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Love is indescribable in science and complex enough to fill certain gaps. During the three years I had to work here away from my loved ones, we were math and science, black and white, a definitive answer. We simply just made sense. Thanks to you my darling Amir Saleh for all we have been through, all your support and affection which I cannot replace. Figure 234The fabrication process of the flexible strain sensor with micro/nano bulge structures [53]. ... 24 Table 3- The project aims to explore the possibility of incorporating an array of sensors into a flexible and airpermeable textile substrate, rather than a rigid grid. The purpose of this multi-sensor structure is to improve the accuracy and efficiency of clogging detection by offering an inexpensive and simple solution for air filtration systems. Textile sensors are being developed to monitor and regulate the quality of incoming air from both outside and within, especially in enclosed spaces such as offices, hospitals, shopping centers, and swimming pools. The goal is to analyze the air quality and optimize the energy consumption of the air handling unit (AHU) which is responsible for refreshing the air in these areas (Figure 1-1).
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Continuingly, the project aims to create an innovative technology that can produce textile sensors capable of detecting clogs in air filters and allowing maintenance services to replace them promptly. Early detection of clogs is essential for ensuring optimal air quality and saving energy. A clogged air filter forces the fans to overwork and consume more power. Thus, understanding the pressure drops in filters can help anticipate maintenance needs and regulate ventilation more accurately. As ventilation is a major energy consumer, optimizing its operation can enhance energy efficiency.  Developing sensors (or networks of sensors) capable of detecting low air flow speed and evaluating the clogging of filters situated in the system to be changed or cleaned. This helps to predict maintenance requirements or trigger alerts which will help improve the performance of the conditioning system while reducing its energy consumption. This system is meant to work together with an additional sub-system (as depicted in Figure 1-2) that incorporates textile sensors. These sensors gauge the pressure drops occurring within the ventilation ducts.

3 An essential element of this project involves adapting textile sensors to accurately and sensitively detect clogging in filters, while still allowing for adequate air flow without causing any disruptions which could diminish the filtering efficiency. The functionalized textile structure will be easy to incorporate into commercial fibrous filters for Heating, Ventilation, and Air Conditioning (HVAC) systems. Computing and communication devices will be used for data processing. Sensors that use deformation-sensitive fibers/filaments and membranes (fibrous strain gauges and electrical impedance variation) will measure pressure drops. As filters become clogged, the pressure drop increases, resulting in a rise in power consumption while maintaining the same air renewal rate. Measuring the pressure drop helps equipment operators anticipate maintenance requirements and achieve energy savings that are essential for both economic and environmental considerations. By applying deformation sensors on the substrate matrix, inhomogeneous deformations of the textiles can be detected. This could be due to improper installation or local filter clogging, as preferential path lines in the airflow affect the local filtering efficiency at the mean air velocity. Mapping these deformations provides insight into the effectiveness of the filter.

The Scope of the Research

IMT Atlantique, Nantes, France will be analyzing the airflow pattern in this part of the project. They will detect the strong pressure gradients caused by the pleating parameters of the filter medium. Textile sensors will be used to minimize airflow disruption. The study will cover the entire range of filter clogging, from 4 unused filters to advanced stages. The goal is to determine the detection threshold required to customize the sensors. Characterization will be used to measure pressure drop and electrical resistance change of textile sensors under airflow in the filtration system, which will aid in detecting filter clogging.

To mimic real ventilation conditions, air flow will be studied with velocities ranging from 1 to 2.5 m/s. The goal is to determine the pressure levels and gradients acting on sensors based on their distance from the filter. This information will help choose the right textile architecture for the sensors to ensure accurate sensing without causing significant pressure drop. Hot Wire Anemometry (HWA) will be used to measure experimental velocity profiles at different clogging stages. The profiles are going to be adjusted based on the structural properties of the filter, such as porosity and thickness, and the pressure drop will be measured after each clogging stage.

The thesis aims to select suitable materials and structures for textile pressure sensors. This is a critical step as the textile process is time-consuming and not easily modified. The performance of an engineered textile pressure drop sensor will be evaluated, and the optimal textile substrate with electrodes will be identified for the deposition of functional materials needed for pressure sensing. Moreover, the research will explore embroidery solutions for connecting textiles with classical rigid electronics using flexible substrates as interfaces. Suitable solutions for filtration, such as polyester, polyurethane, and polypropylene, will be chosen to create textile substrates. The substrate's surface will be treated to facilitate manufacturing according to the requirements. The textile manufacturing process depends on the substrate's nature and include knitting, weaving, non-woven, or electrospinning manufacturing processes.

The aim of this project is to create a pressure drop sensing system through the deformation of a functionalized textile substrate. Electrodes will be added to the substrate using conductive polymer coating, embroidery, or metallization of defined areas within the substrate. The design of the electrodes is essential as it needs to enable connection of the pressure drop sensors to the textile substrate's electrode areas, as well as connection of electrodes to an electronic module devoted to data processing and communication with the supervision terminal.

Since conventional electronic solutions (rigid PCBs) may cause mechanical issues when integrated onto soft fabric, it is essential to explore emerging solutions like flexible and soft electronics. The thin textile substrate offers the remarkable advantage of being highly conformable from a mechanical perspective. The development of smart textiles with heterogeneous integration brings new technological and scientific challenges, such as integrating electronic components onto thin substrates (<100μm) and encapsulating flexible systems to respect the strong flexibility constraints associated with textiles. The sensors will be implemented downstream of a fibrous filter in the AHU to be tested in realistic airflow conditions.

Moreover, the airflow sensor would promote a more sustainable approach to filters, reducing energy consumption and ensuring efficient filtration and indoor air quality. This technology provides real-time knowledge of filter clogging, and it can be extended to filtration systems with very low-pressure drops, particularly for the residential sector where indoor air quality is of great concern.

The goal is to develop an autonomous system that includes the functionalized textile, its measurement electronics, and external communication devices. The detection function will have a dual purpose, with an alert mode in real-time for detecting abnormally high concentrations and a system for data acquisition of concentration evolution over time. The data will be regularly recorded and readable through periodic external interrogation, enabling remote maintenance and controllable energy output.

Problem Definition

According to health statistics, air pollution caused by organic and inorganic pollutants is the fifth most prevalent problem globally, following high blood pressure, dietary risks, smoking, and heart disease [1].

This issue has caused respiratory diseases, making air filtration with filters essential in places such as public swimming pools, shopping malls, train stations, and airports. Air filters should effectively remove dust and other pollutants while maintaining low-pressure drops to allow air to pass through. The designs and materials used for air filters vary, including paper, nanofiber, foam, and nonwovens made of polyimide, polyphenylene sulfide, polyacrylonitrile, polyester, and ceramics, with properties such as dimensional, chemical, and thermal stability, as well as air permeability. Filtration technologies differ based on filtration efficiency and pore size, such as PM10, PM2.5, and PM1.0, with commercial filters like the High-Efficiency Particulate Air (HEPA) filter having a 99.97% removal rate of particles with a diameter of 0.3 μm, as well as VOCs and bacteria [2][3][4].

Furthermore, the issue of filter clogging arises when particles in the air settle on the filter and adhere to it.

One major drawback of filter maintenance is the inability to detect clogged filters in real-time, which ultimately leads to the need for cleaning and replacement [5]. When particles settle on and attach to a filter, it can become clogged. This clogging can cause an increase in pressure, decrease in efficiency, and the formation of a thick layer on the filter [6]. If air filters become partially clogged, their efficiency may be reduced by up to 30%, which is why it's important to monitor them continuously and in a cost-effective way. Measuring the pressure drop of the air passing through the filter is a common method for detecting clogging. Although methods such as heated wires are used to measure flow volume, they cannot predict the remaining lifespan of the filter [7,8].
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Conventional textile-based filters combined with e-textiles that can measure airflow variations could be used to detect clogging. This approach should facilitate air filter maintenance and even allow for predictive maintenance. The goal of this study is to fabricate permeable and flexible sensors with polyurethane nanofibers using the electrospinning technique to allow airflow. As a result, during clogging, where the air cannot pass and the pressure drop increases, the pressure drop measurement notifies the operators of the apparatus about the level of filter clogging and its position to anticipate its modification and provide efficient energy-saving, beneficial for economic and environmental aspects [9].

Research Objectives

According to the problems and research gaps identified in the literature review reported in Chapter 2, three research objectives have been identified, which will be addressed in this research:

• Objective 1 involves the fabrication of an elastic and flexible substrate with high porosity and low weight to deform under low airflow, stated in Chapter 3.

• Objective 2 involves making the samples electrically conductive to measure the change in resistance during deformation under airflow, discussed in Chapter 4.

• Objective 3 involves measuring the resistance change and pressure drop of the conductive substrate in the ventilation tunnel, presented in Chapter 5. Chapter 1 introduces the background information of this research project, presenting the problems that led to the aims and objectives, as well as the scope of the research.

The layout of the thesis

Chapter 2 provides a literature review, which covers air filtration systems and their properties, the impact of clogging on air quality, clogging detection, cleaning, and prediction models. The chapter also discusses smart textiles and their applications, and compares different types of sensors and sensory textile support, ultimately selecting nanofibers as the optimal structure. The various methods for nanofibers fabrication, including electrospinning are explained, and the conductivity of nanofibers in smart textile applications is presented.

Chapter 3 describes the research methodologies for achieving the research objectives. Elastane yarns with different densities are introduced, followed by the treatment method for making the samples hydrophilic and the PEDOT:PSS treatment for producing conductive layers. The properties of conductive yarns and polyurethane membranes are then presented, including their morphology, diameter, air permeability, and mechanical properties.

Chapter 4 focuses on the development of conductive membranes using two different methods of in-situ and surface conductivity. The morphological, mechanical, and electrical properties of the samples before and after printing are investigated to verify the effect of printing methods on the final properties.

Chapter 5 focuses on the clogging detection of air filters by testing the sensors prepared in the ventilation tunnel. The deformation, resistance change, and pressure drop of the sensory membranes are measured in the tunnel under different airflow.

Chapter 6 concludes the research, summarizing the findings and limitations and providing recommendations for future investigations.

2 Chapter 2: Literature Review

Introduction

One of the constant problems in many countries of the world is air pollution caused by particulate matter (PM2.5, PM10, and bacteria) and toxic gases. PM2.5, which is one of the most common air pollutants, is a great threat to public health and the economy. Due to their dangerous nature, PM2.5 can penetrate the human respiratory system and also transfer harmful chemical compounds through the blood system, which causes severe damage to the cardiovascular and respiratory systems of humans. Therefore, the filtration of these particles as well as identifying useful filtration substrates for an effective performance seem necessary. A clogged filter may intensively damage the filtration system and cause high costs. As the system is a closed loop, the airflow will be minimized when the filter is clogged and the blower will work harder to pass the proper value of air via the heat exchanger or coil. Filter clogging is caused by changes in filter geometry over time. The extent of the porosity in the filter is changing. Identification and prediction of the clogging behavior of air filters are essential to avoid problems such as energy waste, system efficiency reduction, system overheating, indoor air quality reduction, short cycle of thermostat-based systems, fuel, freezing, and repair costs [1].

Combining electronics with conventional clothing produces electronic textiles. Electronic textiles are textiles that have conventional electronic capabilities for sensing, communication, power transmission, and connectivity for sensors or other devices in the fabric. Electronic textiles can be used in the stimulation of bioelectrical signals of the body, medical/healthcare monitoring, and protective clothing for the military in addition to industrial applications. To create true integration, textile-based manufacturing processes including screen printing, weaving, and embroidery, as well as suitable conductive materials seem essential in the production of electronic textiles.

Devices that can convert physical deformations into measurable signals are strain sensors, typically made of metals or semiconductors that can sense deformations of less than 5%. This equipment is vital for displaying the applicability of this sensor in motion tracking, health monitoring, artificial intelligence, and other fields [2]. Textile-based strain sensors can be prepared by coating conductive components on conventional fabrics. New research in the field of textile-based strain sensors shows that new technologies and materials can be developed for a wide sensing range for use in various wearable applications.

The electrospinning method is utilized to fabricate and assembled nanofiber mats into membranes to be applied in many applications such as nanosensors, protective clothes, biomedical, and protection. Standard electrospinning setup includes a high-voltage power supply, a syringe filled with a selective polymer solution that is connected to a spinneret (for instance a pipette tip or a needle), a syringe pump, and a grounded collector (either a plate or a rotary). Electrospun nanofibers have many advantages, such as large specific surface area, small fiber diameter, large pores, easy chemical modification, tunable structure, and low cost.

Nanotechnology has increased a special interest among researchers and has led to the development of more sensitive sensors with good performance. Nanomaterials, including nanofibers, have proven to be an interesting and favorable addition to traditional sensor design methods and provide properties unobtainable in bulk materials. The use of nanomaterials permits to change of standard approaches, leading to smaller sample volume, higher loading capacity, and feasibility for the small scaling of designed sensing platforms.

Several electrospinning techniques have been developed, providing the fabrication of different nanofiber structures. For example, the yield of a standard process could be reinforced by multi-needle or needleless electrospinning, core-shell structures can be produced using a co-axial technique, where two different polymer solutions are existing, and co-electrospinning allows to obtain single and bilayer nanofibrous membrane.

In general, there are two approaches to functionalizing nanofibers. The first approach is a direct integration, in which the desired additive compounds are added to the polymer solution before the production of nanofibers and as a result, they are embedded in the structure of the resulting material. The second is a surface modification, in which new compounds are added to the surface of fabricated nanofibers. Different molecules that can be used to modify the surface of nanofibers include nanoparticles, polymers, organic materials, dyes, carbon nanomaterials, and biomolecules. Due to the porous structure and large specific surface area of nanofibers, the immobilization capacity of different materials increase compared to microfibers and improve the performance of sensors in terms of sensitivity and response time [3].

In this chapter, the use of different materials and different methods that affect the properties of the sensors are discussed. The characteristics of fibers and textiles that affect the performance of sensors, such as electrical properties, sensitivity, sensory range, and stability, are investigated. Recent developments in the technologies of fabricating nanofibers, sensor threads, or fabrics and their performance are also described [4].

Air filtration

In recent decades, air pollution has aroused increasing concerns worldwide, especially because of the haze problem caused by particulate matter (PM) and the endangerment of human health. Fine particle pollutants in the atmosphere include carbon powder (which is produced by industrial emissions), coal mineral powder, smoke from forest fires, combustion from daily life, and vehicle exhaust among other sources. Further, there are also certain natural contaminants, including bacteria, some microorganisms and virus-carrying aerosols [5], and pollen [6], that may cause respiratory infectious diseases, e.g., chronic obstructive pulmonary disease, asthma [7], lung cancer, or even allergies.

A category of epidemiological studies has offered that air pollution from fine particles can have harmful affections on the cardiovascular system [7,8] such as heart failure, myocardial infarction, and cerebrovascular accidents. Miller et al. showed the relation between cardiovascular disease and fine particle pollution (all particles < 2.5 μm, PM2.5), indicating that the impact of air pollution on health was even larger than formerly recognized [9]. For example, several epidemiological and pathophysiological data support the relation between all-cause fatality/disease and air pollution, chiefly, but not solely, from cardiovascular concerns and respiratory diseases. Furthermore, ultrafine particles, i.e., nanoparticles may also exhibit both short-term and long-term damaging effects on human safety and lead to several noncommunicable maladies, which was considered in detail by Almeida et al [10] and Rezaei et al [11,12].

Filtering demonstrates various applications and the advantage of high filtration efficiency and great performance stability. Hence, the emergence of new materials with excellent chemical and physical properties will significantly promote the development of filtration technology, along with continuous progress in the field of membrane materials technology and science. For example, focused here as highperformance air filters on the appearing electrospun nanofibers membranes. The conventional air filtration media with micrometer-scale fibers in diameter such as spun-bonded fibers, melt-blown fibers, and glass fibers, usually display low filtration efficiency for fine airborne nanoparticles since the size of the pores created with micrometer-scale fibers is justly large (0.1-0.5 μm) [12][13][14].

However, several nonwoven filtration materials display proper filtering performance for micrometer-level particles; their performance is still far from satisfactory for sub-micrometer PM filtration. It is necessary to create thicker media for improving the filtration efficiency of the conventional filter media. Although, a thicker filter medium may be problematic due to energy costs and higher pressure drop [13]. Nanofiber membranes fabricated by electrospinning can improve the abovementioned weakness of conventional filter materials in a high-efficiency filter membrane. Especially, electrospinning allows nanofibers diameters to be prepared in a wide range from 50 to 2000 nm by choosing a suitable solvent system and polymer [15][16][17]. The other advantages of electrospun nanofiber membranes which characterized them from the other filters include large surface area-to-volume ratios [18], tunable network geometry, small diameter [19],

controllable morphology, and good internal connectivity [20][21][22]. These excellent properties must confirm the outstanding filtering performance of these electrospun nanofibers and prepare a new approach at low cost towards highly controllable and precise filtration.

The effects of clogging of air filters on the air quality

According to the 2014 World Health Organization report, air pollution has been responsible for the deaths of ≈7 million people worldwide [13]. Particulate matter may interpenetrate the pulmonary alveoli to enter the circulatory system and cause more drastic health problems if the particles are small enough. Fine particles are the first reason for respiratory and respiratory illnesses when they form a serious haze in the air [23]. The large particles are removed easily by air cleaners such as sedimentation tanks, scrubbers, and cyclones which are inactive for particles smaller than 10 μm [24]. However, it is more technologically difficult to filter smaller fine and ultrafine particles from the air, also they are more dangerous than large particles. For instance, the removal process requires a filtration efficiency that can reach a level of about 99.97% for 0.3 μm airborne particles so-called HEPA filters [24,25].

Benefiting from the manufacture of structures based on membranes, the filtration performance of 2D electrospun air filtration materials has been noticeably improved. Nevertheless, this high performance may hold stable by itself in the stage of steady filtration, during which all particles are deposited on the fiber surface without overlapping and captured by the fibers. When the fiber surface is entirely employed by particles, the dendrite's structure is comfortably created because of the growth and accumulation of particles.

The emersion of the structure of the dendrite shows the incidence of a non-steady filtration stage, during which a pressure drop usually indicates a sharp increase due to the clogging of pores by particles. Generally, filter media have to be discarded when the pressure drop is twice the initial value of particle deposition. Due to their low thickness, nanofibers have a limited capacity for absorbing and retaining dust and pollutants on their surface, which results in a shorter lifespan. However, multilayer structured electrospun air filtration materials may raise the dust-holding capability and rather relieve surface accumulation. Their inherent lamellar deposition structure makes the materials toil from the verge of easily peeling off. Consequently, creating 3D fibrous air filtration materials with open-cell cellular structure and high duration is of excellent importance to a long-term filtration process [26].

Currently, the time progress of pressure drop and filtration efficiency is the big open question that needs to be addressed about filter clogging since most research has cleaned filters, with only some exceptions being dedicated to the time evolution of filter performance upon clogging. For example, more recently, Thomas investigated filter blockage conditions and put forward a relationship equation relating pressure loss and filtration efficiency in the presence of filter cake [27]. As proposed by these theories, the air filtration process may be separated into two states, i.e., steady state (the first stage) and unsteady state (the second stage) [28].

For the first stage, the particle pressure drop and filtration efficiency via filter material are constant over time and depend only on the particle nature, the airflow velocity, and the inherent properties of the air filter media. In the second state, the flow resistance and filtration efficiency change over time by particles filling the filter [29]. According to classical filtration theory, the stable state of the fiber filtration may be listed in the following five capturing mechanisms. Brownian diffusion, inertial impaction, interception, the gravity effect, and the electrostatic effect, as displayed in Figure 2-1 [30,31]. (BSFC), the value of fuel needed for the engine to generate one kW power output, increased because the engine reduced the rate of air mass flow to expand the required power. Due to the increased BSFC of the engine, and incomplete combustion arising from low in-cylinder temperatures, brake thermal efficiency is reduced for the clogged filter. Overall, hypothetically, filter clogging is made by blocking the filter area in four stages 0%, 25%, 50%, and 75% load. Hence, the results displayed that BSFC increased by 10-20%.

NOx emissions were reduced by 7-16% and CO and CO2 rose as maximum as 25% for various filterclogging percentages [31].

Detection of clogging

Many studies have shown that clogging behavior or the filter load (for example, the pressure drop and the particle mass/volume area per unit area of the filter) is a result of the properties of filter media (fiber, fabric, granular and membrane filter), the particles (particle concentration, particle size, and distribution), and other environmental conditions (temperature and relative humidity). Surface filtration is dominant for HEPA.

Usually forms a dust cake that is caused by the loaded particles (Figure 2-2). The total pressure drop across the clogged filter includes two stages. One is grounded through the pressure drop in the cleaning filter, and the other is grounded through the dust filter cake. The behavior of increase in pressure drop vs. particle per unit filtration area during clogging [33].

The clean filter filtration efficiency E is nearly connected to the single fiber collection efficiency 𝜂 to an expression obtained by a mass balance on a filter part with thickness dz and united by the total filter thickness Z.

𝐸 = 1 -exp [- 4𝛼𝜂𝑍 (1 -𝛼)𝑑 𝑓 𝜋 ] (2-1)
Where α (=1-ε) is the packing density defined as the ratio of the volume of fibers and the total filter volume.

Davies' law describes the pressure drop (ΔP) of a clean fibrous filter with filtration air flow face velocity (V0).

