol-gel 

immobilization of Alizarin red S onto cotton and polyester fabrics 

 

Alizarin red S (ARS) was used in a sol-gel synthesis to obtain pH-sensing coating 

to be applied on both cotton and polyester fabrics. In this synthesis, (3-

Glycidyloxypropyl)trimethoxysilane was used and purchased from Acros Organics. ARS 

and HCl (37 %) were bought from Sigma Aldrich (Italy), NaOH was acquired from Carlo 

Erba, and Boron trifluoride diethyl etherate (BF3OEt2), as the catalyst, was purchased 

from Fluka (Italy).  

For the pH-sensing study in the range between 2and 8, both in solution and on 

treated textiles, phosphate buffers were used and prepared by mixing ortho-Phosphoric 

acid 85%, Sodium phosphate monobasic dihydrate and Sodium phosphate dibasic 

dodecahydrate (bought from Carlo Erba). 

 

2.1.5 Controlled drug release textiles by sol-gel encapsulation of active 

molecules 

 

Through sol-gel synthesis was realized a system for the controlled release of a 

molecule of pharmacological interest, N-palmitoyl-(4-nitro-phenyl)-amine (PNPA). This 

molecule was previously synthesized according to an optimized procedure [4]. 3-

glycidyloxypropyltriethoxysilane (GPTES) and methanol are the chemicals employed for 

the development of the controlled release system, and they were bought from Wacker and 

Aldrich, respectively. 
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 Application methods 

 

As already explained, depending on the nature of the synthesized coatings, 

different application techniques were employed. Below, a detailed summary of the 

application methodology used in the research studies conducted is reported.  

 

2.2.1 Application technology for conductive coatings 

 

The obtained CNT-conductive viscous pastes were deposited on one side of cotton 

fabrics using the knife-over-roll technique to achieve a very thin layer of conductive 

materials on the fabric surface.  

For such an application, an in-house developed coater has been employed. It 

consists of a flat and movable knife blade under which textiles are laid out. In particular, 

the height and the rate movement of the blade on the textile determine both the quantity 

and the thickness of the coatings applied on fabrics. For both studies, a multi-layer 

approach was performed. At least two consecutive coating layers were applied onto 

textiles: each layer was dried after application and textiles were cured after the last layer 

application.  

This approach aimed to obtain the thickest and homogeneous layer after every 

application step and to avoid dispersion of CNTs between textile fibers, otherwise not 

possible with other technologies, thus promoting an efficient electrical contact point 

between layers and a proper electrical interconnection between CNTs. 

 

2.2.2 Application technologies for halochromic coatings 

 

In this paragraph, two different application technologies will be described for the 

deposition of the developed halochromic coatings on textile fabrics. 

As already mentioned, solutions of immobilized NY molecule were applied on 

cotton fabrics according to thermal grafting approach. 

The application procedure of the modified NY solution was carried out through 

the exhaustion method in Labomat Mathis equipment (Werner Mathis AG). For grafting, 
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a sample of cotton fabrics with dimension 21 cm x 29 cm was put in a canister with the 

radical initiator (KPS) and the NY solution, and set under N2 atmosphere for 30 minutes 

at room temperature to remove oxygen trapped in the fabric and dissolved in the solution. 

Finally, the described equipment was heated to 70°C for 60 minutes to make the grafting 

happen and dried in a convection oven at 70°C for 30 minutes. 

The ARS sol-gel solution was applied on both cotton and polyester fabrics (21 cm 

x 29 cm) through a two-roll laboratory padder (Werner Mathis, Zurich, Switzerland) at a 

nip pressure of 3 bar. Both sample fabrics were dried (90°C for 5 minutes) and then cured 

(120°C for 3 minutes and 170°C for 3 minutes for cotton and polyester fabrics, 

respectively) in a convection oven. 

 

2.2.3 Application technology for controlled drug release coating 

 

Solutions synthetized for controlled drug release were applied onto both light and 

heavy cotton fabrics (10 cm x 10 cm) by a two-roll laboratory padder (Werner Mathis, 

Zurich, Switzerland). Nip pressure of 2 bar was employed and treated textiles were dried 

at 80°C for 5 minutes and finally cured at 100°C for 1 minute in a convection oven. 

 

 Add-on and washing fastness 

 

Treated textiles samples were weighed before and after coating applications, to 

calculate the total dry solid add-on (wt%) according to Equation 1: 

 

  (Eq. 1) 

 

In this equation, WT and WUT  are the dry weights of treated and untreated fabrics, 

respectively. 

The washing fastness of treated fabric samples, as well as the leaching of sol-gel 

immobilized and pure dyes, was assessed according to the International ISO Standard 

105C01, after 1 and 5 washing cycles, in a Labomat Mathis equipment (Werner Mathis 
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AG). Eventually, modification to this standard will be specified later in the corresponding 

chapters.  

The weight loss after washing cycles (WLW, wt%) was calculated according to 

the following Equation 2: 

 

 (Eq. 2) 

 

Where WT and WTW are the dry weights of treated and washed treated cotton fabrics, 

respectively. WLW (wt% ) was calculated with respect to the unwashed samples.  

For both add-on (wt%) and WLW (wt%) calculations, all samples were weighted 

three times using a Mettler balance (accuracy 10-4 g) with standard deviation lower than 

2% after conditioning in a climatic chamber for at least 24 h under standard atmospheric 

pressure (20 (± 1)°C and 65 (± 2)% relative humidity). 

 

 NMR characterizations 

 

The chemical structure of solutions realized for the development of both pH-

sensing and controlled drug release fabrics were studied according to Nuclear Magnetic 

Resonance (NMR) analysis.  

2.4.1 NMR characterizations of halochromic solutions 

 
All starting materials and sol-gel solutions were fully characterized by NMR 

spectroscopy. 1H and 13C{1H} NMR spectra were recorded in deuterated water (D2O) on 

a Bruker 300 or Varian 500 gradient shimming spectrometers, equipped with a 5 mm 

probe and operating at 300.13 and 75.46MHz and 500.1 and 125.7 MHz, respectively. 

All chemical shifts are reported in parts per million (d/ppm), downfield to 

tetramethylsilane (Me4Si) as an internal standard (d = 0.0 ppm), or referenced to the 

residual protiated solvent signal such as in acetone-d6 (1H NMR: 2.05 ppm and 13C NMR: 

29.9 and 206.7 ppm); coupling constants J are given in Hertz. The purity of all starting 

materials, as well as the reaction products characterization, were determined by 1H NMR 
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assignment. 1H and 13C{1H} NMR resonances were assigned by means of bidimensional 

homo- and heteronuclear NMR gradient experiments (gCOSY, ROESY, gHSQC and 

gHMBC). Gradient selected COSY, and 1H-13C Heteronuclear single and multiple bond 

correlations (HSQC and HMBC, respectively) spectra were acquired using the standard 

sequences as supplied by the VNMR software package. Two-dimensional Rotating frame 

nuclear Overhauser Effect Spectroscopy (ROESY) experiments were performed by 

employing a standard pulse sequence with a typical mixing time of 200 ms. 

 

2.4.2 NMR characterizations of controlled drug release solutions 

 

A Bruker ARX-300, equipped with a 5 mm gradient probe and operating at 300.1 

MHz for 1H nucleus was employed and both mono and bidimensional NMR spectra were 

acquired at 298.2 (±0.1) K in methanol.  

All chemical shifts are shown in parts per million (d/ppm), downfield to 

tetramethylsilane (Me4Si) as an internal standard (d = 0.0 ppm), or referenced to the 

residual protiated solvent signal such as in methanol-d4 (1H NMR: 3.30 ppm).  
1H NMR signals were assigned by means of bidimensional homonuclear NMR gradient 

experiments (gCOSY, gNOESY), acquired using standard Bruker pulse sequences.  

 

 FTIR characterizations 

 

The chemical composition of synthesized coatings and their adhesive properties 

toward textiles fabrics were evaluated through Fourier Transform Infrared spectroscopy 

(FTIR). In particular, the infrared spectroscopy in Attenuated Total reflection mode 

(ATR) is a characterization technique with a penetration depth of only a few micrometers 

useful for the study of the surface functional groups of a textile fabric substrates [5]. With 

this aim, both coatings and treated fabrics were analyzed and spectra compared with 

starting precursors and untreated fabrics FTIR curves, respectively. 

Synthesized solutions were analyzed as xerogel, obtained by depositing few drops 

of solutions onto glass slide followed by drying and curing processes in a convection oven 
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[6]. This procedure aims to obtain a solid residue suitable for FTIR evaluation without 

the interference of fabrics highly intense absorption curves. 

A Thermo Avatar 370, equipped with an attenuated total reflection accessory 

(ATR) was employed for infrared spectroscopic analysis. As internal reflectance element 

was used a diamond crystal and FTIR spectra were performed ranging from 4000 to 550 

cm-1 with a resolution of 4 cm-1 and 32 scans. 

Spectra of starting chemical material and sols were reported in Transmittance 

while the spectra of fabrics in Absorbance after normalization at a specific wavenumber 

referred to a peak of untreated textile samples specified later for each study. 

 

 Morphological characterizations 

 

Morphological characterizations were performed on both coatings and textiles, 

and different instrumentations were employed. In the below paragraphs instrumentations 

for transmission electron microscopy (TEM), scanning electron microscopy (SEM) and 

atomic force microscopy (AFM) were reported for each research study. 

 

2.6.1 Carbon nanotubes-based conductive textiles for environmental detection 

 

Multiwalled carbon nanotubes (MWCNTs) were analyzed through SEM and TEM 

characterization techniques before study the uncoated and coated cotton fabrics. An FEI 

Quanta FEG 450 instrument, operating at 20 or 5kV and a JEOL JEM 2010, operating at 

200kV and equipped with a Gatan 794 MultiScan CCD camera were used for SEM and 

TEM characterizations respectively.  

The morphology of the untreated and treated fabrics has been studied, besides 

through SEM technique, also by AFM. The morphological measurement of textile 

samples was performed on a Multimode 8 AFM microscope equipped with a Nanoscope 

V controller and a type J piezoelectric scanner (Bruker, USA) in Peak- Force imaging 

mode, employing SNL-A probes with a nominal spring constant of 0.35 N/m (Bruker, 

USA). Background interpolation and surface roughness parameter calculations were 

performed with Gwyddion 2.45 [7]. Reported root means squared area roughness (Sq) 
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values are the average of at least five different regions, with the standard deviation of 

these measures as the uncertainty.  

 

2.6.2 Carbon nanotubes-based conductive textiles for heart rate monitoring 

 

Vertically aligned carbon nanotubes (VACNTs) were analyzed by high-resolution 

transmission electron microscopy (HRTEM) to study morphology, the number of walls 

and diameters, of the nanotubes employed for the realization of conductive textiles for 

heart rate monitoring.  

VACNTs were dispersed in isopropanol through gentle sonication for an hour. 

Then one drop of the CNT dispersion was placed on a 300 mesh Cu lacey carbon grid 

(from SPI) and analyzed through a JEOL-JEM 2100 electron microscope with a LaB6 

emitter operating at 200 kV. 

High-resolution scanning electron microscopy (HRSEM) was used to study the 

morphology of both the uncoated and coated cotton fabrics with CNT coatings. An FEI 

Magellan 400 Extreme High-resolution (XHR) SEM scanning electron microscope was 

used to collect HRSEM images. 

 

2.6.3 Halochromic textiles for human sweat pH monitoring by grafting of 

Nitrazine yellow through glycidyl methacrylate onto cotton fabrics 

 

Untreated and treated cotton fabrics with pure Nitrazine yellow and grafted 

textiles with Nitrazine yellow modified through glycidyl methacrylate were investigated 

through scanning electron microscopy to study changes in cotton surface morphology 

after the grafting process.  

A Leica Electron Optics 435 VP instruments (UK) equipped with an accelerator 

voltage of 10 kV was employed for the characterizations of each cotton fabric sample. 
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2.6.4 Controlled drug release textiles by sol-gel encapsulation of active 

molecules 

 

The sol-gel network for the controlled release of N-palmitoyl-(4-nitro-phenyl)-

amine (PNPA) was analyzed according to SEM and AFM characterization techniques to 

evaluate the morphology of the hybrid system. An FEI Quanta FEG 450 microscope was 

used for both SEM and EDS (Energy Dispersive X-Ray) analyses by fixing samples on 

aluminum sample holders using a graphitic adhesive. Operating voltage of 5 kV and 20 

kV, both in low vacuum, were used for SEM and EDS analyses, respectively.  

AFM analyses were conducted on untreated and treated cotton samples to 

investigate the deepness of the applied coatings and their morphologies. A stand-alone 

SMENA head by NTMDT, equipped with a Bruker silicon probe model NCHV and 

working in semi-contact mode was used. By a small piece of double-sided scotch tape, 

the samples were fixed onto metallic stubs and studied at room temperature. 

 

 XPS measurements 

 

Textiles substrates, both untreated and treated with Alizarin Red S functionalized 

through sol-gel technique, were analyzed in terms of surface chemical composition 

through X-ray Photoelectron Spectroscopy (XPS). XPS measurements were performed 

by using an ESCALAB MkII (VG Scientific – UK) spectrometer, equipped with a 

standard Al excitation source and 5-channeltron detection system. The spectra were 

collected at 20 eV pass energy, and the binding energy (BE) scale was calibrated, 

positioning the C 1s peak of adventitious carbon at BE = 285.0 eV. More experimental 

details have been reported elsewhere [8]. 

 

 UV-Vis analyses 

 

UV-vis spectroscopy was employed to assess the color change of dye-solutions in 

different pH range. For both studies conducted on Nitrazine Yellow and Alizarin Red S 

dye, the same procedure and instrument were employed. Specific information dealing 
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with the pH-range studied for each dye and the buffer system used to obtain the dye 

solution at different pH were previously reported in the corresponding paragraph above 

and will be further reported in Chapter 4. Both NY and ARS buffer solutions were 

obtained by diluting a similar amount of dye or immobilized dye in an aqueous pH buffer 

solution.  

Thermo Nicolet Evolution UV-vis 500 spectrophotometer was used for the 

acquisition of absorbance spectra of each sample in the range between 400-800 nm for 

NY dyestuff and between 300 nm and 650 nm for ARS, with a resolution of 0.5 nm and 

by employing quartz cells with a path length of 1 cm.   

 UV-vis diffuse reflectance spectroscopy was used to characterize the optical 

absorption properties, and pH-response of fabrics treated with both dye and 

functionalized dye (for both grafted NY and sol-gel immobilized ARS). Each washed 

treated textiles (50 mm x 70 mm) was soaked in 20 ml of pH buffer solution for 5 minutes, 

dried in a convection oven and characterized by a double beam UV-vis scanning 

spectrophotometer (Lambda 950 Perkin Elmer), equipped with diffuse reflectance 

accessory (RSA-PE150 Labsphere). Reflectance spectra were collected in the spectral 

region between 380 nm and 770 nm with 10-nm interval.  

The reflectance values R (%) for each sample was the result of the average of three 

acquisitions (experimental error: max 2 %), and they were used to calculate the 

corresponding Kubelka-Munk values, according to the following equation: 

 

                                                                                              (Eq. 3) 

 

In Eq. 3, K and S are the adsorption and scattering coefficients, respectively, while 

R∞ is the absolute reflectance of an effectively infinitely thick layer. Eq. 3 was also 

employed for the definition of color strength of textiles, thus evaluating the dye fixation 

ratio of treated samples, according to equation 4:  

 

                                                                                       (Eq. 4) 
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In the latter equation, (K/S)T and (K/S)TW  are color strength values at the maximum 

absorbance wavelength of treated samples before and after washing cycles, respectively.  

The pH response and the repeatability of pH sensing properties of treated textiles 

were evaluated through the measurements of CIE (International Commission of 

Illumination) color space coordinates, L* (lightness), a* (position between green and red) 

and b* (position between yellow and blue) using a D65/10 illuminant. Negative and 

positive values can be obtained for each coordinate thus referring to a specific color 

region: negative values for a* and b* represent green and blue colors, respectively, while 

positive values for a* and b* represent the red and yellow color region, respectively 

[9][10].  

A useful parameter to define the total color difference between two samples was 

obtained through the ΔE*, calculated according to Equation 5: 

 

                                                               (Eq. 5) 

 

where ΔL*, Δa*, Δb* represent brightness, redness and yellowness difference between two 

samples [10] [11]. If ΔE* is greater than 5, the color difference between the two samples 

is detectable by the naked eye; if ΔE* is greater than 12 the color belongs to a different 

space [12][13].  

ΔE* was also employed to assess the repeatability of the NY pH-sensors. To 

evaluate if the developed pH-sensors were able to give a consistent response after several 

cycles, each washed fabric sample was soaked in pH 4 solutions, dried and then soaked 

in pH 8 solution and dried again (1 cycle). ΔE* was calculated as color space coordinates 

difference between pH 4 and 8 after each cycle, and measurements were carried out after 

each cycle for 4 times. 

 

 Thermo-gravimetric analyses 

 

The thermal behavior and stability of the CNT-doped coating for the 

environmental application were studied through Thermo-gravimetric analysis. A 

NETZSCH STA 409PC instrument, using Al2O3 pans, was used for these 
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characterizations. TGA analyses were performed in the temperature range between RT 

and 1000°C with a heating rate of 10°C/min. Ar and Air atmosphere were used for the 

characterization of MWCNT and textile samples with a flux of 100 ml/min and 30 

ml/min, respectively. 

 

 Controlled drug release tests 

 

As mentioned before, two different cotton textiles were treated with the sol-gel 

system designed for PNPA controlled release, CO_H, and CO_L. Both treated fabrics 

were subjected to in vitro diffusion analyses through Franz diffusion cells by following 

an optimized experimental protocol here described [14]. Strat-M® membranes (25 mm 

discs, Cat. No. SKBM02560, Merck Millipore, Darmstadt, Germany) were used for in 

vitro diffusion tests and placed between the donor and the receptor slot of each Franz cell. 

All the experiments were performed at 37 ± 0.5°C, and the two treated cotton samples 

were positioned on the Strat-M® membrane by pointing the GPTES layer towards the 

acceptor chamber. After sample positioning, the Frans cell donor and receptor slots were 

fixed together and filled with 0.5 and 5.5 mL of phosphate buffer at pH 7.4 (10-3 M), 

respectively. UV-Vis analyses of the content of the receptor slot were carried at different 

times (1, 2, 4, 6 and 24 h) thus replacing the analyzed solution with phosphate buffer. The 

same procedure was performed for the in vitro test of a control sample consisting of a 

standard PNPA solution. 

All in vitro diffusion tests were repeated three times, and the obtained results were 

reported as the diffused amount (%). 

 

 Evaluation of the stiffness of the carbon nanotubes-based conductive textiles 

for heart rate monitoring 

 

The stiffness of the CNT conductive textiles realized for heart rate monitoring was 

investigated to evaluate the comfort of cotton fabric after treatment. The stiffness is 

mainly affected by weave structure and mass per unit area of the fabric and by yarn count 

and was measured as bending length (LB) according to DIN 53362 as described below. A 
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strip of fabric (10 cm x 2.5 cm) was moved together with a measurement bar over the 

edge of a standing bar. If the fabric was bent from the own weight over the 41.5° line, the 

bending length was determined on the measurement bar as the length of the textile moved 

over the edge of the standing bar.  

The measurements were repeated five times, and the average values were reported 

with a standard deviation lower than ±5%.  

 

 Resistance measurements 

 

The electrical properties of treated cotton fabrics were performed through 

resistance measurements. Such measures were used to calculate sheet resistance (Rs) 

values according to Equation 6: 

 

          (Eq. 6) 

 

in which R is the measured electrical resistance, and W/L is the width-to-length 

ratio of the sample.  

According to this relation, it is possible to evaluate the conductive properties of 

treated textiles by referring to the resistance over a fixed aspect ratio sample area [15] 

Indeed, following literature data [16], the thickness contribution can be neglected, 

and the resistance measurements are approximated on the surface, thus referring to 

“surface resistance”. 

The treated fabric was placed horizontally on plexiglass support and held in place 

by two metal electrodes fixed on it, to perform resistance measurements. These 

electrodes, which generate a uniform electrical contact with the sample surface, are 

connected to a Source Measurement Unit (Agilent B2961A Low Noise Power Source).  

Three resistance measurements were performed for each treated textile at different 

applied voltages and distances, and only the average Rs values are reported. 

 



CHAPTER 2 – MATERIALS, METHODS AND CHARACTERIZATIONS 
 

 54 

2.12.1 Humidity sensing 

 

The humidity sensing performances of CNT-coated cotton fabrics were assessed 

through electrical resistance measurements. Both uncoated and coated cotton fabrics were 

put in a climatic chamber and connected through alligator clips at the extremities (clips 

distance of 42 mm) with instruments placed outside the chamber. Due to the width of 

samples (4 mm), the total resistance of 10.5 squares was measured. A tester (Fluke 79) 

and a Source-Measure Unit (Agilent Power Source B2961A) were used to measure the 

resistance of samples as a function of relative humidity (% RH) and temperature. At the 

same time, the humidity and temperature parameters were collected by employing a high 

accuracy (±1.8% RH, ±0.2°C) humidity and temperature sensor (Sensirion SHT25), 

directly connected via a USB cable to a PC. The relative humidity percentage values 

ranging from 56.1% and 92.0%, while temperature was varied from 4.3◦C to 29.3◦C. The 

response and recovery times, two parameters qualifying the dynamic response of a sensor, 

defined as the times taken to reach, by room conditions, the % RH value imposed in the 

climatic chamber and to recover the restored room conditions, respectively, were 

measured. The repeatability of the sensing properties was measured for four exposure 

cycles performed in the established % RH and temperature range.  

 

 Photoplethysmography 

 

Photoplethysmography (PPG) is an optical technique widely employed for the 

evaluation of hearth rhythm as an alternative to electrocardiogram (ECG).  

Several advantages support the use of PPG systems compared to ECG, such as 

ease of use, low cost, fast response, comfort for patients, no electrical interference and no 

need for electrodes.  

Changes of blood volume in the microvascular bed of tissue, via reflection from 

or transmission through the tissue, are optically detected by PPG sensors. Two 

components characterize the PPG waveform, the DC and the AC. The former depends on 

the structure of the tissue and the average blood volume of arterial and blood, while the 

latter reveals variations in the blood volume occurring during the systolic and diastolic 

phases of the heart cycle. Moreover, a PPG system operates in transmission or reflectance 
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mode. In the first case, the light traveling through the tissue is detected by a photodetector 

(PD) placed at the opposite side of the source. In the second case, the PD detects the light, 

which is reflected from the tissue and the blood vessels. 

The most common employed light in the PPG system operating in reflection mode 

is the green one because it exhibits the most significant changes compared to the red and 

infrared lights. 

CNT-conductive textiles realized for heart rate monitoring were tested as a mean 

of transmission element in photoplethysmography (PPG). The PPG signals were collected 

from five volunteers from the fingertip.  

The PPG measurements were carried out using the setup made up as follows: 

- Power supply: the system is powered by a 3.7 V, 155 mAh Lithium polymer 

battery and is scaled down to the 3.3 V operating voltage through a Low Dropout 

voltage regulator (ADP166 by Analog Devices); 

- Led: the light source is a bright green LED from Kingbright (AM2520ZGC09); 

- Photodetector: the reflected light is measured through a low-cost analog-output 

ambient light photosensor (APDS-9008 by Avago); 

- Analog Front-end for filtering and amplification of the analog signal. 

The described setup is connected to an oscilloscope (LeCroy) through CNT-

textiles strips in turn connected to the electronic through alligator clips. 

 

 Development of prototypes 

 

As a result of scientific research conducted on the development of both conductive 

and halochromic textiles, two examples of prototypes, “ELECT” and “Health Belt”, will 

be discussed in Chapter 3 and 4, respectively, and here materials and methods employed 

for their realization are provided. 

A long-sleeved T-shirt (polyester 70%, polyamide 24% and elastane 6%) was 

chosen for the development of “ELECT”. The CNT-conductive paste was spread 

according to knife-over-roll technique on the chest side of the T-shirt by obtaining 

symmetric tracks to form an “X". The conductive paste was also spread on the inner side 

of the T-shirt only in correspondence with the end extremities of the tracks realized on 
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the opposite side of the shirt to ensure direct contact with the skin and between the 

conductive tracks themselves. In the center of the realized “X” form, a box (3 cm x 3 cm 

x 1 cm) containing the electronic device was fixed and connected to the conductive tracks. 

The electronic device consists of: 

- STM32F411 microcontroller (CPU); 

- Power supply: the system is powered by a 3.7 V, 155 mAh Lithium polymer 

battery and is scaled down to the 3 V operating voltage with high-efficiency step-

down power management circuit; 

- ECG Analog Front-end for filtering and amplification of the analog signal. An 

integrated circuit, ADS1298R, featuring 8 low-power and low-noise differential 

amplifier was employed; 

- SPBT2632C2A Bluetooth V3 Class 2 module with antenna enabling a high data 

wireless communications capable of streaming up to 4 ECG traces at 500 Hz 

through the Serial Port Profile (SPP); 

- LIS2DH12 3D accelerometer for activity detection and recognition. 

 

An elastic cotton textile was employed to realize “Health Belt”. On one side of 

the belt, a cotton fabric (3 cm x 3 cm) treated according to the sol-gel technique for the 

immobilization of halochromic dyestuffs (as reported in previous paragraphs) was fixed. 

The sensing cotton fabric was directly connected with the electronic devices placed in a 

box (3 cm x 3 cm x 1 cm) on the opposite side of the belt. The main components of 

electronics are a color sensor, a skin thermometer, embedded processing devices, and a 

Bluetooth module. More in detail, the electronic device consists of: 

 

- White LED; 

- RGB photodiode;  

- Low-power ARM Cortex-M4 microcontroller (STM32F411VE); 

- Li-poly type battery (110 mAh capacity); 

- SPBT2632C2A Bluetooth V3 module. 
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3 CHAPTER 3 

 
 
CONDUCTIVE TEXTILES 

 

 

In this chapter, two scientific research for the development of carbon nanotubes-

based conductive textiles for both environmental and heart rate monitoring are deeply 

reported. Before the description of the experimental part and discussion of the main 

results, an introduction dealing with conductive textiles, main conductive polymers, and 

technologies commonly employed for the design of E-textiles will be provided. Materials, 

general methods, and instrumentation for characterization were previously reported in 

Chapter 2. 

 
Part of this chapter was published on:  

- G. Rosace, V. Trovato, C. Colleoni, M. Caldara, V. Re, M. Brucale, E. Piperopoulos, E. 

Mastronardo, C. Milone, G. De Luca and M. R. Plutino, “Structural and morphological 

characterizations of MWCNTs hybrid coating onto cotton fabric as potential humidity and 

temperature wearable sensor”, Sensors and Actuators B 252 (2017) 428–439. DOI: 

10.1016/j.snb.2017.05.175. 

- V. Trovato, E. Teblum, Y. Kostikov, A. Pedrana, V. Re, G. D. Nessim and G. Rosace, “Sol-

gel approach to incorporate millimeter long carbon nanotubes into fabrics for the 

development of electrical-conductive textiles”. Materials Chemistry and Physics 240 (2020) 

122218. DOI: 10.1016/j.matchemphys.2019.122218. 

  



CHAPTER 3 – CONDUCTIVE TEXTILES 
 

 60 

3.1.   Introduction 

 

In recent years, electrically conductive textiles have aroused a great interest in the 

scientific community due to their high impact on the market for the wide range of 

innovative applications, among which it is good to mention the antistatic or 

electromagnetic shielding materials [1], smart textiles [2], or flexible electronics 

[3][4][5][6].  

The interest in textiles as a substrate or structural materials for conductive devices 

comes from their properties, thoroughly described in Chapter 1, such as lightness, low-

cost, softness, stretchability, washability.  

An important challenge in the development of conductive textiles consists of the 

introduction of electrical functionality in textile fibers by maintaining all these properties. 

Designed conductive textiles can store energy, sense different stimuli (e. g. posture, 

temperature, strain, humidity, physiological signals [7]), even simultaneously [8], and are 

also employed for signal processing or transmission electronics [9]. The field of E-textiles 

covers several application areas, from healthcare, sport, environment, and as a support of 

high-risk professionals.  

Electrically conductive textiles include conductive yarns, fabrics, fibers, and 

products built from them. Both flexibility and the possibility to control the shape and size 

of textile-based conductive materials provide several advantages over the conventional 

bulky and planar structures. Contrary to traditional electronic devices, which are rigid and 

(even they can be thin, flexible films) usually deform or fail under severe deformations, 

electronic textiles-based materials stably support complex and sever deformation thanks 

to their fibers compositions, thus closely accommodating onto curved surfaces. 

In the next paragraphs, an overview dealing with the most common conductive 

materials and technologies employed for the realization of conductive fabrics will be 

described. 
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3.1.1 Conductive polymers 

 

Different approaches are used for the development of conductive textiles, and first 

examples consist of knitting or wovening of metals or conductive metal oxide fibers with 

conventional ones [3]. Unfortunately, the low flexibility and poor comfort of such 

materials are conflicting with the main properties of wearable conductive textiles and, in 

this regard, different alternative technologies were used for their development, such as 

dip drying, dip coating [10], in-situ polymerization [11], electroless plating [12], chemical 

plating [13], layer-by-layer deposition [14]. High process cost and the long times required 

of some of these techniques are other disadvantages as well as the pollution by heavy 

metals. For the development of smart conductive materials, other materials, such as the 

conductive polymers (CP) [15], are used to overcome the latter issue. They are organic 

polymers able to exhibit both conductive or semi-conductive behavior [16] that combine 

the mechanical properties of plastics with electrical features of metals [17]. Nowadays, 

greater than 25 conductive polymers are available [18][19] and the interest in their 

employment as functional materials for conductive textiles comes from their excellent 

properties such as lightweight, cost-effective, flexibility, biocompatibility, ease of 

manufacturability and, electrical properties. The most significant applications are fuel 

cells, supercapacitors, energy storage, energy conversion, antistatic packaging, 

conducting inks, smart membrane, electrostatic discharge (ESD), electromagnetic 

interference (EMI) and many others [20][21]. Several applications of conductive textiles 

are available in different fields: fashion, functional clothing, health monitoring in sport 

and fitness, sportswear, clinical applications, security (e. g. uniforms for firefighters), 

non-clothing applications (e. g. automotive and home textiles). On the market, there are 

different types of smart textiles based on conductive polymers, such as medical fabrics, 

protective clothing, touch screen displays, flexible fabric keyboards and sensors for 

various application areas.  

Conductive polymers can be classified into intrinsic (ICPs) and extrinsic (ECPs). 

The ICPs are conjugated polymers and synthetic metals with interesting optical and 

electrical properties characterized by conductivity values ranging from 10-10 to 10+5 S cm-

1 [20][21][22]. The most important representative ICPs are polypyrrole (PPy), polyaniline 
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(PANI) and poly(3,4-ethylenedioxythiophene) (PEDOT) characterized by environmental 

stability and high electrical conductivity, easily synthesized but with poor mechanical 

properties [23][24]. These materials present limited stability after repeated cycling due to 

degradation in the mechanical strength, and their oxidation leads to radical cations that 

provide further chemical reactions that contribute to CPs instability [25]. 

ECPs, also known as conductive polymer composites (CPCs), derive from the 

blending of insulating polymer (thermoplastic or thermosetting) with conductive fillers. 

The latter are mainly represented by: (i) metal powders and their compounds (aluminum 

zinc oxide – AZO, and indium tin oxide – ITO), (ii) ICPs and (iii) carbon (carbon black 

– CB and carbon nanotubes – CNTs). ECPs show conductive values lower than ICPs 

ones, ranging from 10-5 to 103 S cm-1 depending on applications [23][24][26][27] and 

they also exhibit good thermal conductivity and mechanical properties, and corrosion 

resistance. Several parameters influence the conductivity of a polymer such as the density 

of the charge carriers, their mobility and direction, the presence of doping elements and 

the temperature [26]. Two factors are responsible for the conduction properties of 

polymers: (i) alternation of conjugated single and double bonds (sigma “σ” and pi-greco 

“π”, respectively) responsible of localized and strong chemical bonds and of less strongly 

localized and weaker bonds, respectively, (ii) p-doping and n-doping (removal or addition 

of electrons from/into polymers, oxidation and reduction, respectively).  

Conductive polymers are characterized by π-conjugation, and when π orbitals are 

overlapped, they provide valence bands, while the overlapping of π* orbitals leads to 

conductive bands. Due to oxidation of conductive polymers, electrons can be removed 

from the valence bands leading to the formation of a delocalized charge on conductive 

polymers that provide the most stable geometry form. On the other side, the most common 

dopants are represented by anions, cations or larger polymer particles (e. g. ClO4-, Na+, 

polyelectrolytes, poly(vinyl sulfonic acid), poly(styrene sulfonic acid) and they can be 

introduced in the polymer during synthesis or can be retrofitted. 

Several approaches are available to realize conductive polymers by starting from 

conventional fibers, yarns or fabrics, occurring through modification of such 

conventional polymers according to grafting, curing and blending. The grafting approach 

was described in Chapter 1 as an efficient technique for surface modification. According 

to it, monomers are covalently bonded onto a polymer chain through chemical, radiation, 
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photochemical, enzyme grafting and plasma-induced techniques. According to curing, 

monomers are polymerized to form a coating on the surface of a substrate by physical 

interactions. Blending is a technique that allows obtaining a physical mixture of 

polymers.  

 

3.1.2 Conductive materials and technologies for electrically conductive 

fabrics 

 

As already mentioned, electrically conductive fabrics can be produced by several 

technologies based on the production of conductive fibers or yarns, insertion of yarns 

during or after fabric manufacturing, embroidery techniques, coating techniques, and 

many others [3][20][28][29][30].   

Conductive yarns and fibers can be classified as intrinsic (naturally conductive) 

and extrinsic (treated conductive) [16]. The intrinsic conductive yarns and fibers consist 

of materials showing high electrical conductivity, and some examples are provided by 

metallic fibers, carbon fibers, and fibers or yarn entirely made by ICPs.  

Metallic fibers are highly conductive, but at the same time, they are brittle and 

heavier than conventional fibers. They can be produced from electrically conductive 

materials (nickel, titanium, aluminum, stainless steel, ferrous alloys) according to 

shaving, bundle-drawing processes or can be shaved off the edge of a thin metal sheet. 

Moreover, the metallic fibers can be used to realize very thin threads or yarns to be knitted 

or woven into textiles [3][20][30]. 

Carbon fiber or yarns are of great interest for their properties such as electrical 

conductivity, low density, heat resistance, strength, that allow their use as reinforcement 

in composites, ESD and sorption materials. They consist of fibrous carbon materials 

(carbon content greater than 90%) obtained by heat treatment (1000 – 1500°C) of organic 

matter. Depending on the production conditions and on the presence of impurities, carbon 

fibers with different structures and different electrical conductivity could be obtained 

(from conductor to semiconductor products) [16].  

Three approaches are employed to obtain fibers or yarns entirely built of ICPs: 

melt spinning, wet spinning or electrospinning. Because of the decomposition of ICPs 
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thermoplastic materials at a temperature lower than their melting point, the melt spinning 

represents not an excellent approach to obtain ICPs fibers. Similarly, both instability and 

low concentration problem are important limitations of electrospinning [20][31].  

Differently, extrinsic conductive fibers or yarns are the results of the combination 

of conductive fillers and non-conductive materials such as polyethylene, polystyrene, and 

polypropylene. The most common techniques employed to introduce the conductive 

fillers in the insulating polymers are melt and wet spinning. In particular, the latter allows 

obtaining fibers or yarns with enhanced mechanical and electrical properties compared 

with those derived by the melt spinning approach [16]. Generally, CB particles (20-100 

mm) are introduced into melts or thermoplastics polymers and then they are melt-spun 

into conductive polymer fibers or yarns. More than 10 wt% of CB is used for the 

realization of conductive fibers, while CB in the range between 10 and 40 wt% is 

introduced in polymers to obtain yarns. The latter amount negatively influences the yarn 

conductivity because the increase in CB concentration causes the mechanical degradation 

of developed yarns. Contrary, the CB-based yarns present the advantage of low-cost 

thanks to the wide availability of CB and the ease of the synthetic procedure.  

Better fillers than CB are considered CNTs thanks to their one-dimensional 

structure and unique physical properties (widely described later) that provide, through the 

spinning approaches mentioned above, CNT-based yarns or fibers with improved 

mechanical properties compared to original yarns or fibers.  

Following a similar strategy, insulating fibers and yarns can be made conductive 

through the coating with conductive fillers. Both the manufactory process and the 

conductive fillers employed influence the final conductive fibers/yarns/textiles [31][32].  

Common metals employed as conductive fillers are Gold, Aluminum, Copper, and 

Silver while physical vapor deposition, metal-paint brushing, electroless plating, and 

polymer-metal lamination are examples of available coating techniques for the realization 

of conductive textiles. The coating of fibers or yarns with metals presents several 

disadvantages mainly based on the leaching or washing of the metals or their mechanical 

abrasion from textiles. On the other side, the coating of CNTs and CB, as well as of ICPs, 

on fibers or yarns is usually performed through the dipping-and-drying technique. The 

coating of ICPs on polymers can also be carried out through chemical/vapor 

polymerization, and such conductive materials influence the mechanical properties of the 
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obtained conductive polymers. Indeed important parameters to be taken into account are 

ICPs and yarn type, ICPs concentration, coating uniformity and thickness [16]. Thanks 

to surface pretreatments, also materials with low surface energy can be made conductive 

on the surface with good adhesion of the coating (polyolefins, fluoropolymers, and 

silicones) [33]. Some examples concern the coating of fabrics in polyethylene 

terephthalate (PET) with a Cu-Ni-P alloy by electrochemical plating [34]. 

Not only yarns or fibers are coated with conductive materials to obtain the 

equivalent conductive polymers, but also the surface of the textile thus achieving flexible 

conductive fabrics. The most common techniques are represented by printing approaches 

(knife-over-roll, inkjet printing, roll to roll, screen printing), spraying, vapor deposition, 

sputtering of thin films, electrodeposition, and electroless plating. Moreover, through 

masking techniques, dip-coating, soft lithography, imprint and embossing, it is possible 

to deposit a thick conductive layer onto textile surfaces. Several parameters should be 

controlled for an optimal coating deposition, among which uniformity of the application, 

coating viscosity and porosity, tension and flexural rigidity of the textile substrate. Other 

important parameters to be addressed are the coating adhesion, degree of moisture 

resistance and air permeability. As an example, metal fiber fabrics are different if 

compared with metal-coated textile materials. The second benefits of both substrate and 

manufacturing technique, thus showing lightweight, and breathability and electrical 

conductivity depending on both the coating thickness and chosen metals. The coating of 

conductive polymers on textiles provide several properties in the final conductive fabrics 

such as: (i) uniformity in the coating deposition, (ii) possibility to functionalize different 

textiles forms, (iii) thickness of the treated fabric ranging from 0.1 mm to a few mm, 

surface resistivity between 10 Ω and billion Ω, (iv) lightweight, flexibility and durability 

of final conductive textile-based materials.  

A complex process to obtain conductive textiles by starting from conductive yarns 

is their insertion in textile fabrics by knitting, weaving and braiding approaches [32][35]. 

An example is provided by the roll-to-roll mechanism for aluminum, developed for the 

production of textile sensors (poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate), 

PEDOT:PSS) to monitor the structural health of fabric-reinforced composite materials 

[36].  
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Another interesting technique, used in textile industries simultaneously to the 

previously described ones, in particular, to obtain interconnections between sensors and 

electronic output systems, is the embroidery. It allows attaching conductive patterns to a 

textile structure with high precision, to create circuit layouts and to integrate yarns or 

fibers with different electrical properties [3][37]. Essential features of each technique are 

reported in Table 3.1. 

 

Table 3.1. Techniques for the development of conductive fabrics: advantages and 

disadvantages [16]. 

 Conductive 
fibers/yarns 

Insertion of 
conductive 

yarns  
Coating Embroidery 

Advantages 

Possibility to 
adjust the 
processes 

parameters 

 

Conductivity 
establishment 
depending on 
yarns types 

Complex 
integration onto 

fabric 

Less expensive than 
conductive fibers 

Possibility to apply 
uniform coatings with 
good adhesion onto 
various textile forms 

Lightweight, 
flexibility and 

durability of the 
coatings 

Potential to 
treat different 

textile 

Possibility to 
specify the 

circuit layout 
and stitching 

pattern 

Disadvantages 

Washability 

Differences 
in 

conductivity 

High 
manufacturing 

costs 

High thickness for 
certain application 

A large 
amount of 
wires is 

needed to be 
used 

 

 Overview of conductive textiles integration into clothing  

 

Although most types of smart textiles are based on electrically conductive fabrics 

and appear as the result of the integration of electronic devices and remote 

communication systems with fabrics, almost half of this market probably comes from 

companies that are not protagonists in today's electronics market. 

As mentioned in the previous paragraphs, there are many examples of 

commercially available smart textiles based mainly on health, sports and fitness, wellness 
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and automotive products. In the last 20 years, wearable sensors have been widely studied 

in particular for their potential in the biomedical field [38], for their use as an in-between 

interface and potential mean of monitoring both the environmental and operator's 

physiological parameters. Currently, wearable systems are available for continuous 

monitoring, but sensors for in-situ monitoring of human health are still under 

development [39]. Indeed, the applications in the medical-health field are the most 

interesting as they are driven by the increase in population and life expectancy and 

concern, for example, monitoring, diagnoses, surgical and therapeutic treatments. Among 

the several medical sensors, wearable Body Sensor Networks (BSN) are a promising 

emerging technology for real-time and non-invasive detection of vital signs. In the fitness 

and wellness fields, discreet and real-time monitoring of some physiological, biomedical 

and biomechanical parameters is of great interest, an example of which will be described 

later (ELECT).  

In 2000, the Georgia Institute of Technology created a shirt for monitoring heart 

rate, ECG, temperature, breathing, and other vital parameters. Similarly, the “Smart 

Shirt” (Sensatex Incorporated) is able to collect data from different parts of the body and 

transmit it to a device for processing, transmission, data visualization and then transfer 

through wireless technology to the data processing software [40]. Another example is 

provided by the “Numetrex sports top” featuring silver-coated nylon fibers and cotton-

coated Lycra, capable of detecting the heart rate through tissue pressure in contact with 

the body thanks to the presence of sensors [41]. Takamatsu [37] has developed a wearable 

device for ECG recording consisting of PEDOT:PSS electrodes on polyester fabric that 

have shown low impedance in contact with the skin. Carvalho [42] described a shirt that 

can be used in high-risk environments for health and sports monitoring. The electrode 

areas were knitted with a polyamide yarn with a thin silver coating (less than 10 nm) 

while the ECG connections were made on the back of the shirt and connected to a specific 

acquisition circuit. Edema ApS has produced a device (Edema Stocking) to measure the 

variations of the volume of the lower limbs allowing to obtain information regarding the 

retention of liquids and the efficiency of the treatment for drainage through objective 

scientific measurements [43]. Intelligent socks integrated with textile sensors capable of 

detecting foot pressure have also been developed [44]. In particular, the conductive fibers 

present in the sock transmit the data to an anklet capable of sending information via 
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Bluetooth to an application for mobile devices. In this case, the production of reliable 

textile sensors capable of supporting washing cycles is essential for the development of 

useful smart textiles. Paul et al. [45] have realized textile electrodes suitable for 

biopotential monitoring using the screen-printing technique to create conductive tracks. 

The latter ensured the electrical connection with the surface of the skin through the use 

of different pastes for electrode networks: a polyurethane, a silver conductor and a 

conductive rubber. 

In the fields of strictly healthcare applications, a T-shirt (WarmX©) was designed 

for use in extreme cold weather conditions. It is characterized by two heated areas around 

the kidneys, both in the back and in the front, made of silver-coated polyamide and fed 

by a 12 V battery that can be removed for washing [41]. A similar example is provided 

by the intelligent 3-in-1 jacket, known as the “Life Tech jacket” useful for survival in 

extreme conditions [46]. For the protection of the knees, an intelligent knee brace was 

designed, consisting of a single-sided polymer-coated textile sensor at the height of the 

patella integrated into an electronic circuit (3 V) acting as a deformation sensor when the 

knee is bent: at a minimum resistance threshold based on the knee bending angle, an 

acoustic signal is emitted to warn the user that the desired bending angle has been reached 

[47]. Relevant research in the medical field was carried out by Binkey in 2003 which 

considered necessary the presence of reliable instruments for clinical assistance and new 

therapies for patients suffering from Parkinson's disease, one of the most widespread and 

neurological disorders responsible for motor dysfunctions. These tools are based on the 

possibility of obtaining a model of the patient status during several days and of correlating 

it both to the time and the drug doses [48]. In this regard, an integrated shirt with specific 

sensors and interconnections was designed. It is made with PPy-coated fibers, able to read 

and record the posture and movements of the subject based on the principle of 

deformation sensors, worn in a non-invasive and systematic manner [49]. Similar smart 

textiles, capable of recording variations in electrical resistance following the movements 

of the arms, fingers, and torso, can be used in rehabilitation, sports medicine and virtual 

reality fields as showed by Danilo De Rossi in 2003 with the body and the glove 

integrating carbon-based rubber sensors [50]. 

In the surgical field, an example is provided by Shim, which in 2008 integrated 

cotton threads (20 Ω / cm) in E-textiles using a polyelectrolyte-based coating with CNTs. 
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This type of wires can be used for the detection of albumin (key blood protein) with high 

selectivity and sensitivity and therefore for applications in extreme situations, such as 

high-risk surgical, to detect bleeding where other methods are not available [51]. 

 

 Development of carbon nanotubes-based conductive textiles for 

environmental and biomedical applications 

 

As already explained in the first paragraph of this chapter, conductive textiles can 

be obtained according to several technologies, among which metal or conductive 

polymers incorporation in textile materials. Another research field focused on the design 

of conductive fabrics has grown up during the last years and based on the employment of 

carbon nanotubes as a source of conductive properties.  

Carbon nanotubes are of great interest thanks to their chemical-physical 

properties, and recently they were employed as nanoscale modifiers for the enhancement 

of both mechanical and electrical properties of conventional polymers [52][53]. 

Moreover, CNTs are used in different areas of biomedical fields (e. g. drug and gene 

delivery, phototherapy, bioimaging, biosensing [54]) thanks to their transport capabilities. 

Indeed CNTs can be functionalized with molecules characterized by anticancer or 

cytotoxic activity [55][56].  

The use of CNTs for the realization of conductive coatings for textiles applications 

must satisfy several aspects, among which the homogeneous dispersion of nanotubes in 

the coating matrix, thus ensuring the electrical contact between them. This aspect 

represents an important challenge to be addressed due to the chemical inertness of CNTs 

that tends to agglomerate according to van der Waals attractions, thus preventing their 

homogeneous dispersion. Strategies such as functionalization of external walls or open 

ends can be employed to enhance the interface between the CNTs and the employed 

solvent [57][58][52][59][60][61] to overcome agglomeration issues of nanotubes. 

An interesting approach that leads to ceramic carbon composite with high 

electrical conductivity is represented by the sol-gel technique [62][63][64][65][66]. In 

particular, according to the silanization of carbon nanotubes, it is possible to enhance the 

interfacial adhesion between the nanotubes and the matrix without the disadvantages 
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resulting from the employment of strong acids [67]. The latter, employed for oxidation 

CNTs, reduces the aspect ratio of nanotubes. The most common employed sol-gel 

precursors are represented by 3-aminopropyltriethoxysilane [65] or 3-

glycidoxypropyltrimethoxysilane [58]. According to reduction or oxidation processes 

carried out on the nanotubes surfaces, hydroxyl groups, able to react with the 

functionalities of the sol-gel precursors (silanol, epoxy, alkoxy, amine), are introduced 

[67].  

In the next paragraphs, an overview of the main properties of CNTs will be 

provided. Moreover, two research studies dealing with the design of CNT-based 

conductive textiles for environmental and biomedical applications will be widely 

described.  

 

3.3.1 Carbon nanotubes: state of the art 

 

After their discovery in 1991 by Iijima, and thanks to their anisotropic properties 

[68], carbon nanotubes (CNTs) have aroused the scientific interest during the last two 

decades. Among many materials, CNTs are fascinating for their chemical and physical 

properties such as semiconducting or metallic behavior, thermal conductivity, strength 

greater than 100 times of steel, high melting point, chemical inertness, elevated aspect 

ratio, ultra-lightweight, structural flexibility, high mechanical properties.  

CNTs are carbon allotropes, such as graphite and diamond, with a tubular 

structure consisting of rolled-up sheet graphene (a sheet of carbon atoms arranged in 

hexagonal rings). The wrapped graphene sheet is characterized by the chiral vector, a pair 

of indices (n, m) that represent the number of unit vectors along with two directions in 

the honeycomb crystal lattice of graphene. Depending on the chiral vector, CNTs are 

called “chiral” or, if m = 0 and m = n, "zig-zag" or "armchair", respectively. If CNTs are 

characterized by only one rolled-up graphene sheet, they are single-wall carbon 

nanotubes (SWCNTs); if more rolled-up graphene sheets are organized concentrically, 

carbon nanotubes are defined multi-walled (MWCNTs). Commonly, SWCNTs are 

characterized by small diameters in the range between 0.4 and 4 nm and, depending on 

their chirality, they can be metallic or semiconducting [69]. The numbers of walls in 
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MWCNTs could range between 2 (double-wall) and 100 with an average diameter 

ranging from 1 to 100 nm and an intertubes distance of 0.34 nm, which is the same 

distance of two parallel graphene sheets. Commonly, MWCNTs are metallic because at 

least one of the walls will be metallic.   

Depending on the synthetic strategy employed to obtain CNTs, they can present 

some defects, missing or added atoms, even if crystalline carbon nanotubes are ideally 

without defects. “Bamboo” is one common defect of MWCNTs, and it consists of 

different walls capping at different lengths and appear as stacked. Carbon nanofibers, 

graphite platelets arranged in various orientations, are another type of filament formation 

that can be confused with MWCNTs. 

As already mentioned, the anisotropic properties of CNTs have been made them 

attractive for several applications such as thermal [70][71], mechanical [72] and electrical 

[73][74], and typical examples of developed products are represented by structural 

composites, heat sinks and microelectronic interconnects.  

The electrical properties of MWCNTs have not been thoroughly investigated as 

for SWCNTs because of their more complex structure and the interaction between shells 

that entail different features. Experimental studies [75] demonstrated that shell-to-shell 

interactions play a crucial role in the lowering of MWCNTs resistance. On the other hand, 

both metallic and semiconducting SWCNTs have been widely studied for IC 

interconnects and fields emission applications [76], and as channels in transistor devices 

[77][78], respectively. More in detail, for metallic SWCNTs, both valence and conduction 

bands touch at a specific point, while for semiconducting SWCNTs these bands do not 

touch. 

Carbon nanotubes are considered promising materials for the development of 

CNT-polymer composites thanks to their mechanical properties [79]. Compared to other 

conventional materials, CNTs are characterized by interesting mechanical properties. 

Indeed, it was demonstrated that CNTs have the highest tensile strength and. Young’s 

modulus, comparable with which of graphene sheet of around 1000 GPa, and they are 

stiffer than diamond.  

As well as diamond and graphite, SWCNTs exhibit exceptionally low heat 

capacity and high thermal conductivity. Literature data report thermal conductivity of 

3500 Wm-1K-1 for SWCNTs with a diameter of 1.7 nm and a length of 2.6 mm [80]. Based 
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on these data, models of thermal conductivity depending on nanotube diameter and 

temperature are available. The high thermal conductivity of CNTs represents an 

important benefit for the development of future electrical applications, such as 

microprocessors, because of the importance of thermal management and dissipation. 

 

3.3.2 Carbon nanotubes-based conductive textiles for environmental detection 

 

Thanks to their electrical and physical-chemical properties, CNTs are also 

employed for sensing applications. In this regard, chemical sensors, featuring high 

versatility and sensitivity can be designed for the evaluation of environmental changes at 

room temperature [81]. The field of humidity sensing is of great interest for several 

applications such as in greenhouses industries, storage depots, food processing [82] and 

in recent years, they are realized through miniaturization.  

A conductive textile-based sensor to monitor humidity and temperature of the 

surrounding environment was designed through the development of a hybrid functional 

MWCNTs-based coating. A stable dispersion of functionalized MWCNTs was obtained 

through the aid of poly(vinyl alcohol) (PVA), 1,2,3,4-butanetetracarboxylic acid 

(BTCA), and a polyacrylic resin, specifically chosen to preserve the electrical contact 

points between CNTs, thus ensuring their conduction properties although their 

immobilization in the polymer matrix. Several characterization techniques were used to 

assess the physical-chemical properties of the obtained conductive cotton textiles, while 

different levels of simultaneous environmental humidity and temperature were detected 

through electrical resistance measurements.  