∆𝑃 𝑍 = 64𝜂𝑉 0 𝛼 1.5 (1 + 56𝛼 3 )

𝑑 𝑓 2 (2-2)
Where 𝜂 is gas viscosity, V0 is filtration face velocity, and df is fiber diameter.

Davies' model for a clean filter is based on the expression he had expanded. Therefore, he takes into account the collected mass assuming that particles uniformly settle on each fiber including an increase in the filter packing density and fiber diameter. In Bergman's approach, two types of fibers contribute to pressure drop and particle collection of the filter. The initial clean fibers of the filter and the deposited particles form fibers on the other hand. Then he modifies Davies' model containing the particle size according to the following expression:

∆𝑃 = 64𝜂𝑉 0 𝑍 [( 𝛼 𝑓 𝑑 𝑓 2 ⁄ ) + ( 𝛼 𝑝 𝐷 𝑒 2 ⁄ )] 1 2 ⁄ [( 𝛼 𝑓 𝑑 𝑓 ⁄ ) + ( 𝛼 𝑝 𝐷 𝑒 ⁄ )] (2-3)
Where𝛼 𝑓 is the volume density of the filter fibers, 𝐷 𝑒 is the effective diameter of the filter structure of a particle cake, an 𝛼 𝑝 is the volume density of the particles. The model that is easy to use considers a homogeneous deposition of aerosol particles in the filter [34].

Novick's approach to the filter cake constitution requires the knowledge of a parameter that is difficult to obtain experimentally, the αpc, cake-packing density. He remarks the pressure drop entailed by the clogged filter as the extra pressure drop of the clean filter (ΔP0) and one of the cake's according to the following expression:

∆𝑃 = ΔP0 + 𝐾 2 𝑉 0 𝑀 𝐴 (2-4)
Where K2 is a constant, A is the collecting filter area, and M is the collected mass in the filter. This methodology allows K2 to be considered for the pressure decrease as a function of mass loading.

Experimentally, K2 correlates with parameters that are easily estimated or known with accurate predictions.

Song et al. experimentally described the evolution of pressure drop and filter efficiency of cellulose paper filter and related to the way that all range particles are collected on the fibers for different clogging degrees.

The early stage where filtration happens in the filter bed is followed by the second step which essentially occurs on the front edge of the filter. Larger particles were found to entail a smaller pressure drop, which is connected to the specific area. They also extended an empirical equation to predict the pressure drop as a function of the Cunningham correction factor and particle diameter. This equation will be utilized to design the total filtration area required given several estimates or knowledge of the other related parameters. Cc: Cunningham correction factor (unitless) [6] Most of the pressure sensors that recently utilize stress-sensitive metal or silicon membranes are not sensitive enough to detect small air pressure gradients and display relatively great baseline drifts. A force applied on a 2-10 mm 2 membrane by small pressure gradients will be about 10 -9 N, which is significantly low to flex a solid-state membrane and generate measurable stress. There are micro-electro-mechanical systems (MEMS) technologies that allow the construction of very thin silicon membranes [32] that yield a full-scale pressure range from 0 to 0.5 torr with the sub-μtorr resolution, albeit such sensors are very delicate, relatively expensive and susceptible to contamination. Another known method of measuring small pressure gradients uses two fiber-optic Fabry-Perot pressure sensors that have high resolution. It is an accurate yet expensive device and very delicate [35].

∆𝑃 𝑃 = ∆𝑃 -∆𝑃 0 = (( 2 
For traditional fibrous filters, particle loading remarkably influences the pressure drop. Previous studies have experimentally and numerically investigated the evolution of pressure drop with solid particle loading for traditional fibrous filters. It was found that, after a certain period of use, the voids among the fibers would be clogged by solid particles, which would increase the pressure drop. The capture of increasing numbers of solid particles on the filter further increases the pressure drop because of the formation of particle cake. Tongling et al. experimentally studied the relation between the solid particle loading mass and air resistance coefficient for nanofibers filter media. Based on the experimental data, a semi-empirical model was expanded to predict long-term pressure drop between the nanofiber filters. The expanded model was then utilized to recognize the long-term performance of an air cleaner provided with a nanofiber filter in indoor PM2.5 control. In this study, the air resistance coefficient was gained with the solid particle loading mass for nanofiber filter media. Moreover, as higher air velocity joined to form the particle cake tighter with higher resistance, the air resistance coefficient was positively correlated with the face velocity. Results show that the expanded semi-empirical equation may predict the air resistance coefficient with a mean relative error of less than 8.0 %. ⁄ ) [36].

𝛽 = 𝛽 0 + 𝑘 𝑠𝑡𝑜𝑘𝑒𝑠 × (𝛼 1 + 𝛼 2 𝑒 -𝑣𝛼 3 ) × 𝑚 , 𝑚 < 𝑚 𝑑 (2-6) 
Endo and Chen suggested the following equation to calculate the pressure drop in the case of dust cake in consideration of the polydispersity and shape of the particles:

∆𝑃 𝑃 = 18𝜂𝑉 0 𝐻 (1 -𝜀)𝜈 (𝜀) 𝜀 2 𝐾 𝑑 𝑣𝑔 2 𝑒 (4𝑙𝑛 2 𝜎 𝑔 ) (2-8)
Where 𝜂 (Pa • s), 𝐻(𝑚), 𝐾(unitless), 𝑑 𝑣𝑔 (𝑚), 𝜈 (𝜀)(unitless) 𝑎𝑛𝑑 𝜎 𝑔 are fluid viscosity, cake height, and dynamic shape factor of particles, the geometrical mean diameter, void function and standard deviation of test particles, respectively.

Alimohammadi et al. noted the performance of the polynomial model for clogging filters causes an acceptable correlation between the model and the test based on the results obtained from the filtration test after the 12 months. This is because the clogging rate may be greater than that of a clean filter. In other words, especially over a longer period, clogging decreases the ventilation through the filter exponentially.

Apart from simplicity, the accuracy of the method is proved by comparison with experimental data.

Additionally, the method covers all the modeling uncertainties observed in the other studies. It is worth mentioning that the influence of clogging on pressure drop can be expressed as a second-order polynomial function [33].

The evolution of filtration properties and filter structures during the particle loading process for coarse filter media was studied. Overall, pressure drop, number efficiency, and mass efficiency increase along with the The volume-based average pore diameter gained from image analysis of XMCT images and mean pore diameter measured from the PMI liquid porometer were in good agreement. Pore structures of the filter during the initial loading process (at 10 Pa) show little change while the median pore size reduction was more than 70% at 100 Pa. Generally, a larger reduction of pore size occurs as more dust particles are deposited which increases a pressure drop rapidly [37].

Electronic Textiles

The term "smart textiles" covers a broad range of textiles and is defined to determine an intelligent textile material. Textile materials that can sense and respond to changes in their environment can be expressed as smart textiles. Generally, smart textiles are partitioned into active and passive subcategories. Active smart textiles sense and react to environmental changes, while passive only observe [38].

Smart and wearable textiles with different functionalities of sensors are perfect body-borne electronic systems, which detect pressure, strain, data processing and networking, temperature and humidity, mechanical actuation based on shape memory materials or electro-active polymers, thermal, and energy generation, chemical and biosensors, as well as smart fashion and energy storage. These textiles also participate to help communication such as safety, health surveillance, leisure and comfort [39,40].

Airflow sensors have significant contributions in many engineering fields comprising sustainable energy utilization, environmental monitoring, aerospace engineering, etc. For instance, the stability and maneuverability of a flying aircraft are mostly dependent on the realization of the surrounding airflow conditions and real-time monitoring. Moreover, they are susceptible to getting affected by their surrounding airflows because of their lightweight and small size of micro air vehicles (MAVs) and unmanned aerial vehicles (UAVs). Therefore, monitoring the surrounding airflow is important since it includes essential information for controlling air vehicles.

Conventional anemometers for airflow sensing often adopt mechanical rotating structures, which are structurally complicated and bulky and they require high manufacturing accuracy. With the advancement of novel materials and techniques, researchers have devoted their efforts to fabricating different types of airflow sensors based on various sensing mechanisms such as ultrasonic wind sensors, vortex flow meters and thermal flow sensors. Although, these kinds of airflow sensors suffer from several joint issues including large size and weight, high cost of fabrication, poor accuracy and drift problems during operation. The current mainstream airflow sensors mainly rely on three types of sensing principles, i.e., piezoelectric, piezoresistive and capacitive, thanks to the reveal of smart devices and materials in recent years.

Capacitive airflow sensors mainly suffer from slow responses compared to piezoresistive airflow sensors.

On the other hand, piezoelectric airflow sensors have limited application domains because of their low capability in sensing dynamic airflows. Additionally, both piezoelectric and capacitive airflow sensors need signal processing methods and complicated measurement circuits. These disadvantages make piezoresistive airflow sensors more attractive in several applications because of their compact and simple structures, low power consumption, low cost, and convenience of processing and signal acquisition. As one kind of sensor can provide more desirable results concerning others, these differences are innately important for the development of the best functioning sensors.

Piezo resistive type is a common sensor, which transforms mechanical stimuli into electrical signals. The piezoresistive relying on flexible conductive polymer displays many advantages such as high flexibility, simple read-out system, simple sensor configuration, and straightforward fabrication. Material properties are one of the most important factors to be remarked on to satisfy durable and reliable applications in sensors. These properties which consider during the designing of flexible sensors include a substrate that meets the structural, mechanical, and sensing requirements [41]. Carbon-based micro/nanophase materials such as carbon black, graphene, conductive polymers, carbon nanotubes, and metal nanowires have been utilized as conductive materials.

Graphene is an sp 2 -hybridized carbon atom with a two-dimensional crystal structure. Since the detection of graphene in 2004, major research has been applied to take advantage of its excellent chemical, mechanical, electrical, and physical properties, such as its electrical conductivity (6 × 103 S/cm), very high specific surface area (2300 m 2 /g), thermal conductivity (5000 W/mK at the room temperature), light transmittance (97.7% for a single layer), and tensile strength and shear modulus (130 GPa and 1.0 TPa, respectively).

Such unique properties of graphene could be implemented in the graphene/polymer nanocomposites [42]. The tensile test was performed and the thin film stretched up to 9.6 mm under an applied load of 12.3 N because the presence of PVDF binder in a graphene matrix facilitated the sensor to stretch under loading.

The recovery times and average response were 450 and 550 ms at 10.7 m/s, respectively, for the novel material in the sensor which is entirely efficient. The sensing specifications using the COMSOL Multiphysics software were simulated, and the experimental result was fitted properly with the modeled data. The sensitivity of the sensor in the range of 0-2.7 kPa was found to be 1.7 × 10 -2 kPa -1 . For the sensor with novel material, these findings are entirely significant. This piezoresistive flow sensor based on the graphene/PVDF nanocomposite possesses good mechanical properties and electrical conductivity, repeatability, and favorable response to different speeds of airflow or pressure ranges. These sensors can be implemented in different applications such as flow measurement in various devices, wearable devices and skin-mountable, flexible electronic devices to measure shear stress, and pressure among others [43].

In further studies of graphene in sensors, Wang et al. designed a core-sheath fiber filament using a simple polymer coating method including poly (vinyl alcohol) coating graphene and chemical vapor deposition CVD-grown graphene nanofibers. However, low sensitivity is observed, with a GF 1 of ~5.02 under 1-6.3%

strain [44]. Yan et al. using the electrospinning method designed a composite nanofiber yarn strain sensor.

The average GF of the sensor was above 1700 under an applied strain of 2% [45].

Nonwoven fabrics that do not need spinning and weaving are kinds of fabrics. To form a fiber net structure, they only require an order of filaments or short textile fibers in a random or directional path and then, they are reinforced by chemical methods or thermal and mechanical bonding. Nonwoven fabrics have the advantages of fast production speed, recyclability, low cost, and wide applications and break through the conventional textile principle. Therefore, strain sensors fabricated by nonwoven fabrics (NWF) as sensing substrates attract significant notice. Qu et al. utilized a scalable screen-printing process for creating GO patterns onto viscose nonwoven fabrics. The sensing fabric is very sensitive to compression and has good wash fastness [46]. Designing graphene-based fiber and yarn strain sensors that show a broad sensing range with outstanding sensitivity is challenging because satisfactory comfort remains an unresolved problem [47].

Wearable sensors, a category of flexible electronic devices, recently emerged as a new generation of wearable devices that are very popular in electronic systems such as bracelets, wristwatches, and eyewear realized chiefly via miniaturization of common electronic ingredients [48]. These sensors have attracted considerable attention because of their importance in health monitoring systems and electronic textiles (etextiles). By incorporating advanced electronic functions with traditional textiles that are lightweight, flexible, low cost, comfortable, and required for daily life, a wide range of applications can be realized to facilitate our lives and seamlessly serve, such as wearable displays, continuous health monitoring devices, wearable energy harvesting and storage systems, and advanced sportswear [49].

Dijie Yao et al. designed wearable graphene and carbon nanotube hybrids e-textiles via an ultrasonic nano soldering process with a microscopic 3D network structure. This method could be successfully transformed eco-friendly and low-cost commodity NWF into e-textile by the incorporation of graphene and carbon nanotubes into the fiber surface. The graphene and carbon nanotubes hybrids e-textiles could be used to construct high-quality stretchable and compressible strain sensors because they are highly sensitive to strains. The graphene and carbon nanotubes/NWF gas-permeable and strain sensor indicates good sensitivity (the gauge factors of the graphene and carbon nanotubes hybrids sensors are 1.21 kPa -1 and 34.69 at 8.85 kPa pressure and 1% tensile strain, respectively), reliability and durability for long cyclic testing, and it can be used for large motion detection (finger movements), and weak stimuli (pulse). Additionally, they exhibit major potential in the monitoring of human activity and human health detection [50].

Qiuhong et al. reported a type of highly sensitive strain sensor based on piezotronic tunneling junction included of silver, hafnium dioxide and Zinc oxide (Ag/HfO2/n-ZnO), to control the tunneling barrier height and width in parallel using the strain-induced piezoelectric potential. Hence, they modulate the electrical transport process synergistically. The piezotronic tunneling strain sensor has a high gauge factor of 4.8 × 10 5 at the strain of 0.10% and a high on/off ratio of 478.4, which is more than 17.8 times larger than several available sensors based on ZnO nanobelt or nanowire and also larger from conventional Schottky-barrier based strain sensor in the control group. This study provides a major conception of the fundamental mechanism of piezotronic modulation on tunneling junction and presented the highly sensitive strain sensor of piezotronic tunneling junction on a device scale [51].

Many studies use various types of sensitive materials, such as graphene, carbon nanotubes, carbon fibers and ZnO nanowires, which are combined with flexible polymer (polydimethylsiloxane (PDMS), Ecoflex, or epoxy resin) substrates to fabricate high-performance flexible strain sensors to achieve high-sensitivity gauge factor and large strain range. However, this method has complex preparation processes, high costs, and special sensitive materials. As well, micro/nano cracks in several references were applied to raise the sensitivity of flexible sensors. In this method, the entity of cracks affected to measurement range of flexible sensors [52].

Junfang Shu et al. proposed a flexible metal thin film strain sensor for high-sensitivity strain measurement and large deformation with micro/nano bulge structure (Figure 234). The structure of the sensor which is included in the substrate and the sensitive element is very simple. The substrate of the sensor is PU film with properties of good biological compatibility and low cost. The sensitive element is a nano-metal film that is prepared by the current processing technology of sputtering. The mechanism of realizing the high sensitivity of the sensor and large measurement range is studied, which is realized through the micro/nano cracks on the surface of the sensitive element and the micro/nano bulge structure. The experimental results display that the Au nano-film flexible sensor with micro/nano bulge structure can reach the maximum strain measurement range of 80%, and the gauge factor can reach 20. This sensor also has good stability and repeatability. Results also demonstrate that this flexible strain sensor could be used in large ranges and the motion state of human joints in large ranges in real-time monitoring the flexural movement of PDMS substrate. Hence, the designed metal film flexible stain sensor with micro/nano bulge structure possesses the properties of simple structure, large measurement range, high sensitivity, and low cost, which has significant potential applications in wearable medical devices, robots and e-skin.

Figure 234The fabrication process of the flexible strain sensor with micro/nano bulge structures [53].

Chi-Yuan Lee et al. developed a wireless flexible air velocity microsensor by using micro-electromechanical systems MEMS technology. Polyimide (PI) material was chosen for the waterproof and oilproof provisions of the cold air duct environment of HVAC systems and then was completed with a wireless flexible micro air velocity sensor. The positioning locations and value of micro air velocity sensors for the internal environment of the cold air ducts were designed to acquire real-time wireless measurements of the air velocity inside the cold air ducts of an HVAC system and to develop a measurements database. This study realized real-time monitoring of velocity in the HVAC ducts of a chemical-fiber plant. To optimize the provision of the commercial sensors and home-built micro air velocity sensor, a commercial velocity sensor was purchased and the MEMS approach was also used to develop a home-built micro air velocity sensor. Comparing the specifications of the home-built micro air velocity sensor with two commercially available sensors, the findings indicate consistency between the two kinds of devices and show that the difference was very small. The results display also that the home-built micro air velocity sensor has the advantages of simultaneous sensing of three important physical quantities, fast response time, and low cost [54].

Researchers have been focusing on advanced functional substrate types, fabrication techniques, nanomaterials, and so on to develop high-performance piezoresistive sensing elements. Because of their excellent electromechanical properties, graphene and carbon nanotubes (CNTs) are the most commonly used nanomaterials for fabricating decent piezoresistive sensing elements among these well-developed nanomaterials included zero-dimensional and one-dimensional metallic nanomaterials. Another remarkable task for researchers to gain favorable piezoresistive sensing elements is to explore versatile fabrication methods for sensing films. The current mainstream solution deposition methods to fabricate piezoresistivesensing films included dip-coating, spin coating, vacuum filtration, inkjet printing and spray-coating [55].

Generally, these techniques need professionals to fulfill construction processes and operate the related construction equipment, which may not be suitable for large-scale and simple device fabrications. Thus, for piezoresistive sensors is highly desired that more facile and reliable fabrication techniques be investigated and proposed.

Jinyan Chen et al. demonstrated a facile direct-writing method to design a piezoresistive airflow sensor using the pressure loading mode of the sensor, in which to form the piezoresistive sensing element, a fountain pen with CNT suspension was used to graft CNT onto tissue paper (Figure 2345). The provided piezoresistive element was trialed under bending and pressure loading for its electromechanical properties.

They offered a piezoresistive element with the fin structure to realize a high-performance airflow sensor such as high sensitivity of 0.02264 (m/s) -2 and a low detection limit of 3.2 m/s. In this study, it was also shown that the sensor of current variation had a proportional relation with the square of the wind speed.

Through several testing, they found also that may be efficiently regulated by changing the size of the fin structure and the performance parameters of the airflow sensor. The designed fin structure is able of tuning the sensor's performance without changing the sensor itself and the displayed design method is appropriate for the large-scale fabrication of devices. Thanks to the swelling property of the PZT/PVDF membrane, the SSSAF demonstrated a sensitive response to ethanol vapor in the concentration range of 50 to 200 ppm. To enhance the output power of the SSSAFbased energy harvester, a better structure design is required. This SSSAF is developed to take advantage of the energy carried by the filtration airflow, bringing a stable and inherent energy source that is necessary for any filtration system. The piezoelectric response and the harvested energy are then utilized for applications such as assisting sensor functions and bacterial inhibition, thus they reduce the need for external devices and save energy [56].

Embroidery and sewing technologies are methods that use joining electronic components on top of the textile fabric for their interconnection. T. Linz et al. noted that these methods are conventional techniques, which consist of PCB, chip elements, and sensors that are sited on the substrate and joined via sewing between the conductive fabrics and chip elements to prepare a rigid mechanical connection. Embroidered circuitry and temporary contacts with conductive yarn have been displayed by Linz [57]. This research studied machine-embroidered electrical contacts and focused on the interconnection process. They offered a solution to improve the reliability through a metalized contact area on a flexible substrate and using a conductive yarn embroidered, which created mechanical and electrical connections. Different authors, such as Hamdan and Voelker [START_REF] -H. Hamdan | Proceedings of the 2018 CHI Conference on Human Factors in Computing Systems[END_REF], and Linz and Christine [START_REF] Linz | 3rd Electronics System Integration Technology Conference ESTC[END_REF], conveyed that common stitch embroidery technology could be applied to integrate electronics into textiles in a cost-efficient and simple way.

Embroidering mechanisms using flexible conductive yarn interconnection with batteries, textile keyboards, sensors, and electrochemical biosensors were applied for flexible electronic modules [START_REF] Donneaud | NIME[END_REF]. Sahta et al.

fabricated textile-based sewn switches by using commercially available conductive thread based on silvercoated multifilament polyamide thread and often applied to connect devices within electronic textile structures [START_REF] Šahta | Advanced Materials Research[END_REF]. Silver-coated multifilament polyamide yarns are flexible, elastic, and for their textile properties, connected to traditional textile yarns. With sewing they are proper for integration into the fabric structure, nevertheless, the effects of washing on the electrical conductivity of silver-coated polyamide yarn are highly intensive [START_REF] Ismar | [END_REF].

Christine et al. [START_REF] Linz | International workshop on wearable and implantable body sensor networks[END_REF] designed a quite integrated electrocardiogram shirt that relied on embroidered electrical interconnections using miniaturized flexible electronics and conductive yarn. Sewn electrode onto the textile substrate using polyester composite threads and conductive stainless steel is shown in Figure 8 [START_REF] Briedis | [END_REF]. The essential point with sewing and embroidery is that special yarn must be used, needless to say, without yarn embroidery breaking. In this regard, special yarns have been produced, e.g., Madeira high conductive thread (HC12) [65]. However, further improvement in these yarns is still demanded to gain a broader range of conductivity, abrasion, and strength resistance.

A type of fabricating in which a Computer Aided Design (CAD) model is obtained and then subsequently manufactured in a layer-by-layer method is additive fabricating such as 3D printing. The first printer was sold in 1936 to print electronic elements. It was an unbelievable revolution that performed changed the way we imagine electronic materials. 3D printing technology is used to fabricate various flexible strain sensors owing to the superior fabrication accuracy, satisfactory production efficiency, and low processing cost.

Grimmelsmann et al. presented an advanced example of using 3D printing for the integration of electronic components [66]. An Orcabot XXL 3D printer was utilized, which works with the principle of the fused deposition method (FDM) technology for 3D printing. In this method, in which the printer was not modified before use, first, a filament in a heated extruder nozzle was melted. Then the liquefied material in the effect of the melting was placed on the printer bed line by line where it cooled down and hardened. The second layer was printed on top of the first one, after lowering the printing plate. As shown in Figure 234567, the positions of the LED holders and the conductive parts of the knitted fabrics which showed the printing positions were defined using a laser line. In this way, the textile fabrics in favorable positions were stabilized onto the heated printing bed. The laser on the printer frame was mounted mechanically and moved to specify the printing positions. The knitted fabric was attached with glue on the printing bed, and the printing process was started. Alternatively, using a suitable permanent marker could easily move the coordinate system of the printer software onto the glass printing bed. The height of the printer nozzle is chosen based on the highest adhesion between 3D printed polymer and textile. Then, as displayed in Figure 2-8, after printing is finished the LEDs are located in the 3D-printed holders [39]. Zhang et al. studied the direct printing of e-textile included of core-sheath fibers by applying a 3D printer provided with coaxial spinneret CNTs/SF, which spun as silk fibroin (SF) as a dielectric sheath and coresheath CNTs (conductive core) [67]. The resulting component for the harvesting of biomechanical energy from human motion was applied as a triboelectric nano-generator and gained a power density as high as 18 mW/m 2 . In addition, researchers investigated the application, performance, and effects of 3D printer electronics that were established in the textile substrate. Furthermore, for the integration of electronics with great performance 3D printing was utilized. They created an electrical interconnection in which the design was based on wires that by having these interconnected traces within the additively manufactured structures helped develop interconnections among multiple layers.

Akbari reported 3D printed and embroidered textile-integrated passive ultra-high frequency radio frequency identification (RFID) platforms. The antenna was fabricated by 3D printing a stretchable silver conductor directly on an elastic band. This type of 3D-printed interconnection displayed good electric performance gesture recognition, motion tracking, and an approach detection controller [69].

Inspired by foodstuff, Chang et al mixed egg white with sodium hydroxide and a multi-walled carbon nanotubes (MWCNTs) for ink preparation. The printed single-layered mesh for protein crosslink was immersed in cation solutions and Dulbecco's modified Eagle medium (DMEM). The cured mesh was encapsulated for human motion detection by PDMS. Specifically, provided the strain sensor with selfhealing and tensile resistance using the large number of hydrogen-bonding-induced α-helices and β-folds between peptide chains, and the response time of 0.5 s. To pursue hydrogel composites with tougher mechanical properties, 3D-printed double networks hydrogel systems have been fabricated by introducing some water-solvable polymers containing functional groups based on the first network.

Sodium alginates, sodium polyacrylates, and agars have been printed as matrices to create double networks, which were coordinated with cations or combined with conductive fillers including graphene and MWCNTs to build self-healable conductive hydrogels. Compared to 3D printed ionic liquid strain sensors they display special advantages such as simple processing, low cost, and biocompatibility [70].

The goal of this study is to develop textile sensors or sensor networks capable of detecting low airflow speeds and assessing the level of filter clogging in a system. This can aid in predicting maintenance needs or triggering alerts, ultimately improving the performance of the conditioning system while reducing its energy consumption.

Nanofibers

In recent years nanofibers are applied broadly compared to traditional fibers because of their unique properties such as low density, high specific surface area, small pore size, high pore volume, and excellent tensile strength and stiffness [71]. Template synthesis, phase separation, drawing, self-assembly and electrospinning are the existing methods for fabricating polymer nanofibers. Template synthesis process fabricated fibers with specific diameters, phase separation method is convenient only for several specific polymers, the drawing process is convenient only for fabricating discontinuous nanofibers, and by selfassembly method, fibers fabricated with a very slow speed.

However, the electrospinning method proposes the opportunity to fabricate continuous nanofibers and vary the fiber diameters as needed [72]. This process also proposes to form different fiber assemblies patterned fiber mesh, and aligned fiber mesh, including nonwoven fiber mesh, sub-micron spring, random threedimensional structures, and convoluted fibers. This method uses both synthetic and natural polymers, suspensions of solid particles, liquid crystals, emulsions and ceramics to fabricate fibers with different diameters ranging from 2 nm to several micrometers [73].

History of electrospinning

Electrospinning invented in 1897 by Rayleigh is a very old technique. In the 1700s, the electrostatic effects on the water were observed. Cooley and Morton were capable to yield electrospun fibers at the beginning of the 20th century that has been developed into an electrospinning setup of a rotating electrode by Cooley.

Formhals fabricated yarns via electrospinning without spinneret in 1930. He patented the process and apparatus, then by another method of electrostatic polymer fiber fabrication, he got a patent for fabricating composite fibers from multiple polymers [74].

Taylor studied the droplet shape of a polymer solution placed in a strong electric field in 1969. The droplet forming a cone created with jets ejecting from vortices was later named the "Taylor cone". Additionally, factors affecting fiber stability such as flow rate, electric field, and experimental conditions were investigated. Electrospinning fabricates fibers compared with conventional spinning methods at very slow rates. Conventional spinning produces yarn at a rate of 200-1500 m/min, while electrospinning produces only at a rate of 30 m/min [75]. Therefore, before 1990, very few industries were interested in electrospinning methods for fiber fabrication.

Electrospinning setup

A common electrospinning setup includes three components, a capillary tube with a needle, a high-voltage supplier, and a collecting plate. Figure 2-9a and b display a typical electrospinning setup. According to Taylor, a 6 kV applied voltage is required for the initiation of the electrospinning process to occur.

Nonetheless, it is possible to operate the electrospinning process at a lower applied voltage when a grounded target is introduced nearer to the spinneret [76]. Mandrel collector, plate collector, steel sheet collector, edge type collector, rotary drum collector, dual rings collector, and grid type collector are used by the researchers, based on the properties and applications of the fabricated fiber. Other than these, a syringe pump is needed with a feeding rate from 0.1 to 60 mL/h for the electrospinning process [78].

Mechanism of electrospinning

The electrospinning method is relied on the application of high voltage to fabricate charged jet to overcome surface tension in the charged polymer liquid by generating mutual repulsive forces and is performed chiefly by bending instability associated with the electrospinning jet caused attenuation of the charged jet for thinning. Voltage is applied between the spinneret and collector and builds up on the surface of the solution as a surface charge. The electrostatic repulsion force of surface charges overcomes surface tension when the electric field exceeds a given value, and a charge fluid jet is ejected from the tip of the Taylor cone. Then an unstable rapid whipping of the jet arises in the region between the collector and the capillary tip which leads to the evaporation of the solvent thus fibers are fabricated [START_REF] Mohamadi | Morphological and Mechanical Properties of Electrospun Polyurethane Nanofibers-Air-Filtering Application, Electrospun Nanofibers[END_REF].

Factors affecting electrospinning

The parameters of influence in the electrospinning process are categorized into three main group factors: solution parameters, process parameters and environmental parameters. The fabrication of smooth fibers without beads depends on these parameters. Therefore, a full understanding of these parameters is required to obtain electrospun nanofibers without beads.

Solution parameters

Polymer solution has a main role in the morphology and diameter of the electrospun fibers. The existence of beads within individual fibers in electrospinning reflects the properties of the electrospun solution, especially its surface tension and viscosity. Solution parameters are classified into polymer concentration, viscosity, surface tension, molecular weight, and conductivity [START_REF] Mohamadi | Morphological and Mechanical Properties of Electrospun Polyurethane Nanofibers-Air-Filtering Application, Electrospun Nanofibers[END_REF].

Concentration

There is inadequate entanglement of the polymer network which at low concentrations of polymers, results in bead formation. By increasing polymer concentration, the fibers are formed with some beads. Finally, with more rise in polymer concentration pure fiber is created [START_REF] Stachewicz | [END_REF]. Shenoy et al. in 2005, found a semiimperial relation from which it can be decided whether the process employed is electrospraying or electrospinning. If solution entanglement number(𝜂 𝑒 ) 𝑠𝑜𝑙𝑛 showed that lower than 2 the beads are formed, the jet forms into beaded fibers between 2 and 3.5 and when the factor is higher than 3.5, the pure fibers are fabricated by electrospinning technique. The solution entanglement number(𝜂 𝑒 ) 𝑠𝑜𝑙𝑛 is found by the following equation from polymer volume fraction φ, polymer entanglement molecular weight𝑀 𝑒 , and polymer molecular weight in solution Mw [81,82].

(𝜂 𝑒 ) 𝑠𝑜𝑙𝑛 = φMw 𝑀 𝑒 (2-9)
Gupta et al. in 2005, stated that there is no sufficient overlap between chains when electrospinning dilutes the solution of the polymer droplet. Droplets and some beaded fibers emerge with an increase in concentration. Further increase in polymer concentration is involved by the advent of beaded fibers. He received uniform fibers without any beads at high concentration polymer solution [83].

Viscosity

The viscosity of the polymer solution is a function of polymer concentration. Therefore, beads form in lowconcentration polymers. When only beads are shaped, it only refers to electrospraying or beads on fiber electrospinning. The mobility of polymer chains increases and their arrangement is aligned during electrospinning as the viscosity decreases, creating fibers with small diameters having a high degree of crystallinity, orientation, and strength. Polymers with high concentrations have higher viscosity even at lower values of high voltage from electrospun fibers. Therefore, it could be concluded that the viscosity of the solution has a significant role in estimated morphology and fiber size by electrospinning. At very low viscosity beads are afforded instead of fibers and at very high viscosity, it is difficult to emerge polymer solution and optimum viscosity is needed to create fibers using the electrospinning method [84,85].

Surface tension

The surface tension of the solvents has a major effect on the electrospinning process. Electrospun fibers without beads are gained by decreasing the surface tension of the solution. As surface tension is increased, the electrospinning is disturbed which produces spraying droplets because of the jet's instability. In addition, the lower surface tension of the solution facilitates it to build electrospun fibers at a lower voltage. The surface tension of the solution determines the lower and upper boundaries of the electrospinning process [86]. Zuo et al., 2005 show that as the distance between the needle tip and collector increased because of axis-symmetric instability beads formed within fibers [87]. It was observed that increasing the solution surface tension resulted in beaded fibers morphology at the constant flow rate, conductivity, and applied voltage [88].

Molecular weight

As a rule, there is a reverse proportion between molecular weight and polymer solubility. However, there is a direct proportion between polymer molecular weight and physical properties such as rheology, flexibility, chain entanglement degree, and polymer solution viscosity. Therefore, suitable electrospun fiber without beads can be gained from a polymer solution containing low enough polymeric material viscosity to allow the formation of a jet and at the same time have the highest possible percentage of polymeric material [89].

Conductivity

In general, charged ions have the main effect on the jet formation and the polymer solutions are considered conductive. Ionic salts, applied solvent and type of polymer control the conductivity of the solution. The fiber diameter decreases, as the solution conductivity increases and vice versa. It was found that bending instability appears in very conductive polymer solutions and is unstable in strong fields. This leads to the formation of small-diameter electrospun nanofibers and wide-diameter distribution. The conductivity affected the bead content of the electrospun nanofibers. Fong et al. combined sodium chloride with an aqueous solution of polyethene oxide which reinforced the charge density and resulted in the beads gradually disappearing from the fiber to create uniform nanofibers of polyethylene oxide (PEO) [90].

Processing parameters

Flow rate, needle tip-to-collector distance, and voltage represent other important parameters affecting the fiber diameter and morphology of the electrospun nanofibers.

Flow rate

The flow rate of the polymer solution from the syringe has a great effect on the electrospinning process as it affects the polymer-traveling rate and the initial speed of the jet. In this process, a low flow rate is favorable to have enough time for solvent evaporation and the formation of bead-free electrospun nanofiber. As the flow rate of polystyrene (PS) increases, both pore diameter and fiber diameter increase and the flow rate has a light effect on fiber morphology. High flow rate produced beaded fibers, as before it is attained to the collector there was not enough time for drying [91].

Needle tip to collector distance and applied voltage

To control the fiber diameter and morphology of electrospun nanofibers, the needle tip to collector's distance is also considered. Polysulfone fibers with small diameters are gained as the distance between the collector and needle tip is reduced. For forming bead-free fibers, the dryness of electrospun nanofibers is important. So that to perform the correct solvent evaporation, there is an optimum distance between the needle and collector [START_REF] Si | Electrospun nanofibers: solving global issues, Electrospun nanofibers for energy and environmental applications[END_REF]. On the other hand, applied voltage shows a significant factor in the electrospinning process due to controls, the strength of the electric field between the drawing force strength and the needle tip to the collector. High voltage is applied for necessary charges on a solution to initiate electrospinning. Lin et al., in 2008 studied the effect of needle tip collector distance and high voltage resulting in small fiber diameter. They concluded that as the needle tip to collector distance and the voltage increased until an optimum value was gained, the fiber diameter decreased to the minimum value. After these conditions, the fiber diameter increased with increasing the distance and applied voltage [START_REF] Lin | [END_REF].

Environmental parameters

Environmental parameters include temperature and humidity, which have a great effect on electrospun nanofibers morphology and fabrication.

Temperature

There is a direct connection between temperature, solvent volatility, and evaporation. Additionally, polymer solution viscosity and surface tension are affected by temperature. Temperature increases the polyamide-6 solution, conduces viscosity reduction and fabricates electrospun nanofibers with decreased fiber diameter.

It can be gathered that cause two opposite effects with the increase in temperature. 1. Decrease of viscosity and, 2. Increase of solvent evaporation rate. Therefore, a decrease in fiber diameter was perceived for polyvinylpyrrolidone (PVP) and cellulose acetate (CA) [94].

Humidity

Increasing the humidity by introducing pores on the surface of the electrospun nanofibers affects the fiber morphology. By controlling the humidity, modified electrospun nanofibers are produced. Humidity affects the electrospun nanofibers diameters. As the humidity increased, the fiber diameter decreased for electrospun PVP nanofibers while it increased for electrospun cellulose acetate nanofibers. Very low humidity can cause problems in the electrospinning process such as a clogged needle tip due to volatile solvents rapidly evaporating. High humidity could help electrospun nanofibers to discharge. Therefore, environmental parameters have a wide influence on the electrospinning process [95].

Applications of electrospun nanofibers

Electrospinning is employed to fabricate and assemble nanofiber mats into membranes to be used in several applications such as protection, nanosensors, biomedical, and protective clothes. Nanofibers look like most organs and tissues such as skin, bone, cartilage, and collagen, hence, they can be used in the biomedical fields focusing on wound dressing, tissue engineering, enzyme immobilization, and drug delivery system.

Electrospun nanofibers have unique properties such as a high surface area to volume ratio, uniform morphology, and inter/inner porosity so they are promising candidates as scaffold biomaterial. Moreover, nanofibers raise cell adhesion, protein absorption, cell differentiation and cell growth. Nanofibers are utilized also in filtration as nano and micro filters based on membrane design because these nanofiber mats have pores that larger particles (contaminants) hold back such as paper filters while allowing small particles and liquids to pass. In addition, affinity membranes, which have many applications in environmental and biomedical fields, are created that remove the contaminant targets and selected immobilized targets.

Nanofibers also created a reasonable modification for antibacterial applications. Generally, the fields of application of nanofibers are immense and some are briefly discussed below [91].

Nowadays, the employment of electrospun nanofibers fabricated via electrospinning for a wide range of potential applications is gaining interest, which is summarized in Figure 2-11 [78]. 

Tissue engineering

Baghersad et al. extracted the aloe-vera powder as a herbal drug and was used to fabricate by electrospinning technique a biocomposite gelatin/aloe vera/poly (ε-caprolactone) nanofibrous scaffold. The optimization of mechanical, physical, and hydrophilicity properties of produced scaffolds was performed using the Response surface methodology (RSM) method. The results showed that the optimum properties such as low diameter and uniform size distribution of nanofibers, ideal biological characteristics and suitable mechanical properties were acquired using a gelatin concentration of 10%, aloe-vera concentration of 7.3% and gelatin/aloe-vera flow rate of 1.2 ml/h. It was found that the incorporation of aloe vera in this ternary electrospun scaffold raised the fibroblast proliferation compared to poly (ε-caprolactone) and gelatin-poly (ε-caprolactone) scaffolds. In addition, the fabricated scaffold showed suitable drug delivery, antibacterial activity and biodegradability which could be used for skin tissue engineering applications.

Electrospun nanofiber web was deposited on tissue cells by Dalton et al. in 2006 and was used for tissue engineering applications and to remove cytotoxic solvents.

RSM is a helpful method for predicting and optimizing the effects of some independent variables on the response. Among diverse Designs of Experiment (DOE) methods, Box-Behnken design (BBD) has been used in many researches due to preparing fewer experiments. A Box-Behnken design resulting in 17

experiments with three parameters (gelatin concentration (X1), aloe-vera concentration (X2) and gelatin/aloe-vera flow rate (X3)) and three levels were utilized for optimizing the produced nanofibrous scaffold. The fiber diameter (nm), contact angle (°), strain (%), and tensile stress (MPa) were chosen as the responses [96].

Electrodes for supercapacitor

The application of electrospun fibers in capacity storage materials and clean energy has also been broadly considered. The energy density and capacitance (5Whkg -1 , 80-100 F g -1 ) of supercapacitors are times higher than that of conventional capacitors. It is discussed as a nice energy storage device because having the advantages of large capacity, small volume, high power density, fast charging speed, long life cycle, green environment protection, wide working temperature limit, and high reliability and safety.

Lai et al. noted a core-shell structured carbon fiber growing MnO2 nanorods or MnO2 nanosheets on

NiCo2O4-doped carbon fibers (marked as NCCF@MnO2 NR and NCCF@MnO2 NS, respectively) to receive composite fiber materials with core-shell structure via redox deposition method. Utilized them as electrode materials for flexible supercapacitors. It can be deduced that NCCF@MnO2 NR and NCCF@MnO2 NS have high porosity. The capacitances of NCCF@MnO2 NR and NCCF@MnO2 NS are, respectively, 827 F g -1 and 918 F g -1 (based on the active materials) at a scan rate of 2mV s -1 , and they showed good cycling ability after 2,000 cycles with 87.6% and 83.3% retention [78].

Air filtration

Nanofiber mats are being applied in air filtration. Nanofiber mats enable good efficiency in air filtration due to their smaller dimension. The nanofibers utilized in filtration are up to 800 times smaller than the traditional filtration media. By adsorption and physical trapping mechanism, the electrospun membranes can remove all airborne particles with diameters between 1 to 5 μm. For this purpose, the nanofiber membrane is a potential answer for indoor air filtration. Because of their high porosity and large surface area, they could permit good air circulation by allowing more air to pass through and also capture the dust [73].

Sensor applications

The development of different fields, such as environmental protection or medical diagnostics, has increased the demand to detect and monitor specific analytics through analytical tools. Sensors and biosensors meet this demand, allowing highly sensitive and selective specification of numerous molecules in analyzed samples. Nanotechnology has developed a specific interest among researchers and has led to the providing more sensors that are sensitive with good performance. Nanofibers have some properties that are inaccessible in bulk materials and give the desired and interesting features to traditional sensor design techniques. The utilization of nanofibers permits the improvement of standard approaches, leading to smaller sample volume, higher loading capacity, and opportunity for miniaturization of the designed sensing platforms [3].

For decades, piezoelectric materials have attracted lots of attention since the materials could be used in various fields of electromechanical applications. Such materials are capable to transform the information and data of structural deformation to an electrical signal, according to the principle of the piezoelectric effects. This ability means the connection between electrical energy and mechanical energy.

Nowadays, the researchers of self-powered sensors relying on piezoelectric nanofibers have great notice since the materials are capable to harvest energy from daily life and movement. PVDF is better than other piezoelectric materials because of their greater flexibility, which is necessary for sensor applications.

Samiran Garain performed a novel method to produce electrospun cerium (Ce 3+ ) doped PVDF/graphene polymer as an ultra-sensitive pressure sensor. Results show that the pressure sensor built by the films could detect very light vibrations made by wind flow, which is a lightweight object due to the films being so sensitive. Xumin Pan produced a self-powered flexible piezoelectric vibration sensor through electrospun PVDF fibers. The sensor was coated with a PDMS substrate. This study focused on the link between the output voltage and the frequency of vibrating objects, which in turn is novel. It was proved that the deviation caused by the resonance would lead to signal distortion [97]. 40

Analysis and Prediction of Electrospun Membrane Properties using Response Surface

Methodology

Haijun et al studied the affection of process parameters on the fiber diameter of nanofibers electrospun.