 

3.3.2.1 Experimental part 

 

In this research study pristine MWCNTs (P-MWCNTs), previously synthesized 

according to an optimized procedure showed by Donato et al. [83], were oxidizing 

following the method described by Milone et al. [84] with the aim of introducing 

hydrophilic functionalities (e. g. carboxylic and hydroxy groups) in nanotube structure. 
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According to this oxidation procedure, 3 g of P-MWCNTs were soaked into a mixture of 

HNO3 (67%) and H2SO4 (98%), (v/v 1:1, 300 ml) and kept at 60°C. The mixture was 

ultrasonicated for 6 h and, after this time, the solution was cooled down to room 

temperature. The cold mixture was further diluted with deionized water, filtered under 

vacuum with Millipore 0.2 µm filter paper and rinsed with deionized water until pH 7 to 

remove residual acid. Functionalized multi-walled carbon nanotubes (F-MWCNTs) were 

obtained as a black powder after drying and then employed in the following described 

procedure for the development of CNT-based conductive coating for textile applications. 

100 mg of F-MWCNTs were mixed with 10 ml of deionized water. The mixture 

was ultrasonicated and then heated at 80°C. Then, 50 mg of PVA, 20 mg of BTCA and a 

catalytic amount of SHP were added separately and subsequently under vigorous stirring. 

Finally, at the homogeneous colloidal phase, 130 mg of acrylic thickener (MIROX® FC) 

were added, thus obtaining a paste (F-MWCNTs paste) to be applied onto cotton surfaces 

by the knife-over-roll technique (previously explained in Chapter 2). The coating 

application was made twice on the cotton sample with dimensions 20 cm x 30 cm and the 

coated fabric was cured at 120°C for 5 min after both the first and the second layer to 

obtain a multi-layer architecture.  

 

3.3.2.2 Results and discussions 

 

In this paragraph, results and discussion of characterization analyses will be 

provided and scheduled depending on the chemical-physical technique employed. 

 

3.3.2.2.1 Coating composition 

 

As already explained before, to obtain a conductive coating for textile 

applications, MWCNTs were synthesized and then mixed with proper organic chemicals.  

To improve the dispersion of MWCNTs in the polymeric matrix, they were 

oxidized as described in the previous paragraph. During this synthetic step, hydrophilic 
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groups, such as COOH and OH, were introduced in the pristine nanotube structures 

(Scheme 3.1). 

 
Scheme 3.1. Schematic representation of oxidation of P-MWCNTs. 

The obtained F-MWCNTs were then mixed with a polycarboxylic acid (BTCA), 

a polymer (PVA) and an acrylic thickener (MIROX® FC) as schematically reported in 

Scheme 3.2.  

All these chemicals were specifically chosen for their properties, and chemical 

structures with the aim to both disperse and immobilize nanotubes onto cotton surfaces 

by preserving their mutual electrical connection.  

More in detail, the water-soluble polymer PVA was chosen for its emulsifying, 

film-forming and adhesive properties thanks to the high density of OH groups in its 

structure [85]. On the other hand, the BTCA was selected for the presence of four 

carboxylic functionalities that ensure, thanks to the SHP catalytic action, to link both PVA 

and F-MWCNTs through OH groups and to lead to esterification reactions with cellulose 

[86]. For such reasons, BTCA plays a key role in the formation of the coating, thus 

providing a stable immobilization of the coating onto cotton surfaces [87]. Finally, the 

acrylic thickener was employed to obtain a viscous paste that was applied to cotton fabrics 

according to the knife-over-roll technique.  

Depending on the chemical structure of the employed chemicals and according to 

previous evidence [88], a dispersion mechanism of F-MWCNTs within the polymer 

matrix was hypothesized and schematically reported in Scheme 3.2.  
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Scheme 3.2. Schematic representation of reaction steps for the development of 

MWCNT coating and application onto cotton fabrics with its hypothesized chemical 

structure. 

 

The long PVA chains, spaced by BTCA, generate the orderly arrangement of 

carbon nanotubes. Moreover, BTCA acts as a cross-linker towards PVA chains, F-

MWCNTs, and cellulose. 

The amount of F-MWCNTs with the polymeric paste was 33.0% while, the add-

on (wt%) on the cotton sample was measured at 3.8 %.  

Thanks to the application technique employed, the knife-over-roll, the obtained 

paste was spread uniformly onto textiles sample. 

 

3.3.2.2.2 Morphological studies 

 

Following the oxidation treatment, both pristine and functionalized carbon 

nanotubes were analyzed through TEM and SEM techniques to study structural 

modification as a consequence of the acid treatments.  

TEM images show long, highly entangled carbon filaments formed by the P-

MWCNTs (Fig. 3.1). These filaments are characterized by external diameters in the range 

from 5 to 20 nm and, the typical CNT walls morphology of smooth graphene layers is 

observed from higher magnification images. On the other hand, a slight length reduction 

of nanotubes, as well as a sidewall degradation with the comparison of edges and steps at 

external sheets are observed in TEM figures of F-MWCNTs (Fig. 3.1).  
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Fig. 3.1. TEM images of pristine (above) and functionalized (below) carbon nanotubes 

at different magnifications. 

 

Similarly, SEM figures of both pristine and functionalized carbon nanotubes were 

acquired and shown in Fig. 3.2 in which the presence of agglomerated MWCNTs bundles 

is evident after the functionalization process.  

 

 
Fig. 3.2. SEM images of pristine (on the left) and functionalized (on the right) carbon 

nanotubes. 

 

SEM images of both uncoated and coated cotton samples confirm the presence of 

MWCNTs coating onto cotton surfaces due to the evident differences here below 

explained. Uncoated cotton fabric is characterized by smooth fibers, typical of cellulose, 

which are entirely and homogeneously covered by the coating, as shown in Fig. 3.3B. 

Moreover, the coating exhibits a highly rough and porous structure and results in an 

elevated coverage degree of cellulose surface (Fig. 3.3A). In the same SEM figure, it is 

possible to observe MWCNTs well exposed to environmental humidity, which, thanks to 

0.1 μm 10 nm

0.1 μm 10 nm

P-MWCNTs P-MWCNTs

F-MWCNTs F-MWCNTs
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the porous structure of the coating, are easily reached by environmental vapor molecules. 

The latter influences the dielectric constant of the coating and, as a consequence, the 

electrical resistance of carbon nanotubes, which changes for different relative humidity 

levels. Furthermore, the thickness of the applied coating was evaluated by SEM analysis, 

and it is uniform, even in section, and in the range between 99 and 138 µm (Fig. 3.3C). 

 

 
Fig. 3.3. SEM images of cotton fabrics coated with F-MWCNTs paste (A-C) and 

corresponding images. 

 

Another morphological analysis was performed through PeakForce AFM imaging 

(Fig. 3.4). The uncoated cotton sample reveals the presence of cavities and grooves 

randomly depth from 10 to 100 nm, corresponding to the interstitial zones in which 

individual fibers adjoin [89]. Sq values calculated on 1 µm2 randomly selected zones of 

the untreated cotton sample are largely influenced by these mostly stochastic variations 

(Sq of untreated cotton = 42 ± 28 nm). Despite the above, the morphological alteration 

induced by the processing of the treated sample is so marked that it is possible to 

quantitatively assert its difference with regard to the untreated sample (Sq of treated 

cotton = 185 ± 42 nm). Through optical and AFM microscopy, it is possible to observe 

the micrometric and nanometric constituent fibers of the untreated sample (Fig. 3.4a and 

3.4c). Differently, through optical microscopy, the presence of dark granular material 

covering the majority of the micrometric fibrils in the treated sample is evident (Fig. 
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3.4a). The typical texture, characterized by nanometric fibers, in pristine cotton is no 

longer discernible after functionalization as revealed by AFM microscopy (Fig. 3.4d).  

 

 
Fig. 3.4. Optical images (on the left) and AFM micrograph (on the right) of uncoated (a 

and c) and coated cotton fabrics with F-MWCNTs paste (b and d). 

 

3.3.2.2.3  ATR-FTIR characterization 

 

ATR-FTIR spectroscopy was employed to study the chemical composition of the 

applied coating and to confirm its presence onto cotton surfaces. ATR-FTIR 

Transmittance spectra of polymeric MWCNT paste, uncoated and coated cotton fabrics 

are compared in Fig. 3.5. As evident, spectra of uncoated and coated cotton fabrics result 

completely different due to the presence of the coating that leads to the disappearance of 

the main characteristic absorption bands of cellulose, reported in Table 3.2. While, other 

peaks in the FTIR spectra of coated cotton at 1634 cm−1, 1713 cm−1 and 1150 cm−1 are 

associated with C=C, C=O and C-O stretching of COOH functionalities of carbon 

nanotubes, respectively [90].   
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Table 3.2. Main absorption bands of cellulose [91]. 

FTIR bands Literature data 
O-H stretching 3500 – 3100 cm-1 

C-H stretching 3000 – 2800 cm-1 

C-H wagging and deformation mode 1400 - 1200 cm-1 

asymmetric stretching of C-O-C 

in-plane ring stretching 

C-O stretching 

1200 - 800 cm-1 

 

As observable from spectra in Fig. 3.5, the main absorption bands of cellulose, in 

the analyzed spectral region, result overlapped by the FTIR peaks of MWCNTs paste: 

1320 cm-1, 1055 cm-1 and 1030 cm-1 (C-H wagging, asymmetric in-plane ring stretch, and 

C-O stretch, respectively) [92]. 

 
Fig. 3.5. ATR – FTIR spectra of uncoated cotton (black curve), F-MWCNTs paste 

(yellow curve) and coated cotton (green curve). 
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3.3.2.2.4 Thermo-gravimetric analysis 

The thermo-gravimetric analysis of both uncoated and coated cotton fabrics was 

performed to obtain information about the thermal properties and stability of coated 

samples.  

TheTGA analysis in the inert atmosphere was realized starting from F-MWCNTs 

to obtain information about organic functional groups [93][94] (Fig. 3.6). During the first 

step of a multistep process, up to 150°C, the evaporation of absorbed water by the F-

MWCNTs sample was observed. For temperature ranging from 150 to 350°C (second 

step) the decarboxylation of COOH groups occurs, while between 350 and 600°C the 

degradation of anhydrides and lactones takes place. In the final step, above 600°C, the 

decomposition of phenols, carboxyl groups, quinones, pyrans, and ethers occurs as 

confirmed by the weight loss. 

The mass loss at 900°C of F-MWCNTs is significantly different from P-

MWCNTs one due to the presence of carboxylic, carbonyl and hydroxyl groups in their 

structure and, as evident from Fig. 3.6, such functionalities make carbon nanotubes more 

reactive and less stable, thus leading to a weight loss of about 12 wt% compared to the 4 

wt% of P-MWCNTs.  

 

 
Fig. 3.6. TGA (A) and dTGA (B) of pristine (black curve) and functionalized 

multiwalled carbon nanotubes. 

 

The thermal stability of coated fabrics was studied by TGA analysis in the air 

atmosphere and compared with the thermal behavior of F-MWCNTs, F-MWCNTs paste 
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and paste without carbon nanotubes. As observable from Fig. 3.7, the F-MWCNTs curve 

is characterized by a slight weight loss for temperature lower than 600°C corresponding 

to the decomposition of surface functional groups, while they completely oxidize between 

600 and 800°C in accordance with literature data [95]. On the other hand, a multistep 

decomposition behavior is observed for both reference paste, and F-MWCNTs paste for 

temperature ranging from 200 to 600°C with a residual mass of 10% attributable to the 

inorganic SHP. Moreover, the presence of F-MWCNTs provides a reduction of the paste 

decomposition rate without affecting the range of stability.  

Two degradation steps are observed for the uncoated cotton fabric, which also 

showed a significant weight loss for temperature between 300 and 380°C corresponding 

to two alternative pathways: (i) the decomposition of glycosyl units to char; (ii) the 

depolymerization of such units to volatile products containing levoglucosan [96]. The 

complete oxidation of char occurred in the range of 450 – 520°C.  

The presence of the coating onto cotton fabrics did not provide significantly the 

first degradation step of cellulose, but it affects the second one by lowering its rate. The 

residual mass lower than 1% corresponds to the presence of SHP in the coating. So, the 

presence of F-MWCNTs in the coating paste does not affect the overall thermal stability 

of the cotton sample significantly even if they induce the start of paste degradation at 

lower temperatures than the uncoated cotton. 

 

 
Fig. 3.7. TGA analysis of the reference paste (red curve), functionalized carbon 

nanotubes (black curve), F-MWCNTs (blue curve), uncoated cotton (green curve) and 

coated cotton (magenta curve). 
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3.3.2.2.5 Sensing studies 

 

Preliminary resistance measurements were carried out on both uncoated and 

coated cotton fabrics with the F_MWCNTs paste to assess the electrical conductivity 

properties and the potential application of the designed fabric as humidity sensors. 

According to these measurements, the uncoated cotton sample reveals its insulting nature 

due to the electrical resistance measured over than 10 MW and so no dependence with 

temperature and relative humidity percentage (% RH) was observed for this sample. On 

the other side, the presence of carbon nanotubes-doped coating influences the electrical 

resistance of the cotton fabrics that were measured at 1.16 x 104 W sq-1. This behavior 

could be explained by taking into account the carbon nanotubes arrangement inside the 

polymeric matrix according to which, they are tightly electrostatically attached to PVA 

chains and stacked in a crosslinked and large structure thus providing the conductivity of 

the coating.  

A lot of parameters influence the electrical resistance of CNT-based coatings such 

as resistance between nanotubes, the resistance between nanotubes and cross-linkers 

used, the resistance of water absorbed in an established region and many others [97]. 

Furthermore, the concentration of CNTs, the distance and the swelling (reversible or not) 

of all components could influence the resistance previously cited and so, the resistance of 

the coating itself.  

The chemical composition and the observed electrical properties of the realized 

coating, together with the already mentioned properties, make possible the employment 

of the F-MWCNTs coating for humidity sensing. This application is also due to the high 

density of polar functional groups on both the functionalized carbon nanotubes and in the 

polymeric matrix that makes the coated cotton fabric able to bind water molecules and so 

to interact with environmental humidity [97]. The hole transport as like p-type 

semiconductor affects the interaction of water molecules with F-MWCNTs and thus the 

resistance variations [98][99]. In particular, two phenomena, the physisorption and 

chemisorption affect the reversible interaction of carbon nanotubes with gases and so, 

their sensing properties. Generally, in humidity sensors, the chemisorption of water 

molecules on the hydroxyl groups present on the outermost coating surface occurs and 
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then such molecules are physisorbed. Depending on the environmental %RH, a certain 

amount of water molecules can be adsorbed by MWCNTs. The overall resistance of the 

coated cotton sample was reduced by the physisorbed water layer that also enables charge 

transport through the sample itself. Furthermore, a strong response of the coating towards 

water vapors can be deduced by the presence of several carboxylic groups in the carbon 

nanotube structure according to hydrogen bonding and dipole-dipole interactions, thus 

increasing their absorption efficiency. The p-type semiconductor behavior of F-

MWCNTs was suggested by the increase in the electrical resistance of the coating due to 

the absorbed water molecules that donate electron to the valence band thus depleting the 

concentration of holes in carbon nanotubes.  

Furthermore, variations in resistance values are dependent on the swelling of the 

film generated by few nanometers rearrangements of macromolecules in the coating that 

affects the nanotubes junctions and so the contact resistance between nanotubes in the 

matrix. Moreover, when a gap occurs between MWCNTs junctions, electrons 

characterized by potential energy lower than the gap energy, which consists of a distance 

between CNTs higher than a few tens of nanometers,  cannot move freely around the 

coating [100]. So, the resistance of the carbon nanotube-doped film is influenced by both 

phenomena and, more in detail, for higher RH level a higher amount of water molecules 

are adsorbed and, as a consequence, a higher number of electrons are transferred by 

generating the swelling of the coating and finally, the increase of the resistance.  

According to these explanations, the obtained coated cotton fabric could be used 

as humidity and temperature sensor by evaluating the electrical resistance changes under 

controlled conditions. With this aim, the surface resistance of coated textile versus both 

humidity and concomitant temperature variations are reported in Fig. 3.8 in which, each 

Rs value refers to a combination of % RH and T (°C) in the climatic chamber. As clearly 

evident, the coated sample shows Rs values similar in the RH range between 55 and 75 

%, while these values are strongly dependent on humidity level above 75 % RH, indeed 

Rs are almost doubled in the range 75 - 90 %RH.  
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Fig. 3.8. Surface resistance values as a function of relative humidity percentage (RH %) 

and temperature (°C) at different exposure cycles (1 to 4). 

 

This trend could be justified by the following explanation: the higher the %RH 

values, the more water vapor molecules can be physically absorbed into the coating, thus 

providing an increase in the resistance values. In the studied %RH range, the observed 

resistance dependence from humidity, and so the decrease of conductivity of the coating, 

can be due to the adsorption of water molecules that decreases the density of the 

nanoparticles, causing the coating swelling (Fig. 3.9). Due to the definition of relative 

humidity, according to which it is the ratio of the partial pressure of water vapor present 

in the gas, to its saturation vapor pressure, at a given temperature [101], the resistance 

changes as a function of humidity may also be used as temperature sensing. Indeed, as 

demonstrated by values reported in Fig. 3.8, the Rs is not significantly affected by the 

temperature up to 10 °C, while these resistance values strongly increase with the relative 

humidity in the temperature range between 10 and 20°C. Moreover, in the studied 

temperature range, the relative humidity percentage can be directly deduced from the 

resistance values of the coated cotton.  
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Fig. 3.9. Schematic representation of the coating swelling as a consequence of the RH 

% increase. 

 

A clear response-recovery behavior and good repeatability for 

humidity/temperature sensing have been shown by the designed sensor. More in detail, 

the response time of the sensing coating was measured in 4 s, a time shorter than the 

recovery time estimated in 30 s, as observed for conventional humidity sensors. 

Resistance measurements were performed for four consecutive cycles, and the sensor 

showed that both response and recovery times returned to baseline after being exposed to 

humidity and temperature variation. A sensitivity decrease of about 50% after the last 

cycle was observed and ascribed to the cotton fabric for its intrinsic properties that largely 

influence the physisorption of water by both the carbon nanotubes-doped coating and by 

the cotton fabric itself. Two exponential contributions, characterized by two different 

time constants, affect the resistance variations. More in detail, the cotton fabric is 

characterized by a much higher time constant that dominates the response time of the 

whole system. With the aim of decreasing the response time, no hydrophilic textile fabrics 

could be employed instead of cotton textiles. 

The experimental findings in the humidity range from 60 to 90% demonstrated 

the potential application of the realized cotton sensor in the microclimate control system 

in greenhouses for growing plants [102]. In these systems, water stress could be generated 

for %RH lower than 60, while serious problems, like rapid development of fungus 

diseases, can occur if the humidity values are greater than 95 %RH. 
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3.3.2.3 Conclusions 

 

According to a simple synthetic strategy, oxidized MWCNTs were used for the 

realization of a nanostructured coating for textile applications in sensing fields. The 

obtained coated textiles were characterized by flexibility and less-resistance properties 

than that of uncoated cotton that makes them attractive in the realization of flexible 

electronics compared to conventional rigid materials. As showed, the developed coating 

is characterized by good homogeneity and alignment of CNTs that also preserved their 

conductive properties. For these features, the conductive coating was tested as a sensitive 

element for the development of environmental humidity and temperature sensors by 

evaluating its resistance variations.  

With this aim, a circuit mask was printed onto a cotton sample with quite good 

precisions, and the obtained coated textiles confirm the potential employment as flexible, 

adaptable material in the realization of innovative and wearable sensors. In the future, 

further investigations will be carried out to assess the washing fastness of the CNT-doped 

coating and the reversibility of the sensing performances. 

 

3.3.3 Carbon nanotubes-based conductive textiles for heart rate monitoring 

 

Essential components of wearable sensors are represented by signal transmission 

element and control units, functions that can be performed by conductive fabrics. For this 

reason, the integration of electronics components with textiles is an important challenge 

that has aroused the interest of the scientific community. Further, the development of 

wearable sensors for several applications was simplified by the integration of electronic 

devices with conductive textiles with several advantages in particular in the health 

monitoring field. Thanks to the flexibility and comfort of fabrics, smart textiles are 

attracting for the design of wearable health monitoring devices compared to the 

conventional bulk counterpart. 

The health monitoring is of great interest for the detection of biomedical signals 

in several application fields, among which medical, fitness and sports ones are the most 

representative. In particular, the heart rate monitoring (HRM) is employed for the 

evaluation of exercise intensity in sport and training as well as to avoid the effect of 
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overtraining [103]. On the other hand, HRM is used to assess the patients’ conditions in 

healthcare quickly. In particular, the evaluation of heart rate is simple compared with 

other techniques as well as cheap and adaptable to several situations. Examples of HRM 

are referred to large instruments in the 1900s years until wearable devices (such as 

watches) of recent years. In this regard, several athletes widely use HRM to both monitor 

their training and to plan the intensity.  

Heart rate (HR) is measured by devices consisting of electrocardiogram (ECG), 

but an attractive and non-invasive optical technique for the same kind of evaluation is the 

photoplethysmography (PPG). Not only HR can be evaluated according to it but also 

other clinical parameters, such as heart rate variability, cardiac output, oxygen saturation, 

endothelial functions, arterial compliance, and many others [104]. 

In the research study described in the next paragraphs, wearable CNT-conductive 

strips were built to realize a signal transmission element for application in the PPG 

technique for the assessment of HRM. Very long and no-functionalized carbon 

nanotubes, previously synthesized through chemical vapor deposition (CVD) [105] were 

mixed with an amino-functionalized sol-gel precursor (EDAES), a thermo-degradable 

surfactant (Invadine PBN©) and a polyurethane thickener with the aim of both preserving 

their high aspect ratio and electrical properties, and of obtaining a paste to spread onto 

cotton fabrics.  

The designed conductive fabrics were characterized according to different 

chemical-physical techniques for the assessment of the coating chemical structure, 

morphology, and in particular, to evaluate the electrical properties of the CNT-based 

coatings and eventually changes in textiles comfort after treatment. More in detail, the 

tested electrical properties of the CNT-based textiles ensure their employment as a signal 

transmission element in the PPG technique for heart rhythm monitoring.   

 

3.3.3.1 Experimental part 

 

As already explained in Chapter 2, VACNTs with two different lengths (1.5 mm 

and 3.0 mm, sample s-CNTs and l-CNTs, respectively) were synthesized according to 
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CVD technique [106][107][108] and employed in this research study for the development 

of CNT-conductive textiles for heart rate monitoring.  

The synthesis of the conductive coatings was carried out by following the below 

procedure, in which both carbon nanotubes are generically named CNTs.  

A low amount of CNTs (0.2 mg/ml, 0.5 mg) was separately mixed with EDAES 

(68 µl) and Ethanol (132 µl) under vigorous stirring. Then, both mixtures were added 

with Invadine® PBN until reaching the final volume of 2.5 ml and further stirred and 

ultrasonicated for at least 2 h. As the last synthetic step, a suitable amount of thickener 

CT (291 mg) was added to both CNT dispersions, thus obtaining two viscous pastes (s-

CNT_paste and l-CNT_paste) [8]. In Scheme 3.3, a schematic representation of the 

synthetic strategy is provided. 

 

 
Scheme 3.3. Schematic representation of the synthetic strategy employed for the 

dispersion of carbon nanotubes and development of the CNT paste. 

 

To evaluate the stability of both CNT dispersions, they were left for 48 h without 

stirring. After this time, no sign of agglomeration was observed, so both s-CNT_paste 

and l-CNT_paste have been applied separately onto cotton fabrics by knife-over-roll 

technique as described in Chapter 2: the treated samples (CO_s and CO_l, respectively) 

were dried (70 °C for 5 minutes) after each layer deposition and finally cured 120°C for 

2 minutes (Scheme 3.4).  
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Scheme 3.4. Schematic representation of the coating deposition onto cotton fabrics 

according to the knife-over-roll technique and mechanism of CNT dispersion into the 

coating. 

 

3.3.3.2 Results and discussions 

 

In this paragraph, results and discussion of characterization analyses will be 

provided and scheduled depending on the chemical-physical technique employed. 

 

3.3.3.2.1 Morphological studies 

 

Before to study the morphology of the uncoated and coated cotton samples, this 

kind of study was performed on VACNTs employed for the realization of conductive 

pastes. With this aim, both CNTs were dispersed in ethanol solution to obtain HRTEM 

images (Fig. 3.10), which evidenced the presence of two and four walls in sample s-CNT 

and l-CNT, respectively. More in detail, images show outside diameters of 

approximatively 7 nm and 10 nm for sample s-CNTs and l-CNTs, respectively. These 
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two diameters are due to the different growth duration (30 mins and 60 mins, respectively) 

performed for both CNT samples [109] that also lead to two different nanotubes length, 

1.5 mm and 3.0 mm for sample s-CNT and l-CNT, respectively.  

 

 
Fig. 3.10. HRTEM images of s-CNTs and l-CNTs characterized by 1.5 mm and 3.0 mm 

length, respectively. 

 

The morphology of textiles coated with the two CNT pastes was studied according 

to HRSEM analysis.  

For comparison, in Fig. 3.11, HRSEM images at different magnifications of 

untreated samples are reported. They clearly show the typical cotton morphology 

according to which cellulose has a clean and smooth surface characterized by longitudinal 

twisted fibrils and bundles. On the contrary, treated cotton samples, CO_s and CO_l (Fig. 

3.11) evidenced the complete degree of coverage of cotton surfaces by CNT pastes. The 

same images highlight the morphology of the deposited films, which results rough and, 

as expected for the presence of CNTs, made up by several “microfibers”. The distribution 

of CNTs, and so of the coatings, was evaluated through higher magnification HRSEM 

images (Fig. 3.11): nanotubes appear well dispersed in both pastes and the latter 

homogeneously distributed on the cotton surface.  

Depending on the observed morphological features of treated cotton samples, a 

high mutual interconnection between CNTs is expected and, as a consequence, coatings 

with good electrical conductivity. 
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Fig. 3.11. HRSEM images of cotton fabrics coated with s-CNT paste (above) and with 

l-CNT (below) at different magnifications. 