Truly, the goal of this research was to predict fiber diameter with domain processing parameters by RSM and BBD models. Four processing parameters (solution concentration, voltage, collection distance, and rotation speed) were noticed as the main parameters in experiments; they included the processing parameters in BBD models to assess fiber diameter.

The Finally, the high value (94.90%) of adjusted R 2 shows that the model has great significance. The single effect of collection distance, solution concentration, collection speed, and voltage on nanofibers diameters is shown in Figure 2-14. The results exhibit that solution concentration had a great significant effect on nanofibers diameters than collection distance, voltage, and collection speed [98]. In this work, we chose electrospun nanofibers as a substrate for sensing due to their specific properties such as lightweight, high surface area, and porosity that prevent the blockage of the air passage in filtration systems. We used thermoplastic polyurethane as a flexible and elastic polymer. Solutions were prepared in various concentrations, and the best polymeric concentration was determined by measuring the solution's viscosity and using the overlap concentration theory. Finally, the parameters of the electrospinning machine were optimized using Design Expert software and the nanofibers were produced.

Conductive nanofibrous membranes

Polymer-based materials with high thermal conductivity, electrical conductivity, and flexibility are receiving increased attention because of increasing demands for raised flexibility of wearable technology and miniaturization of smart devices. While the majority of pure polymers show low thermal and electrical conductivity, a standard method to enhance both is the addition of highly conductive fillers into the polymeric matrix. Different fillers with great conductivity, such as CNTs, copper, aluminum and silver nanoparticles, to promote electrical and thermal conductivity have reportedly been incorporated into polymer matrices. However, recent studies have displayed that the conductivity process may result in increased cost and the deterioration of mechanical, processing, and rheological properties originating from the high loading fraction necessary to create a conductive network [99].

Electrically conductive polymer composites have been widely investigated owing to their significant functional application in many fields, such as electromagnetic interference (EMI) shields, sensors, environmental repair, supercapacitors, and so on. The composites including the insulated polymer matrices and conductive fillers began to sharply increase in conductivity and rapidly transform from electrical insulator to conductor when the contents of fillers in the composites reached a critical value. Therefore, the filler characteristics, such as the dispersed and electrical properties were very important to the electrical conductivity of the composites [100].

In-situ conductivity

Recently, carbon-based nanomaterials such as CNT, carbon nanofibers, graphene, and carbon black nanoparticles have been comprehensively studied for use as potential lightweight, high-strain, flexible-strain sensors. They could be used in the fields of health monitoring, human motion detection, smart textiles, and smart garments. The working mechanism of these applications relies on the establishment of a conductive network of polymers with carbon-based nanomaterials.

Yan et al. fabricated a flexible strain sensor with good stability and sensitivity using carbon/graphene composite nanofiber yarn (CNY)/ thermoplastic polyurethane (TPU). These CNYs were fabricated via a multi-needle electrospinning device, followed by stabilization and carbonization processes. They investigated the effects of the TPU substrate thickness and the number of CNYs on the sensor performance during the bending and stretching processes. The results exhibited that the level of stability of the strain sensor first increased with the increase of CNYs, nonetheless, as the number of CNYs was further increased it decreased. Continuingly, as the number of CNYs, increased the mean gauge factor value decreased as well. On other hand, as the substrate thickness decreased so did the level of stability, but the mean gauge factor value increased. Under an applied strain of 2%, over the first 28 cycles, the mean gauge factor value was N1700 when the substrate thickness and the number of yarns were 129 and 4 μm, respectively.

Meantime, the strain sensor during 28 stretching relaxation cycles exhibited a high level of stability. The coefficient of variation of the gauge factor was only 1.9% at an increased substrate thickness of 185 μm.

The fabricated strain sensor may also detect delicate deformation. Such CNY strain sensors could be utilized in several fields, such as health monitoring and smart textiles [45].

Polyacrylonitrile (PAN) nano-web sheets reinforced by carbon nanotubes were fabricated by an electrospinning process. A homogenizer device through high shear mixing dispersed mechanically the multi-walled nanotubes (MWNTs). An electrical percolation threshold of less than 0.5 wt.% of MWNT is provided by the spinning solution. The mean fiber diameters range from 320 to 750 nm depending on the concentration of PAN and CNT. From the view of the electrical condition, the electrical volume conductivity from 2 × 10 -12 S/m for pristine PAN to 4 × 10 -6 S/m for PAN incorporated with MWNT is changed, which shows about six orders of magnitude in electrical conductivity changes. In this research, for the reinforced nanofibers, the electrical volume percolation threshold was obtained at very low loading percentages of MWNTs corresponding to 0.5 wt.%, while the electrical surface percolation threshold was not reached even at 1.5 wt.% concentration. Increasing the pressure on the specimen showed no significant changes in surface resistivity between pristine PAN and reinforced nano-webs. In the other words, there was no notable change to the applied load in surface resistivity (Figure 2-15). These issues can be clarified by two approaches: the first one is "electron hopping or tunneling," and the second one is "the percolation threshold theory". When the percolation threshold is achieved, it creates a conducting path of conclusions, where an obvious distance between fillers is achieved. Then, when the fillers are not in direct physical contact but are close enough, electron hopping or even tunneling occurs. The volume resistivity with the pressure on the specimen shows an exponential decrease (Figure 2345678910111213141516). Observing such behavior is very interesting in the field of sensor development [101]. Jinrui et al. shear-mixing and simple self-assembly methods were used to develop a conductive epoxy composite reinforced with MWCNTs included three-dimensional cellular structures. These composites suggest an ultralow percolation threshold (0.032 wt.%), high strength (37.09 ± 1.28 MPa), high modulus (2.88 ± 0.14 GPa), and an exceptional toughness (3.25 ± 0.12 GJ m -3 ). To be the primary toughening mechanism is toughened by the synergistic toughening effect of tung oil-based diglycidyl ester (TODGE)

and MWCNTs, created by cellular structures. This toughness is significant for conductive epoxy composites. The volume exclusion effect of the cellular structure results in excellent electrical properties.

The reinforcing effect of MWCNTs in the cellular structure leads to an outstanding modulus and tensile strength. This smart thermoset composite design methodology according to the requirements of their applications provided a good place for developing future multifunctional thermoset composites with favorable mechanical properties [102]. In this study, multiwall carbon nanotubes, carbon black, and liquid ionics were added to a polymeric solution in varying percentages to incorporate conductive materials into the membrane's structure. The viscosity and conductivity of the solutions were measured, and the electrospinning parameters were optimized accordingly. While microscopic images and mechanical curves confirmed the presence of particles within the nanofibers, no surface conductivity was achieved due to the pores in the fibers, which prevented the formation of conductive pathways, the large distance between particles caused by the high elongation rate of electrospinning, and the inhomogeneous distribution of carbon black between filaments, coupled with a lack of bond between nanofibers due to the rapid evaporation of solvents during electrospinning.

Surface conductivity

Surface conductivity in the adjacency of the charged interfaces is the further conductivity of an electrolyte.

The electrically driven motion of ions in an electric field affects the volume and surface conductivity of liquids. Now, wearable strain sensors have been a hot research topic due to their appealing application in electronic skins, biomedical monitoring, wearable electronics, etc. A great challenge for the design and development of conductive nanofiber composites is having good performance in wearable strain sensors that have high sensitivity and great working strain and being used in different environmental conditions such as very cold and corrosive environments. Conductive polymer composite for strain sensors is a suitable candidate because of their flexibility, easy processing, lightweight, and low cost. The resistance changes when is conductive polymer composite subject to a strain affected by the external force such as pressing and stretching is generally introduced by the sensing mechanism [107]. The conductive polymer composite-based strain sensor is usually prepared by mixing the conductive nanofillers such as carbon nanotubes and graphene with the rubbers or elastomers via melting or solution processing [108]. Nonetheless, a high filler concentration is necessary to attain high conductivity, which can increase the density while decreasing the flexibility of the conductive polymer composite in lot cases.

Additionally, the conductive nanofillers deteriorating material performance includes strain sensing behavior since they are especially high in simply aggregated nanofiller content in the polymer matrix. sensor. This study shows the effect of the network structure created under different rotating speeds of the fiber collection device in the electrospinning process on the electrical response of the polyurethane/carbon black strain sensor (Figure 2-20). The fiber diameter and its structural properties change under the stress field by adjusting the rotation speed of the nanofibers collection device in the electrospinning process, which leads to a change in the structure of the polyurethane nanofibers matrix and the conductive paths made by carbon black particles. Therefore, under stress stimuli, it shows different conductivity resistance. This structure causes the sensor to display combined properties of great sensitivity under stretching strain (gauge factor of 8962.7 at 155% strain), excellent durability and stability (> 10,000 cycles), a fast response time (60 ms), and a broadly workable stretching range (0-160%) [112].

In another research, Yang et al. prepared a conductive nanofiber composite with a hierarchical structure that included thermoplastic polyurethane nanofibers as core and Ag NPs as a shell by depositing Ag NPs on the surface of thermoplastic polyurethane nanofibers. For this purpose, the hybrid coating of tannic acid and hydrolyzable 3-aminopropyltriethoxysilane (APTES) was utilized. The designed strain sensor exhibits high tensile strength with a maximum strain of 565% and high sensitivity with a gauge factor of about 6886 [113]. Comparing gauge factor in tension and bending test, they found that the tensile strain was a great effect on the variation of normalized resistance [2].
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Most of the strain sensors that have been reported so far are not able to simultaneously achieve high sensitivity and wide sensing range, which limits their application. Strain sensors based on one-dimensional conductive materials can have a significant strain range, but their sensitivity is reduced. Strain sensors based on two-dimensional conductive materials can have higher sensitivity, but their stretching range is finite.

MXenes, a novel class of two-dimensional (2D) transition metal carbonitrides and carbides provide metal conductivity, hydrophilic surface and outstanding mechanical properties, thus, displaying significant potential in the area of electrochemical energy and growth of the subsequent generation high sensitivity strain sensor.

In addition to electrospinning as an effective method of nanofibers fabricating, electrostatic spray deposition (ESD) is an efficient, low-cost, simple, and flexible atomization deposition process, by which the atomized droplets at the micro-nano-scale could be simply adjusted. The deposition rate of ESD technology is higher than with other thin film deposition technologies such as physical vapor deposition (PVD) or CVD.

Fang et al. fabricated via a composite process of electrospinning and electrostatic spray deposition, a new flexible electrically resistive-type MXene/thermoplastic polyurethanes-based strain sensors. Compared with other deposition processes, the sensing layer prepared by electrostatic spray deposition provides higher adhesion to the electrospinning of thermoplastic polyurethane nanofiber substrate and during the stretching process, it is not simple to crack, thus, significantly curing the working range of the strain sensor. It helps distribute the stress uniformly with the crisscrossed porous structure of the nanofiber substrate. Using these unique advantages, the workable strain range has been significantly improved (from 19% to 42%). The additional electrospinning encapsulation sandwich structure helps in curing the adhesion between the MXene layer and nanofiber membrane and provides more uniform stress distribution. Therefore, increased the strain sensing range up to 70% compared to the same cases. The repeatability test (1000 cycles) displays that the composite process of electrostatic spray deposition -electrospinning strain sensor provides suitable durability. This research enables a practical and significant technique to design highly sensitive and stretchable strain sensors for human motion monitoring [114].

Here, we utilized the inkjet printing method to print various patterns on the surface of nanofibers using carbon ink. This was done as surface treatments such as the immersion method may block the pores. Next, we performed characterizations, including SEM imaging, mechanical and electromechanical property testing, and cyclic extension testing. Different printing patterns and nanofiber structures were employed to obtain varying properties, and the samples were tested in a ventilation tunnel to measure their pressure drop and resistance change under different velocities of the filtration system.

Printed sensors

In the last 20 years, sensors have made significant advances due to electronic technology, automation technology, and advancements in manufacturing technology. Future developments in sensor technology will affect diverse sectors, including the Internet of Things (IoTs), wearable devices, healthcare, and electronic skin. The sensors field has made several significant advances over the past few decades, including sensing accuracy, resolution, measurement range, robustness, etc. However, these devices are usually made out of silicon or other semiconductor materials with subtractive manufacturing methods. This leads to several problems, including rigidity, unbending, high hardness, and large volumes, which limit the development and application of sensors [115]. It may be possible to develop flexible sensors and electronics rapidly by using printing technology, which can produce electronic circuits and devices on a variety of substrates in a cost-effective manner [116]. There are two types of printing fabrication technology for flexible sensors: contact printing and non-contact printing. Among the contact printing technologies, gravure printing, gravure offset pris, and flexographic printing are the most common. Non-contact printing technologies include screen printing, slot-die coating, and inkjet printing. By adjusting the process parameters, it is easy to print high-resolution patterns using non-contact printing, as its characteristics include simplicity, affordability, high speed, adequate quality, and adaptability [117,118].

During inkjet printing, functional ink materials are deposited directly, precisely, and repeatedly on the substrate at specific locations, forming specific shapes and structures without using photomasks, stencils, or other auxiliary equipment. For traditional silicon-based sensors, three steps are required to achieve a specific structure, while inkjet printing requires only one step, simplifying the manufacturing process.

MEMS sensors, for instance, require extensive deposition, photolithography, and etching processes, which are time-consuming and complex [119]. In addition, inkjet printing is capable of rapidly fabricating various ordered microscopic structures with high resolution and large areas. As a result, inkjet printing has been considered a promising technology for fabricating flexible electronics. Inkjet printing has been around since 1990 when it was widely used in the publishing and graphics industries, but it wasn't until nearly 20 years ago that it became recognized as a promising digital and non-contact method for electronics manufacture and shed light on a broad array of applications. These include flexible sensors, light-emitting diodes, thinfilm transistors, memory devices, solar cells, and ultracapacitors. There have been reports of flexible sensors based on inkjet printing technology. Many researchers are using inkjet printing technology to develop new flexible sensors, such as gas sensors, biomedical sensors, temperature and humidity sensors, and other sensors [120,121].

Functional materials

The selection or development of functional materials for printed flexible sensors isn't an independent step but an integral part of the above sensing mechanism design and pattern design process. Printing materials serve as carriers for the physical realization of sensing mechanisms and patterns; on the other hand, their properties and characteristics also provide ideas and guidance for the creation of sensing mechanisms and patterns. At present, flexible sensors based on printing can be divided into two categories: (I) substrate material; (II) ink material. Next, we will go through the characteristics of different materials in detail and what needs to be considered when researchers choose these materials.

Substrate materials

Printed flexible sensors still use PET, polyethylene naphthalate (PEN), PI film, PDMS, PU, and textiles (such as PAN fabric, PP non-woven fabric, nylon woven fabric, and basalt fabric) as substrates. The lightweight of flexible substrates makes flexible sensors more versatile than conventional silicon-based sensors due to their excellent qualities of flexibility, transparency, and stretchability. The high applicability of inkjet printing reduces the need for flexible substrates [122].

Functional ink materials

Ink materials are one of the most important printing materials for flexible sensors since they carry electrical signals. The majority of ink materials exist as solutions, which need to meet certain requirements to print correctly on different plastic or paper substrates.

Additionally, to the core ingredients (such as metal nanoparticles, functional polymers, carbon nanotubes, etc.), organic solvents (such as dodecane, toluene, and butylbenzene) and volatile solvents (such as isopropanol, ethanol, and terpineol). As part of the printing process, the rheological properties of the ink are also controlled, such as viscosity, surface tension, stability, particle size, and density, contact angle, leveling performance, and evaporation rate [123].

Carbon ink series:

In the carbon ink series, graphene and CNTs are the most promising and representative candidates. The electrical properties of carbon ink series materials are sensitive to gas environments, so they have a wide application prospect in detecting gas contents, such as humidity, oxygen, and ammonia.

Graphene is becoming increasingly attractive for inkjet printing low-cost and flexible sensors because of its fascinating physical properties (such as high conductivity, thermal stability, biocompatibility, and manufacturing scalability) and electrical properties (such as massless Dirac fermion charge carriers, quantum Hall effects at room temperature, and ambipolar field effects). In addition to their excellent mechanical, electrical, and optical properties, CNTs, especially single-walled carbon nanotubes, are also receiving increasing attention because of their high strength, flexibility, current capacity, large surface areas, and metal/semiconductor characteristics [124].

Flexible sensors are most affected by two main factors during the printing process: 1) Resolution. With a high resolution, more conductive or sensitive materials can be used in a smaller area, resulting in lower resistivity and higher sensitivity. 

Material extrusion (ME)

A broad range of material extrusion (ME) methods can be classified as 3D printing technologies (3DP), including liquid deposition, micro dispensing, direct writing, and robocasting. The ME method is one of the most commonly used methods for printing conductive materials in electromagnetic (EM) studies and applications. A pressurized syringe is mounted on a moving gantry system, which controls the pattern of material dispensed to disperse material. The build platform is either lowered or the printing head is indexed, and the next layer is added after each layer has been constructed. It is possible to move the gantry system in more than two axes, which allows ME to be easily adapted to conformal printing, making it ideal for printing flexible, compact, or encapsulated devices. ME benefits from low equipment costs and availability, as well as the simplicity of printing.

A key benefit of ME is that it can be extruded at a low temperature, which allows temperature-sensitive materials to be processed. Although ME allows the use of a wide variety of materials, it can be challenging to synthesize and store them in some cases. Among the materials used in ME are conductive, resistive, dielectric, ceramics, ferrites, viscoelastic, and adhesive pastes.

Many factors contribute to the quality of the ME process, such as the resolution of the process, substrate compatibility, formulation of the material, and post-processing. Several printers have been adapted to use micro dispensing techniques to improve resolution and produce fine details. Process resolution is influenced by the extrusion material, substrate, and dispensing nozzle diameter. For the printed pattern to adhere and be accurate, substrate compatibility and substrate roughness must be considered. It is also important to consider how the printed material interacts with the substrate, for example minimizing bleeding and spreading that can result in bridging and shorts in printed electrical structures.

In addition to rheological properties, useful working life, shape retention, and material safety, extrusion material formulation affects print quality. To improve the accuracy and speed of the printing process, manufacturers have improved the rheological properties of the printing process, especially the start and stop of the printing process at the nozzle. Also, the useful working life plays a significant role in the quality and consistency of the product [129]. fabricating scalable conductive networks using controllable IJP processes. Inspiringly, it also demonstrated excellent humidity response capability owing to the intrinsic hygroexpansive property of ANFs, as it could detect changes in RH between 50% and 80% as well as moisture emitted by multiple objects such as a fingertip, cotton swab, and PU sponge [131].

A simple and low-cost fabrication process for 0-3 PZT-PDMS thin films has been reported by Sappati et al. When the finger is bent and released, an open circuit voltage of 4.7 V is generated.

Composite films have better piezoelectric and dielectric properties than piezoelectric polymers, such as PVDF. Compared to piezoelectric polymers such as PVDF with Young's modulus of 2.5 GPa, these composite films are highly flexible with a lower Young's modulus, making them ideal for tactile sensing applications such as robotic e-skins. Low-cost flexible tactile sensing can be achieved using the proposed films [132].

Conclusions

The nanofibers fabricated by the electrospinning process have several advantages, and the produced fibrous membranes meet diverse requirements of air-filtration and sensor materials, such as high porosity, suitable pore channel connectivity, high specific surface area, and small fiber diameter. Parameters that affect the electrospinning process are ordered into three basic group factors: solution parameters, process parameters and environmental parameters. The fabrication of smooth fibers without beads and selective fiber diameter depends on these factors.

Overall, the different approaches discussed in this chapter led to the development of a wide range of stretchable, flexible, and wearable electronic textile structures with quite a performance. Notable developments have been gained in terms of fabrication, understanding the sensing mechanism, and applications of resistive textile strain sensors. This is because resistive strain sensors are built of only one conducting textile electrode and are thus simple to manufacture through many approaches such as coating, electrospinning, composite fiber spinning, geometrical manipulation, and knitting.

A diverse range of conducting materials such as conducting polymers (e.g. PANI, polypyrrole (PPy), and PEDOT:PSS), carbon-based materials (e.g. CB, CNT, and graphene) and metallic conductors (e.g. AgNP,

and AgNW) have been utilized in producing textile strain sensors. It is needful that the textile possesses enough electrical conductivity that allows resistance measurements throughout the stretching and releasing deformations. Thanks to the high sensitivity and wide working strain, these sensors can be applied to monitor and distinguish various body motions including large and delicate human joint movement even in corrosive conditions. The superhydrophobic and multi-functional conductive nanofiber composites provide potential applications in waterproof wearable electronics.

Finally, it is significant to distinguish that each application demands special sensing requirements. The increased capability of available textile sensors in detecting both small to large deformations and also a range of motions from torsions to extension have provided the conditions for various applications.

According to the mentioned applications for nanofibers as practical sensors, sensors can be produced to detect the clogging of air filters by making them functional from in-situ conductivity or surface conductivity.

By changing the applied airflow in these sensors, deformation occurs and this mechanical change can create electrical signals to detect clogging in the air filters.