 

3.3.3.2.2  ATR-FTIR analysis 

 

As already explained in Chapter 2, before to analyze uncoated and coated cotton 

fabrics through FTIR spectroscopy, the same characterization has been conducted on the 

xerogel of both s-CNT paste and l-CNT_paste to study the chemical composition of both 

films. Spectra of synthesized films, uncoated (CO_UT) and coated cotton fabrics (CO_s 

and CO_l) are reported in Fig. 3.12, to investigate and confirm the presence of each CNT 

paste on the surface of cotton fabrics. All these spectra were expressed in absorbance and, 

more in detail, spectra of cotton samples were reported after normalization at 1202 cm-1.  

From the curve of uncoated cotton (Fig. 3.12, black curve), it is possible to observe 

the main absorption bands of cellulose [110], previously summarized in Table 3.2. Many 

of these bands result overlapped by FTIR peaks of CNT coatings, as evidenced in Fig. 

3.12. Such differences distinctly consist in the presence of the CNT coatings onto cotton 

surfaces and are referred to: C=O stretching of urethane groups and its interaction with 

N-H groups (1725 and 1693 cm-1, respectively), C-N stretching and N-H bending (1537 

cm-1), CH2 and CH3 bending (1466 cm-1 and 1342 cm-1), C-N stretching (1279 and 1240 

cm-1), C-H bending (841 cm-1) and N-H bending (769 cm-1) [111][112]. Moreover, the 
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NH stretching bands of both polyurethane thickener and EDAES overlap the OH 

stretching peaks of cellulose. Similarly, both the C-H stretching and the bands between 

1400 – 800 cm-1 of cellulose result increased due to the sum effect of the C-H stretching 

of the polyurethane thickener. 

An interesting evaluation can be made from the FTIR curves of both CNT pastes. 

Indeed, these spectra clearly reveal a different profile than those of coated textiles. The 

most evident difference is referred to C=O stretching that consists of a unique and split 

in two transmittance bands for the paste containing the longer and the shorter CNTs, 

respectively. The former, the peaks at 1698 cm-1, can be assigned to the formation of urea 

linkages between the polyurethane thickener and EDAES, while the FTIR split in two of 

coating containing the shorter CNTs is assigned to carbonyl groups of free urethane (1726 

cm-1) and the coordination of some C=O to NH groups via hydrogen bonding (1712 cm-

1) [111][113], (Fig. 3.12, yellow curve on the left). In both curves of CNT pastes, the 

presence of the sol-gel matrix is confirmed by the unique observable peak referred to the 

Si-O-Si symmetric stretching (810 cm-1). Other peaks of sol-gel matrix or absorption 

bands of CNTs are not visible in both coating due to the masking effect of the 

polyurethane thickener that is characterized by highly intense bands. 

 

 
Fig. 3.12. ATR -FTIR spectra of uncoated cotton (black curve), s-CNTs paste (yellow 

curve on the left), l-CNTs paste (yellow curve on the right) and cotton fabrics coated 
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with both s-CNTs paste (green curve on the left) and l-CNTs paste (green curve on the 

right). 

 

3.3.3.2.3 Dispersion mechanism of CNTs in the polymeric coating 

 

According to the experimental findings from both morphological and FTIR 

characterizations, it was possible to suppose and discuss the dispersion mechanism of 

both CNTs in the polymeric coatings.  

The first evaluation can be done by the choose of precursors. Indeed amino-

terminated silane represents a versatile and easy way for obtaining homogeneous 

dispersion based on sol-gel technology.  

The chosen sol-gel precursor monomer is able to diffuse in gaps among bounded 

CNTs during the hydrolysis step, and a silica matrix on the nanotubes surfaces is formed 

by the hydrolyzed ethoxide groups of EDAES [114]. More in detail, through the 

absorption peak assigned to the Si-O-Si network (810 cm-1), it was possible to confirm 

the condensation of precursor silanols and so the formation of a self-assembled silica 

network monolayer onto CNT surfaces, promoted during the curing process of both 

coatings.  

For pH< ca. 10.5, the protonation of NH2 groups occurs [115] and such positively 

charged amine groups of EDAES can be considered aligned away from the underlying 

CNT surfaces thus generating a Coulombic charge repulsion among functionalized 

nanotubes and finally resulting in a well-dispersed sol (Scheme 3.4). 

Furthermore, both the waterborne wetting agent and the polyurethane thickener 

were specifically chosen. The former was employed to improve the uniformity in the 

distribution of CNTs into the polymeric matrix. This high-performance wetting agent, 

thanks to its chemical composition consisting of a mixture of ethoxylated aliphatic ether-

alcohols and ethoxylated fatty alcohols, is able to disperse CNTs efficiently, without 

altering the interconnection between them. Acting as a thermo-degradable anionic 

surfactant, it does not leave any residue after curing thus not interfering with CNT 

connections and so with their electrical conductivity. So, thanks to its capability, 

employing the thermo-degradable surfactant it was possible to disperse CNTs avoiding 

the addition of further solvents and, as a consequence, to use a low percolation threshold 
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thus preserving the electrical properties of carbon nanotubes [116]. Moreover, to address 

the latter point, a gentle-bath sonication (up to 2h) was used during coatings synthesis to 

preserve the aspect ratio of nanotubes. 

As observed before, HRSEM images show homogeneous coatings on the surface 

of treated cotton fabrics characterized by a well-distribution of CNTs inside it, as a result 

of the combination of both amino-functionalized sol-gel precursor and thermo-degradable 

surfactant. 

Finally, the polyurethane thickener was specifically chosen for its capability to 

react with amine functionalities of sol-gel precursor through urethane moieties, to form 

urea linkages, as confirmed by the FTIR band at 1698 cm-1, and for its emulsifying and 

adhesive properties. 

 

3.3.3.2.4 Surface resistance measurement and electrical properties of CNT 

coatings 

 

To study the conductive properties of CNT coatings, surface resistance 

measurements of the treated cotton samples were carried out, and results showed in this 

paragraph.   

Before analyzing such results, a brief explanation of an important parameter to be 

controlled in the evaluation of the electrical conductivity of CNT polymer coatings, the 

percolation limit of CNTs, is provided. This parameter refers to the minimum content of 

nanotubes needed to obtain a conductive network that spans the whole system 

[117][118][119]. It is influenced by several parameters among which: the typology of 

nanotubes (if single or double-walled), their nature (depending on the ratio of amorphous 

carbon or of metallic/semi-metallic tubes), aspect ratio (length/diameter), morphology 

and dispersion degree in a polymer matrix [120]. In this research study, only the influence 

of the CNT length on the electrical conductivity of the composite was investigated as a 

parameter of the percolation threshold. 

According to literature, carbon nanotubes featuring high aspect ratio, well 

dispersed in a polymer matrix, are more suitable than that with low aspect ratio for the 

realization of conductive materials due to their higher electrical conductivity provided by 

the lower number of contacts needed to reach percolation [116][121][122]. The 
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conductivity of a CNT coating is strictly affected by the length of CNTs because it exists 

an inverse proportionality between aspect ratio and percolation limit. In literature, both 

the increase and the decrease in percolation threshold with increasing CNT length are 

reported [123][124][125][126]. 

The CNTs employed in this research study are characterized by a high aspect ratio 

(about 2·105 and 3·105 for s-CNTs and l-CNTs, respectively), and this feature makes them 

interesting for the realization of conductive coating with low percolation threshold in the 

range between 0.0025 – 4 wt% [127]. Preliminary laboratory tests establish the 

percolation limit of both CNTs at 0.14 w/w %, in agreement with literature data referred 

to conductive composite realized with CNTs with high aspect ratio [123][128][129].  

Electrical resistance measurements conducted on both coated cotton samples 

(CO_s and CO_l) were used to calculate the average surface resistance (R#s) obtaining 

9.46·102 Ω/sq and 2.61·104 Ω/ sq for CO_s and CO_l, respectively. 

Contrary to the extremely high resistance of uncoated cotton, which exceeds the 

full range of the instruments (>10 MW), the average resistance values of both coated 

samples promise good electrical conductivity. The electrical properties observed for 

coated textiles highlight the capability of synthesized coatings, characterized by low 

amounts of CNTs, to make insulator fabrics conductive thanks to the formation of a 

highly continuous CNT network [130]. 

Parameters such as CNT dispersion, length reduction, damage, density, adhesion, 

and cohesion, influence the sheet resistance of CNT pastes [131]. Due to the capability 

of CNTs to percolate through insulating fabrics, it is possible to employ electrical 

resistance to study the dispersion of nanotubes in a polymeric paste. Contrary to literature 

data [121][128] that report higher electrical conductivity of CNT composite for longer 

CNT, in this research study shorter nanotubes provided the more conductive electrical 

polymeric composite thus measuring lower resistance values for CO_s.  

This behavior was investigated by taking into account the dispersion of CNT in 

the polymeric matrix because this parameter is considered the main factor controlling the 

electrical percolation when the CNT aspect ratio is greater than 100 [129].  

Below, digital images of s-CNT paste and l-CNT paste are reported with the aim 

of investigating the CNT distribution within both coatings at the macroscale (Fig. 3.13). 

As evident, according to van der Waals interactions, bundles of nanotubes are formed and 
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appeared as “sticks” randomly oriented inside the polymer matrix. The electrical behavior 

of such conductive sticks should be described according to the percolation theory of their 

random distribution [132].  

 

 
Fig. 3.13. Optical images of pastes containing shorter (s-CNT paste) and longer (l-CNT 

paste) carbon nanotubes. 

 

More in detail, s-CNT, thanks to their lower tube length, which contributes to 

preventing re-aggregation [133], are organized in bundles highly interconnected between 

them resulting in a uniform nanotube distribution and a high number of electric contact 

points. On the other hand, l-CNT, due to their higher tube length, provide a high number 

of van der Waals interactions and, as a consequence, a high degree of aggregation 

between them that results in an evident non-uniform distribution of tubes. 

These observations and explanations are in agreement with the measured 

resistance values of coated fabrics: the shorter CNTs, thanks to the high number of 

electric contact points, provide the higher electrical conductivity than that showed by the 

coating containing the longer CNTs.  

 

3.3.3.2.5 Evaluation of coatings adhesion  

 

Among several properties, the adhesion of the conductive coating onto textile 

fabrics represents an essential property of E-textiles. To test the adhesion of both CNT 

coatings onto cotton fabrics, the coated textiles underwent one washing cycle by 

following the standard described in Chapter 2 using only distilled water. Understandably, 

the stress of washing cycles can produce damages in the coating, thus affecting its 

integrity and continuity by providing an increase in its sheet resistance. The effects of the 

s-CNT paste l-CNT paste

0.25 mm 0.25 mm
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laundry cycle were evaluated through resistance measurements to assess any influences 

on the electroconductive properties of coated fabrics. The surface resistance values were 

confirmed after one washing cycle for the CO_s sample, while the cotton coated with l-

CNT paste reveals Rs value almost doubled.  

According to these experimental findings, the longer carbon nanotubes result not 

able to stably interact within the coating, thus providing leaching after washing. 

 

3.3.3.2.6 Evaluation of the stiffness of the CNT-based conductive textiles  

 

The physical properties of cotton materials could be altered or influenced by the 

CNT conductive coating on their surface. As a representative characteristic of these 

physical properties, the stiffness was studied because it exhibits particular sensitivity for 

the presence of the coating layer, and it could be considered an index of textile comfort. 

The coating is expected to alter the mobility of textile fibers, thus providing a higher 

stiffness of the coated fabrics. Generally, a slight increase in stiffness was measured for 

coated samples compared to uncoated materials (reference sample). The stiffness was 

measured in terms of bending length and according to the standard described in Chapter 

2 (DIN 53362:1970). The sample length to achieve the bending angle of 41.58 was 

touched at 55 mm and 60 mm for CO_s and CO_l, respectively. On the contrary, such 

length for the reference sample was 50 mm.  

According to these results, the stiffness of both CO_s and CO_l was not 

significantly affected by the presence of the coatings. 

 

3.3.3.2.7 Evaluation of conductive properties of coated textiles in PPG analysis  

 

PPG technique was employed for the evaluation of five volunteers’ heart rhythm 

according to the setup described in Chapter 2 and results are reported in Fig. 3.14.  

In Fig. 3.14a is reported a PPG signal obtained using commercial metal wires as 

elements of electrical biosignal transmission in comparison with that obtained by 

substituting the metal wires with the CNT-cotton strips (Fig. 3.14b and 3.14c). The 

comparison between the first two graphs reveals that the realized conductive textiles are 
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reliable in the detection of both systolic and diastolic peaks, thus providing a quite similar 

signal to that obtained by the use of metal wires. Interesting information can be obtained 

from the amplitude of systolic peaks that are strictly related to pulsatile changes in blood 

volume caused by arterial blood flow around the measurements site [134][135]. In this 

regard, in Fig. 3.14c, a Premature Ventricular Contraction (PVC) is shown in the PPG 

plot, and it refers to an irregular beat because of the interruption of the normal heart 

rhythm. PVC is felt as “flip-flop” or “missed beats” in the chest [135]. 

 

 
Fig. 3.14. PPG signal obtained by using commercial metal wires (a), CNT-cotton strips 

as elements of signal transmission and referred to a normal heart rhythm (b) and an 

abnormal heart rhythm (c). 

 

Both the normal and abnormal heart rate data collected (Fig. 3.14b and 3.14c, 

respectively) confirm the potentiality of the carbon nanotubes coated textiles in the PPG 

technique thanks to their reliability in the transmission of an acquired signal by 

optoelectronic system clearly distinguishing between systolic and diastolic peaks by 

evidencing variation even in the systolic peaks in PVC. 

 

3.3.3.3 Conclusions 

 

In the synthetic strategy designed for the realization of homogeneous and stable 

CNT-coatings for biomedical signal transmission in the PPG system, the simultaneous 

employment of EDAES and the thermo-degradable surfactant led to a homogeneous 

distribution of nanotubes in the coatings without interfering with the electrical properties 

of CNTs. Indeed, experimental findings demonstrated the formation of a conductive-CNT 
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network firmly linked, which made the originally insulating cotton fabric electrically 

conductive. The presence of these coatings onto cotton fabrics did not affect the samples 

comfort significantly. In particular, a correlation was found between the aspect ratio and 

the decrease in electrical resistance: at the value of percolation, the shorter nanotubes 

have proven to be able to make the treated fabric more conductive, showing a value of 

9.46·102 Ω/sq, while the surface resistance of the longer ones was 2.61·104 Ω/ sq.  

The developed CNT-cotton strips revealed reliability in the transmission of 

electrical signals for heart rate long-term monitoring by providing a signal reasonable 

fitted with that obtained from the use of commercial metal wires. 

In the future, further investigations will be carried out with the aim to assess the 

durability of the coatings after several washing cycles and the potentially harmful effects 

of the released nanotubes on human health.  

Coated textiles were found to make the transmission of biomedical data reliable 

and efficient for the development of wearable smart textiles for sports, healthcare, and 

military applications, also due to their properties consisting of comfort and non-invasive 

compared to the conventional conductive systems in long term monitoring applications. 

 

 Development of prototypes: “ELECT” 

 
 

As described in Chapter 2, "ELECT" (Fig. 3.15) is a smart textile, obtained by the 

integration of ELEctro ConducTive carbon nanotubes tracks with an electronic device 

developed for the real-time monitoring of heart rate through ECG and suitable for several 

kinds of clothing. The conductive tracks, as well as electrodes, made through the sol-gel 

technology, are able to transmit electrical signals thanks to the presence of CNTs. For 

ECG measurements, the cardiac electrical signals are amplified and digitized through an 

Analog Front End. Afterward, the signals are processed for the transmission or the storage 

on the onboard memory. The system is powered by a rechargeable Lithium polymer 

battery. Using a specific app communicating through a standard Bluetooth Serial Port 

Profile (SPP), it is possible to display the collected data simply and rapidly. "ELECT", 

thanks to the advantages deriving from the printing technique used for the deposition of 

conductive tracks (which maintains the flexibility of the treated fabric) and to the 
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miniaturization of the integrated electronics, can be used in a comfortable and 

straightforward way in wellness, healthcare, medical and fitness fields for remote cardiac 

real-time monitoring in a non-invasive way.  

 

 
Fig. 3.15. “ELECT”, smart textile for the heart rate monitoring through ECG. 
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4 CHAPTER 4 

 
 
HALOCHROMIC TEXTILES 

 

 

In this chapter, two scientific research for the development of halochromic textiles 

to monitor human sweat pH are deeply reported. Before the description of the 

experimental part and discussion of the main results, an introduction dealing with optical 

sensors, halochromic textiles and the main technologies employed for their development 

will be provided. Materials, general methods, and instrumentations for characterizations 

were previously reported in Chapter 2.  
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 Introduction 

 

Several application fields, among which environmental, food monitoring, 

biomedical or biotechnological arouse advantages from the use of pH-sensors able to 

provide information about different processes and how to explain them [1][2][3]. In 

recent years, the development of smart textiles able to detect the pH of several 

microenvironments (both in environmental and biomedical fields) was of significant 

importance for the definition of both acidic or alkaline conditions to monitor the degree 

of pollution or for diagnostic or medical tests [4] among many examples. An attractive 

application deals with the detection and monitoring of sweat pH because of the chemical 

and biological composition of human sweat that allows to obtain several information 

about health status, thanks to the investigation of the body hydration level of both patients 

and athletes.  

Potentiometric and amperometric systems are first examples of pH-sensors that 

often suffered from drift and instability and sometimes needed constant recalibrations [5]. 

Contrary, the design of textile fabrics, able to act as optical pH-sensors through the 

immobilization in the textile structure of a pH-sensing dye and the integration of an 

optoelectronic circuit, are of great interest because such systems can overcome the 

already mentioned disadvantages of conventional pH-sensors.  

Generally, optical sensors are chemical sensors in which electromagnetic 

radiation is employed to generate an analytical signal in a transduction element. The 

change of a specific optical parameter is used to evaluate the interaction of radiation with 

the sample and is also related to the concentration of a particular analyte [6]. The main 

components of optical chemical sensors are generally a sensing element (e. g. indicator 

dye) and a transduction component. The sensing element is able to give an optical signal 

proportional to the magnitude of a specific parameter (e. g. concentration of an analyte), 

and it usually consists of a thin layer able to interact with the analyte itself through 

catalyzing a reaction or participating in the chemical equilibrium with the analyte. The 

optical signal obtained by the sensing element is further converted and processed (e. g. 

amplification, filtering, recording) into a measurable signal [6][7][8]. 
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Optical principles like fluorescence, luminescence, reflectance, and absorbance 

are at the base of optical sensors. Through these kinds of sensors, it is possible to 

investigate a wide range of the spectral region, UV, Visible, and Near Infrared (NIR) and 

to measure the intensity of light and other properties (lifetime, scattering, diffraction, 

refractive index, polarization) [9].  

As already mentioned, optical pH-sensors are characterized by several advantages 

compared to the conventional electrochemical pH electrodes. Indeed, they feature longer 

lifetime, selectivity, sensitivity, low-cost, fast and reversible response, safety, ease of 

miniaturization, mechanical robustness, high photostability, high extinction coefficient, 

proper pKa [10], no suffering from electromagnetic interference, no needing of reference 

cells and finally, they are characterized by high signal to noise ratio (SNR) thus allowing 

their employment for analyses with a single control instrument at a central site 

[11][12][13].  

Besides the disadvantages, optical pH-sensors suffer from interferences or 

intrinsic nature of the components, because, as examples, both ambient light and some 

sweat components could influence the long-term stability (e. g. leaching or 

photobleaching of the indicator dye) and the selectivity of the sensors itself. Moreover, 

to ensure an analytical signal, the mass transfer of the analyte from the sample into the 

indicator is necessary [10]. 

Several approaches are available to develop optical pH-sensors and, the 

immobilization of an indicator dyestuff onto a fabric surface allows obtaining robust and 

reversible optical sensors. Generally, the indicator dye is immobilized into a polymer 

matrix that should ensure the proton diffusion (it should be hydrophilic) and should be 

thermally, chemically and mechanically stable. Among several techniques aimed at the 

immobilization of an indicator into a polymer matrix, the sol-gel method and the grafting 

copolymerization are interesting routes with lower environmental effects compared to 

conventional approaches [14]. The sol-gel technique could provide some limiting factors, 

such as the molecule diffusion into the dried silica xerogel that leads to longer response 

times and the covalent dye immobilization that reduces the dye sensitivity. However, this 

approach, as well as grafting co-polymerization, represent efficient and straightforward 

ways to realize optical pH-sensors.  
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 Chromic and halochromic textiles 

 

Due to the increasing attention received in last years, chromic materials that 

reversibly change color depending on external stimuli have been widely investigated [15] 

and several examples are common in daily life such as photochromic lenses for spectacles 

or thermochromic temperature indicators [16]. Chromic materials textiles-based are 

nowadays innovative with high potentiality in sensor fields thanks to the optical, easily 

detectable and non-destructive signal they can provide. 

Depending on the nature of the external stimulus that leads to the color variation, 

chromism is classified as photochromism (color change induced by light), 

thermochromism (color change induced by heat), ionochromism (color change induced 

by ions) [17]. Among the latter cited, the halochromic materials (or textiles-based) are of 

great interest because they are able to change color depending on pH variations thus 

providing several applications like protective clothing, medical bandages, sportswear and 

many other [17]. Moreover, the interest in halochromic textiles over the conventional 

optical pH sensors is also due to their advantages coming from the technology employed 

for their realization, the indicator dye involved and in particular from their substrate, the 

textile fabric, which further provides a wide range of advantages over the use of 

conventional materials. In the following paragraphs, an overview of the importance of 

human sweat pH-monitoring, the most important approaches used for the development of 

halochromic textile-based sensors will be described. 

 

4.2.1 Human sweat pH 

 

The importance of halochromic textile-based sensors derives from the wide range 

of information that can be obtained from monitoring the human sweat pH, water pH 

[18,19] and soil pH [20,21]. 

In particular, the human sweat pH is relevant for the assessment of several 

pathologies and by monitoring it in real-time during physical activities, it is possible to 
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evaluate the body hydration level and to define approaches for rehydration and re-

mineralization. 

Human sweat pH ranging from 2 to 8.2, with an average value of 5.3 and, at least 

61 different chemical constituents have been identified in its composition [22]. The 

composition and concentration of each component are strictly related with body region, 

age, diet, activity level [23] [24,25] [26,27], gender [23,28], season, degree of 

acclimation, and sampling technique [29]. Human sweat is composed of 99.0 – 99.5% of 

water and by the 0.5 - 1.0% of solids (half organic and half inorganic) and main 

components are: primary electrolytes, ionic constituents, organic acids and 

carbohydrates, amino acids, nitrogen substances, vitamins, and miscellaneous 

constituents. In Table 4.1, the most relevant components for each mentioned class are 

reported.  

Thanks to its chemical composition, the human sweat pH can be correlated to the 

health status and level of hydration or mineralization of the human body. In particular, 

the detection of the Sodium electrolyte is important for the relationship between body pH 

and its concentration in the body itself [24,30], indeed, it was demonstrated that an 

increase in Sodium electrolyte concentration provides high pH values. The ingestion of 

Sodium bicarbonate also leads to a rise in both blood and sweat pH [30], as well as the 

increase in sweat rate provides a raise in pH values [27]. 

Different pathogenesis of skin diseases like irritant contact dermatitis, acne 

vulgaris, atopic dermatitis, ichthyosis, and Candida albicans infections can be detected 

by variations in sweat pH [31]. In addition, the latter leads to the growth of some bacteria 

because of the more favorable environment generated by some pH values.  
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Table 4.1. Sweat constituents and their average concentration (M) [22][32].  
Sweat constituents Main substances Average concentration (M) 

Primary electrolytes 

Sodium (Na) 
Chloride (Cl) 
Calcium (Ca) 
Potassium (K) 

Magnesium (Mg) 
Phosphate (PO4) 

Hydrogen carbonate (HCO3) 

3.1 x 10-2 
2.3 x 10-2 
5.2 x 10-3 
6.1 x 10-3 
8.2 x 10-5 
3.1 x 10-4 
3.0 x 10-3 

Ionic constituents 

Sulfate (SO4) 
Sulfur (S) 

Fluorine (F) 
Phosphorous (P) 

Bromine (Br) 
Cadmium (Cd) 

Copper (Cu) 
Iodine (I) 
Iron (Fe) 
Lead (Pb) 

Manganese (Mn) 
Nickel (Ni) 
Zinc (Zn) 

4.2 x 10-4 
2.3 x 10-3 
1.1 x 10-5 
1.3 x 10-5 
2.3 x 10-6 
1.8 x 10-8 
9.4 x 10-7 
7.1 x 10-8 
9.8 x 10-6 
1.2 x 10-7 
1.1 x 10-6 
4.2 x 10-7 
1.3 x 10-5 

Organic acids and 
carbohydrates 

Lactic acid 
Pyruvic acid 
Butyric acid 
Acetic acid 

Hexanoic acid 
Propionic acid 
Isobutyric acid 
Isovaleric acid 

Glucose 

1.4 x 10-2 
1.8 x 10-4 
2.4 x 10-6 
1.3 x 10-4 
9.0 x 10-7 
3.5 x 10-6 
8.0 x 10-7 
1.1 x 10-6 
1.7 x 10-4 

Amino acids 

Alanine 
Arginine 

Aspartic acid 
Citrulline 

Glutamic acid 
Glycine 

Histidine 
Isoleucine 
Leucine 
Lysine 

Ornithine 
Phenylalanine 

Threonine 
Tryptophan 

Tyrosine 
Valine 

3.6 x 10-4 
7.8 x 10-4 
3.4 x 10-4 
4.0 x 10-4 
3.7 x 10-4 
3.9 x 10-4 
5.2 x 10-4 
1.7 x 10-4 
2.1 x 10-4 
1.5 x 10-4 
1.5 x 10-4 
1.3 x 10-4 
4.5 x 10-4 
5.5 x 10-5 
1.7 x 10-4 
2.5 x 10-4 

Nitrogenous substances 

Ammonia 
Urea 

Uric acid 
Creatinine 
Creatine 

5.2 x 10-3 
1.0 x 10-2 
5.9 x 10-5 
8.4 x 10-5 
1.5 x 10-5 

Vitamins and 
miscellaneous constituents 

Thiamine (B1) 
Riboflavin (B2) 

Nicotinic acid or niacin (B3) 
Pantothenic acid (B5) 

Pyridoxine (B6) 
Pyridoxal or folic acid (B9) 

Ascorbic acid (C) or dehydroascorbic acid 
Inositol 
Choline 

p-aminobenzoic acid 

5.0 x 10-3 
2.0 x 10-2 
4.1 x 10-1 
1.3 x 10-1 
1.0 x 10-8 
1.6 x 10-8 
1.0 x 10-5 
1.6 x 10-6 
2.6 x 10-5 
7.1 x 10-8 
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4.2.2 Techniques for the development of halochromic textile-based sensors  

 

Generally, halochromic functionalities can be introduced in textiles by the 

conventional dyeing method characterized by low-cost and simplicity [33,34] and mainly 

represented by exhaustion and direct dyeing process. 

According to the exhaustion method, a dye molecule is totally or partially 

dissolved in a water solution, then adsorbed by the textile fabric surface to further diffuse 

into the fiber. The diffusion of the dye into the fabric fiber is strictly dependent on the 

dye molecular structure and fiber nature, and their mutual interaction, but also the 

temperature plays a relevant role in this process. Indeed, the process ranging from low to 

elevated temperatures, which ensure the diffusion of the dye molecules into the fiber 

thanks to the exceeding of the glass transition temperature of the textile polymer. As 

examples, cotton fabrics can be dyed through direct dyeing process (at neutral pH and in 

the presence of salt), and weak interactions (hydrogen bonds, van der Waals and 

hydrophobic mainly) are established between the dye and the fiber thus providing low 

washing fastness of the dyed cotton. Post-treatments with fixation agents are commonly 

employed to improve the dye fixation onto cotton fibers, leading to the formation of 

complexes with low dye diffusion capability [35]. On the other side, polyester fabrics are 

commonly dyeing through disperse dyes, which are non-ionic, hydrophobic and with low 

solubility. However, to be absorbed by fibers, a little amount of dye molecules is 

dissolved in water in the monomolecular form, and the dyeing process is carried out at 

elevated temperatures in acidic conditions. As well as for cotton, also the dyeing by the 

diffusion process of polyester leads to weak interactions between fibers and dye [35].  

Conventional dyeing presents several disadvantages in the field of the 

development of halochromic sensors, among which long dyeing time, elevated 

temperature, low exhaustion and fixation levels, the insufficient affinity of the dye and 

fibers, dye leaching and slow response rate of the incorporate dye. Several alternative 

methods are available aimed at textiles functionalization with lower process time and 

energy and consisting of the covalent linkage between dye molecules and fabrics thus 

ensuring a lower dye leaching compared with conventional dyeing techniques [36]. 

A stable chromic or halochromic functionality in textile fabrics can be obtained 

by introducing the dye during the manufacturing process of textiles, as for electrospinning 
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[16]. The electrospinning approach is an interesting route to produce advanced fiber 

materials by the incorporation of halochromic functionality in nanofibers, thus combining 

the intrinsic properties of nanofibers and pH-sensing functionality. Such nanofibers can 

be produced by starting from polymer solutions, and according to this technique, it is 

possible to use different polymers and additives and to control fibers diameters (ranging 

from nanometers to microns) [37]. An alternative in the electrospinning approach consists 

of the addition of the dye molecule or additive before the starting of the process, followed 

by the nanofiber formation. Both the addition of the dye or of the additives could cause a 

minor effect or instability in the electrospinning process [38].  

Moreover, halochromic functionality can be incorporated in textile polymers by 

other already mentioned application techniques, such as printing (e.g. knife-over-roll) or 

coating, or by sol-gel approach. The latter, widely explained in Chapter 1, represents an 

innovative, environment-friendly approach to functionalize halochromic molecules to 

provide a stable bond with textile surfaces. The most common silica precursor employed 

for the development of halochromic textiles are silica epoxy derivatives, (3-

glycidoxypropyl)trimethoxysilane (GPTMS) or its ethoxy derivative (GPTES) 

[11][39][40][41][42][43][44]. The interesting in these molecules derives from their 

chemical structures, both epoxy and methoxy/ethoxy groups, that ensure a dual 

functionality. Through the epoxy ring-opening, the dye molecules can be stably 

immobilized, while the condensation of hydroxyl groups of methoxy or ethoxy 

functionalities leads to the formation of a 3D polymeric structure by ensuring the 

crosslinking with cellulose surface. In particular, it was demonstrated that a specific dye 

molecule, can be entrapped into the silica-based network not only by covalent bonds but 

also through weak interactions [42]. Indeed, through hydrogen bonds or polar 

interactions, weak linkages are established between the silica polyethylene oxide network 

(PEO) that lead to a more significant leaching of the dye as a consequence of washing 

cycles. While, according to covalent bonds, the chemical structure of the halochromic 

molecule is modified to form a more stable link with the silica network than weak 

interactions. 

Another interesting approach to obtain halochromic textile sensors consists of the 

grafting of the cellulose surface. Grafting polymerization reactions are carried out in the 

presence of a radical initiator which acts on C=C bonds of monomers like acrylic or vinyl 
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derivatives or containing oxidizable functionalities (e. g. OH) according to free-radical 

reactions [45]. Grafting represents an efficient and widely employed route for the stable 

functionalization of textiles surfaces.  

 

4.2.3 Halochromic dyes 

 

Halochromic dyes are mainly classified in phthalides, fluorans, triarylmethanes 

and azo dyes [17]. The color change of these kinds of dyes is due to protonation or de-

protonation of the molecule itself, processes that cause a different electron configuration. 

More in detail, due to protonation or de-protonation, a halochromic dye changes color 

from one color to another (or from colorless to a color compound, like phthaleins) 

according to a ring-opening of the dye molecule or on tautomerism. The latter is common 

in hydroxyazo dyes, which consists of an azo/hydrazone tautomerism, in aminoazo dyes, 

or of ammonium or azonium tautomerism [46].  

The color change can be the results of a hypsochromic (blue shift) or a 

bathochromic (red shift) shift of the absorption peaks. 

Generally, the most common pH-indicators are employed as pH-sensitive dyes for 

the development of halochromic textile-based sensors. Common examples are provided 

by Methyl Red, Resorufin, Nitrazine Yellow and Alizarin Red S. Such molecules, to be 

stably immobilized onto textiles surface by simultaneously providing efficient pH-

sensing properties, are covalently linked to polymer matrix thus modifying the 

microenvironment around the chromophore group and, in some cases, both the UV-Vis 

spectra and the pH-response can be slightly different from pure dye.  

 

 Halochromic textiles for human sweat pH monitoring by grafting of 

Nitrazine Yellow through glycidyl methacrylate onto cotton fabrics 

 

Due to the biological interest of NY as azo pH-indicator, it was employed for the 

design of a halochromic textile-based sensor. Indeed, NY dye results able to detect the 

variation of pH ranging from acidic to alkaline values with the colorimetric change 

between yellow to blue, respectively. As already mentioned, the dye leaching from textile 
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after washing cycles is a crucial issue to be addressed, and in this regard, a synthetic two-

step procedure was designed for the efficient immobilization of this halochromic dye onto 

cotton fabrics.  

The first reaction step consists in the immobilization of NY molecules through 

epoxy ring-opening of a bifunctional precursor, the glycidyl methacrylate (GMA). The 

same modified NY solution was immobilized, during the second step, onto cellulose 

fabric according to grafting copolymerization approach. In the following paragraphs, the 

experimental part and main results will be discussed. 

 

4.3.1 Nitrazine Yellow 

 

1-((2,4-dinitrophenyl)diazenyl)-4-hydroxynaphthalene-2,7-disulfonic acid 

disodium salt, hereafter Nitrazine Yellow (NY), is a pH-sensitive azo dye that provides 

the main color change in the neutral pH range between 6.0 and 7.0. Even if it is considered 

potentially responsible for skin irritation and life-threatening diseases [47], it is widely 

employed in hematological and histological analyses and cell biology.  

The color change of NY is mainly based on tautomerism, the latter provided by 

the two NY isomers, the ortho- and para-hydroxyazo isomers [48]: the donation of the 

proton in the ortho or para position (with respect to the azo functionality) leads to the 

azo-hydrazone tautomerism [49] [50]. In addition, it was found that the acidic and neutral 

pH is related with the hydrazone NY form (more planar) that leads to the formation of 

dye aggregates, which are not rapidly able to turn into in the azo form (in alkaline 

medium) thus providing the green color variation between the two transitions [49][51].  

Even if the most accepted tautomeric form of NY is the ortho one, several studies 

[39][48], based on NMR explanations, have demonstrated that the isomer that provides 

the deprotonation responsible for the color change is the para-hydroxyazo isomer, as 

reported in Scheme 4.1. In the research study described in the next paragraphs, it is 

demonstrated and confirmed the real structure of NY as the para isomer. 
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Scheme 4.1. Nitrazine Yellow chemical structure and its tautomerism: azo (a) 

and hydrazone (b) forms. 

 

4.3.2 Synthesis of the functionalized NY dyestuff  

 

0.0015 mols of NY (0.8133 g) were dissolved in distilled water (80 ml) at room 

temperature. After few seconds of ultrasonication treatment, 0.0601 mols of GMA (8 ml) 

were added drop by drop to the obtained NY solution with a GMA:NY molar ratio of 

40.01:1 and a final GMA concentration of 0.3 M. The obtained G-N solution was stirred 

for 15 minutes and then was added with the Lewis acid catalyst, BF3OEt2 (10% w/w 

GMA): 0.745 ml of catalyst were diluted in 70 ml of a water solution and added drop by 

drop to the G-N solution. After 26.5 h, the reaction was neutralized (until pH 5) with 41.3 

ml of NaOH 0.2 M solution. Finally, to remove insoluble dye residue, the G-N solution 

was filtered.  

The same concentration of NY was employed to obtain a reference water solution 

of pure NY dyestuff. 

 

4.3.3 Chemical composition of G-N sol and NMR characterization 

 

The catalyst action of the Lewis acid BF3OEt2 was largely explained in previous 

research studies [39][40]. Indeed, BF3 is able to provide the epoxy ring-opening through 

the interaction between the boron and oxygen atoms of the epoxy functionality thanks to 
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the empty boron orbitals that ensure the hosting of the electron pair of oxygen. According 

to this interaction, the primary carbon of the epoxy ring is the most susceptible center for 

the nucleophilic attack by other GMA molecules. It was demonstrated that the presence 

of NY molecules provides a decrease in the rate of the epoxy-ring opening reaction may 

be due to the formation of fluoboric and boric acids as a consequence of the water 

dissolution of the BF3OEt2 [40]. Indeed, the dyestuff can react with the formed acids, thus 

lead to a lower amount of pure Lewis acid available to react with epoxy groups compared 

to similar reactions performed in the absence of NY. Moreover, it was demonstrated that 

the SO3- group is an efficient nucleophilic substituent in the epoxy ring-opening reaction 

of epoxy-derivatives [40]. According to this explanation, the schematic reaction between 

NY dyestuff and GMA bifunctional precursor using BF3OEt2 is reported in Scheme 4.2. 

 

Scheme 4.2. Schematic representation of covalent functionalization of NY with 

GMA precursor. 

 

Fig. 4.1 shows the 1H NMR spectra of the starting NY, as recorded in DMSO-d6 

and deuterated water (up and down, respectively). In this latter case, a pair of signals, in 

a ratio 1:0.3 for each type of protons, is detectable. These two patterns of resonances 

could be ascribed to the equilibrium between the more thermodynamically stable trans-

isomer and the corresponding cis-diazo species. 
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Fig. 4.1. 1H NMR spectrum of NY in (a) DMSO-d6 and (b) D2O, showing the presence 

of two cis- and trans-diazo isomers (500 MHz, 298 K). 

 

In Fig. 4.2 and 4.3 a typical 1H NMR comparison between the acrylic monomer 

(GMA) and the starting chromophore (NY), respectively, and the reaction crude (G-N) is 

reported (in D2O at 298 K, 500 MHz).  

As clearly shown in the protons assignment reported either in the aliphatic and 

aromatic regions of the 1H NMR spectra (Fig. 4.2 and 4.3), the epoxy ring-opening 

reaction has occurred with ester bond formation between the GMA and the NY.  
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In particular, in the G-N derivative, there is a general upper field shift of all aliphatic 

protons, except He proton that shows a downfield shift maybe due to the resonance cone 

effect of the bonded aromatic dye NY. 

 

 
Fig. 4.2. Aliphatic section of 1H NMR spectrum of the (up) GMA in D2O and (down) 

G-N derivative in D2O (500 MHz, 298 K). 

 
The aromatic region of the 1H NMR spectrum recorded on a water reaction 

mixture containing the G-N derivative (Fig. 4.3), as dissolved in the deuterated solvent 

(20:80 = water: D2O), shows the presence of at least two different species: (i) a slight 

major species assigned to the stable trans-isomer for the new diazo reaction product; (ii) 

its minor cis isomer (ratio 1:0.8 = trans:cis). This trans to cis increased isomerism may be 

due to the presence of water employed as the reaction solvent, and temperature reaction. 

All the aromatic protons show a general down- and up-field resonances shift due to ester 

bond formation in the newly formed G–N derivative.  
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Fig. 4.3. Aromatic section of 1H NMR spectrum of the (up) NY in D2O and (down) G-

N derivative in D2O (500 MHz, 298 K). 

 
As previously shown [39], these experimental findings suggest that the sulfonate 

group acts as an efficient nucleophilic substituent in the epoxide ring-opening reaction of 

GMA. Even if the substitution reaction could occur by an attack of two suitable sulfonate 

groups, namely at the C3 and C6 carbons of the NY, an adverse higher steric hindrance 

effect in the cis- and trans-isomer of the final G–N derivative by attack at the C6 carbon 

must be taken into account. These reasonings led us to confirm the proposed structure 

shown in Scheme 4.2. 

 

4.3.4 ATR - FTIR characterization of NY solutions 

 

To study the effectiveness of the covalent functionalization of the NY dyestuff 

through the catalyzed epoxy ring-opening of GMA molecules, xerogel of pure GMA 

(hereafter G), NY powder, and solution of modified NY (hereafter G-N), obtained as 

described in Chapter 2, were analyzed through ATR - FTIR spectroscopy.  

The ATR - FTIR curve of GMA (Fig. 4.4, cyano curve) clearly shows the presence of 

both the epoxy and acrylic functionalities. The former is characterized by the absorption 
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peaks assigned to asymmetric and symmetric C-H stretching (3059 and 3000 cm-1, 

respectively), ring breathing (1254 cm-1), and asymmetric and symmetric ring 

deformation (907 and 842 cm-1, respectively) [39][40][52]. The addition of the catalyst 

led to the opening of the epoxy group of GMA as confirmed by the reduction in the 

intensity of these bands, as evident in the curve of G-N (Fig. 4.4, yellow curve). 

Moreover, in the spectrum of G-N, the absorption bands relative to the presence of the 

acrylic functionality was confirmed by the observed peaks assigned to C=C stretching 

(1637 cm-1) and wagging (942 cm-1) (Fig. 4.4, yellow curve) [53].  

Other main peaks in the G-N spectrum refer to both ester C=O stretching (1716 

cm-1) and the NY chemical structure. As evidenced in (Fig. 4.4, black curve), the 

spectrum of NY is characterized by the peak at 1608 cm-1 assigned to N=N asymmetric 

stretching [42], while the C-N-N bending, as well as naphthalene ring deformation and 

C-SO3 symmetric stretching, are clearly visible at 911 cm-1. Other peaks relative to NY 

structure refer to SO2 stretching and S bonded with benzene ring (1242 cm-1, 1196 cm-1, 

1131 cm-1, 1042 cm-1, and 1024 cm-1), C-H stretching of substituted ring (816 cm-1 and 

768 cm-1) [42] and C-H and O-H bending (835 cm-1) [39]. 

 

 
Fig. 4.4. ATR-FTIR spectra of NY powder (black curve), G (cyano curve) and 

G-N (yellow curve) xerogels. 
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4.3.5 pH-response of NY and G-N solutions 

 

UV-Vis spectroscopy was employed for the assessment of pH properties of G-N 

solutions in comparison with those of NY solutions. Both NY and G-N solution at pH 

ranging from 4 to 8 were obtained by adding to McIlvane buffer solutions 

(Na2HPO4/Citric Acid) a specific and equal amount of NY or G-N solutions.  

As clearly evident from (Fig. 4.5), the presence of McIlvane buffer in both NY 

and G-N solutions leads to a color change from yellow to blue at acidic and alkaline pH 

respectively, thus confirming that the pH-response of G-N solutions is in accordance with 

NY halochromic properties.  

UV-Vis spectra of both NY and G-N buffer solutions reveal one maximum 

absorbance peak at 463 nm and 590 nm in acidic and alkaline media, respectively. In Fig. 

4.6, absorbance values at these two wavelengths were reported as a function of pH for 

both NY and G-N solutions.  

 

 
Fig. 4.5. UV-Vis spectra of pure NY and G-N solutions at different pH with the 

corresponding images of solutions. 
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As confirmed by spectra (Fig. 4.6), the NY halochromic response takes place 

mainly between pH 6 and 8 and, G-N solutions exhibit similar behavior despite the 

covalent linkages of NY with GMA molecules through epoxy ring-opening.  

Furthermore, at each pH, G-N solutions provide lower absorbance values 

compared to that of NY solutions, maybe due to the presence of different chemical bonds 

surrounding the dyestuff chromophore in the G-N solution. 

 

 
Fig. 4.6. UV-Vis spectra of pure NY and G-N solutions at maxima wavelengths 

as a function of different pH.  

 

4.3.6 Radical polymerization of G-N solution onto cotton fabrics 

 

As already mentioned, the second synthetic step consists of the grafting of the 

obtained G-N solution onto cotton fabrics. This procedure was carried out through 

exhaustion method and in the presence of a radical initiator, potassium persulfate 

(hereafter KPS). 90 ml of G-N solution together with KPS (12 % w/w GMA, 0.4671 g) 

and a cotton fabric were put into a canister of a Labomat Mathis equipment. To reduce 

the presence of oxygen molecules entrapped between cotton fibers and dissolved in the 

G-N solution that could interfere with radical polymerization reactions, the whole system 

was put under N2 atmosphere for at least 30 min at room temperature. Successively, the 

system was heated up to 70°C for 60 minutes to ensure the grafting reactions. After this 

time, the treated cotton fabric was dried for 30 minutes at 70°C in a convection oven, thus 

obtaining the sample CO_G-N (Scheme 4.3). A similar procedure was performed with 

the NY solution, without the presence of the radical initiator, to obtain a reference treated 

cotton sample (CO_N).  
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Scheme 4.3. Schematic representation of the application of G-N sol onto cotton 

fabrics by exhaustion process. 

 

4.3.6.1  Chemical composition of the G-N solution for grafting polymerization 

 

As already mentioned, after the first synthetic step, the NY dye results covalently 

bonded to GMA molecules through the catalyzed epoxy ring-opening while the C=C 

moiety remains unreacted. The latter was employed for the grafting reactions of the 

modified NY dyestuff (G-N) onto cotton fabrics initiated by KPS. The latter is one of the 

most employed initiators for grafting of C=C monomers onto macromolecules with 

oxidizable functional groups according to free-radical reactions [45]. The “grafting 

from”[54] mechanism of radical polymerization was deeply described in Chapter 1 and 

here summarized for better clarity.  

The first step of grafting reaction consists of the decomposition of persulfate ions 

in water solution by thermal treatment. As a consequence, sulfate ions radicals are formed 

[55], as well as hydroxyl radicals. All these radicals lead to the formation of other radicals 

through the attack on the C=C bonds of GMA, thus creating branched structures 

(initiation reactions of homo- and co-polymerization) [56]. Successively, the direct 

abstraction of hydrogen atoms of the cellulose chain occurs through grafting and 

propagation reactions by all formed radicals. In the end, reactions of coupling or 

disproportionation stop the propagation [56].  
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4.3.6.2 Washing fastness of grafted G-N coating onto cotton fabrics 

 

Several examples are reported in the scientific literature dealing with the dye 

leaching from textiles of halochromic dyestuff according to conventional dyeing 

technique [11][57]. As a solution to this issue, alternative textile dyeing methods like 

covalent grafting or dye-complexation provide good dye fastness. The effectiveness of 

the radical polymerization, performed to link the NY dye to cellulose substrates 

covalently, was demonstrated by both add-on (wt%) and weight loss % (WLW, wt%) 

after washing cycles, both calculated according to Eq. 1 and 2 reported in Chapter 2, 

respectively. CO_N and CO_G-N samples were washed 1 and 5 times by following the 

procedure described in Chapter 2 and the measured add-on (wt%), and WLW (wt%) are 

reported in Table 4.2. The effectiveness of the grafting polymerization is confirmed by 

the high add-on obtained for sample CO_G-N than that of CO_N, which establishes a 

weak linkage degree of pure dyestuff with cotton fabrics. Moreover, WLW (wt%) values 

relative to CO_N after 1 and 5 washing cycles are not reported in Table 4.2 due to the 

high dye leaching that does not allow to obtain significant weight loss value thus 

confirming the low efficiency of the conventional exhaustion dyeing technique. Contrary, 

the CO_G-N sample provides WLW (wt%) after 1 and 5 washing cycles quite stable 

(Table 4.2): after 5 washing cycles, the WLW (wt%) was only 0.72 % higher than that 

obtained after 1 washing cycle.  

The washing fastness of the cotton fabrics grafted with the G-N solution was also 

confirmed by the diffuse reflectance data used to calculate the Fdye (Eq. 4, Chapter 2). 

Indeed the dye fixation ratio of CO_G-N samples is greater than that of CO_N fabrics. 

The latter, contrary to WLW (wt%), was successfully obtained thanks to the high 

sensitivity of UV-Vis spectroscopy that results able to detect spectroscopic variation 

between unwashed and washed CO_N fabrics although the very low amount of dye after 

washing cycles. 
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Table 4.2. Data referred to the add-on (%), WLW (%) and Fdye after 1 and 5 washing 

cycles relative to cotton dyed with pure NY and with G-N solutions with corresponding 

images. 

 
 

4.3.6.3 ATR - FTIR characterization of grafted G-N fabrics and durability of 

the coating 

 

Before to study the grafting of the G-N solution onto cotton fabrics, the xerogel 

of G-N with KPS (G-N + K) was obtained following the same procedure described in 

Chapter 2. As evident from Fig. 4.7, by comparing the ATR - FTIR curves of the G-N 

xerogel analyzed previously, and that of G-N + K, it is possible to see that the intensity 

of the absorption bands referred to C=C groups strongly decreases or disappeared in the 

latter curve thus confirming the occurring of the grafting polymerization reactions.  
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Fig. 4.7. Comparison between ATR - FTIR spectra of G-N before (yellow curve) and 

after the addition of the radical initiator (KPS) (blue curve). 

 

To assess the effectiveness of G_N graft polymerization onto textile fabrics and 

the washing fastness of treated textiles, ATR - FTIR characterization was performed on 

untreated (CO), G-N treated (CO_G-N) and NY dyed (CO_N) cotton fabrics even after 1 

and 5 washing cycles (_1w and _5w, respectively). 

As clearly evident in spectra reported in Fig. 4.8, the typical absorption bands of 

cellulose moiety are still present in all spectra of treated cotton fabrics, although the 

presence of both NY dye and G-N coating. These peaks are highlighted in the FTIR curve 

of CO_UT and deeply described in Chapter 3. The graft co-polymerization of G-N 

solution onto cotton fabrics were studied by monitoring the peaks referred to C=C 

functional group of GMA. As shown by the curve of CO_G-N (Fig. 4.8 B, solid red 

curve), the C=C wagging (942 cm-1) is no longer present thus confirming that the grafting 

reaction onto textile fibers took place. On the other side, the C=C stretching (1634 cm-1) 

is still visible in the CO_G-N spectrum, maybe because of the presence of NY. Indeed 

such band was also found in the CO_N spectrum. 
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Fig. 4.8. ATR-FTIR spectra of untreated cotton fabric (CO_UT) and cotton fabrics 

treated with pure NY (A, dashed curve) and G-N sol (B, solid curve), before and after 1 

and 5 washing cycles. 

 

The durability of the G-N coating onto cotton surfaces was established after 1 and 

5 washing cycles according to ATR - FTIR characterizations. The FTIR curve of CO_G-

N_1w (Fig. 4.8 B, solid green curve) reveals the presence of the coating through the peaks 

relative to the C=O group (1705 cm-1) as a small shoulder in the broad peak assigned to 

the adsorbed water of cellulose (1640 cm-1). While both the reduced intensity of the C=O 

stretching band and the absence of peaks at 1634 and 942 cm-1 (C=C stretching and C=C 

wagging, respectively) are coherent with the obtained weight loss of 3.9 % after 1 

washing cycles, thus indicating that the unreacted monomer was removed from the cotton 

surface. However, the durability of the coating was further demonstrated by both the 

negligible weight loss after 5 washing cycles that were measured in 4.6 %, as well as by 

the Fdye obtained (5.07 and 4.39 after 1 and 5 washing cycles, respectively) respect to un-

washed CO, and by the quite unchanged color of CO_G-N_5w compared to CO_G-N_1w 

clearly visible at naked eye.  

The comparison between ATR - FTIR spectra of CO_G-N fabric (Fig. 4.8 A) and 

the CO_N (Fig. 4.8 B) as the reference sample, highlight the effectiveness of the co-
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polymerization onto fabric surfaces. Indeed, peaks assigned to the NY dyestuff (1636, 

1601, 1593, 1490, 835 and 816 cm-1) are evident in the curve of CO_N, but they are no 

longer present in the FTIR spectra of CO_N after 1 and 5 washing cycles (CO_N_1w and 

CO_N_5w, respectively). The latter evidence is in agreement with the Fdye values 

obtained after 1 and 5 washing cycles (0.82 and 0.53, respectively) thus confirming the 

poor durability of cotton fabrics dyed with pure NY according to the exhaustion method. 

 

4.3.6.4  SEM characterizations 

 

According to SEM images (Fig. 4.9), the untreated and treated cotton fabrics result 

slightly different in morphology. Untreated cotton is characterized by fiber with the 

typical smooth and clean surface. Similarly, the cotton fabric dyed with NY reveals the 

same morphology of cotton due to the presence of only the dyestuff that does not provide 

significant changes. Differently, the SEM images of CO_G-N samples evidence the 

presence of a thin coating along the surface of the fibers and the increase of the surface 

roughness. Moreover, some agglomerates entrapped between the fibers are evident and 

maybe due to the high add-on (wt%). The same agglomerated are no longer observable 

after washing cycles while the uniform and thin homogeneous coating are still present on 

the surface of the fibers. 

 

 
Fig. 4.9. SEM images of untreated and treated cotton samples. 
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4.3.6.5 Diffuse reflectance measurements: textile pH-response 

 

The halochromic dye behavior is influenced by the interaction of the dye with 

textile fibers as clearly evidenced by the color of both NY and G-N buffer solutions and 

by the color of the corresponding treated textiles [49].  