3 Chapter 3: Design and Fabrication of Sensory Substrate

Introduction

The textile-based strain sensor, related to wearable and flexible strain sensors, is a smart material comprised of textiles, which is able to effectively sense strain and stress. Sensing refers to the phenomenon in which the capacitance and electrical resistance of a material changes with strain, etc. [1][2][3]. Wearable and flexible sensors have been largely considered, mainly because of their broad applications containing human activity monitoring, human-machine interfaces, electronic skin, human health detection, and intelligent robots [4,5]. Strain sensors possess properties of good flexibility, high sensitivity, and good stretchability [6]. These capabilities are provided by the use of conductive materials and their placement in devices. Traditional strain sensors based on metal foils or semiconductors achieve good sensitivity performance. However, they are generally heavy, rigid, and possess weak stretchability (<5%), which means they are not really wearable and flexible strain sensors [7,8].

Here, an attempt is made to present different substrates used for textile-based sensors. According to different external morphological structures and production stages of textiles, the research progress of staple fiber strain sensors, staple and filament sensors and fabric sensors in recent years is introduced. The preparation method, performance and applications of textile-based sensors are described. In general, there are two ways for preparing textile-based sensors with prominent sensitivity and stability. One is to prepare conductive textiles via spinning and weaving techniques [9,10]. The other is depositing conductive materials on the surface of textiles [11]. From fibers to fabrics, textiles possess many unique properties containing conformability, breathability, deformability, durability, and washability. Therefore, textiles are noticed as a suitable material for creating sensors with high sensitivity and stability, despite of their weak conductivity and electrochemical properties. According to fabrication phases and the morphological structure of textiles, the preparation method of staple fiber sensors, staple and filament yarn sensors, woven, knitted and nonwoven fabrics sensors and nanofibers sensors are used [12].

Recently, piezoresistive sensing layers have mainly been fabricated by incorporating conductive nanomaterials into flexible substrates, such as nanowires, graphene, carbon nanotubes, and nanoparticles.

The piezoresistive effect of the sensor is often related to the deformation behaviors caused by the mechanical force in the piezoresistive sensor layer and the electrode layer, which can change the effective contact area between the sensor materials and thus cause resistance changes in the sensor. Henceforth, surface microstructures have a great effect on improving pressure sensing performance. In particular, to further improve the sensitivity and response speed of a device, it is necessary to introduce nanostructures on the electrode or piezoresistive layer to achieve a certain deformation behavior under low applied pressure [13]. Although they achieve significant sensitivity, most of these devices are comprised of conventional textile structures consisting of micron fibers on a larger scale. Based on the reasons mentioned above, the integration of nanofibrous structures in a textile-based sensor represents an effective strategy to meet the requirements of advanced sensor properties. For nanoscale sensor production, the electrospinning method provides a simple, adaptable, and scalable strategy with a highly interconnected nanofiber structure. Note that electrospun nanofibrous structures have a very high specific surface area and porous microstructures and have been widely used in high-performance wearable electronic devices as well as providing remarkable performances [14]. Among various polymers, PU can be easily electrospun as fibrous substrates, resulting in remarkable properties such as outstanding flexibility, stretchability, and mechanical properties.

Wang et al. studied the aligned electrospun PU nanofibers for strain sensors, which were fabricated by integrating the solution with CNTs while electrospinning and using a dynamic collector. For parallel PU nanofibers, when the collector speed increased from 1500 rpm to 4500 rpm, a great increase was observed in the mechanical properties including tensile strength from 12.09 ± 0.35 to 14.60 ± 0.51 MPa and Young's modulus from 4.31 ± 0.13 to 10.21± 0.16 MPa. On the other hand, a decrease in elongation at break was observed from 293 ± 13 to 192 ± 15%. It is worth noting that the high-speed rotary collector applies a large tensile force to the nanofibers, which increases the alignment degree of the molecular chain in the nanofibers and, as a result, enhances the mechanical properties, including their tensile strength and Young's modulus. The composite nanofibers have clearly demonstrated their high potential to be utilized for developing wearable strain sensors [15].
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PU nanofibrous substrate in combination with AgNWs can conjoin the excellent conductivity of AgNWs, elasticity of PU fibers, high specific surface area, small diameter, and high porosity of nanofibers. The PU nanofiber substrate has very good elasticity, which can have a significant effect on the performance of the strain sensor. According to the results of Liu et al., the tensile failure of PU/AgNWs was 3.21 MPa, the strain was 135.98% and the Young's modulus was 0.75 MP. With the addition of AgNWs, it was observed that the failure stress and strain of the PU substrate increased clearly, but Young's modulus decreased. This could be because the nanowires were spread uniformly on the surface of the substrate and affected the strength and toughness. Therefore, the PU nanofibers substrate has the potential as a strain sensor due to its good mechanical properties, high deformation, high specific energy and short response time, this nanofibrous composite has significant potential to be used for flexible strain sensors. On the other hand, the proper biodegradability of PU makes it a green environmental composite [16].

Li et al. fabricated a novel multifunctional 1D crepe roll structured (CRS) inspired textile yarn strain sensor which was created by strain-sensing sheath 1D-2D AgNWs/GNPs (graphene nanoplates) nanocomposite, core polyurethane yarn, and wrapping polydopamine (PDA) film layer. The 1D CRS strain sensor shows intrinsic great stretchability (around 500%), broad working ranges from micro-scale to large-scale (0.01%-125%), superior sensitivity, outstanding water resistance, and multifunctionality in diverse practical applications. During the stretching process, 1D-structured AgNWs served as bridges to connect adjacent GNPs in the microcracks, which originated in the GNPs lamellar structure to partially accommodate the applied stress and boost strain. this multifunctional 1D-structured yarn strain sensor shows considerable potential for the development of next-generation wearable electronics, e-textiles, and biomedical electronics, which could be applied for human-machine interfaces, healthcare-related, biomedical and robotics/prosthetics control-related applications [17].

In this chapter, first elastane yarn with varying densities was selected as a sensory substrate. Next, this yarn was stretched to different extents and PEDOT:PSS was applied using a brushing method. The yarns were also treated with sulfuric acid to increase their hydrophilicity and facilitate the absorption of the polymeric solution. The effect of yarn diameter, strain percentage, and number of PEDOT:PSS layers on electrical resistance were investigated. Finally, the electrical and mechanical properties of the samples were discussed.

In the second part of this chapter, TPU polymers with varying molecular weights were electrospun using different solvents. The electrospinning parameters were optimized using Design-Expert software. Various collectors, including dynamic collectors and structured honeycomb collectors, were employed to enhance the mechanical properties and air permeability. The morphology of the nanofibers was examined, and their 68 diameters was measured. The mechanical properties and air permeability of the samples were carried out.

Finally, they were tested in a ventilation tunnel to measure their pressure drop.

Elastane yarn for sensors

Materials

Elastane yarn with different densities of 334, 475, 940, 1240, and 1880 dTex and connective yarns were purchased from Filix, France, Bekaert, and Shieldex, Germany, respectively. Methanol (viscosity= 0.53 mPa.s, density= 0.79 g/cm 3 ), and sulfuric acid were bought from Sigma. PEDOT:PSS Clevios (F020, viscosity= 63 mPa.s, density= 1.18 g/cm 3 , and conductivity= 3.67 mS/cm) was provided from Heraeus, Germany. Table 3-1 shows the components of PEDOT:PSS solution. 

Methods

Acidic modification to make the yarns hydrophilic

To increase the hydrophilicity of elastane yarn, plasma, UV-visible, electron beam, and acidic treatment were used in the work of Zhang [18]. In this study, sulfuric acid was utilized to treat elastane yarn and enhance its hydrophilicity. The optimal conditions for acidic modification, including sulfuric acid concentration, time, and temperature, were determined. Initially, one meter of elastane yarn was submerged in a 50% v/v solution of water and sulfuric acid, and heated at 80°C. The time at which the yarn ruptured was recorded, and half of that time was chosen as the acidic modification time. However, yarn rupture was observed during the drying of PEDOT:PSS on the surface of the modified yarn. As a result, the time and acid concentration were decreased to prevent damage and reduce the mechanical properties of the yarn.

Finally, the yarns were soaked in 10 cc of water and 5 cc of sulfuric acid solution, heated at 70°C for 1 hour and 30 minutes, washed in a sodium carbonate solution (10% v:v) for 30 minutes to neutralize. Then, dried in an oven at 50°C for 10 minutes.

Treatment by PEDOT:PSS

First, the elastane yarns were fixed in a wooden frame with a length of 40 cm by using 0, 5, 10, 15, 20, 30, their maximum stress and strain. To explore the cyclic extension behavior, the yarn was subjected to cyclic loading and unloading up to 800% strain with the speed of 300 mm/min and for 100 cycles of stretchingreleasing in which the specimens were held for 5 seconds in every loading and unloading. To measure the electrical linear resistance of the elastane yarn, a multimeter (Keithley, France) was used.

Results

Morphological Properties

Optical Microscopy

To measure the diameter of elastane yarn with different densities, optical microscopy was used. At least three measurements were done for each yarn. Figure 3-2 indicates the pictures obtained from the microscope and the diameters of yarns using the microscope's software. The diameters were measured by ImageJ software, and the results were compared. Table 3-2 shows the diameters of yarns with different densities. 

Electrical Properties

The electrical resistance of elastane yarns was measured at a distance of 3 cm using a multimeter after adding each layer of PEDOT:PSS which is presented in Table 3-3. According to the table, increasing the diameter of yarns improves the absorption of polymeric solutions which helps obtain more conductivity after 8 layers of PEDOT:PSS. Conclusively, the yarn with the density of 1880 dTex was chosen as the best yarn. Even after acidic modification of the yarns, their hydrophilicity was not improved, and the absorption of the polymeric solution did not change significantly for the 1880 dTex yarn presented in Table 3-4. After 8 layers of PEDOT:PSS, the resistance decreased from 11.6 to 5.9 KΩ for the modified samples. On the other hand, the strength of the yarns decreased after acidic modification and rupture were observed in some parts of the samples. Moreover, PEDOT:PSS is very sensitive to humidity and temperature which is why the conductivity decreased over time. After 24 h the resistance increased from 11.6 to 15.16 and from 5.9 to 12.16 for non-modified and modified samples, respectively. Table 3-5 indicates the resistance of 1880 dTex yarn with 50% pre-strain using different types of connective yarns. For single-filament copper wire, no resistance was observed which could be due to the different diameters of copper wire and elastane yarn that decreased the connection between them. According to the results, the test was continued by using silver wire with a diameter less than the elastane yarn. it declined again, and resistance stability was observed. However, after releasing the yarn, no significant change of resistance was seen but for some samples, the connection with connective yarns broke and no resistance was measured. 

Electromechanical properties

PEDOT:PSS was not adsorbed by the yarns due to the hydrophobicity even after acid modification of the elastane yarn, as a result just a dried layer of the polymeric solution formed on the surface of the yarn which caused it to get fragmented and changed the conductivity as shown in Figure 3456. That is why the rupture of the conductive region was observed in the tensile test machine and it was not possible to measure the resistance change during the stretch for these samples. In addition, the PEDOT:PSS layer was very rigid but the elastane yarn was very elastic so these layers increase the rigidity of the system and caused the rupture of the polymeric layer during extension. Nonetheless, using methanol as a solvent for the polyurethane yarn and acidic modification did not enhance the hydrophilicity of the yarns and PEDOT:PSS absorption. 3-8 indicates the properties of the solvents [22], and the electrospinning device (Model: Fluidnatek/LE-50B) was from Bioinicia, Spain which is presented in Figure 34567. 

Solution preparation

TPU granules with different percentages were dissolved in DMSO: Acetone (50:50 v/v) and DMF: THF (50:50 w/w) for 3-5 and 5-10 hours using a stirrer, respectively. According to the viscosity of each solution and the molecular weight of the polymers, TPU S680 was chosen as the best polymer to be electrospun.

Viscosity of solutions

The viscosity of TPU solutions was measured at different shear rates before electrospinning using Viscometer (Rheomat RM 100). According to Figure 3-8, the trend of viscosity change was the same for DMSO: Acetone and DMF: THF, which could be because they have equal solubility for polyurethane. 

Optimizing polymeric concentration

To find the proper polymeric concentration for electrospinning, there are two different methods.

i) overlapping concentration formula:
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Where C* is the overlapping concentration, M is the molecular weight of the polymer, NA the Avogadro constant, Rg is the radius of gyration, n is the number of C-C bonding in the original chain, L the length of the bond, and C∞ the characteristic ratio of the polymer [23].

ii) The formula for finding the appropriate shear rate from the feed rate and needle radius of the device:

3 4Q R    (2) 
In which Q is the feed rate (mL/hr), R is the needle radius (mm), and ϒ the shear rate (1/s).

The polymeric solution was prepared in different concentrations and the viscosity was measured from the shear rate obtained by formula (2). The curve achieved from formula (2) shows the overlapping and entanglement concentration according to the change of viscosity [24]. Figure 3-9 shows the viscosity of different TPU concentrations in two shear rates of 9.4 and 23.59 1/s that were calculated from the feed rates of 0.2 and 0.5 ml/hr, respectively with needle radius of 0.3 mm. The feed rates were chosen according to previous studies. The results showed that the 20% TPU in DMSO:Acetone could be the best concentration as the viscosity increased sharply after that point, and the entanglement concentration is also known as proper polymeric concentration for electrospinning.

81 

Statistical Analysis Modelling

To overcome shortcomings such as the time-consuming of conventional and empirical methods the RSM approach can be used. RSM is a mathematical and statistical modelling which is used to examine the effect of independent working factors on the response and moreover, to optimize the value of a factor with low number of experiments to reach desirable responses. RSM uses a second-order polynomial model to predict optimum conditions to get the best result [25]. In this study, in order to investigate and optimize effective parameters on fiber diameter (response), BBD was employed to reduce the time and number of experiments.

The independent variables were examined at three coded levels (-1, 0 and 1 (Table 3456789)) with 17 experimental points (Table 3-10). PU Polymeric solution feeding rate was considered as the effective parameter (independent variable). Analysis of the experimental data was performed by the statistical software Design Expert 7.0. (Stat-Ease Inc., USA). The response model for exhibiting the changing behavior of fiber diameter can be expressed as the following quadratic equation [26].
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Where y is the observable response variable, β0 the constant coefficient, βi are the regression coefficients for linear effects, βii the quadratic coefficients, βij the interaction coefficients, xi and xj are the coded values of the input factors, K is the factor number and ε represents the residual error. 

RSM

Statistical method to investigate the effect of feeding rate

In this study, RSM was used to obtain the effects of different feeding rates (ml/hr) of the polymeric solution, voltages, and distances between the nozzle and the collector on fiber diameter. The parameters and levels are given in Table 3- images were taken according to the electrospinning condition results presented in Table 3-10. According to Table 3-11, the P-value of regressions lower than 0.05 shows that the response model factors, X1, X2, and X3, are significant with a confidence level of 95% [27]. In addition, to obtain a second-order polynomial equation, the factor that is insignificant will be neglected. The obtained model for the diameter is presented below in the form of coded variables. 

Y X X X X X X X X X X X X         
Where, X1, X2, and X3 are the feeding rate of the TPU solution, the applied voltage, and the distance between the nozzle and the collector, respectively. 

One-factor analysis

The morphology of fibers plays an important role in the mechanical, physical, and biological properties of the fabricated scaffolds. As shown in Figure 3-11a, by increasing the feeding rate from 0.2 to 0.6 ml/hr, the diameter of the fibers increases from 1.53 ± 0.15 to 1.72 ± 0.17 µm. A rise in the feeding rate causes the change from a Taylor cone to an onion shape, which results in the production of fiber with different diameters and branching fibers [28]. To study the effect of voltage on the morphology of the TPU fibers, 15, 20, and 25 kV were chosen. Figure 3-11b indicates that the average diameter of fibers decreases with voltage. Increasing the applied voltage, causes the electrostatic force on the surface of the jet to rise as well.

On the other hand, higher voltages result in higher conductivity [29]. Hence, probably more solution ejects from the needle. This causes the jet to be elongated further during the electrospinning process, leading to the creation of fibers with lower diameters. Figure 3-11c represents the effect of distance between the nozzle and the collector on fiber diameter. It is observed that a decrease in the nanofiber's diameter would occur as the distance extends. The reason could be the longer extension time of fibers to the collector and also the longer evaporation time for solvents.

D plots

Figure 3-12 illustrates the three-dimensional surface plots of independent electrospinning parameters. In these plots, two parameters are kept constant at the center points. As could be observed in Figure 3-12a, it was unveiled that fiber diameter decreased by rising the applied voltage whereas it decreased with a longer distance between the nozzle and the collector. Considering Figure 3-12b, it is clear that a rise in voltage and feeding rate would result in a smaller and bigger fiber diameter, respectively. In Figure 3-12c with the rising feeding rate, the diameter of the nanofibers grew and then, with the rise in the distance, a reduction was found in fiber diameter. 

3-3-3-2 Parameter optimization

Low diameter is more desirable due to high surface area and more active area for interacting with a wide range of materials. Thus, in order to optimize the diameter by RSM, it is considered at a minimum level.

Based on RSM, the applied voltage, feeding rate of TPU solution, and distance were determined by 25 kV, 0.2 ml/h, and 25 cm, respectively and the value of the optimized average diameter was obtained 1.53 ± 0.15 µm, whereas the predicted value was 1.51 ± 0.17 µm. SEM images of electrospun fiber at optimized conditions are exhibited in Figure 3-13. It is clear that fibers are smooth within surface morphology, without beads and broken sections. As shown in Figure 3-15 and the results obtained from formula (2), 20 wt % of TPU was reported as an optimal polymeric concentration in DMSO: Acetone. The diameter was measured to be 1.72 ± 0.12 µm. Although it is desirable to use ecologic solvents, especially in industrial projects, the blend of DMF: THF could be the best solvent for polyurethane while increasing the concentration of DMF in THF allows producing smoother and thinner nanofibers [22]. As a result, to produce uniform nanofibers, decrease the number of beads and avoid adhesion between fibers, DMSO: acetone was replaced by DMF: THF with a 50:50 w/w ratio. According to Figure 3-16, the nanofibers were uniform, bead-free, homogenous, and smooth. The diameters distribution histogram was estimated using SPSS software.
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The electrospinning parameters were fixed at 12 kV, 15 cm, 1.5 ml/hr for sample a), 12 kV, 19 cm, 1 ml/hr for sample b), 15 kV, 15 cm, 0.5 ml/hr for sample c), and 20 kV, 15 cm, 0.5 ml/hr for sample d).

In this study, it was attempted to reduce the diameters by increasing the distance and decreasing the feed rate as shown in Figure 3-17. The electrospinning parameters obtained were 15 kV, 17 cm, 0.5 ml/hr for sample a), 15 kV, 23 cm, 0.5 ml/hr for sample b), 15 kV, 23 cm, 0.2 ml/hr for sample c), and 20 kV, 26 cm, 0.5 ml/hr for sample d).
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Finally, TPU 5760 with a concentration of 11 wt.% and DMF:THF (1:1 v/v) were selected as the best polymer and solvents, respectively, based on the results and SEM images. The device parameters were set at a feed rate of 0.5-1.5 ml/hr, distance of 15-30 cm, and voltage of 12-20 kV, using different types of collectors such as static and dynamic with speeds of 200 and 1200 rpm. Ultimately, the optimal parameters were determined to be 12 kV voltage, 1.5 ml/hr feed rate, 15 cm distance, and 200 rpm dynamic collector speed. The electrospinning was conducted horizontally, with the nozzle moving at a speed of 10 mm/min to cover all surfaces of the collector and fabricate large samples. In order to improve the air permeability and mechanical properties of the nanofibers, honeycomb-like structured collectors with holes (each hole measuring 0.04 cm in length) and without holes were fabricated using 3D printing (Creality, CR10-S5, France) and metallized by Materia Nova. These collectors were then utilized in an electrospinning device, where TPU solutions were electrospun onto them. Figure 3-18 depicts the structured collectors with and without holes. 

Characterizations

Morphological properties

In this study, SEM was applied to see the morphology of TPU nanofibers. To prepare the samples for investigating the structure using SEM, first, the cut specimens were placed in the metalizing machine (DII-29030SCTR-Smart coater, Jeol, Japon) to deposit a thin layer of gold on their surface before being placed under the microscope. Then, the samples were photographed with a digital camera connected to the microscope. To determine the diameter of nanofibers, ImageJ and Digimizer software were applied [30].

The mean value of the diameters was calculated by measuring 50 fiber diameters.

Tunnel test

The experimental measurements were carried out by the partners of IMT Atlantique in Nantes, France, in a mini air treatment plant as indicated in Figure 3-19 which consists of a straight ventilation tunnel with a square section of 15×15 cm², and 340 cm length with the same dimensions as the filter supplied by Titanair.

On this installation, the local air speed was measured using the HWA technique which consists of measuring the electrical voltage required to maintain the temperature (5°C) of a wire (5 µm diameter) heated by Joule heating and cooled during the passage of the airflow. The probe used in this study was a Dantec 5P11 probe.

It allowed the measurement of a single velocity component (in the direction of the flow), however, its displacement captured the spatial variations of speed. The filter was installed in the middle of the 40 cmlong transparent section. The airflow was provided by a centrifugal fan located downstream of the filter under test and controlled by a measurement and supervision system to maintain a constant speed during the test. Concerning the measurement of pressure drop, it was ensured by a piezoelectric pressure sensor which had two tapping points upstream and downstream of the filter, as well as a differential pressure sensor measured in the range of 0-2000 Pa.

In this study, the 5×5 cm of TPU membranes with different times of electrospinning were placed in the ventilation tunnel without a filter as demonstrated in Figure 3-20. As the size of the tunnel was 15×15 cm but the size of the sample was 5×5 cm, the speed of airflow was calculated for the TPU membrane with the following formula.
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Where Q is the flow rate, Vv and Sv are the speed and surface of the ventilation tunnel, and Vm and Sm are the speed and surface of the membrane, respectively. The airflow speed increased from 0.02 to 1.72 m/s which was the speed of the air filter. After each air pressure, the pressure drop was measured to show the air permeability of the TPU nanofibers. 

Air permeability

The air permeability of TPU membrane was tested using an air permeability machine (Unitronics) as shown in Figure 3 

Burst test

The burst strength was also measured for each sample according to the ISO 13938-2 standard (Textiles -Bursting resistance properties of fabrics). This test causes a specimen to deform into an approximately spherical shape until failure occurs by rupture. It was measured using a Burstmatic machine (code 338E) from MESDAN company, Italy. The surface area of the samples and the max pressure was 35.77 cm 2 and 1000 KPa, respectively. For each sample, the pressure (kPa), deformation (mm), and time (s) were recorded [31] and the test was repeated three times.

Mechanical properties

In this research, the mechanical properties of TPU nanofibers were measured using an MTS criterion machine (Model 43) and according to ISO 527-3, 1 (Determination of tensile properties of plastics, for 97 films and sheets). The samples were cut into 50×10 mm (length×width) and the speed of the test was fixed at 10 mm/s as shown in Figure 3-22. This test was also repeated three times for each sample. holes. The diameter of nanofibers was measured at 679 ± 96 nm. Moreover, according to the images, the nanofilaments were very smooth, bead-free and uniform, additionally, the high porosity of the membranes could be useful for air filtration as the pores let the air pass and do not disturb the filtration system. 

Results

SEM images and diameter measurement

Tunnel test

The TPU membranes and structured membranes with and without holes were placed in the tunnel followed by changing the airflow speed and measuring the pressure drop. To study the effect of sample thickness on pressure drop, various electrospinning times were tested. Figure 3-24 shows the pressure drop of TPU 99 membranes with 5 hr of electrospinning along with the air filter fabricated by Titanair in different airflows.

Although the nanofibers exhibited high porosity, the pressure drop across the TPU membrane was significantly higher compared to the air filter. This could potentially reduce the efficiency of the filtration system and result in higher energy consumption. Thus, it was decided to decrease the time of electrospinning from 5 hr to 30 min to have thinner samples. By decreasing the thickness of the membranes, the pore sizes increased, and a reduction occurred in the pressure drop as well, as indicated in Figure 3-25. Comparison with other studies confirms the appropriate pressure drop of TPU membranes for air filter systems in this study. Figure 3-26 shows the bloated TPU membrane and its deformation under airflow. 

Air permeability

The air permeability of TPU nanofibers and structured membranes with and without holes under different air pressures are indicated in Figure 3 

Burst test

Bursting strength is one of the most critical mechanical properties of nanofibers. Table 3-12 displays the deformation of the TPU membrane, structured membrane with and without holes under the maximum pressure they have tolerated along with the time when the samples were fractured. Structured membranes without holes showed higher burst pressure and less deformation compared to the TPU membranes, which confirms the strength improvement in using structured membranes. 102 layers for surgical gowns and they reported up to 100 kPa bursting strength [39]. In this study, elasticity and flexibility are required, thus, the TPU membranes with 28 ± 1.6 mm deformation could be the best choice. 

Mechanical properties

The mechanical properties of nanofibers play a key role in the final application, especially in air filtration and the sensors, which are affected by air, temperature, humidity, and tension. Mechanical elements such as the Young's modulus, elongation at break, and tensile strength are influenced by the components, structure, morphology, and diameters of the nanofibers. Polyurethane is known as a flexible and elastic polymer, which is useful in many fields of science and industry [40]. Using the dynamic and structured collector of an electrospinning machine help to orient the nanofibers and decrease the diameters, which evidently improves the mechanical properties. Wang et al., fabricated the PU nanofibers using a dynamic collector with the speed of 100 and 200 rpm and reported that the tensile strength of PU-100 (3.79 MPa) was lower than PU-200 (4.77 MPa) under 150% strain and the elongation at break (225%) was higher for sample PU-200 due to more stretching force in its electrospinning [41]. Conforming to Figure 3-28, the PU nanofibers displayed proper mechanical properties and about 50% strain, hence, proving that polyurethane could be a good choice for strain sensors thanks to its flexibility and elasticity. Liu et al., and Tang et al., obtained about 100 and 60% strain for PU nanofibers in sensor applications, respectively [16,42].

103 As stated in Table 3-13, the maximum force rose from 0.22 to 1.99 and 2.98 N for structured TPU membranes, with and without holes, respectively. Sequentially, the elongation at break was enhanced which verified that applying the structured collector could improve the mechanical properties of the nanofibers.

In a study, polysulfone and polyurethane were electrospun on the collector with hexagonal grids for air filtration application. As the polymer jets tend to deposit on conductive grids, fiber density is higher in those parts than in the empty ones and the diameter of the nanofibers on empty areas was calculated to be 520 nm while it was 780 nm for the fibers collected on grids. The cause could be attributed to the residual charge of fibers that accumulated on their surface at empty areas and this aided the jets in stretching more.

To improve the mechanical properties of thin and fragile nanofibers and avoid using another protective layer, the honeycomb collector was used, and the results demonstrated that applying this structure and incorporating the polyurethane, boosted the bursting pressure and bending stiffness of the samples. The thick fiber on the grids and the thin fiber in the empty regions could manage strength and flexibility [43]. As reported, the elongation force during the electrospinning process aligns the polymer chain parallel to the nanofibers axis and decreases the diameters of the nanofibers and this phenomenon enhances the mechanical properties due to having more fibers in the cross-section which results in more force resistance [30].

Conclusions

Nowadays, industries focus on air filtration systems to reduce respiratory diseases because of the existence of numerous types of particles and volatile organic compounds in public areas. One of the most important issues to address in such systems is the clogging detection of the filters for improving their quality factor.

In this matter, the textile sensors could be the best solution due to their piezo resistivity and flexibility.

According to air filtering conditions such as low airflow that passes over the filter, the nanofibers were chosen as sensors in this study due to their lightweight and high surface area and, additionally, the porosity of nanofibers avoids blocking the passage of air in front of the filter. The most common methods to produce the nanofibers are electrospinning and, in this technique, processing parameters are voltage, feed rate, and the distance between the nozzle and the collector, also, ambient parameters are temperature and humidity.

The polymeric solution parameters are concentration, viscosity, conductivity, and also, solvent types should be optimized to obtain bead-free, uniform, and smooth nanofibers.

Among different synthetic and natural polymers used in electrospinning, polyurethane was chosen in this study for its elasticity, flexibility, and great mechanical properties. There are various types of polyurethane with different molecular weights according to monomer and polymerization methods applied, which could illustrate different properties. In this work, for preparing the polymeric solutions first eco-friendly solvents like DMSO and acetone were used to help the ecology but then DMF, and THF were replaced as the best solvents for polyurethane. In the articles, it was noted that the high viscosity, surface tension, and boiling point of DMSO and dimethylacetamide (DMAC) cause adhesion between fibers, increase in diameters, and evaporation problems during electrospinning. Thus, the optimal shear rate was calculated using a formula and then the viscosity of solutions was measured in the obtained shear rate. Next, a design expert was used to optimize the parameters of electrospinning and to investigate the morphology of the nanofibers, SEM was applied. SEM images showed the bead-free and homogenous morphology of nanofibers with diameters of 679 ± 96 nm. Sequentially, to improve the air permeability and mechanical properties of the samples, the structured collectors with and without holes were employed.

The TPU membranes were tested in a ventilation tunnel under different velocities and the non-structured TPU membrane with 30 min of electrospinning experienced a pressure drop close to that of the air filter.

The air permeability of the samples was measured up to 3500 l/m 2 /s under 0-1000 Pa pressure. The burst strength of the TPU membrane increased from 13.6 ± 1.4 to 109 ± 6.1 and 117.2 ± 4.5 for structured samples, with and without holes, respectively. Finally, the mechanical test indicated high mechanical properties and flexibility of TPU nanofibers with approximately 50% strain and the force and elongation at break were improved for the structured samples. However, the non-structured TPU membrane was selected as the best among the samples as it demonstrated lower pressure drop in the ventilation tunnel. These days, flexible textile sensors such as pressure, strain, humidity, and temperature ones have attracted much attention in personalized health monitoring, human motion detection, structural health monitoring, smart garments, and robotics. The important factors for evaluating these sensors are their sensitivity, stretchability, and repeatability. The materials, structures, and methods involved affect the performance of flexible textile sensors. They can be made from natural or synthetic fibers such as cellulose acetate, cotton, wool, polyamide, polyester, and polyurethane, and manufactured through various processes such as melt spinning, weaving, knitting, electrospinning, printing, and screening. Additionally, by using flexible polymers like polyurethane and embedding conductive materials, namely, carbon nanotubes, flexible textile sensors can be fabricated with the capability of integration into electronic devices or attachment to human skin [1]. Through chemical modifications, polymerization, synthesis, or the addition of conductive materials such as metallic particles, polymers can become conductive and responsive to various stimuli, including mechanical, chemical, electrical, and thermal.

Additionally, electronic devices can be integrated into textile structures using weaving, embroidering, and printing due to their flexibility and deformability. The sensing mechanism is influenced by the structure of the component, the fabrication method, and the materials applied, also, it is determined by four principal factors: i) behavior of the sensing material, ii) formation of cracks in the sensing layer, iii) formation of the conduction network, and iv) geometrical transformation [2]. Kim et al. fabricated a fiber strain sensor by embedding AgNPs using an in-situ formation process. This system exhibited an initial electrical resistance of 0.9 Ω/cm, a good strain sensing range (220%), high sensitivity (∼5.8 × 104), and was able to withstand 5000 cycles of stretching and releasing [3]. Ouyang et al. added MWCNTs and silver particles to a polyurethane solution before electrospinning, with different concentrations for biosensor applications. They reported that the interaction between MWCNTs and AgNPs improves the uniform distribution of AgNPs along the nanofibers, and the assembly of the two particles helps electron transfer and enhances the electrical properties [4].

In various research papers, it is claimed that incorporating conductive particles into the nanofiber structure causes low conductivity due to the insulating polymer wrapping layer around the particles [5,6]. Therefore, increasing particle concentration is recommended, but it may also increase the viscosity of the solution and make electrospinning more difficult. In contrast, a high concentration of nanoparticles above the percolation threshold causes agglomeration in composites, resulting in a decrease in their mechanical properties [7].

Darbandi et al. incorporated MWCNTs (2-12 wt.%) into polyurethane nanofibers and found that the conductivity increased for the sample containing up to 6% of carbon particles, while the tensile strength and elongation at break were reduced [8]. Another study reported that a high concentration of conductive fillers is required to achieve suitable conductivity, but this could have negative effects on the polymeric solution and the agglomeration of particles, which can decrease the electrical conductivity [9]. Almuhamed et al. reported the volume resistivity of MWCNTs/PAN nanofibers due to the lack of a conductive pathway on the surface of the webs [6]. Conclusively, to create sufficient conductive pathways on the surface of nanofibers, coating, immersion, and electrospray methods can be used. Moreover, the length, diameter, and surface area of the particles can affect the final properties [10].

In this part of the study, carbon conductive particles with varying concentrations were added to a TPU polymeric solution prior to electrospinning. After characterizing the solutions, the parameters of electrospinning were optimized, and conductive membranes were produced. Finally, the morphological, mechanical, and electrical properties of developed samples were investigated to assess the benefits of integrating conductive particles into the nanofiber structure.

Materials

In this study, TPU (Laripur 5760, MW: 100,000-200,000 Da) was purchased from Coim Group, Italy. N,N-Dimethylformamide (DMF, 98% purity), and tetrahydrofuran (THF, 98% purity) were provided by Sigma-Aldrich. To improve the conductivity and mechanical properties of polyurethane nanofibers, MWCNTs, Plasticyl TPU 1001 (a granule masterbatch of TPU containing 10% MWCNTs), bought from Nanocyl, Belgium and carbon black from Ketjenblack, USA, were used. The properties of MWCNTs were reported to be 9.5 nm in diameter and 1.5 micrometers in length. In addition, 1-butyl-3-methylimidazolium hexafluorophosphate [BMIM] [PF6], an ionic liquids (ILs) provided by Sigma, was used to improve conductivity of the solution. ILs are molten salts with a melting point below 100 °C, which are of great importance because of their high chemical and thermal stability, low vapor pressure, and electrochemical potential. They are also suitable for improving the interface between polymers and particles due to their ionic structure [11].

Method

Solution preparation

The first three solutions of 20 wt.% of TPU (S860), 11 wt.% of TPU (5760), and 11 wt.% of TPU 1001/ 10 wt.% MWCNTs were prepared in a mixture of DMF: THF (1:1 v/v) and stirred for 5 hours, at room temperature. To prepare the solution with particles, different percentages of MWCNTs (0.5, 1, 1.5, and 2 wt.%) and CB (2, 3, 5, and 7 wt.%) were mixed in DMF: THF (1:1 v/v) with an ULTRA-TURRAX at 2000 rpm for 15 min and then for 60 min in an ultrasonic bath (37 kHz frequency and 70% power). Finally, TPU (20 and 11 wt.%) granules were added, and the solutions were stirred for 5 hours. To dissolve the IL, different concentrations (5, 10, and 15 wt.%) of IL were dissolved in solvents for 1 hour, and TPU (20 wt.%) granules were added. It is worth mentioning that DMF is a good solvent for dissolving and dispersing IL and MWCNTs. After solution preparation, the solutions were electrospun with electrospinning parameters of 0.5-1.5 mL/hr feed rate, 15-30 cm distance, and 12-20 kV voltage using a dynamic collector with a speed of 200 rpm, as shown in Figure 4-1. 

Optimizing ultrasonic times by UV

To avoid a decrease in particle length, UV-Vis spectroscopy was used to determine the appropriate duration of ultrasonication. After each 15-minute ultrasonication interval, the UV spectra of the solutions were recorded, and the absorbance curve was analyzed to observe the dispersion of the particles. The duration of ultrasonication was increased until the absorbance curve stabilized, indicating that the particles were well dispersed and no longer agglomerated. According to the literature, the absorption peak of MWCNTs is typically around 386 nm [12]. As presented in Table 4-1, the optimal ultra-sonication time for dispersing the MWCNTs was determined to be 60 minutes, as after this point, the UV absorbance of the solutions did not show any further change. As the dispersion of CB was easier and less agglomeration was observed for those particles, this test was not done on the solutions including CB. 

Viscosity of solutions

In electrospinning, the polymer entanglement, the molecular weight and viscosity of the solution must be sufficient to have the spinning capability, but not so high that they prevent stretching the jet under the electrical field. However, the viscosity of the electrified solution has a significant effect on the formation of beads, which is one of the most important defects that occur during the electrospinning of polymeric solutions. Research has shown that these defects happen more severely at low viscosities. The concentration of solutions influences viscosity and surface tension. Increasing the concentration raises the mass of the polymer in the jet, and in this condition, the viscosity goes up and creates a stronger bond between the polymer chains, making extension more difficult and causing an increase in the diameters [13]. In this study, a viscometer (Rheomat RM 100) was used to measure the viscosity of solutions containing different concentrations of particles to investigate the effect of carbon particles on the polymeric solutions. As reported in earlier studies, adding CNTs increases the viscosity and conductivity of solutions, which is also deduced from Table 4-2. Therefore, it is recommended to reduce the polymeric concentration to balance the viscosity and decrease its effect on diameters. Eivazi Zadeh et al. decreased the PU concentration from 11 to 10 wt.% for 0.5 and 1 wt.% of CNTs to achieve similar diameters [10]. Darbandi et al. stated that the viscosity of solutions and diameters of nanofibers depend on MWCNTs' content and dispersion [8].

Incorporating IL in solutions decreased the viscosity as demonstrated in Table 4-3. Xing et al. produced PU/IL nanofibers and according to the results, the addition of IL improved the morphology and eliminated beads by increasing the conductivity. Additionally, this phenomenon and the decrease in viscosity led to a reduction in the diameters [14]. 

Conductivity of solutions

The significant effect of solution conductivity on nanofibers diameters and final properties has been resulted in many researches. In this study, the conductivity of thermoplastic polyurethane (TPU 5760 and S860) solutions including different concentrations of MWCNTs, CB, and IL and the solution of TPU 1001 (11 wt.%) was measured using a Conductimeter (inoLab Cond 7110-WTW). The measurements were repeated three times for each solution. 

Characterizations

Scanning electron microscopy (SEM)

The morphology of the nanofibers was examined using SEM (Phenom ProX, ThermoFisher Scientific, US) and Jeol microscope. A 1 cm 2 sample was cut from the membranes and mounted on an SEM sample holder using conductive carbon tape. Then, they were coated with a thin layer of gold for 1 minute before conducting the experiment. The average diameter of prepared nanofibers was determined using Digimizer software by measuring the mean of 50 fibers.

Transmission Electron Microscopy (TEM)

To confirm the presence of particles in the structure of nanofibers, transmission electron microscopy (TEM) images were acquired using a Tecnai G2 f20 S-Twin electron microscope (FEI, Eindhoven, the Netherlands) operating at 200 kV at the Université de Picardie Jules Verne. TEM samples were prepared by direct electrospinning the nanofibers onto holey carbon-coated copper grids (Ted Pella Inc., USA).

Thermogravimetric analysis (TGA) and Fourier-transform infrared spectroscopy (FTIR)

To confirm the presence of ionic liquid and MWCNTs in the nanofiber structure, TGA and FTIR were employed. The FTIR spectra were recorded using a Shimadzu IR Prestige 21 spectrometer in the wavenumber range of 400-4000 cm -1 . The TGA experiment was conducted under dry nitrogen (N2) gas flow using a Mettler Toledo ATG/DSC 3 machine, with the temperature ranging from ambient to 800°C at a heating rate of 10°C/min with each sample being tested three times.

Mechanical properties

In this study, the mechanical properties of polyurethane nanofibers produced using different electrospinning parameters and having various diameters were investigated using an MTS criterion machine. Typically, ISO 527-3, 1, and ASTM D882 (Standard Test Method for Tensile Properties of Thin Plastic Sheeting) standards are applied for the mechanical testing of nanofibers, therefore, the test was carried by these standards and repeated three times for each sample.

Electrical properties

To measure the electrical linear resistance at different distances, surface resistance, and volume resistance of nanofibers at different locations, a multimeter (Keithley, France), a four-probe sheet resistance meter (OSSILA, France), and a Resistivity Test Fixture Box (Keithley, France) were used in sequence. The resistance and capacitance of samples were evaluated using an impedance card (Analog Discovery Impedance Digilent -50 Hz frequency). Figure 4-2 shows the electrical measurement systems used in this study. 

Results

SEM images and diameters measurement

After finding the optimal polymeric concentration and electrospinning parameters, MWCNTs were added to the solution at 0.5, 1, 1.5, and 2 wt.% and electrospun. Figure 4-3 shows SEM images of the analyzed samples, with diameters of 940 ±110 nm, 949 ±80 nm, 835 ±110 nm, and 693 ±120 nm, respectively. As expected, the addition of MWCNTs decreased the diameters of the nanofibers due to the increased conductivity of the solutions. However, the resulting structures were not satisfactory, particularly for the samples with 2 wt.% particles, as they formed a partially film-like structure. Thus, the parameters needed to be optimized to account for changes in the viscosity and conductivity of the polymeric solutions. A comparison with TPU membranes confirmed that the diameters decreased with the addition of IL, which could be due to rise in solution conductivity. Regardless, the electrospinning parameters needed to be readjusted, as the viscosity and conductivity of the solutions were changed. Xing et al. reported that adding IL changes the shape of the beads from spherical to spindle-like, and the number of beads decreases with 10 wt.% of IL as a result of the risen conductivity of the solution. Thus, the diameters decrease with decreasing viscosity and increasing conductivity [14].

Then, CB was incorporated into TPU (5760), as illustrated in Figure 4 of carbon black in PAN nanofibers and reported the agglomeration of both particles on the surface of samples [16]. According to Datsyuk et al., carbon nanotubes are observed to have an aligned shape in the structure of nanofibers, while carbon black particles exhibit a round shape [17]. 

TEM images

FTIR

Figure 4-8 shows the FTIR peaks of TPU and TPU/MWCNTs. Three noticeable bands were reported at 1527 cm -1 (C=C), 1728 cm -1 (C-O), and 2957 cm -1 (C-H) in the FTIR spectrum of pure MWCNTs [18].