With this premise, UV-Vis reflectance spectroscopy in CIELAB color space was 

employed to study the pH-response of treated cotton samples after washing cycles. Both 

CO_N and CO_G-N, after 1 and 5 washing cycles, were soaked separately in pH buffer 

solutions ranging from 4 to 8 and the R% values were obtained for each sample and used 

in the Kubelka-Munk equation (Eq. 3, Chapter 2). The Kubelka-Munk diffuse reflectance 

UV-Vis spectra for each sample are reported in Fig. 4.10. 

 

 
Fig. 4.10. Kubelka-Munk diffuse reflectance UV-Vis spectra for cotton fabrics treated 

with NY and G-N solutions after 1 and 5 washing cycles. 

  

CO_N and CO_G-N samples show a slight different halochromic behavior due to 

the covalent immobilization of GMA. Compared to the buffer solution (Fig. 4.6), the G-

N grafted cotton samples reveal the typical color transition of NY, and from solution, 
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they differ for the bathochromic shift of the maximum peaks. More in detail, for NY 

samples, the acidic maximum shifted from 463 nm to 480 nm in the NY solution and 

CO_N, respectively (Fig. 4.10). Similarly, the alkaline maximum shifted from 590 nm 

(in NY solution) to 615 nm and 620 nm for cotton samples (for CO_N_1w and 

CO_N_5w, respectively) (Fig. 4.10). 

According to a similar trend, CO_G-N_1w is characterized by a red shift of acidic 

maximum to 470 nm and a shift of the alkaline maximum to 620 nm. On the other side, 

CO_G-N_5w reveals a red shift of acidic maximum to 480 nm and a shift of the alkaline 

maximum to 680 nm. The observed higher bathochromic shift in the alkaline medium is 

due to the characteristic halochromic response of NY dye in the pH range between 6 and 

8 although its covalent immobilization with GMA precursor provides a change in the 

surroundings of the chromophore. The observed halochromic behavior of G-N grafted 

cotton fabrics is coherent with that found in other research studies dealing with the sol-

gel covalent immobilization of NY for halochromic textiles [39][49]. As clearly evident 

in Fig. 4.10, at increasing pH a less intensity variation, both in the decrease and in the 

increase in the maxima absorbance is observed for CO_N_5w, while no changes in the 

intensity of both acidic and alkaline maxima are found for CO_G-N after 1 and 5 washing 

cycles. The latter evidence confirms the efficiency in the pH-response of the G-N grafted 

coating onto cotton fabrics even after 5 washing cycles. 

Moreover, according to the obtained Kubelka-Munk curves, both treated cotton 

fabrics (CO_N and CO_G-N) show color changes as a function of the pH ranging from 

yellow to blue as previously observed from the solutions reported in Fig. 4.6. 

The time response of the halochromic textiles results slightly different in acidic 

(faster response) and alkaline media (slower response) although the pH-response time 

was fully established within 5 minutes. 

ΔE* color changes with respect to pH 4 as a function of pH variations are reported 

in Fig. 4.11 for both washed CO_N and CO_G-N samples. All samples reveal a distinct 

color variation between pH 4 and 8 although a less bluish color was observed for CO_N 

compared to CO_G-N textiles. Lower ΔE* for CO_N samples at each pH value was 

obtained. More in detail, CO_N_5w samples provide ΔE* values significantly lower than 

that of CO_N_1w and CO_G-N samples between pH 6 and 8. Contrary, CO_G-N_5w 

samples provide ΔE* values almost similar compared to those obtained for CO_G-N_1w. 
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These experimental findings confirm both the good washing fastness of the G-N grafted 

cotton fabrics and the consistent halochromic response of the G-N solution with the NY 

dyestuff.  

 

 
Fig. 4.11. ΔE* color change with respect to pH 4 of both CO_N and CO_G-N after 

1 and 5 washing cycles as a function of pH variations. 

 

4.3.6.6  Repeatability of the pH-sensing response of G-N grafted textiles 

 

The pH-sensing response of the G-N grafted textiles after repeated exposures to 

acidic and alkaline environments is an important parameter for the development of 

halochromic sensors for different application fields such as medical, protective garments, 

fitness, and healthcare. 

To assess the repeatability of the pH-sensing response of both CO_N and CO_G-

N after 1 and 5 washing cycles, CIELAB color space analysis was performed as described 

in Chapter 2 and below summarized. Each sample was soaked in a buffer solution (pH 4 

or 8) for 5 minutes, dried, and ΔE* was measured as the difference between color space 

values of the sample after soaking in pH 4 and 8 buffer solutions (1 cycle), respectively, 

and the cycle was repeated for 4 times.  

ΔE* values confirmed the reversible color change from yellow (pH 4) to blue (pH 

8), and vice-versa. Data reported in Fig. 4.12 highlights the capability of CO_G-N 

samples to give high color changes after repeated cycles and even after 5 washing cycles 

compared to CO_N. The latter provide similar color changes and ΔE* values after the 

first and last exposure cycles. 
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According to the obtained results, both the reversibility and the repeatability of 

the pH-sensing response of G-N grafted cotton samples were demonstrated thus 

confirming the potential employment of the designed wearable pH-sensors for repeated 

applications instead of a disposable use. 

 

 
Fig. 4.12. ΔE* color change of treated textiles after 1 and 5 washing cycles for 

each pH values with respect to pH 4. 

 

  Halochromic textiles for human sweat pH monitoring by sol-gel 

immobilization of Alizarin Red S onto cotton and polyester fabrics 

 

 Several halochromic dyes can be immobilized into the fabric structure to design 

halochromic textile-based sensors. Among many available dyes, Alizarin Red S is another 

molecule of great interest, both in biomedical and diagnostic fields.  

 To develop halochromic textiles characterized by a broad pH-response range 

compared to Nitrazine Yellow, two fabrics with different nature, a cotton and a polyester 

textile, were functionalized with Alizarine Red S, halochromic dye with color variation 

from yellow to purple (from acidic to alkaline solutions, respectively). Through sol-gel 

reactions, the dye was covalently immobilized onto cotton and polyester substrates, and 

the halochromic properties of the modified dye were thoroughly investigated and 

compared to reference fabrics dyeing with pure Alizarin Red S. 

 



CHAPTER 4 – HALOCHROMIC TEXTILES 
 

 143 

4.4.1 Alizarin Red S 

 

 The 1,2-dihydroxy- 9,10-anthraquinone sulphonic acid sodium salt, hereafter 

Alizarin Red S (ARS), is an anthraquinone dye of great interest thanks to its chelation 

properties that make it a widely employed colorimetric reagent for cations. The capability 

of ARS to form chelates with metal ions is due to its chemical structure characterized by 

two hydroxy groups in positions 1 and 2 with respect to the quinoid oxygen. The presence 

of the sulfonate group also provides improved reactivity to the ARS molecule. The color 

changes of ARS depending on pH variations is due to the presence of the already 

mentioned hydroxy groups. As reported in the literature, the pKa values of ARS are 5.5 

and 11.0 [58]. For pH lower than 5, ARS is present in the neutral form, for pH values 

between 5 and 9, the dye exists in the mono-anionic form, while the dianionic structure 

is available for pH greater than 9 (Scheme 4.4). 

 

 
Scheme 4.4. Alizarin Red S chemical structure depending on pH variations. 

 

 Several studies have been conducted dealing with the stability of complexes with 

Copper, Lead, and Chromium and other metal ions [59]. Thanks to its capability to 

provide sharp color changes after the formation of complexes with different metal ions, 

ARS is also used for metal separation from wastewater [58][60].  

During the last years, it is also employed as a staining agent for Calcium in biological 

samples, in the spectrophotometric determination of pH and textile dyeing [61,62][63]. 

Moreover, ARS is also used in the detection of carbohydrates in biological fluids thanks 

to its capability to provide changes in fluorescence intensity and color in response to the 

binding of boronic acids. 
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4.4.2 Synthesis of the hybrid Alizarin Red S – GPTMS halochromic sol and 

application onto textile fabrics 

 

 GPTMS (9.9 ml, 0.045 mol) and HCl 0.1 M (2.5 ml) were consecutively added to 

50 ml of water, and the resulting mixture was left under vigorous stirring for at least 30 

minutes. Then, ARS (ARS: GPTMS molar ratio 1:30, 0.5133 g, 0.0015 mol) and a little 

amount of water (10 ml) was added to the obtained GPTMS sol. The new GPTMS- ARS 

(hereafter, G-A) mixture was left under stirring until the dye was homogeneously 

dispersed. In the next step, a water solution (60 ml) of the BF3OEt2 catalyst (9.8 % w/w 

GPTMS, 0.9 ml) was added drop by drop to the G-A sol. The solution was monitored for 

40 h by FTIR spectroscopy. The acidic G-A solution was added with NaOH 5 M (2 ml) 

until pH 5. Then, ethanol (14.7 ml) was added, and finally, the solution was filtered to 

eliminate no dissolved dye residue. A schematic representation of the reaction is reported 

in Scheme 4.5. 

 

 
Scheme 4.5. Schematic representation of the covalent immobilization of ARS through 

GPTMS catalyzed epoxy ring-opening. 

 

 The same amount of ARS (0.5133 g, 0.0015 mol) was dissolved in a 

hydroalcoholic solution (150 ml), thus obtaining the pure ARS solution (ARS) as a 

reference.  

 Both ARS and G-A solutions were applied separately onto cotton and polyester 

fabrics according to the pad-cure method described in Chapter 2, thus obtaining 

CO_ARS, CO_G-A, PE_ARS, and PE_G-A, respectively. All treated samples were 

washed 1 and 5 times in a Labomat Mathis by following the Standard procedure described 

in Chapter 2 thus obtaining for each textile, the sample coded “1w” and “5w”. 
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4.4.3 NMR spectra of ARS and functionalized ARS with GPTMS  

 

As previously shown [42] NMR spectroscopy may be used to confirm the epoxy 

ring-opening that brings from the starting GPTMS and the ARS dye towards the 

formation of the sol-gel derivative GPTMS-ARS with an ester bond formation.  

In Fig. 4.13, displaying the aromatic region of the 1H NMR spectrum of G-A 

(upper side), in comparison with the starting ARS dye (lower side), it is evident a general 

upper shifts of the proton signals belonging to the dye fragment after the reaction 

occurred.  

 

 
Fig. 4.13. Aromatic section of 1H NMR spectrum of the (up) G-A derivative and (down) 

ARS in D2O (300 MHz, 298 K). 

 
Helpful insights may be gained by Fig. 4.14, viewing the aliphatic sections of the 

1H NMR spectra of G-A and the starting GPTMS. As expected, the protons belonging to 

the epoxy ring are those most affected by the ring-opening reactions. As a matter of fact, 

the methinic H5 and the methylenic H6 protons show a low-field shift after the ester bond 

formation with the ARS dye.  
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The occurred sol-gel reaction is also attested by the presence of 

hydrolysis/condensation reaction by-products of the GPTMS trimethoxysilane end, in 

agreement with already reported literature data [39][42][64]; in particular: (i) the 

matching formation of free methanol (CH3OH/CH3OD) at 3.15 ppm; (ii) the 

corresponding presence of Si-OH groups that give rise to a broad peak at 4.32 ppm (not 

shown) in exchange with water and other OH groups.  

 

 
Fig. 4.14. Aliphatic section of 1H NMR spectrum of the (up) G-A derivative and (down) 

GPTMS in D2O (300 MHz, 298 K). 

 

4.4.4 Chemical composition of the G-A sol-gel coating 

 

In Fig. 4.15, ATR-FTIR spectra of ARS powder, G-A solution at zero time (G-A 

t0) and final G-A sol (G-A tf) are reported. As already explained in Chapter 2, the xerogel 

of G-A solution was obtained through thermal treatment to study the chemical 

composition of the hybrid halochromic coating without the interference of the high 

intense absorption bands of textile fabrics, both cotton and polyester.   
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Fig. 4.15. ATR-FTIR spectra of ARS powder, and G-A sol at time zero (t0) and 

after reaction ends (tf). 

 

As clearly evident in Fig. 4.15, and according to literature data [39,40], the 

reaction carried out in the presence of BF3OEt2 lead to the epoxy ring-opening of GPTMS 

followed by the covalent bond with the SO3- group of ARS. Indeed, in the spectra of G-

A t0, collected immediately after the addition of the catalyst, the main FTIR peaks 

assigned to epoxy ring functionality of GPTMS are highlighted: asymmetric and 

symmetric C-H stretching (3057 and 2997 cm-1, respectively), ring breathing (1254 cm-

1), and asymmetric and symmetric ring deformation (905 and 850 cm-1, respectively) 

[39,40]. The same absorption bands are no longer visible in the spectra of the G-A 

solution after reaction ending (G-A tf), thus confirming the effectiveness of the catalyst 

action on the epoxy ring-opening. Other main peaks relative to the silica matrix are 

assigned to the asymmetric and symmetric Si-O-Si stretching (1088 cm-1 and 788 cm-1, 

respectively) and its bending mode (875 cm-1) [39,40,43]. Moreover, other peaks are 
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visible in G-A tf spectra and assigned to the ARS chemical structure. These bands are 

highlighted in ARS spectra, and the most relevant are listed in Table 4.3 [65,66]. 

 

Table 4.3. Main FTIR vibrational mode of Alizarin Red S. 

FTIR bands Literature data Experimental data 
O-H stretching 3487 cm-1 [65,66] 3431 cm-1 

Aromatic C-H stretching 2925 cm-1  
2853 cm-1 [65,66] 

2924 cm-1 
2854 cm-1 

C=O carbonyl stretching 1666 cm-1  
1635 cm-1 [65,66] 

1661 cm-1 
1633 cm-1 

C=C stretching 1441 cm-1 [65,66] 1443 cm-1 
SO2 asymmetric stretching 1160 cm-1 [67,68] 1160 cm-1 
SO2 symmetric stretching 1060 cm-1 [67,68] 1066 cm-1 

 

By comparing spectra of ARS powder and functionalized ARS (G-A tf) it could 

be seen that both the OH and CH stretching are overlapped with the same vibrational 

mode of GPTMS groups, as well as the SO2 asymmetric and symmetric stretching, which 

are completely covered by the Si-O-Si symmetric stretching. The presence of ARS in the 

G-A coating can be confirmed thanks to C=O and C=C stretching modes, which are still 

visible in the G-A tf spectrum. 

 

4.4.5 FTIR characterization and washing fastness of halochromic ARS-based 

textile fabrics 

 

Cotton and polyester fabrics were analyzed through ATR-FTIR spectroscopy 

before and after the application of both ARS and G-A solution. Treated fabric samples 

were also analyzed after 1 and 5 washing cycles. In Fig. 4.16, a comparison between 

untreated cotton (CO_UT), treated cotton with ARS (dashed curves) and G-A solution 

(solid curves) before (CO_ARS) and after 1 and 5 washing cycles are reported (CO_ARS 

1w and CO_ARS 5w). Although the treatment, in each FTIR spectrum of treated cotton 

sample, the typical absorption bands of cellulose moiety are still observed: 3500 – 3100 

cm-1 (O-H stretching), 3000 - 2800 cm-1 (C-H stretching), 1400 - 1200 cm-1(C-H wagging 
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and deformation mode), 1200 - 800 cm-1 (asymmetric stretching of C-O-C, in-plane ring 

and C-O stretching) [69].  

 

 
Fig. 4.16. ATR-FTIR spectra of untreated cotton fabric (CO_UT) and cotton 

fabrics treated with pure ARS (dashed curves) and G-A sol (solid curves), before and 

after 1 and 5 washing cycles. 

 

The presence of the pure ARS onto cotton fabrics does not provide significant 

changes in the O-H and C-H stretching spectral zone because of the high intensity of 

cellulose peaks that cover the main absorption peaks of ARS (Fig. 4.17a). A slight 

increase in the intensities of absorption bands in the range 1200 - 800 cm-1 is observed 

due to the overlapping of SO2 stretching mode (Fig. 4.17c). Contrary, in spectra of cotton 

treated with G-A sol, the presence of the hybrid silica matrix is evident thanks to the 

comparison of low intense peaks at 850 cm-1 and 787 cm-1 referred to the bending and 

stretching of Si-O-Si silica moiety [40] [39], which are still visible also after washing 

cycles (Fig. 4.17d). Moreover, the coating deposition onto cotton fabrics provides a slight 

decrease in intensities of O-H and C-H stretching bands, as expected due to the presence 
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of the coating, and an increase of the FTIR peaks in the spectral region 1200 - 800 cm-1 

due to Si-O-Si vibration mode and overlapping of asymmetric stretching of C-O-C and 

C-O stretching of GPTMS (Fig. 4.17 b-d).  

 

 
Fig. 4.17. ATR-FTIR spectra of untreated cotton fabric (CO_UT) and cotton 

fabrics treated with pure ARS (dashed curves) and G-A sol (solid curves), before and 

after 1 and 5 washing cycles in the range between 4000 – 2500 cm-1 (A and B) and 1200 

– 700 cm-1 (C and D). 

 

As already observed in cotton treated FTIR curve, the presence of pure ARS is no 

clearly visible in the spectra of polyester samples, due to the high-intensity peaks of 

polyester functional groups (Fig. 4.18).  

In Table 4.4, the main absorption peaks of polyester fabric are reported.   
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Fig. 4.18. ATR-FTIR spectra of untreated polyester fabric (PE_UT) and 

polyester fabrics treated with pure ARS (dashed curves) and G-A sol (solid curves), 

before and after 1 and 5 washing cycles. 

 

Table 4.4. Main FTIR vibrational mode of untreated polyester fabric. 

FTIR peaks Literature data Experimental data 

C=O stretching in ester 1710 cm-1 [70] 1712 cm-1 

C=C stretching in benzene 1408 cm-1 [70][71] 1408 cm-1 

C-O stretching in ester and carboxylic 

acid 

1016 cm-1 [70][72] 

1094 cm-1 [70][72] 

1240 cm-1 [70][72] 

1017 cm-1 

1096 cm-1 

1242 cm-1 

C-H bending  723 cm-1 [70][73]  723 cm-1 

C-H (out of plane CH=CH bending) 871 cm-1 [70][73] 872 cm-1 

C-H (in plane CH=CH bending)  968 cm-1 [70][73] 970 cm-1 

 

The presence of G-A sol on polyester fabrics is confirmed by the increased 

intensity of the absorption peaks in the spectral region ranging from 3100 cm-1 to 2800 
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cm-1 ascribed to C-H stretching of polyester, ARS, and silica network (Fig. 4.19A and 

4.19B). A similar increase in intensity is also observed in the range 1750 – 750 cm-1 due 

to the overlapping of carbonyl, SO2, and silica vibrational mode (Fig. 4.19C and 4.19D). 

Such differences from untreated polyester are also visible after washing cycles, thus 

confirming, as for cotton, the durability of the coating. 

 

 
 

Fig. 4.19. ATR-FTIR spectra of untreated polyester fabric (PE_UT) and 

polyester fabrics treated with pure ARS (dashed curves) and G-A sol (solid curves), 

before and after 1 and 5 washing cycles in the range between 4000 – 2500 cm-1 (A and 

B) and 1200 – 700 cm-1 (C and D). 

 

To better evaluate the effect of the washing cycles on the durability of the G-A 

coating onto textiles surfaces, both add-on (wt%) and weight loss (WLW, wt%) were 

calculated by following Eq. 1 and 2 reported in Chapter 2, respectively. CO_ARS and 

CO_G-A samples were washed 1 and 5 times by following the procedure described in 

Chapter 2 and measured add-on (wt%) and WLW (wt%) are reported in Table 4.5. The 
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effectiveness of the functionalized ARS immobilization through hybrid silica network is 

confirmed by the higher add-on obtained for sample CO_G-A and PE_G-A than that of 

CO_ARS and PE_ARS, respectively. In particular, the higher values obtained for cotton 

textiles than that of polyester one demonstrated that the designed halochromic silica 

network is more suitable for cellulose fabric than polyester textiles due to their chemical 

structure. After one washing cycle, the treated cotton fabrics (CO_G-A) provide a weight 

loss of 1.06 % that still remain unchanged after 5 washing cycles. The obtained data 

underlined the unique dye leaching after one washing cycle and the stable and durable 

coating after further washing laundering. Contrary, polyester fabrics (PE_G-A) reveal a 

low weight loss after one washing cycle and a significant dye leaching after 5 washing 

laundering, thus confirming the unstable and no durable coating functionalization. 

On the other side, the low add-on % obtained for textile samples treated with pure 

ARS confirmed the weak linkage of the dyestuff with textile surfaces that lead to a 

significant dye leaching as a consequence of the washing cycle. For this reason, only 

images of the CO_ARS and PE_ARS samples after 1 washing cycle are reported in Table 

4.5, while the images of the same samples after 5 washing cycles are not reported because 

they result completely uncolored by the naked eye. Moreover, due to the high weight loss 

observed after washing cycles, the WLW (wt%) values are not reported in Table 4.5 for 

both CO_ARS and PE_ARS samples. According to these experimental findings, the low 

efficiency of the conventional dyeing technique was confirmed for both cotton and 

polyester fabrics.  
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Table 4.5. Add-on (wt%) and weight loss (WLW, wt%) of cotton and polyester fabrics 

with both pure ARS and G-A sol.  

 
 

4.4.6 XPS characterization of treated cotton samples 

 

The surface chemical composition of both the cotton and polyester fabrics, 

untreated and treated with pure ARS and G-A solutions was investigated by XPS (Table 

4.6 and 4.7 for cotton and polyester samples, respectively). The XPS analysis reveals the 

presence of C, O and Si in the treated samples. In all samples, the C 1s signal was fitted 

adding three synthetic peaks, positioned at BE = 285.0 eV, 286.6 and 288.9 eV and 

assigned to C-C, C-O, C=O and COOR bonds, respectively [74]. The O 1s signal is 

characterized by a single broad peak, which includes all oxygen species present on the 

surface (-OH, C=O and Si-O). As it regards the Si 2p signal, in CO_G-A samples, it is 

characterized by a peak positioned at BE = 102.7 eV, indicating that the adhesion of the 

coating to the cotton is favored by the C – Si - O bond in the R-SiO3 configuration (Table 

4.6). 

Moreover, XPS data reveal a slight increase in the Si percentage following the 

first washing cycle and a further decrease in this value after 5 launderings. Taking into 
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account even the C atomic percentages of each sample, this apparently abnormal behavior 

could be ascribed to the leaching of unbounded ARS dyestuff entrapped in the sol-gel 

matrix after the first washing cycle and to the following partial removal of silica-coating 

after several launderings. However, according to the absolute values given by the ratio of 

Si to C atomic percentage, the atomic ratios of such elements present on the cotton surface 

are quite similar before and after washing cycles thus meaning no significant differences 

among unwashed and washed samples. The same behavior is shown by XPS data referred 

to polyester fabrics (Table 4.7). 

 

Table 4.6. Surface chemical composition of cotton samples by XPS 

 Chemical composition (%)  

BE (eV) 285.0 286.8 288.9 102.7  

 C – C C – O, C=O COOR SiO2, O – Si – C Si/C 

CO_UT 24.2 ± 2.42 35.2 ± 3.52 6.3 ± 0.63   

CO_ARS uw 23.7 ± 2.37 33.2 ± 3.32 6.5 ± 0.65   

CO_ARS 1w 22.9 ± 2.29 34.7 ± 3.47 6.5 ± 0.65   

CO_ARS 5w 15.6 ± 1.56 39.9 ± 3.99 6.5 ± 0.65   

CO_G-A uw 29.3 ± 2.93 28.5 ± 2.85 6.2 ± 0.62 4.5 ± 0.45 0.07 

CO_G-A 1w 26.3 ± 2.63 29.0 ± 2.90 5.5 ± 0.55 5.7 ± 0.57 0.09 

CO_G-A 5w 21.4 ± 2.14 33.0 ± 3.30 5.8 ± 0.58 4.7 ± 0.47 0.08 

 

Table 4.7. Surface chemical composition of polyester samples by XPS 

 Chemical composition (%)  

BE (eV) 285.0 286.8 288.9 102.7  

 C – C C – O, C=O COOR SiO2, O – Si – C Si/C 

PE_UT 52.0 ± 5.20 13.1 ± 1.31 10.9 ± 1.09   

PE_ARS uw 45.5 ± 4.55 13.8 ± 1.38 11.3 ± 1.13   

PE_ARS 1w 42.6 ± 4.26 14.3 ± 1.43 10.8 ± 1.08   

PE_G-A uw 43.9 ± 4.39 15.3 ± 1.53 9.6 ± 0.96 2.8 ± 0.28 0.04 

PE_G-A 1w 41.4 ± 4.14 16.7 ± 1.67 10.7 ± 1.07 2.9± 0.29 0.04 

PE_G-A 5w 41.9 ± 4.19 16.4 ± 1.64 10.8 ± 1.08 2.8 ± 0.28 0.04 
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4.4.7 pH-dependent properties of hybrid G-A sol: UV-Vis study in solutions 

 

Pure ARS and G-A solutions were investigated through UV-Vis spectroscopy to 

assess the halochromic behavior of ARS with and without the presence of the silica matrix 

in the pH range between 2 and 8. In this regard, the pH of diluted ARS and G-A solution 

was corrected with a specific amount of phosphate buffer (Na2HPO4 • 12 H2O/ NaH2PO4 

• 2 H2O) at different pH, and the obtained buffer solutions were analyzed. The addition 

of phosphate buffer to both pure ARS and G-A sol provides a color change from yellow 

(pH 2) to red (pH 8) with very slight color differences between pure and functionalized 

dyestuff visible by the naked eye. 

UV-vis spectra of buffered ARS solutions (Fig. 4.20) reveal two maxima 

absorbance peaks  at 423 nm for acidic pH (2 – 4), and 522 nm for slight alkaline pH (6 

- 8) corresponding to the neutral and mono-anionic form, respectively, in accordance with 

literature data [59][75]. For acidic pH, the pure dye exists in the protonated form, while 

at increasing pH (above 6), the deprotonation of one of the hydroxyl groups takes place 

thus leading to intramolecular hydrogen bonding between other OH groups and ketonic 

oxygen by forming a six-membered ring. So, UV-Vis spectra of ARS at pH 6 is 

characterized by the absorption band at 522 nm, which are due to n→π* transitions of p-

benzoquinone group condensed between two rings [58]. For alkaline pH values, the 

observed large bathochromic shift from 423 nm to 522 nm is mainly due to the high 

delocalization of electrons that reduce the required energy for transition and thus shifts 

the absorption band towards higher wavelengths [58]. Similar behavior and the same 

absorbance maxima were showed by the UV-Vis spectra of buffered G-A solutions (Fig. 

4.20) with slight differences in intensities compared with that of pure ARS curves.  

Indeed, the main differences are in the absorbance changes of the maximum at 

522 nm of G-A solution as clearly evident in Fig. 4.20, even if the color changes of both 

ARS and G-A solutions appear quite similar to the naked eye. However, at increasing pH 

values, both solutions present the same bathochromic shift of the peak at 423 nm to 522 

nm (pure ARS) and 519 nm (G-A sol), and similar hyper- and hypo-chromic shift of the 

peaks at 423 nm and 522 nm, respectively (Fig. 4.20). 
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Fig. 4.20. UV-Vis spectra of pure ARS and G-A solutions at different pH with 

the corresponding images of solutions. 

 

To confirm the halochromic behavior of ARS in the silica matrix, absorbance 

values at maxima wavelengths as a function of pH for both ARS and G-A solutions were 

reported in Fig. 4.21. As confirmed by spectra, the ARS halochromic response between 

pH 2 and 8 is similar to that exhibited by G-A solutions despite the covalent linkages of 

ARS with GPTMS molecules through epoxy ring-opening, thus confirming that the pH 

response of G-A solutions is in accordance with ARS halochromic properties. Moreover, 

for pH ranging from 5 to 8, the G-A solution reveals lower and higher absorbance values 

than that of the ARS curves for 522 nm and 423 nm maxima respectively, and this is in 

agreement with the slight color difference observed for pure ARS and G-A solutions. 

 

 
Fig. 4.21. UV-Vis spectra of buffered ARS and G-A solutions at maxima 

wavelengths. 
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4.4.8 Diffuse reflectance measurements: textile pH-response 

 

Different halochromic behavior could be provided by dyestuffs if in buffered 

solution or onto textile substrates because of the interaction between the dye and the 

textile fibers, as well as slightly different color changes can be observed depending on 

the nature of the textile fabrics.  UV-Vis reflectance spectroscopy in CIELAB color space 

was employed to study the pH-response of treated cotton samples after washing cycles. 

All textiles treated with pure ARS and with G-A sol, after 1 and 5 washing cycles, were 

soaked separately in pH buffer solutions ranging from 2 to 8, and the R% values were 

obtained for each sample and used in the Kubelka-Munk equation (Eq. 3, Chapter 2). The 

Kubelka-Munk diffuse reflectance UV-Vis spectra of cotton and polyester samples are 

reported in Fig. 4.22, 4.23, 4.24, and 4.25.  

The halochromic response of cotton dyed with pure ARS is coherent with that 

observed for the corresponding solution (Fig. 4.22). According to this evidence, the 

interaction between the pure dye and the cotton fiber does not affect the halochromic 

behavior of ARS significantly, and cotton samples at different pH values provide a slight 

bathochromic shift of maxima wavelength from 423 nm (in solution) to 430 nm (on 

textiles) and from 522 nm (in solution) to 525 nm (on cotton for pH 8). A different 

response was obtained for the same cotton samples washed five times: for each pH, a 

significant K-M decrease was observed, and the two absorbance maxima are no longer 

clearly discernible thus confirming the loss of the pH response of CO_ARS after 5 

washing cycles.  

 

 
Fig. 4.22. Kubelka-Munk spectra of CO_ARS at different pH values after 1 and 

5 washing cycles. 
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In Fig. 4.23, K-M spectra of cotton treated with the hybrid dye silica coating after 

1 and 5 washing cycles (CO_G-A 1w and CO_G-A 5w) are reported. As expected, 

CO_ARS 1w and CO_G-A 1w samples show a slight different halochromic behavior due 

to the sol-gel covalent immobilization of the dye. In particular, the CO_G-A sample 

reveals higher K-M values than that of CO_ARS and main differences are observed for 

pH 4 and 5. At these pH values, the maxima of absorbance curves of CO_G-A 1w 

undergone to a bathochromic shift from 423 nm to 481 nm (pH 4) and 503 nm (pH 5) due 

to covalent immobilization of the dyestuff with GPTMS sol precursor that provides a 

change in the surroundings of the chromophore. Similar bathochromic shifts were 

observed for pH 6, 7 and 8 from 519 nm (in solution) to 517 and 539 nm (on cotton). 

However, according to the obtained Kubelka-Munk curves, both treated cotton fabrics 

(CO_ARS and CO_G-A) show color changes as a function of the pH ranging from yellow 

to red as previously observed from solutions reported in Fig. 4.20.  

As clearly evident in Fig. 4.23, compared to CO_G-A 1w curves, the CO_G-A 5w 

sample reveals a decrease in the 423 nm maximum peak for acidic pH, while no 

significant changes in the intensity of alkaline maximum are found. The latter evidence 

confirms the efficiency in the pH-response of the cotton fabrics treated with the silica-

immobilized ARS even after 5 washing cycles. 

 

 
Fig. 4.23. Kubelka-Munk spectra of CO_G-A at different pH values after 1 and 5 

washing cycles. 

 

Kubelka Munk curves of polyester treated with pure ARS and G-A sol are 

reported in Fig. Fig. 4.24 and Fig. 4.25, respectively. As expected, K-M curves confirm 

the low pH response of the polyester fabrics treated with pure ARS, thus highlighting that 
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no bathochromic shift occurs for alkaline pH. As a consequence of these results, K-M 

curves of PE_ARS 5w are not reported since the dye release was otherwise too high to 

allow for a halochromic study. 

 

 
Fig. 4.24. Kubelka-Munk spectra of PE_ARS at different pH values after 1 and 

5 washing cycles. 

 

Kubelka-Munk curves of polyester samples treated with G-A sol are reported in 

Fig. 4.25 notwithstanding they are no clearly defined and homogeneous. Maybe their 

aspect can be due to the low affinity of ARS with polyester fabric, as previously 

hypothesized by the obtained add-on (wt %). However, the typical halochromic response 

of ARS seems slightly different from that of cotton fabrics, maybe due to the interaction 

of dyestuff and polyester fabrics. No significant information can be obtained from these 

spectra, thus confirming that the designed synthesis for the immobilization of ARS onto 

textile fabrics is more suitable for cellulose ones. 

 

 
Fig. 4.25. Kubelka-Munk spectra of PE_G-A at different pH values after 1 and 5 

washing cycles. 
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The time response of the halochromic textiles was fully established within 5 

minutes for all samples. 

The pH response of treated cotton fabrics after 1 and 5 washing cycles was further 

evaluated through color changes in CIELAB color space (ΔE*). With this aim, ΔE* color 

changes with respect to pH 2 as a function of pH variations are reported in Fig. 4.26 for 

both washed CO_ARS and CO_G-A samples. All samples show a distinct color variation 

between pH 2 and 8. Lower ΔE* for CO_ARS samples at each pH value was obtained. 

More in detail, the CO_ARS 5w sample provides ΔE* values significantly lower than 

that of CO_ARS 1w and CO_G-A samples as a consequence of the dye leaching. 

Contrary, the CO_G-A 5w sample provides ΔE* values almost similar compared to those 

obtained for CO_G-A 1w. These experimental findings confirm both the good washing 

fastness of the G-A coated cotton fabrics and the consistent halochromic response of G-

A solution with the ARS dyestuff.  

 

 
Fig. 4.26. ΔE* color change with respect to pH 2 of both CO_ARS and CO_G-A 

after 1 and 5 washing cycles as a function of pH variations. 

 

 Conclusions 

 

The development of halochromic wearable sensors provides several advantages 

in healthcare, medicine, fitness, and diagnostic fields. The relevant aspects of these 

wearable sensors consist of their potentiality to real-time and continuous monitoring of 

patients’ physiological conditions. The research studies explained in this Chapter 

highlight the advantages of covalent immobilization of a halochromic dye, Nitrazine 
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Yellow and Alizarin Red S, specifically chosen for their color change in the pH scale of 

the human sweat, according to grafting or sol-gel approaches. The main advantage of 

these techniques consists of the reduced dye leaching as a result of laundering cycles and 

the stable immobilization of the dye without the loss of its halochromic response 

compared to conventional dyeing techniques. Moreover, UV-Vis studies evidenced a 

slight alteration in the maxima wavelength of treated textiles compared to the reference 

solutions, as well as the low influence of cotton fabrics in the halochromic response of 

both dyes contrary to the polyester fabrics that significantly affect the pH-response of 

Alizarin Red S thus resulting in a not suitable substrate for the development of ARS-

based pH sensors.  

Finally, wearable pH-sensors are of great interest in health monitoring, and their 

development can be only a part of multidisciplinary research also involving electronic 

and engineering science through the integration of non-invasive electronic devices thus 

providing useful, easy to use and low-cost wearable sensors.  

 

 Development of prototype: “Health Belt” 

 

As described in Chapter 2, “Health Belt" is an elastic textile, integrated with 

microelectronics, developed for the real-time monitoring of the sweat pH (Fig. 4.27). The 

elastic strip consists of a textile fabric as a sweat pH-sensing element and a miniaturized 

electronic device for data detection, conditioning and transmission. The product has been 

developed with the aim of integrating it with software for remote data processing. In 

particular, the coating has been realized by immobilization of molecules with 

halochromic properties (in the sweat pH range) through the sol-gel technology or grafting 

approach as described in previous paragraphs. The employed technology ensures the 

adhesion of the film onto the textile substrate implementing an environmentally friendly 

and safe application for human health. The electronic device is made up of a 

LED/photodiode system for the detection of colorimetric variations, powered by a 

rechargeable Lithium polymer battery. Besides acquiring the signal, the device removes 

any interference and transmits the remote data collected through a Bluetooth Serial Port 

Profile (SPP). It is possible to collect data simply and rapidly and to evaluate the sweat 

pH variation of an athlete during physical activity by using a specific app. "Health Belt" 
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makes it possible to obtain, in real-time and in a non-invasive way, information regarding 

the athlete's level of hydration, the concentration of specific ions, but also data related to 

some skin diseases. 

 

 
Fig. 4.27. “Health Belt” realized by the integration of pH-sensitive textiles (on the left) 

and an electronic device (on the right). 
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5 CHAPTER 5 

 

 

CONTROLLED DRUG RELEASE TEXTILES 

 
In this chapter, a research study for the development of a sol-gel 3D network for 

controlled drug release will be deeply reported. Before the description of the experimental 

part and discussion of the main results, an introduction dealing with controlled release 

systems, methods, and substances commonly employed for this aim will be provided. 

Materials, general methods, and instrumentation for characterization were previously 

reported in Chapter 2.  
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 Introduction 

 

Thanks to the innovative medical and well-being applications, the textile-based 

drug delivery systems have aroused much interest in the last years. In particular, since the 

1970s the controlled drug delivery systems have been thoroughly studied until their 

growth and they are diversified during recent times thus providing important benefits in 

health care and representing a large market segment [1]. As a matter of fact, the controlled 

drug release principle is the main factor of an efficient drug therapy [1][2] that reflect in 

several advantages among which the improvement of therapeutic activity, reduction of 

the number of drug administrations, reduction of the intensity of side effects and 

elimination of specialized drug administrations [3]. The interesting in this research field 

has led to innovative controlled release systems for diversified application sectors such 

as cosmetics [4], agriculture [5] and textile [6][7]. The latter, thanks to the already 

described properties, mainly for their breathability, biocompatibility, and absorptive 

capacity, are considered substrates (for ex-vivo applications) of great interest and 

comfortability for the controlled release of several substances: active principles, 

fragrances, aroma, essential oils, drugs and so on [8]. Among several examples, the 

transdermal patches or textiles costumes deserve to be mentioned among the most 

common ones, mainly consisting of different layers in which the release of a specific 

substance is generated by specific stimuli (e. g. enzyme, humidity, temperature, friction 

or perspiration types) [9].  

Textile-based delivery systems (e. g. patches, bandages) can be developed through 

several methodologies that ensure the main characteristics, such as biocompatibility, that 

these systems must satisfy. These methodologies are based on the use of host-guest 

molecules (cyclodextrins [10], aza-crown, ethers, fullerenes) or doping functional 

molecules (drug-loaded hollow, nanoparticles, ion-exchange, bioactive) [8]. To improve 

the drug therapy effectiveness, several C-C polymer heteroatoms containing (e. g. N, P, 

Si) backbones for controlled release applications have been tested [3]. The generic action 

mechanism of these polymeric release systems is mainly based on temporal controlled 

release, e. g. diffusion control, drugs solution flow control, drug-delayed dissolution, as 

a function of skin stimuli or interaction with environmental water. Encapsulation or 

inclusion techniques of drugs or active principles in the polymer matrix are the most 
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common process carried out for the design of drug controlled release textiles. Essential 

characteristics of a controlled release system that must be monitored are represented by 

controllability, biocompatibility, toxicity, carcinogenicity, mutagenicity, and 

teratogenicity [8][11].  

Compared to conventional controlled release systems (e. g. oral administration), 

those based on textiles present both advantages and disadvantages. The former is 

represented by the efficacy of therapy because the released drugs avoid the digestive 

apparatus and the hepatic metabolism that could produce a reduction in the molecule 

concentration, and by the use of low dosages due to the high diffusion through tissues, 

which correspond to lower social costs of therapies [9]. These advantages make the 

textile-based controlled release systems an easy and attractive therapy for patients. A 

disadvantage of these systems mainly consisting of the diffusion rate of drugs as a 

function of its molecular structure and body surface administration [9]. 

Among several technologies, the sol-gel technique represents an interesting 

approach for the development of functional nanostructure coatings by combining the 

entrapment or encapsulation of biomolecules and bioactive compounds, and their 

controlled release [12]. As already explained in Chapter 1, sol-gel method is synthetic 

strategy useful for the preparation of functional nano-hybrid network for textile 

applications in which it is possible to encapsulate molecules with different properties and 

functions such as antimicrobial [13], dye [14][15][16][17][18][19][20], hydrophobic 

[21][22][23] or flame-retardant molecules [24][25]. 

 In the following paragraphs, the mechanisms of release, the main approaches for 

the development of textile-based controlled release systems and commonly employed 

active substances for encapsulation will be described. An in-depth description of the 

development of a textile-based controlled release system by sol-gel encapsulation of an 

antioxidant/anti-inflammatory molecule will be further provided.   

 

5.1.1 Controlled release 

 

The primary function of a controlled release system is to make an active substance 

(commonly drugs, fragrances, vitamins, essential oils, enzyme and so on) available in 
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response to a stimulus, or at a specific time, rate or situation (mechanical pressure, 

moisture, heat and so on) or at a particular site, to produce the desired effect [26].  

A generic controlled release system is characterized by the active agent and the 

carrier, which is often a polymer able to transport the active substances to a specific site 

in the human body. Depending on the nature of the substances to be released, the 

mechanism can be considered different. If it is a drug to be released, the controlled release 

refers to its concentration in blood plasma that should be at least as effective level and as 

low as the toxic one. On the other hand, the controlled release of a drug entails 

reproducibility of release rate over a longer time. 

 

5.1.1.1 Controlled release mechanisms 

 

In controlled release systems, active agents are embedded and protected by an 

external shell that also prevents the diffusion and mass loss of the encapsulated active 

molecule. Based on the design of controlled release devices, both physical and chemical 

mechanisms, are common.  

Diffusion of active substances (e. g. drugs) through a polymer matrix, osmotic 

pressure, use of ion exchange or dissolution/degradation of the polymer matrix are the 

main physical mechanisms involved in controlled release systems [27]. On the other hand, 

the chemical mechanisms provide modifications of active molecules: chemical or 

enzymatic degradation occurs on the chemical bonds between drugs and carriers, thus 

breaking them.  

Controlled release systems can be classified into four groups: 

- Diffusion controlled (reservoir matrix); 

- Water penetration controlled (swelling systems); 

- Chemically controlled; 

- Regulated systems. 

The already mentioned carrier is commonly represented by a polymer that mainly 

influences the rate of drug release [28]. Indeed drugs can diffuse through polymers pores 

or passing between polymer chains. The most common mechanism of controlled release 

is the diffusion of an active agent. In matrix diffusion-controlled systems, the drug can be 
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dissolved or dispersed throughout the polymer. Contrary, reservoir diffusion-controlled 

systems generate a drug core covered by a polymer membrane and separated from the 

external environment.  

When structural polymers have hydrophilic nature, they can swell partially or 

throughout the matrix, and the controlled release of drugs is defined as swelling-

controlled. This mechanism is typical of hydrogels, 3D polymer networks, and it refers 

to dry hydrogels doped with drug molecules that swell when they are in contact with 

water or biological fluids. Due to the swelling, the systems result characterized by an 

inner glassy phase and by an outer swollen rubbery. 

The chemical controlled release is driven by chemical reactions consisting of the 

degradation of the polymer to release drugs. Another chemical mechanism is represented 

by the hydrolytic or enzymatic degradations that provide the breaking of established 

polymer chains between drug and the polymer matrix [29]. 

Another type of polymers used for the design of controlled release systems is the 

stimuli-sensitive polymers able to change their physical properties depending on 

environmental changes (stimuli). Both the controlled release rate and the diffusion of 

active substances out polymer are strictly dependent on these stimuli [30]. 

 

5.1.1.2 Textile-based controlled release systems 

 

As already mentioned, the most diffused method of drug delivery is the oral 

administration characterized by several disadvantages among which: drug permeability 

only in the gastrointestinal regions, poor dissolution rate in intestinal fluids, drug 

degradation before absorption due to the drug instability in the gastrointestinal areas [31]. 

As an alternative to oral administration, intestinal patches represent an efficient drug 

delivery method thanks to their capability to release active molecules in the intestinal 

mucosa without undesired losses in other sites, while transdermal drug applications avoid 

blood level troughs and undesired early metabolism of the drug.  

In this scenario, textile materials are considered useful supports for the application 

of active agents to anybody area thanks to their flexible structure [32]. Transdermal 
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applications, sutures, small diameter vascular grafts and stents, nerve regeneration and 

tissue, are the potential application of textile-based drug delivery systems [26] [33]. 

Several methods are available for the incorporation of active agents in textile 

fibers: (i) fibers could be spun and woven, and the drug could be incorporated by 

impregnation, coating, yarn-dying, ion-exchanging and so on [34]; (ii) the drug could be 

incorporated in the shell/core fibers structure by coating and melt-spun fiber [35]; (iii) the 

active agent and the filament-forming materials can be blending together (co-blending) 

and then, the spinning liquids are spun into fibers [34]. Moreover, active agents loaded in 

thin films can be applied on textiles surfaces by coating or impregnation, and they result 

in beneficial in wound healing and treating skin disease and skin injuries. Active agents 

can also be encapsulated in microparticles, thus obtaining microcapsules and 

microspheres. The latter are homogeneous mixtures of polymer and active agent, while 

microcapsules are spherical particles that have at least one discrete domain of active agent 

[36]. Microcapsules refer to both the core/shell structure and dispersion in solid matrices 

(dimension between 50 and 2 mm). Thanks to their large surfaces, microcapsules form 

uniform and continuous coatings both on the textile surfaces and between the textile fibers 

[37], and they are of great importance for their reproducibility in molecules release [36]. 

 

5.1.1.3 Microencapsulation of substances and their incorporation into textile 

structures 

 

Microencapsulation is a technology employed for the realization of systems for 

protection, structuration and controlled release of active agents. Indeed it is widely used 

for the protection of substances sensitive to moisture, light, oxygen, or to create a 

structure for substance with volatile, insoluble or high reactive properties, and it is an 

interesting technology also for the realization of controlled release systems. Several 

methods are available to microencapsulate active substances, mainly based on 

mechanical, physicochemical and chemical approaches. In general, through 

microencapsulation, the stability and the high efficiency of encapsulation of a substance 

should be ensured, as well as the reproducibility and the easy scalability of the designed 

systems. An in-depth overview of all the available approaches goes beyond the aim of 
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this thesis, and for this reason, only a schematic representation of such methods is 

reported in Table 5.1. 

 

Table 5.1. Microencapsulation approaches, according to mechanical, physicochemical 

and chemical classifications. 

Mechanical Physicochemical Chemical 

Spray drying 

Spinning disk 

microencapsulation 

Fluid bed coating 

Centrifugal extrusion 

Vibrating nozzle 

Supercritical fluid 

technology 

Polyelectrolyte complexation 

Ionotropic gelation 

Coacervation – phase 

separation 

Solvent evaporation 

In situ polymerization 

Matrix polymerization 

Interfacial polycondensation 

Interfacial cross-linking 

 

Depending on the nature of the active substance (drug, fragrance, moisturizer, 

vitamin and so on) the controlled release system should be suitably designed by choosing 

the adequate polymer and technology for the efficient encapsulation of the molecule. In 

textile field, the most commonly employed technique for substances encapsulation is 

represented by coacervation (physicochemical method), and several approaches are 

useful for embedding microcapsules into textiles structures among which immersion, 

padding, printing, spraying, coating or direct incorporation in artificial fibers 

[32][38][39][40][41][42]. 

Usually, a binder for the application of microcapsules to textiles is necessary to 

fix them onto textile materials by forming a film characterized by long-chain 

macromolecules arranged in a 3D linked network when applied to textiles [43]. 

Carboxymethylcellulose, polyvinyl acetate, starches, styrene-butadiene, silicons, amino 

aldehyde resins, polyvinyl alcohol, xanthenes are some of the commonly employed 

binders for embed microcapsules onto textiles. Such binders ensure the water and wearing 

resistance of the capsules and, sometimes, they avoid the release of the substances. By 

employing cross-linking agents it is possible to covalently bond the microcapsules to the 

textiles thus overcoming release problems. One example is given by melamine-

formaldehyde resin, a cross-linking agent interesting for its high hardness, excellent heat 

resistance, mechanical robustness, unlimited colorability and water resistance [44]. 
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Depending on the nature of textile fabrics, microcapsules can be completely wrapped by 

the binder or bonded with it, and linked between the fibers while for the washing fastness, 

no elevated concentrations of both capsules and binders are necessary. Due to their 

toxicity, formaldehyde-based cross-linkers are nowadays avoided while environmentally 

friendly chemicals are employed, such as formaldehyde-free cross-linkers and 

polycarboxylic acids [45]. The latter acts through the formation of ester bonds between 

cross-linker, active substances, and the textile substrate. In general, the covalent 

immobilization of the controlled release systems onto textiles surfaces ensures good 

washing fastness. In this regard, several application techniques result efficient for stable 

immobilization of such systems, among which UV-grafting, impregnation, bath 

exhaustion and other depending on the nature of both cross-linkers employed and textiles 

nature. Also the size of the microcapsules is an important aspect of the design of the 

controlled release systems to ensure the correct penetration between the fibers space and 

the efficient grafting onto the fibers [37]. 

As a consequence, the average diameter fibers influence the diameter of 

microcapsules that, in case of cotton applications, it should be between 1 and 20 µm, 

while the woven structure of fabrics (e. g. plain weave, honeycomb, and so on) affects 

the adhesion of microcapsules onto textile fibers. Several parameters must be considered 

to achieve effective and durable embedding microcapsules in textiles: functionalities and 

architecture of textiles fabrics, microcapsule shell composition, chemical structure of 

binders/cross-linking agents. In this regard, pretreatments of textiles can be useful for the 

creation of active sites onto textile fibers according to plasma technology or water 

treatments [46][47].  

The optimal formulation of microcapsules should satisfy several aspects such as 

good abrasion resistance, high loading per fabric surface weight, controlled substance 

release without undesired hinder and harmless to human health. 

 

5.1.1.4 Active substances for microencapsulation for textile-based controlled 

release systems  

 

As previously mentioned, drugs are the most common substances for controlled 

release in medical fields even if other agents can be encapsulated for different end-use, 
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such as vitamins, fragrances or insect repellents. The release of the drug strictly depends 

on the polymer wall in which it is encapsulated and on the nature of the drug itself.  

The microencapsulation of drugs for the development of textile-based controlled 

release systems is of great interest and useful for transdermal delivery. Such systems are 

advantageous for their capability to interrupt drug delivery by removing the textile 

transdermal system and, avoid early drug metabolism. Several examples are reported in 

literature dealing with efficient systems for controlled drug release from textiles.  

Ma et al. reported the realization of microcapsules of Tamoxifen, a drug for breast 

cancer treatment, according to complex coacervation using gelatine and acacia gum and 

glutaraldehyde as a cross-linker for transdermal delivery from cotton twill fabric [48]. An 

adhesive was used for the application of the coating. A high burst effect and steady states 

were showed by in vitro tests during the first hours and for the time of incubation 

increased, respectively. Moreover, the rate of tamoxifen release is affected by the polymer 

concentration, drug/polymer ratio, and rate of stirring in preparation of microcapsules. 

For transdermal drug delivery, also biopolymers are of great interest for 

biomedical applications. One example is given by the Chitosan, biodegradable and 

biocompatible polymer used for the development of microcapsules for oral and topical 

medications.  

For the realization of microcapsules for dispersed drug delivery systems, 

Cyclodextrins play an important role [49]. They are cyclic oligosaccharides based on 

glucopyranose and characterized by a lipophilic central cavity and a hydrophilic outer 

surface with the capability to increase the availability of hydrophobic drugs from 

dispersed systems. The development of core/shell fibers is also of great interest as 

demonstrated by Yu et al. [50] that uses both electrospinning and UV-graft 

polymerization to produce the poly(ε-caprolactone)/polyethylene glycol core/sheath 

fibers loaded with salicylic acid. Also, these systems showed the initial burst followed by 

sustained drug release depending on fiber thickness. 

Besides drug molecules, also fragrances, flavors, and essential oils are important 

for the design of controlled release systems for textile applications in food, agriculture 

and pharmaceutical fields [51].  

In particular, textiles with embedded fragrances microencapsulation are used for 

active sportswear, gloves, socks, business suits, woman's hosiery, bedding, towels, shoe 
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liners and so on [52][53]. Due to their poor stability, because odor agents, these class of 

molecules need to be encapsulated and the controlled release, as well as their long-lasting 

perception, is a significant challenge [54]. 

In this regard, small microcapsules can be greater uniformly dispersed thus giving 

prolonged-release performances [55]. Several characterization techniques can be 

employed to investigate the structure and properties of microcapsules, such as FTIR 

spectroscopy, X-ray diffraction, gas chromatography-mass spectrometry, transmission 

electron microscopy, dynamic light scattering, and electronic noise. The dimension of 

microcapsules influences the washing resistance of treated cotton fabrics, and smaller 

capsules provide better washing fastness compared to fragrances alone. Moreover, the 

smaller microcapsules release lower fragrances amount from cotton fabrics than bigger 

microcapsules. As already mentioned, the process used for the preparation of 

microcapsules could also affect the average size and morphology of capsules. 