In this study, the peak of 3340 cm -1 is related to the COOH bonding of functionalized particles. The characteristic peaks observed were 3325 cm -1 (N-H stretching vibration), 2954 cm -1 (C-H vibration), 1751 cm -1 (C=O of ester), 1315 cm -1 (amide N-H), 1554 cm -1 (N-O group stretch vibration), and 1226 cm -1 (aromatic ester) for TPU [19]. The peaks of TPU and MWCNTs overlapped, therefore, the FTIR spectrum alone could not confirm the presence of MWCNTs in the nanofibers' structure. 
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The peaks observed in the FTIR spectrum of pure BMIPF6 from 2800 to 3000 cm -1 are related to C-H vibration modes of CH2 and CH3 groups of the butyl chain attached to the aliphatic side of the imidazolium ring, while the peak at 3000 cm -1 is from C-H vibration modes of the aromatic side of the imidazolium ring. Peaks at 1575, 1170, 650, and 623 cm -1 are attributed to stretching and bending ring modes, respectively. The rises at 1411 cm -1 and 1315 cm -1 are assigned to CH3N and CCH, respectively [20,21]. are related to the breakage of urethane links and degradation of ester groups, respectively [22]. As stated by publications, the thermal degradation of IL starts at 400 °C, and MWCNTs burn above 500 °C [21,23].

According to Table 4-8, the mass residue of TPU/MWCNTs and TPU/MWCNTs/IL in comparison with TPU was 1.13958% and 3.71642%, respectively. Thus, the presence of MWCNTs and IL in the TPU nanofibers can be confirmed. 

Mechanical properties

Using thermoplastic polyurethane as a synthetic polymer is recommended to boost the poor mechanical properties of nanofibrous structures. In addition, this polymer could be convenient in composites and textile sensor applications due to its high elasticity and flexibility as about 70% strain was obtained in this research [24]. Adding conductive particles to TPU could also enhance its mechanical properties. In a study, TPU nanofibers were cut vertically (V-PU) and horizontally (P-PU) according to a drum collector and then treated with CNT solutions through ultrasonication for 50 minutes. The SEM analysis showed that the CNTs were distributed on the surface and inside the pores of the nanofibers. The tensile test revealed that P-PU had higher tensile strength but lower elongation at break than V-PU. The presence of CNTs improved the mechanical properties of both P-PU and V-PU samples. However, the hysteresis of V-PU increased by extending the strain range, while this value was lower for P-PU due to its aligned structure and flexibility.

For the electromechanical test, the samples were stretched in two perpendicular directions, and the V-PU sample was chosen as a strain sensor due to its high elasticity. This system has potential applications in wearable sensors, with a large sensing range (0-900%), fast response time (70 ms), low detection limit (0.5%), and good stability and repeatability (10,000 cycles at 200% strain) [25]. In the research of Wang et al, polyurethane nanofibers were collected vertically and parallel to the drum and placed in CB solution to be treated with ultrasonic for 50 minutes. Two types of PU nanofibrous samples were prepared, PU-100 and PU-200, using drum collectors at speeds of 100 and 200 rpm, respectively. Both samples showed no significant orientation, and the diameters of PU-100 and PU-200 were 2.28 ± 0.04 µm and 1.77 ± 0.05 µm, accordingly, which indicated that more stretching force led to reduced fiber diameters. Although the thicker sample provided a larger matrix for the connection of carbon black and polyurethane, resulting in a more conductive pathway, the dense structure of PU-100 made it less sensitive. In the strain-sensing test, the gauge factor value, which is the ratio of the relative change in resistance to mechanical strain, increased with the enhancing strain for both samples. This may be due to the separation between carbon black particles according to the tunneling mechanism, which led to an increase in resistance. The tensile test showed no significant change in the mechanical properties of PU with and without carbon black, confirming that the nanofibers were not damaged during ultrasonication.

The tensile strength of PU-100 was lower than that of PU-200, while the elongation at break was higher in PU-200 due to the greater stretching force during electrospinning. Additionally, carbon black with good dispersion on the surface of the nanofibers enhanced the mechanical properties of the system. Overall, this system could be used for finger bending, muscle tremor, and vocal cord vibrations due to its ultra-high sensitivity, fast response time, desired stability, and reproducibility [26]. In this study, Figure 4-11 and Table 4-9 exhibit that the maximum force and maximum elongation at break of TPU membranes increased from 0.22 ± 0.017 to 2.09 ± 0.06 and from 41 ± 0.0002 to 137 ± 0.0003, respectively, upon the addition of CB to the system. As uniform membranes could not be obtained by adding MWCNTs to the system due to increased viscosity of the solutions, and obstaculating during electrospinning mechanism, the mechanical properties of MWCNTs-containing membranes were not tested. MWCNTs as a reinforcing additive can improve resistance against mechanical deformation without sacrificing the elongation at break for composites filled with MWCNTs content up to 6 wt.%. The Young's modulus of the pure PU nanofiber mat was 0.021 MPa, while the fiber with a 6% loading of nanotubes shows a modulus of 0.29 MPa, which was 13.8 times greater than that of the pure PU nanofiber mat. Better mechanical properties in tensile modulus and strength for the MWCNTs/PU composites could be due to the alignment of the MWCNTs in the electrospun nanofibers. The decrease in mechanical properties for high concentration (more than 8%) could be attributed to the increased localized clusters or aggregations of MWCNTs. An increase of 28% in the elongation at break for the PU/MWCNTs nanocomposite with a 4% MWCNTs loading was observed, suggesting that the composite is apparently more extensible than pure PU because of incorporating MWCNTs. However, a further increase in MWCNTs loading in the nanocomposites (6-12%) resulted in a fall in the elongation at break. The reason for this is that the MWCNTs loading of the PU matrix behaves like physical crosslinking points and restricts the movements of polymer chains. This causes a reduction in the flexibility of the PU/MWCNTs nanocomposite nanofibers at high MWCNTs loading [8].

Electrical properties

In this study, first a sheet resistance device was used to measure the resistance of TPU nanofibers comprising MWCNTs and CB, as well as TPU 1001. However, no values were obtained using this method.

To compare the results with nanofibers, films from polymeric solutions were prepared containing MWCNTs and heated in an oven at 100°C for 2 hours. Using an ohmmeter, resistance values of 264.2 kΩ, 33 kΩ, and 2.48 kΩ were measured for films the including 2 wt.%, 5 wt.%, and 10 wt.% MWCNTs, respectively. Based on these observations, it was concluded that the sheet resistance method was not suitable for measuring the resistance of nanofibers. Additionally, it should be noted that Almuhamed et al.

reported obtaining the volume resistance of PAN/CNTs nanofibers, rather than surface resistance [6]. To measure both surface and volume resistance, homemade and industrial ring electrodes were applied, as seen in Figure 4-2. Prior to testing, the samples were heated in an oven at 40°C for 24 hours to remove any solvent residue. Nonetheless, the resistance values obtained using the ring electrodes were not stable and increased over time. Thus, it is believed that this may have been due to the damage of the particles caused by the pressure applied by the device.

Furthermore, an impedance card was used to measure the impedance at a frequency of 50 KHz, but no resistance or capacitance was observed for the samples. To achieve surface conductivity, the concentration of MWCNTs was risen while decreasing the concentration of polymer to balance the viscosity. Specifically, 5 wt.% and 10 wt.% MWCNTs were added to the polymeric solution by decreasing the concentration of TPU from 20 to 10 and 5 wt.%. However, the electrospinning mechanism did not work well, and nonuniform nanofiber morphology was detected due to high or low viscosity and blockage of the needle.

Previous studies have used various methods, such as immersion, spray, and in-situ polymerization, to make the surface of nanofibers conductive. In the present study, the TPU membrane was immersed in a 1wt.% MWCNTs solution in an ultrasonic bath. The samples were then washed multiple times and dried in an oven at 60°C for 2 hours to remove any residues of MWCNTs that were not well-absorbed [25,27]. The samples were measured using a 4-point probe device, and a resistance of 286.65 kΩ was recorded.

Regardless, the porosity of TPU membranes was observed to be blocked by the carbon particles on the membrane surface, as presented in Figure 4-12. Since the aim of this study is to use the TPU membranes for air filtration, the immersion method was deemed unsuitable since it blocked the membrane pores.

Therefore, the particles were integrated into the structure of TPU membranes to maintain the porosity of the samples, but no surface conductivity was observed. To obtain different electrical properties and structures, core-shell electrospinning was explored, a method that has recently gained much attention in various fields of research. This technique, as illustrated in Figure 127 4-13, allowed the incorporation of conductive materials either in the core or the shell of the structure and the control of its properties accordingly. wt.% IL as shell, as well as IL as core and TPU (11 wt.%) as shell, with parameters of 23 cm, 25 kV, and 0.2 ml/hr. The diameters of the first and second sample were calculated to be 750 ± 137 nm and 692 ± 93 nm, respectively. Although different types of measurement systems were employed to measure the electrical properties of core/shell membranes, no conductivity was observed for these samples. 

Conclusions

In this study, nanofibers and electrospinning were chosen as structures and methods to produce textile sensors. To achieve a flexible system and facilitate interconnection into an electronic device, flexible polyurethane polymer was used. The type of solvents, polymeric concentration, and electrospinning parameters were optimized. After adding MWCNTs, CB, and ionic liquid (IL) to make the samples conductive, the viscosity and conductivity of solutions were studied. SEM images showed that the nanofibers were smooth, uniform, bead-free, and homogeneous. TEM images confirmed the presence of carbon particles in the structure of membranes. FTIR and TGA results proved the presence of particles and IL in nanofibers' structure. According to mechanical tests, the maximum force and maximum elongation at the break of TPU membranes increased from 0.22 ± 0.017 to 2.09 ± 0.06 and from 41 ± 0.0002 to 137 ± 0.0003 by adding CB to the system.

Although the solution comprising carbon particles showed conductivity, and TEM images confirmed the presence of particles within and on the surface of the nanofibers, no conductivity was seen due to the lack of a conductive pathway on the surface of the samples. As a result, the immersion method and film Chapter 4: Electrical Functionalization of Membranes Thesis of Parian Mohamadi, ENSAIT, 2023 129 preparation were carried out, and even conductivity was obtained using 4 points probes, but the porosity of nanofibers was blocked, which disturbs the passage of air in the air filtration system. In order to see the effect of nanofiber structure on the electrical properties, core/shell membranes of TPU and IL were produced, and no conductivity was observed for these samples, even though the SEM pictures showed uniform morphology. Xiong et al. announced that the non-conductivity of CB/polyurethane webs could be the consequence of three reasons. i) the pores of fibers, which avoid conductive pathway formation, ii) the long distance between particles, which is caused by the high elongation rate of electrospinning, and iii) the inhomogeneous distribution of CB between filaments and lack of bond between nanofibers due to fast evaporation of solvents during electrospinning [5].

Surface conductivity 4.2.1 PEDOT:PSS treatments

Introduction

The exploration of substances and procedures aimed at producing pliable and elastic conductors has been motivated by scientific interest as well as technological requirements. Lately, the demand for innovative applications in areas such as adaptable/stretchable electronics, wearable sensors/gadgets, skin-like electronics, biological interfaces, malleable robotics, prosthetics, actuators, and energy-generating devices has given a significant boost to this pursuit [28].

Polymers are extensively used as substrate materials for flexible sensors due to their remarkable flexibility, transparency, and plasticity. Furthermore, they can be fashioned into various microstructural sensors.

Popular polymers employed for manufacturing flexible sensors include PDMS, Ecoflex, PET, PI, PS, and PEDOT:PSS. Yet, owing to the inadequate conductivity of these polymers, researchers typically apply conductive materials such as carbon materials, Ag, and, etc., to the surface of polymer films, or introduce conductive fillers into the polymer matrix to enhance their conductivity [29].

PEDOT:PSS is considered a promising option for developing inexpensive printed strain sensors among various strain-sensitive materials, owing to its innate piezoresistive properties. For instance, solutionprocessed PEDOT:PSS has been utilized for producing strain sensors via inkjet printing on textiles, paper, and plastics [30]. Kuzubasoglu et al. used CNT/PEDOT:PSS ink to print on polyamide fabric for flexible temperature sensor applications. They worked on different patterns, printing parameters, and the number of printed layers to achieve higher sensitivity. Finally, the fabricated sensor showed proper temperature sensitivity and mechanical properties [31,32].

He et al., integrated PEDOT:PSS/CNTs solution into PET/PCL nanofibers by vacuum filter method. The presence of PCL could improve the adhesion between PEDOT:PSS/CNT and PET nanofibers, as well as the durability of the system. This structure with the highest power factor of 1.9 μW m -1 K -2 and stretching strain of more than 400% is a useful strain sensor for human motion applications [33].

Continuingly, in another study, a temperature sensing sensor (SPST) was created by utilizing a TPU fibrous membrane and adding carbon black particles (CBPs), carbon nanotubes CNTs, and PEDOT:PSS via a straightforward soaking technique. They reported that this sensor can detect and convert both strain and temperature stimuli into separate resistance and voltage signals using the piezoresistive effect of the CBPs/CNT conductive network and the thermoelectric effect of the PEDOT:PSS network simultaneously.

Finally, this sensor demonstrated a wide strain detection range from 0-140% and achieved a temperature resolution of 0.116 K, with a rapid response time of only 2.3 s [34].

In this part of the thesis, TPU nanofibers were produced using dynamic collectors with the speed of 200 and 1200 rpm. Then, the samples were functionalized by one of the partners in IMT Atlantique-Brest using PEDOT:PSS as a conductive polymer and applying different types of treatment. After sample preparation, SEM microscope and EDS were used to see the porosity of nanofibers after treatment and the presence of PEDOT:PSS in the structure of samples, respectively. Mechanical, electrical, and electromechanical properties were investigated to verify the strain-sensing behavior of treated TPU membranes. Lastly, the cyclic extension test was applied to exanimate the durability and repeatability of these sensors.

Materials and methods

Thermoplastic polyurethane (Laripur 5760, MW: 100,000-200,000 Da) was bought from Coim Group, Italy, and N,N-Dimethylformamide (DMF, 98% purity) and tetrahydrofuran (THF, 98% purity) were received from Sigma-Aldrich. PEDOT:PSS Clevios-P was provided by Heraeus, Germany. Isopropanol and Fluorosurfactant (FS) were used as TPU solvents and surfactants.

First the 11 wt.% TPU (5760) was dissolved in a mixture of DMF and THF (1:1 v/v) and stirred for 5 hours.

After preparing the solution, electrospinning was done using a feed rate of 1.5 ml/hr, 15 cm distance, and 12 kV voltage with a dynamic collector rotating at 1200 rpm. The produced membrane was then functionalized by a partner, IMT Atlantique-Brest, using PEDOT:PSS as a conductive polymer, and isopropanol and FS as a solvent and surfactant to swell the membrane and facilitate the PEDOT absorbance.

For this purpose, various surface treatment methods, such as drop coating, spraying, in-situ conductivity, and humidification, were used to treat the membrane surface. To dry the samples, two methods were employed, namely, flat drying and vertical drying. 

Printing method

Introduction

Conventional textile-based filters combined with e-textiles able to measure the airflow variations could also be able to detect clogging. This approach should facilitate air filter preservation and even enable predictive maintenance. E-textiles generally consist of two parts; textiles and embedded electronics parts for sensing, actuating and decision making. Conductive flexible textiles are used to connect electronic parts and power supplies. In principle, smart textile structures, a subset of e-textiles, can be divided into three components.

First, there are electronic modules equipped with a microcontroller, memory, input-output and communication interfaces. Second, there are sensors, actuators, and electrodes often fabricated on flexible or even textile substrates, and third, there are connection yarns that are embedded in textile fabrics and are also known as textile motherboards or textile circuit boards [35]. As a result, textile sensors such as pressure, strain, humidity, and temperature sensors are being used in various applications, including smart clothing, robotics, personalized health monitoring, and movement detection devices [1].

Nanofibrous membranes exhibit several properties, including good electromechanical characteristics, lightweight, porosity, and high surface area, which make them suitable for use as textile sensors [36]. The morphological structure of nanofibers provides a larger measurement surface area, enabling lower detection thresholds for the same materials. These membranes are also permeable enough to allow airflow through them without any disturbance that could reduce the filtering efficiency. The electrospinning method is a simple, cost-effective, and versatile process used to produce nano and micro-fibrous membranes [37].

In their paper, Tang et al. described the use of the multi-needle liquid bath electrospinning method to fabricate a CNT/TPU composite nanofibrous yarn for smart sports bandages. The addition of CNT improved the mechanical, thermal, and conductivity properties of the system by 476% of strain.

Subsequently, the samples were immersed in CNT ink to create a conductive layer on the surface, and the composite demonstrated high sensitivity with a small strain range [38].

Xiao et al. pre-stretched TPU nanofibers before immersing them in a reduced graphene oxide solution to obtain a wrinkled structure of TPU/RGO (Reduced Graphene Oxide) membranes after release. The rough surface of the RGO (shell) / TPU (core) system improves hydrophilicity and the gauge factor (up to 154.8).

This system can be used for human body joints due to its sensitivity and stability, and for temperature sensor applications because of its negative temperature coefficient effect [39].

In Ren et al.'s work, electrospun polyurethane nanofibers were placed into a solution of CNTs after being cut vertically (V-TPU) and in a parallel form (P-TPU) according to the collector direction. The mechanical test demonstrated that V-TPU had a lower tensile strength and a higher elongation at break than P-TPU.

Both P-TPU and V-TPU were stretched in a vertical and parallel way in the electromechanical experiments.

Because of the higher elasticity of V-TPU, it was used as a strain sensor. This sample revealed remarkable sensitivity in the range of (0-900%), rapid response (70 ms), low detection limit (0.5%), and proper durability (10000 at a strain of 200%) [25].

Fang et al. applied a combination of electrospinning and electrostatic spray deposition to create a conductive MXene layer on the surface of electrospun polyurethane membranes. This method reduced the occurrence of cracks during stretching, improved the sensor's working range, and enhanced the adhesion between the MXene layer and the nanofiber membrane. With this strain sensor, they achieved a 70% sensing range and demonstrated the durability of up to 1000 cycles [40].

Luo et al. utilized the centrifugal spinning method to produce polyurethane nanofibers, which were then impregnated with a CNT solution containing varying concentrations of particles using ultrasonic methods.

The optimal concentration was determined to be 9% CNT. Their results showed that the system exhibited good durability and repeatability over 600 cycles, and incorporating CNT improved the thermal and electrical properties of the strain sensor [41].

Krysiak et al. electrospun three materials, namely, PI, poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate) (PVB), and PS. They then used silver and carbon ink for inkjet printing on the membrane's surface. They reported that fibrous membranes printed with silver ink exhibited lower resistance compared to those printed with carbon ink. Moreover, they were able to create a homogeneous layer with a sufficient conductive path in the electrospun substrate. Importantly, they demonstrated that the fiber diameter, and thus, the pore size in the membrane, had an impact on the printing quality and ink penetration depth [42].

The researchers successfully created stretchable strain sensors by incorporating straight-line and notched line AgNW conductive networks within an epidermis-like Ecoflex matrix. They achieved the AgNW conductive networks through simple inkjet printing of silver nitrate and potassium halide solutions. The strain sensors showed gauge factors of 6.9 and 9.6 under tensile strains in the range of 0% to 15%, for the straight line and notched line types respectively. Additionally, the strain sensors showed higher strain sensitivity with gauge factors of 12.3 and 13.7, accordingly, for the strain of 15% to 30%. Finally, they reported the long-term durability and reproducibility during multiple stretching cycles, approximately 1000 cycles, at a 10% strain [43].

Wagih et al, provided an evaluation of direct-write dispenser printing for prototyping antennas on flexible substrates using a low-cost, commercially available PCB printer. The results showed that the performance of the printed antenna on an ultra-thin substrate is comparable to that of the etched copper antenna in terms of measured gain, reflection coefficient, and agreement with the simulated results. Their findings suggested that dispenser printing is a viable alternative to low-volume photolithography prototyping [44].

In this study, polyurethane nanofibers were fabricated using the electrospinning method because of their lightweight and porous properties, which prevent the blockage of air in the system. By printing conductive inks on the surface of these membranes, they can remain permeable to airflow while functioning as a flexible sensor capable of detecting small variations in airflow, indicating filter clogging. The sensory membranes are positioned behind the filters to detect clogging when air pressure drops, and the position of the clogging is indicated. Therefore, the air filter can be replaced, resulting in energy savings for fans which push air throughout air filters. The measuring principle is based on the piezoresistive phenomenon, where the nanofiber membranes are electrically conductive, and variations in airflow are detected by measuring the electrical resistance in the Wheatstone bridge or a similar setup.

Materials and Methods

Thermoplastic polyurethane (Laripur 5760 with MW: 100,000-200,000 Da) was purchased from Coim Group, Italy. N,N-Dimethylformamide (DMF: 98% purity), and Tetrahydrofuran (THF: 98% purity) were also provided by Sigma-Aldrich. DM-CAP-2100S (carbon paste) with a conductivity of less than 20 Ω/sq was obtained from Dycotec Materials, UK. The TPU nanofibers were fabricated using electrospinning (Fluidnatek/LE 50, Bioinicia, Spain), and the ink printing was carried out using a Voltera machine (Voltera, USA).

In the first step, TPU nanofibers were produced using the following parameters: 1.5 ml/hr feed rate, 15 cm distance, 12 kV voltage, 200 rpm collector speed, 10 mm/min nozzle speed, and 30 min electrospinning time. In the second step, the carbon ink was printed onto the surface of the nanofibers. The printing parameters were set to 0-20 µm initial position of piston before pressurization, and 0.01-0.1 mm height, and various patterns were designed using Kicad software as shown in Figure 4-16. In the final step, copper wires were connected to the samples using carbon ink for electrical measurements, and the printed nanofibers were dried in an oven at 80 °C for 20 min.
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Characterization

Scanning Electron Microscope (SEM)

The nanofiber morphology was examined using SEM (Phenom ProX, ThermoFisher Scientific, US). A 1 cm 2 sample was cut from the membranes and mounted on an SEM sample holder using conductive carbon tape. They were then coated with a thin layer of gold for 1 minute before the experiment. The average diameter of the prepared nanofibers was determined using Digimizer software (mean of 50 fibers). The structure of the printed zone on the nanofibrous membrane was also verified by SEM.