Another important class of active agents to be microencapsulated in textiles is 

cosmetic molecules, among which vitamins E is interesting for its strong antioxidant 

properties and moisturizing effects and, for these reasons, widely employed in the 

cosmetotextiles industry. Moreover, smart textiles of great interest are realized through 

microencapsulation of molecules with insect repellency properties, useful in particular in 

tropical areas because insects are vectors for several human diseases, such as malaria, 

dengue fever, yellow fever, chikungunya, filariasis and so on [56]. Important challenges 

in the development of insect repellent textiles are resistance to sweating, rubbing and 

friction, and no toxicity of residual active agents [56]. Many efforts have been made in 

the design of this textile-based controlled release systems by employing plant-based 

insect repellents like extract of citronella genus, essential oils, neem, lemon eucalyptus, 

pine tar. Being essential oils, they are characterized by high volatility and poor longevity 

if applied topically. On the other hand, the efficiency of the controlled release of essential 

oils is difficult to be evaluated. 

Textile fabrics embedding microcapsules loaded with active substances have 

aroused much interest in several application fields among which cosmetics, medicine, 

wellness and nowadays they are attractive also for textiles engineering, material sciences, 

and pharmaceutical engineering.  
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Based on what has been described in this chapter, several challenges should be 

addressed such as the employment of sustainable substances, both polymers and active 

agents, and biodegradation of textile structure for intra-body delivery. 

 

 Controlled drug release textiles by sol-gel encapsulation of active molecules 

 

A research study aimed at the development of functional sol-gel coatings for 

controlled release of drug molecules for medical application has been conducted and 

thoroughly described in the following subparagraphs. 

As cross-linked silica precursor, 3-glycidoxypropyltriethoxysilane (GPTES) was 

employed in an acid-catalyzed sol-gel reaction for the realization of a polyethylene oxide 

(PEO) network in whose holes, an N-palmitoylethanolamine derivative (PEA), the N-

palmitoyl-(4-nitro-phenyl)-amine (PNPA), was stably immobilized. The PNPA molecule 

was previously synthesized according to an optimized strategy, and its antioxidant and 

anti-inflammatory properties have been already established [57]. In the absence of 

external stimuli (e. g. variable pH conditions), the PNPA molecule results stably 

encapsulated into the 3D hybrid PEO through weak interactions (e. g. hydrogen bonds 

and van der Waals interactions) acting between the non-polar active molecule and the 

alkoxysilane hosting network. 

The obtained GPTES-PNPA sol was applied onto cotton fabrics thus obtaining 

after thermal treatments, a uniform coating layer onto textile surfaces as confirmed by the 

performed morphological studies. In vitro diffusion tests have performed on treated 

cotton fabrics to evaluate their ability to release in a controlled manner the synthesized 

PEA derivative compared to a standard solution of the molecule. Experimental findings 

demonstrated that the developed cotton fabrics are suitable for controlled drug release for 

medical applications, thus showing interesting potentiality in the fields of medical 

textiles. 

 

5.2.1 PEA derivatives 

 

Since the late 1950s, N-palmitoylethanolamine (PEA), fatty acid amides 

belonging to N-acylethanolamines (NAEs), was known as the anti-inflammatory 
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component of egg yolk and employed in the prevention of viral infection of the respiratory 

apparatus [58][59]. In particular, palmitoylethanolamide (PEA) are of great interest due 

to their elevated presence in the central nervous system. Indeed, studies have been 

conducted to assess the therapeutic efficacy in some central nervous system disorders 

related to inflammation [60]. Even if the efficient anti-inflammatory and analgesic effects 

according to different mechanisms have been demonstrated by experimental models, few 

experimental data about the use of PEA derivatives in animals or humans are present until 

now [61]. To demonstrate the analgesic and anti-inflammatory effects of PEA molecules, 

several mechanisms have been suggested, and one of them is based on the protective 

endogenous mediation “on-demand” of PEA molecules to hinder inflammation or 

neuronal damage. Moreover, PEA is involved in the endogenous mechanism of protection 

of in-body response to several kinds of damage, where a decrease in PEA concentration 

generates an inflammatory reaction. Scientific research underlined the possibility to 

prepare novel drugs related to natural sources, and in this regard, PEA derivatives or 

analogues with potential anti-inflammatory and antioxidant activities were obtained [57]. 

 

5.2.2 Experimental Part 

 

25 mg of PNPA was solubilized in methanol (40 ml) through ultrasonication and 

stirring. To the obtained clear methanol dispersion, 2 ml of an aqueous sol-gel solution 

of GPTES 1 M were added slowly (drop by drop) thus obtaining a final GPTES 

concentration of 0.05 M (1:0.034 molar ratio with respect to PNPA). A sol GPTES-PNPA 

was obtained, ultrasonicated and then left under stirring at room temperature for 90 

minutes.  

A similar synthetic procedure was followed for the realization of the reference 

GPTES sol without the presence of the antioxidant molecule.  

Both the GPTES sol and the GPTES-PNPA sol were applied separately onto light 

and heavy cotton textiles (CO_L and CO_H, respectively) according to the padding 

procedure described in Chapter 2 by obtaining CO_L-GPTES, CO_H-GPTES, CO_L-

GPTES-PNPA and CO_H-GPTES-PNPA for cotton treated with GPTES and GPTES-

PNPA sol, respectively.  
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5.2.3 Results and discussion 

 

In the following subparagraphs, a detailed discussion of the most important 

experimental findings according to characterization techniques described in Chapter 2 is 

reported.  

 

5.2.3.1 Synthetic strategy and coating composition 

 

The antioxidant and anti-inflammatory molecule PNPA was employed as a drug 

molecule for the design of controlled drug release fabrics realized through the sol-gel 

technique [57]. With this aim, GPTES was used as the sol-gel precursor for the 

immobilization of the PNPA molecule thanks to the interesting and simultaneous 

presence of both an epoxy group and triethoxysilane functionalities. These chemical 

moieties are responsible for the crosslinking between GPTES molecules, for the 

entrapment of the antioxidant PNPA and the immobilization of the obtained doped matrix 

onto cotton surfaces. 

 As described before, aqueous GPTES sol was synthesized by adding a slight 

amount of catalyst, HCl, and then a specific amount of the sol was added to the methanol 

dissolved PNPA solution. According to previous evidences 

[14][15][16][17][19][20][62], a hybrid polymeric 3D network was formed as 

consequence of the catalyzed epoxy ring-opening of GPTES and of the interaction of 

triethoxysilane ends by creating a polyethylene oxide network (PEO) [19]. In this PEO 

structure, the PNPA molecule has filled the holes by being physically entrapped in a 

stable configuration (Scheme 5.1a). After deposition onto the cotton fabric of the GPTES-

PNPA sol through padding technique and thermal curing, a nano-hybrid coating for the 

realization of controlled drug release textiles was obtained as schematically reported in 

Scheme 5.1b. 
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Scheme 5.1. a) Schematic representation of the physical entrapment of PNPA 

molecules in the PEO network; b) Deposition of GPTES-PNPA sol onto cotton 

surfaces. 

 

5.2.3.2 NMR characterizations 

 

For 1H mono- and bidimensional NMR characterizations, a reaction mixture of 

GPTES-PNPA sol was prepared in situ (1:0.1 = [GPTES]:[PNPA] molar ratio) in 

methanol-d4. The 1H NMR spectra were recorded at time zero and after 24 hours (in 

methanol-d4 at 298 K, 300 MHz). The collected 1H NMR spectra at different times reveal, 

in the aliphatic region, the presence of the protonic pattern typical of diol/PEO silylated 

derivatives and the starting GPTES (Fig. 5.1 green and yellow circles respectively) [19]. 

More in detail, the aliphatic regions of the 1H NMR spectra clearly show: (i) the presence 

of the expected protonic pattern for the GPTES open ring derivative, bringing a hydroxyl 

and an ether group bonded to two vicinal carbon Ce and Cf atoms (δ = 0.68, CH2a; 1.71, 

CH2b; 3.48, CH2c+CH2d+CH2f; 3.88 CH2e, green circles in lower spectrum); (ii) the proton 
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peaks relative to the starting GPTES in a decreased concentration (δ = 0.67, CH2a; 1.68, 

CH2b; 2.61+2.78, CH2f; 3.16, CH2e; 3.32 + 3.76, CH2d; 3.49, CH2c, yellow circles in upper 

spectrum); (iii) the presence of the upper-field methylene and the methyl proton 

resonances relative to free ethanol moieties, compared to those relative to the ethylic 

groups of GPTES (δ = 3.63, CH2, 1.19, CH3 vs 3.84, CH2, 1.22, CH3; cut signals in both 

spectra).  

Due to the higher molar ratio of GPTES than PNPA, NMR the signal of the long 

penta-decanoic protonic chain is masked under GPTES signals, while the aromatic region 

shows the expected and unchanged pattern for para-substituted phenyl ring of the PNPA 

molecule. 

According to the 1H NMR data, both the nucleophilic attack by PNPA molecule 

on GPTES epoxy ring and the formation of a resulting ether covalent bond did not occur. 

On the other hand, the stable encapsulation of PNPA molecules in the PEO network 

occurs through the formation of weak bonds (e. g. electrostatic or van der Waals) between 

the polymerized GPTES and the PNPA molecules, as also demonstrated in previous 

studies [19]. Such weak bonds are established between the hydroxyl groups or ether 

oxygen of polymerized GPTES and the nitrogen, oxygen, long alkyl chain or phenyl 

groups of PNPA molecules.  
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Fig.5.1. 1H NMR spectra relative to solutions of the GPTES-PNPA sol (in methanol-d4 

at 298 K, 300 MHz) at time zero (upper spectrum) and after 24 hours reaction time in 

the presence of a slight amount of HCl (lower spectrum). 

 

5.2.3.3 ATR-FTIR characterizations 

 

Before investigating the coating presence onto cotton surfaces, the chemical 

structure of the synthesized hybrid network and its interactions with PNPA molecules 

were assessed by comparing the ATR - FTIR spectra obtained from the three xerogels 

(PNPA, GPTES sol, and GPTES-PNPA sol) obtained through the procedure described 

in Chapter 2. The FTIR spectra of GPTES sol (Fig. 5.2 black curve) reveal the typical 

absorption bands of the inorganic silica network and of the epoxy group. The former is 

confirmed by bands at 1093-1010 cm-1 , 756 cm-1 (asymmetric and symmetric stretching 

of Si-O-Si, respectively) and 850 cm-1 (Si-O-Si bending) [16][17][19]. The epoxy 

functionality was confirmed by the peaks relative to the asymmetric and symmetric C-H 

stretch (3072 – 3000 cm-1), ring breathing (1255 cm-1), and asymmetric and symmetric 

ring deformation (906 – 850 cm-1) [16][17]. ATR - FTIR curve of PNPA (Fig. 5.2 yellow 

curve) is characterized by the following peaks: 2916 and 2849 cm-1 (asymmetric and 
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symmetric CH2 stretching mode of alkyl chain, respectively), 1470 – 1458 cm-1 (bending 

of CH2), 1737 and 3075 cm-1 (the C=O and C-N stretching of the secondary amide, 

respectively) and 1596 cm-1 (C-N stretching mode) [63]. The same peaks, attributable to 

GPTES sol, are also present in the spectra of GPTES-PNPA sol together with the already 

described absorption peaks of the PNPA molecule (Fig. 5.2 green curve). 

 

 
Fig. 5.2. ATR – FTIR spectra of GPTES sol (black curve), PNPA molecule 

(yellow curve) and GPTES-PNPA sol (green curve). 

 

ATR-FTIR spectra of both untreated and treated cotton fabrics are reported in 

Fig. 5.3 after normalization at 1362 cm-1 (C-H bending of cellulose). For better clarity, 

spectra relative to CO_L and to CO_H samples are reported separately by comparing the 

untreated cotton (CO_L_UT and CO_H_UT), the cotton treated with GPTES sol 

(CO_H_GPTES and CO_L_GPTES) and the cotton treated with GPTES-PNPA sol 

(CO_H_GPTES-PNPA and CO_L_GPTES-PNPA).  
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In all mentioned FTIR spectra, the typical absorption bands of cellulose are 

evident, in particular, the peaks evidenced in Fig. 5.3b and Fig. 5.3c: 3331 cm-1 and 2894 

cm-1 (stretching mode of O-H and C-H, respectively) and the absorption bands between 

1097 cm-1 and 895 cm-1 (asymmetric in-plane ring stretch, C-O stretch and asymmetric 

out-of-phase ring stretch (C1-O- C4)) [64]. The increase in the intensity of absorption 

bands in the range between 1145 cm-1 and 895 cm-1 (asymmetric stretching of Si-O-Si) 

for the treated CO_L and peaks at 852 cm-1 (Si-O-Si absorption bending) and 790 cm-1 

(stretching Si-O-Si) for the CO_H confirms the presence of the silica GPTES matrix. 

 

 
Fig. 5.3. A) ATR-FTIR spectra of untreated cotton fabric (CO_L_UT dashed black 

curve and CO_H_UT solid black curve) and cotton fabrics treated with pure GPTES 

(red dashed and solid curves for CO_L and CO_H, respectively) and GPTES-PNPA 

(green dashed and solid curves for CO_L and CO_H, respectively). B) ATR-FTIR 

spectra of untreated and treated cotton fabrics, CO_L in the range 700 – 1200 cm-1. C) 

ATR-FTIR spectra of untreated and treated cotton fabric, CO_H in the range 700 – 

1200 cm-1. 
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5.2.3.4 Morphological characterizations 

 

The morphology of untreated and treated cotton fabrics with both GPTES and 

GPTES-PNPA sols were assessed through SEM and AFM characterization techniques 

as already described in Chapter 2. Besides the morphology of textiles, the same analysis 

underlined structural differences between untreated and treated cotton fabrics, as well as 

differences between cotton treated with GPTES and GPTES-PNPA sols.  

Both CO_L_UT and CO_H_UT reveal different weaves as observed in SEM 

images (Fig. 5.4 and Fig. 5.5, respectively). More in detail, CO_H_UT results 

characterized by larger weave with fibers less ordered than that of CO_L_UT. The 

morphology of both cotton samples does not show modification after coating deposition 

as confirmed by SEM images of treated textiles, thus confirming that no changes at the 

micrometer scale occur.  

 

 
Fig. 5.4. SEM images of CO_L, untreated and treated with both GPTES and GPTES-

PNPA sol at increasing magnifications (up to down).  
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Fig. 5.5. SEM images of CO_H, untreated and treated with both GPTES and GPTES-

PNPA sol at increasing magnifications (up to down). 

 

Moreover, EDS analysis reveals the presence of Si in samples treated with both 

sols (CO_L_GPTES, CO_L_GPTES-PNPA, CO_H_GPTES, and CO_H_GPTES-

PNPA). Other peaks observed are referred to carbon (present in fabrics and the graphite 

adhesive used for SEM analysis), oxygen (present in fabrics and the vapor-low vacuum 

atmosphere), and aluminum (present in SEM stub). The Si distribution appears very 

uniform without phase separation, as observed in mapping in Fig. 5.6. 

 

 
Fig. 5.6. EDS mapping of both CO_L and CO_H untreated and treated with 

GPTES-PNPA sol and Si distribution of treated textiles. 
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In agreement with EDS Si mapping, both GPTES and GPTES-PNPA sols wrap 

homogeneously and intimately the cotton fibers as observed from AFM micrographs 

(Fig. 5.7) that evidenced a higher roughness of treated samples compared with untreated 

cotton that results characterized by the typical filamentary structure of fibers on the 

nanoscale. Moreover, by analyzing a sample area in which there is a lack of coating, it 

was possible to evaluate the thickness of coating in the range of 2.5 and 4 nm.  

 

 
Fig. 5.7. AFM micrographs of untreated and treated CO_L and CO_H samples. 

 

5.2.3.5 In vitro diffusion tests 

 

The controlled release properties of the treated cotton fabrics were assessed 

through in vitro diffusion studies as described in Chapter 2. With this aim, the controlled 

release capability of the realized PNPA network was compared with a standard solution 

of the molecule.  

To predict the diffusion process occurring through human skin, the synthetic 

alternative Strat-M® membranes were used. Both CO_L_GPTES-PNPA and 

CO_H_GPTES-PNPA were studied and obtained results were expressed as the 

cumulative diffused amount (%), and the corresponding diffusion profiles are reported 

in Fig. 5.8.   
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Fig. 5.8. Cumulative diffused amount (%) data provided by both CO_L and CO_H 

fabrics treated with GPTES-PNPA and comparison with PNPA control solution at 

different times. 

 

Both samples show similar results in the in vitro diffusion tests and diffused 

amount (%) of PNPA from both textiles, as well as from a control solution, are reported 

in Table 5.2.  

 

Table 5.2. Diffused amount (%) at a different time of PNPA drug molecule for the cotton 

samples treated with GPTES-PNPA sol and of a PNPA control solution. 

Sample 
Diffused amount (%) 

1 h 6 h 24 h 

CO_L_GPTES-PNPA 5 48 66 

CO_H_GPTES-PNPA 7 53 73 

PNPA control solution 14 69 89 

 

The obtained results can be compared to the rate-limiting steps in drug release 

reported in the literature and confirm the capability of the developed cotton textiles to 

release the PNPA molecule in a controlled manner [41][65].  

The controlled drug release observed in this research study is probably mainly 

due to the weak interaction of the PNPA molecules within the 3D sol-gel network. 
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Thanks to this kind of chemical bond, the drug molecule can be released in the media 

following a stimulus, and it could be estimated that as the time of incubation proceeds, 

drug will take more time to gradually move from the matrix to the outermost part of the 

surface. 

 

5.2.4 Conclusions 

 

The synthesized PEA derivative, PNPA (N-palmitoyl-(4-nitro-phenyl)-amine) 

with known anti-inflammatory and antioxidant properties, was employed as a drug 

molecule for the development of a GPTES-based sol-gel matrix for controlled release. 

The synthesis of a polyethylene oxide 3D network in which the PNPA molecule is 

entrapped was confirmed by NMR and FTIR spectroscopy that evidenced the GPTES 

epoxy ring opening and the subsequent polymerization of PEO network. The uniform 

distribution of the GPTES-PNPA coating onto cotton fabrics, with both high and low 

mass per unit area, was evidenced by SEM and AFM characterizations.  

The realized treated cotton fabrics were screened for the in vitro diffusion test to 

evaluate the controlled release of the PNPA molecule from fabrics in comparison to that 

from a standard molecule solution. Experimental findings demonstrated the efficiency of 

the developed textiles in the PEA derivative release by means of medium effect, thanks 

to the weak bonding of the molecule in the sol-gel matrix. Moreover, the sol-gel 

functionalized matrix ensures biocompatibility, PNPA reservoir and its release under the 

action of cutaneous stimuli and represent a suitable technique for the design of functional 

hybrid network for controlled drug release in biomedical application fields.  
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CONCLUSIONS AND FUTURE 
PERSPECTIVES 

 

 

In recent years, textile fibers and fabrics have aroused great interest as substrates 

for the design of advanced materials with innovative properties besides the conventional 

ones of textiles. The unique characteristics of textile fabrics and their structure provide a 

useful and commonly available starting point for the realization of miniaturizing sensors 

characterized by lightweight, flexibility, stretchability, wearability, breathability, 

biocompatibility (when employed natural fibers or fabrics) and re-use thanks to the 

possibility to be washed. Moreover, the growing interest in real-time monitoring of both 

environmental parameters but especially those related to human health, as well as the 

synergistic approach of different scientific disciplines including nanotechnology and 

textile engineering, has contributed to the development of this new class of sensors, smart 

textiles. These are defined as smart fabrics capable of actions such as sensing, calculation, 

and communication. 
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Initially, smart textiles were used in very limited areas, but after scientific efforts 

and development, nowadays they are of great social and scientific interest and are 

considered as the future of the textile industry.  

Thanks to scientific research, conventional textiles have been integrated with 

electronic components to produce wearable diagnostics and therapeutic systems to 

monitor physiological parameters for both medical and protective textile-based 

applications such as for the simultaneous detection of VOCs, gas, temperature, pH, ions, 

and much more. The combination of fabrics and microelectronics also allows innovative 

applications in continuous evolution, which use fabrics often based on conductive fibers 

as the main element. Many examples of smart textiles concern the design and 

development of coating nanomaterials, consisting of micro- and nano-sized thin films, for 

textile polymers and the integration of microelectronic components in fabrics. In this 

regard, several chemical substances are nowadays available and able to sense and react 

to specific analytes, and on the other side, the miniaturization and flexibility of the 

electronic systems integrated into them are fundamental to guarantee their operation even 

in conditions of wear.  

Through the available technologies, it is possible to integrate electroconductive or 

stimuli-responsive coatings in textiles, thus obtaining advanced functionalities. In this 

thesis, electroconductive and halochromic coatings have been introduced in cotton 

textiles according to sol-gel and grafting polymerization thus providing stable and durable 

smart textiles materials for both environmental and medical applications. The unique 

properties of the sol-gel matrix, among which its biocompatibility, make such technology 

attractive and suitable also for the development of controlled release systems of drug 

molecules from textiles realized through the stable immobilization of antioxidant/anti-

inflammatory molecules into the 3D silica network. 

Electrically conductive coatings for environmental monitoring were realized by 

dispersing carbon nanotubes into polymeric matrix, thus resulting in their good 

homogeneity distribution and alignment. These features ensured the conductive 

properties of the obtained coatings, thanks to which, it was possible to detect concomitant 

variations of environmental humidity and temperature levels through electrical resistance 

changes of the coating itself. Moreover, the flexibility showed by the CNT-coating allows 
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their interesting application for textiles fields and their employment as flexible, adaptable 

material in innovative and wearable sensors.  

By employing carbon nanotubes with high aspect ratio, conductive textiles 

through sol-gel technique were developed for heart rate monitoring. Indeed, sol-gel 

precursors contribute to the dispersion of conductive particles, such as carbon nanotubes, 

and the coating adhesion onto textiles. The coated cotton fabrics seem not to be affected 

significantly by the presence of the CNT-based sol-gel coatings in terms of 

comfortability. Coated textiles were found to make the transmission of biomedical data 

reliable and efficient for the development of wearable smart textiles for sports, healthcare, 

and military applications, also due to their properties consisting of comfort and non-

invasive compared to the conventional conductive systems in long-term monitoring 

applications. 

Among the stimuli-responsive coatings, halochromic textiles have been 

developed aimed at the colorimetric detection of sweat pH variation to assess the health 

status of the human body. Controlled release textiles have also been realized to control 

the release from textiles of an antioxidant/anti-inflammatory molecule under cutaneous 

stimuli. 

Two halochromic molecules, Nitrazine Yellow and Alizarin Red S, were 

covalently functionalized by epoxy ring-opening of specific precursors (Glycydyl 

methacrylate and GPTMS, respectively) and the resulting modified-dyestuffs were 

immobilized onto cotton textiles through grafting polymerization and sol-gel process, 

respectively. UV-Vis spectroscopic characterizations of buffer solutions containing the 

functionalized dyestuffs confirmed the typical pH-response of both pure dyes at different 

pH although the changes in their chromophore surroundings due to the covalent 

functionalization. UV-Vis diffuse reflectance spectroscopy and CIELAB color space 

highlighted the pH-response of the treated cotton fabrics even after washing cycles thus 

confirming the efficacy of both the grafting of Nitrazine yellow and sol-gel 

immobilization of Alizarin Red S onto textile substrates compared to conventional dyeing 

techniques. In particular, all experimental findings confirmed the reversibility and the 

reliability of the grafted Nitrazine Yellow wearable sensor to pH changes even after 4 

exposure cycles. The research studies highlight the advantages of covalent 

immobilization of a halochromic dye, Nitrazine Yellow and Alizarin Red S, specifically 
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chosen for their color change in the pH scale of the human sweat, according to grafting 

or sol-gel approaches. The main advantages of these techniques consist of the reduced 

dye leaching as a result of laundering cycles and the stable immobilization of the dye 

without the loss of its halochromic response, compared to conventional dyeing 

techniques. The development of halochromic wearable sensors provides several 

advantages in healthcare, medicine, fitness, and diagnostic fields. The relevant aspects of 

these wearable sensors consist of their potentiality to real-time and continuous monitoring 

of patients’ physiological conditions.  

The sol-gel approach allows developing a porous 3D silica matrix in which 

cavities, an antioxidant/anti-inflammatory molecule (PNPA) was successfully and stably 

entrapped for the controlled release from textiles.  

The sol-gel functionalized matrix ensures biocompatibility, PNPA reservoir and 

its release under the action of cutaneous stimuli and represents a suitable technique for 

the design of functional hybrid network for controlled drug release in biomedical 

application fields.  

With the sol-gel approach, it is possible to obtain organic-inorganic hybrid thin 

films doped with halochromic molecules, active molecules or carbon nanotubes and 

efficiently adhered to the cotton surfaces.  

Thanks to the obtained results, two prototypes have been developed, "ELECT" 

and "Health Belt". The former is a T-shirt realized by the deposition of CNT-

electroconductive tracks integrated with an electronic device for the monitoring of heart 

rate rhythm through electrocardiogram. The latter, a belt realized through a halochromic 

textile integrated with an electronic device for the monitoring of sweat pH. The developed 

prototypes highlight the importance of the integration of electronic devices with fabrics 

for the realization of smart textiles and the necessity to use and significantly improve the 

multidisciplinarity in smart technologies. 

Despite their innovation and the added value lead by smart textiles to daily life, 

several challenging aspects be still addressed, some of them consisting of the lack of 

standards and cost of fabrication. Moreover, mechanical and electrical connections 

should be washable and resistant to water, torsion, bending, and all types of typical body 

deformations, as well as new materials, should be the result of innovation in technology 

manufactory.  
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Smart textile applications greatly performant can be reached thanks to the 

development of a future generation of electrically conductive and stimuli-responsive 

coatings. An important challenge will be the total integration of electronics in the textile 

structure mainly focused on advanced fields, such as wound monitoring and healing as 

well as in surgery. The continuous evolution of scientific research with a 

multidisciplinary approach will allow increasing advantages to the smart textile sector, 

thus obtaining greater innovative intelligent materials able to satisfy the main 

requirements of the end-user in the most common application fields related to health, 

sport, fitness (health monitoring, clinical applications, sportswear), safety (workwear), 

and automotive. 
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