Optical microscopy

Optical microscopy (Reichert-Jung Polyvar Met microscope at IMT-Atlantique-Brest) was used to observe cracks in the printed parts after the tensile test. To obtain a flat surface of nanofibers on the microscope lamella, they were immersed in isopropanol, and then the solvent was evaporated. Finally, pictures were taken of the flat-printed parts.

Mechanical properties and electromechanical properties

Specimens in rectangular shape were prepared according to ISO 527-1, -3 standards, with two different sizes of 28-40 mm in length and 10-15 mm in width, to obtain their mechanical properties using the MTS criterion machine (Model 43) as indicated in Figure 4-17. The cross-head speed was set 10 mm/min. At least three specimens were measured for each sample, and the maximum force and elongation at break were determined. To evaluate the electromechanical properties, copper wires were connected to both sides of the printed part using carbon ink to ensure good contact between the electrodes (copper wires) and electrospun nanofibers specimens. The initial electrical resistances of the specimens were measured using a resistance box. In the end, the real-time voltage changes were recorded while gradually stretching the specimens. The sensing responsivity was defined as the ratio of ∆R/R0 to ∆L/L0, which is commonly referred to as the gauge factor (GF) in various research studies. The samples in the MTS machine for the electromechanical test can be seen in Figure 4-18. 

Cyclic extension test

To investigate the strain sensing behaviors, the composite of electrospun nanofibers was subjected to cyclic loading and unloading up to 5, 10, and 20 % deformation, in accordance with the airflow passing through the filter and, 5% pre-extension was applied. The resistance of the samples was recorded for 50 and 300 cycles of stretching and releasing, with each cycle being held for 5 seconds during loading and unloading.

Results

Scanning Electron Microscope (SEM)

Based on Figure 4-19, the porosity of the membranes remained intact, except under the printed areas, which were a small proportion of the whole membrane surface. Hence, it is concluded that the membrane is still permeable to air. Therefore, these sensory membranes have potential applications in air filtration systems, specifically for detecting clogging of air filters, as the pores allow air to pass without disrupting the filtration process. conductive layer and serve as sensors. In addition, in-situ polymerization of conductive polymers has been suggested on the surface of TPU membranes. Although this system can function as a strain sensor and exhibit good elasticity and sensitivity, the sensing layer may clog the membrane pores and hinder filtrationrelated applications [45,46]. Figure 4-20 displays SEM images of a TPU membrane fabricated using a dynamic collector at a speed of 1200 rpm (TPU-1200) and treated with PEDOT:PSS using a spray method, which were selected as the best structure and treatment method, respectively. Partners, IMT Atlantique in Brest and ENSAIT, respectively carried out the functionalization and SEM images. According to the images, the nanofibers were swelled after treatment (TPU/PEDOT:PSS) but the porosity was preserved, which will prevent blockage of air in the filtration system. Ding et al reported that the surface of PU nanofibers was much rougher after dip-coating in PEDOT:PSS solution [47]. Additionally, the diameter of TPU nanofibers was measured to be 680 ± 0.13 nm and 870 ± 0.15 nm before and after treatment, respectively. These results confirm that this treatment method only slightly affects the properties of the nanofibers. 

Optical microscopy

Mechanical properties

The use of thermoplastic polyurethane as a synthetic polymer is recommended to enhance the weak mechanical properties of nanofibrous structures. Furthermore, this polymer is suitable for composites and textile sensor applications owing to its high elasticity and flexibility. A research demonstrated a strain of approximately 70% [24]. Figure 4-22 shows the mechanical curves of the TPU membrane (200 rpm collector speed) and the printed TPU membrane with a straight conductive line, a big zigzag (length: 10mm), and a small zigzag (length: 5mm) conductive lines. Printing a straight line onto the surface of the nanofibers decreased the strain to 20%. This was due to the presence of a rigid layer of carbon ink on the membrane, which limited elongation and bore part of the stress. As a result, the break was observed in the printed part for all samples. To address this, zigzag patterns were proposed. The samples containing a big zigzag with a 10 mm unit line showed a strain of 32%.

However, when the length of the unit line was decreased from 10 to 5 mm, the elongation at break rose to 43%. No significant difference was detected in the maximum force between samples containing different 142 printing patterns, while TPU without any conductive sheet showed the lowest force. The presence of a carbon layer increased the rigidity of the nanofibers, explaining this phenomenon. Max elongation at break (%) Max force (N) Samples 113 ± 3.5 0.52 ± 0.07 TPU-1200 102 ± 0.15 1.45 ± 0.12 TPU/PEDOT:PSS Shaker et al. reported that the pure TPU specimens had a breaking strain of 256%, while wet electrospun TPU/PEDOT:PSS specimens had a breaking strain of only 120%. This confirms that the TPU/PEDOT:PSS membrane that was fabricated can only be stretched to 46.87% of the breaking strain of the pure TPU mat. This demonstrates that the TPU/PEDOT:PSS fibrous membrane has lower stretchability compared to the neat TPU fibrous membrane. The adverse effect on stretchability is likely due to the interaction of TPU and PEDOT:PSS polymers at an intermolecular level in the electrospun TPU [48]. In Ding et al.'s, study, the elongation at break of PU nanofibers decreased after PEDOT:PSS treatment that depends on the number of coatings. The observed effect may be attributed to the accumulation of PEDOT:PSS at higher 143 concentrations, especially in the areas where PU fibers come into contact. This accumulation could impede the stretching of PU fibers, leading to stress concentration and potential failure [47]. Currently, only a few strain sensors are capable of detecting ultra-low levels [49]. In order to achieve ultralow detection limits, a sensor's conductive pathway must be highly sensitive to small changes in strain.

Electromechanical properties

In this system, the change in resistance was observed even under 5% tension, indicating high sensitivity.

The curves in Figure 4-24 were plotted up to 35% strain since this study focused on small strain ranges to evaluate low strain sensitivity. Typically, when a material is subjected to tension by an external force, its resistance changes, but tends to return to its initial value when the stress is released. The change in resistance is due to the destruction and reconstruction of the conductive network [39,50]. In this system, the carbon printed layer served as the sensing layer, while TPU nanofibers acted as the deformation matrix. As discussed in the previous section, the TPU nanofiber sensors exhibit excellent strain-sensing performance. The ∆R/R0 was 79.6%, 3.6%, and 5.9% at 5% strain for straight lines, big zigzags, and small zigzags, respectively. These values increased to 244%, 9%, and 20% when the elongation ratio was increased from 5 to 10 % for each sample. Despite the increased sensing range, gauge factors showed decreased sensitivity when using zigzag patterns. As seen in Figure 4-24, the ∆R/R0 curves were divided into two regions (I and II), where the slope of the curves increased sharply at 0-8 % and 8-14%, 0-18% and 18-27%, and 0-20% and 20-33% strain for straight lines, big zigzags, and small zigzags, respectively. The GF calculated from the slope of the fitted line in the linear region to investigate the sensitivity of the strain sensor, and the values were mentioned in the curves for each sample.

The GF was computed 15.52, 0.72, and 1.20 for straight lines, big zigzags, and small zigzags under 5% strain, respectively. Nevertheless, a highly-sensitive conductive pathway should exhibit both ultralow detection limits and ultrawide sensing ranges simultaneously. Due to the increased destruction of the conductive networks at higher strains, the composite has a relatively higher GF in the second region. When comparing different patterns, it was found that a small zigzag exhibited a higher sensing range than a straight line and a higher GF than a big zigzag. In comparison to other studies, such as those using TPU nanofibers coated with silver nanowires and those in-situ polymerized by PANI, the strain sensors in this study did not exhibit high sensitivity under 5% strain [45]. The resistance was 2.0 at 10% strain for TPU nanofibers treated by CNTs, Ag, and PDMS by immersion and in-situ synthesis methods [51]. 

Cyclic extension test properties

Superior reproducibility in repeated stretching and releasing cycles is required for flexible strain sensors.

Figure 4-26 illustrates the results of the stress relaxation test and the load-unload response of strain curves of TPU, printed TPU-big zigzag, and -small zigzag up to 30%. The force decreased from 0.18 to 0.13 N, 0.24 to 0.18 N, and 0.37 to 0.26 N after 49 cycles for TPU, big zigzag, and small zigzag patterns, respectively. As the presence of carbon ink on the surface of the membrane increases rigidity and the pattern could affect the elasticity of the samples, the rupture was observed in the printed part for the straight line and big zigzag patterns after 5% and 10% of strain, respectively. Therefore, the test was repeated up to 5% of strain, which is appropriate for applications based on the speed of airflow in filtration systems, as shown in Figure 4-27. It is evident that TPU polymer-based materials exhibit stress relaxation under constantly repeated strain at room temperature (25°C). The force decreased from 0.06 to 0.04 N, 0.2 to 0.1 N, 0.08 to 0.05 N, and 0.07 to 0.05 N after 49 cycles for TPU, straight line, big zigzag, and small zigzag patterns, respectively. The loss of strength during the repeated tensile cycles could be due to the plastic strain mechanism of TPU, and the same trend was detected for all samples. According to the curves, the strain increased from the beginning, and the hysteresis loops continuously shifted as the cyclic test repeated.

Studies have reported that the creep behavior depends on the stress and increases as the axial loading changes from tension to release [52]. Cyclic loading confirmed the good repeatability of this system during 50 cycles, which could be used as a strain sensor. Nevertheless, since 300 cycles are required for a 6-month use life of the air filter, the test was repeated for 300 cycles. Therefore, Figure 4-28 illustrates the cyclic extension curve of the TPU membrane up to 20% of strain during 300 cycles. The decrease of force from 0.14 to 0.13 N up to 20% of strain and after 299 cycles, confirm the elasticity, flexibility, and durability of polyurethane nanofibers. 

Cyclic extension test-electromechanical properties

The dynamic strain sensing performance of big zigzag and small zigzag patterns was compared up to 10% and 30% strain, as observed in Figure 4-30. After 49 cycles, the ΔR/R0% slowly decreased from 15.16% to 3.5% and from 57.45% to 25.16% for big zigzag and small zigzag patterns, respectively. As mentioned in section 4.2.4.4, the small zigzag pattern showed higher sensitivity compared to the big zigzag pattern, which is confirmed by Figure 4-33.

151 The system functions as a strain sensor, where its resistance increases when exposed to external mechanical deformation and returns to its original value after release, due to the disconnection and recovery of the conductive network. It can be observed that the responsive intensity decreased slightly over successive cycles. Initially, the peak value of ΔR/R0% gradually decreased with increasing cycle number due to the rearrangement of carbon networks and the formation of new conductive pathways during the initial stretching-releasing cycles. Subsequently, the peak value of ΔR/R0% remained steady with increasing cycle numbers, reflecting the stable state of the carbon networks.

Based on Figure 4-34, the ∆R/R0% decreased from 72.65 to 32.92, 10.05 to 6.08, and 13.18 to 1.13 percent after 49 cycles for the straight line, big zigzag, and small zigzag samples, respectively. The curves for all samples exhibited a similar trend during stretching/releasing cycles. The excellent durability of the strain sensor can be attributed to the outstanding resilience of TPU nanofibers and the stability of the carbon conductive network [9,39,49]. Wang et al. reported that TPU coated with CNTs and PDMS did not exhibit a clear peak signal for relatively small strains of 30% and 50%, while a significant peak was observed for a larger strain of 100%. This suggests that small strains may cause minimal damage to the conductive network, making it easier to recover during the releasing process. In contrast, larger strains can cause substantial damage to the conductive pathway, resulting in the hard destruction and reconstruction of the conductive pathway during the recovery process [27]. The change of resistance was observed after 100% stretch for TPU nanofibers treated with graphene oxide and polydopamine fabricated by Jia et al [53]. The ∆R/R0% values reduced from 61 to 12%, 41 to 8.5%, and 14.4 to 1.9% after 299 cycles for straight lines, big zigzag, and small zigzag patterns, respectively. This study demonstrated that the composite exhibited highly reversible and reproducible ΔR/R0% signals during a 5% stretch, indicating that the sensor displayed high reliability and reproducibility in the small 5% strain range. Throughout the entire 300-cycle test, periodic and stable signals were distinguished, displaying appropriate reproducibility and reliability. Therefore, this system could be utilized as a strain sensor for clogging detection in air filter applications, as 300 cycles of stretching/relaxation are required for 6 months of use of an industrial air filter, which is typically cleaned or changed after this time.

The experiment involved subjecting the membrane treated by PEDOT:PSS to a dynamic strain test up to 20% strain and measuring the change in resistance (∆R/R0%) during stretch. According to the results, the ∆R/R0% increased during stretching, but no further changes were observed after some cycles. This could be due to the breakage of PEDOT:PSS chains or the inhomogeneity of this polymer on the surface of the membrane, leading to an uneven change in resistance. The ∆R/R0% was measured to be 17.7% for the first cycle and 8.3% for the last cycle. To reduce the risk of polymeric chain rupture, the test was repeated with a lower strain of 10% as shown in Figure 4-38. 154

In Figure 4-38, the ∆R/R0% reduced from 66% to 62% after 49 cycles. Even after decreasing the strain range, the same problem was observed, and the samples did not show any change in resistance after some cycles of stretching. Thus, these samples do not indicate sensitivity, even though they are more elastic than the printed samples. No proper sensitivity was measured, hence, maybe the spray method of PEDOT:PSS should be optimized to have a homogeneous layer of polymer on the surface of the membrane. The test was repeated by reducing the strain to 5% to compare the results and avoid the possibility of a break in the PEDOT:PSS chain as indicated in Figure 4-39. Shaker et al. reported that when a tensile strain of 40% was applied to the TPU/PEDOT:PSS network sensor, the current passing through it decreased from 325 to 305 μA. Releasing the applied tensile force restored the current to 325 μA in approximately one second.

Moreover, the fabricated TPU/PEDOT:PSS strain sensor was quite stable since the tension and release currents remained at approximately the same magnitudes even after 15 cycles. The explanation for this behavior could be the elastic recovery of the fabricated material up to 40% strain, which maintains the conductive PEDOT:PSS network until this strain [48]. 155 Figure 4-39 illustrates the changes in ∆R/R0% for up to 5 strains during 50 cycles. Similar to previous tests, an initial increase in ∆R/R0% was observed, followed by a stable trend with no significant changes until the last cycle. Although there was a decrease in ∆R/R0% from 17.3% to 16.4% between the first and last cycles, it was not significant. This could be attributed to the low extension (5%) that was insufficient for the PEDOT:PSS chain. Furthermore, the PEDOT:PSS layer was not uniform on the surface of the TPU membrane, which affected the sensitivity of the samples. Despite attempts to improve homogeneity by reducing the concentration of PEDOT:PSS and optimizing treatment parameters, the results were unsatisfactory. The treated membrane showed high elasticity and flexibility but did not meet the project's requirements for repeatability, reproducibility, and electrical sensitivity.

Sequentially, the error in the test was attempted to be reduced by changing the measurement system.

Therefore, the copper wire was replaced by copper tape as a connective system, as seen in Figure 4-40.

However, the same results and trends were observed for all samples. Ω. Subsequently, even after 1200 cycles, the resistance of PU/PEDOT:PSS changed by less than 1.7%, with an average value of 234 Ω. These findings suggest that the resistance of PU/PEDOT:PSS remained relatively stable and independent of further strain changes after the initial 10 cycles. Similar behavior was observed for the sample under cyclic stretch to 20%, 30%, and 50% strains. This phenomenon can be explained by considering the inherent elastomeric behavior of PU and the deformation/breakage of PEDOT:PSS. PU, being a thermoplastic polymer, contains both rigid/hard and flexible/soft segments within its macromolecular chains. During the stretching process, the soft segments of PU may undergo straininduced crystallization while the hard segments recover slowly upon the release of strain. This results in small, but permanent plastic deformation during cyclic stretching. In their study, they observed slight plastic deformation (~10% of the applied strain) in the PU/PEDOT:PSS nonwovens. However, under high stretch strain, the rigid conjugated polymer PEDOT:PSS would break and form tiny wrinkles or cracks during the initial cycles of stretch and release. This leads to an initial increase and then stabilized resistance during cyclic stretching [47].

Conclusions

This study aimed to investigate the in-situ conductivity of TPU nanofibers by incorporating carbon particles with different concentrations into the polymeric solution before electrospinning. Surface treatments such as the immersion method can obtain the surface conductivity of nanofibers but can block the pores.

Therefore, the printing method was chosen to maintain the porosity of the membranes. TPU nanofibers were produced using a dynamic collector with a rotation speed of 200 rpm. The carbon ink was then applied to TPU membranes in various patterns.

SEM images were used to evaluate the morphology, diameters, and structure of the nanofibers before and after printing. The images showed that the blockage of porosity was limited only to the printed layer. Thus, by using this functionalization method, the air was able to pass through the rest part of the nanofibers.

Overall, these findings demonstrate that the printing method is a suitable technique for maintaining the porosity of TPU nanofibers while incorporating carbon particles to enhance their conductivity.

The mechanical properties of the samples were investigated, and the maximum elongation was found to be 68%, 20%, 32%, and 43% for TPU, TPU printed in a straight line, TPU printed in a big zigzag pattern (length: 10 mm), and TPU printed in a small zigzag pattern (length: 5 mm), respectively. The resistance/strain curves were divided into two regions, I and II, based on the slope of the curves. The measured GF for the region I was 16.47, 0.89, and 2.28, while the measured GF for region II was 78.64, 4.15, and 11.16 for the straight line, big zigzag, and small zigzag patterns, respectively.

Cyclic extension tests were performed to evaluate the resiliency properties of TPU nanofibers up to 5% strain under 50 and 300 cycles. The results showed that TPU and printed TPU in small zigzag patterns demonstrated elasticity up to 30% strain, while rupture was observed for TPU printed in a straight line and big zigzag patterns after 5% and 10% strain during the cycles.

Based on the results, the samples showed high sensitivity even at a small strain range of 5%. The reproducibility and repeatability of these strain sensors were evaluated through a cyclic test, which showed that the resistance increased during stretching and decreased during releasing. The observed decrease in resistance after 300 cycles could be attributed to the hysteresis resulting from TPU molecular chain movements and plastic behavior. While the use of big zigzag patterns improved the elongation at break, it reduced sensitivity. Though, by reducing the length of the zigzag patterns from 10 mm to 5 mm, the sensitivity and elongation were enhanced simultaneously.

In summary, a facile and scalable technique for fabricating textile strain sensors have been developed that can detect clogging in air filters. These sensors can deform under very low airflow and change their electrical resistance due to the lightweight, elasticity, and conductivity of printed TPU membranes. The porosity of the nanofibers allows for the placement of these sensors before or after filters without impeding airflow. In future studies, the samples will be placed in the ventilation tunnel before or after the air filter to observe their effects on pressure drop, deformation under low airflow in the system, and resistance change during deformation, which can help detect clogging in air filters.

In the second part, TPU membranes produced using a dynamic collector with a speed of 1200 rpm were treated with PEDOT:PSS by one of the partner (IMT Atlantique, Brest, France). The treated membranes retained their porosity even after surface treatment, and their diameter did not change significantly. The presence of PEDOT:PSS on the surface of the membrane increased the force from 0.52 to 1. 45 N but decreased the maximum elongation at break from 113 to 102%, indicating a minor effect on the elasticity of the samples. The GF was measured 2.8 and 24.7 for regions I and II, respectively, up to 100% strain.

The cyclic extension test confirmed the resilience of these samples up to 5%, 10%, and 20% strain under 50 cycles. Nevertheless, the dynamic strain curve demonstrated that the samples were less sensitive, as the resistance changed after the first cycle and then remained steady without any significant change until the last cycle. Even though the ∆R/R0% decreased from the first to the last cycle for all samples, the decrease was not significant. Different methods of electrical measurement were used, and the functionalization parameters were optimized, but the samples did not demonstrate good sensitivity due to the inhomogeneous layer of PEDOT:PSS on the surface of the membrane despite having proper elasticity and flexibility. As a result, these samples were not suitable for this project, as they did not show any sensitivity under low deformation related to the low speed of air in the filtration system. Furthermore, lack of repeatability and reproducibility was observed for the TPU membrane treated with PEDOT:PSS, as no change in resistance was measured after multiple cycles.

5 Chapter 5: Air Filters Clogging Detection

Introduction

Fibrous filters are a common choice for reducing indoor particle concentration in building ventilation systems as well as portable indoor air cleaners. The overall performance of ventilation systems and air cleaners is primarily determined by the effectiveness of the applied air filters. Typically, the filter set consists of a combination of filters with various ratings, such as pre-filters, medium-efficiency filters (F7-F9), and high-efficiency filters (H11-H13). Typically, the initial particle efficiency of fibrous filters is evaluated and reported to assess their performance. However, it's important to note that during the actual operation and use of filters, the practical filter efficiency may change due to dust loading. An example of this can be seen in a study that demonstrated a decrease in the long-term efficiency of electrically charged filters in a ventilation system over time. The efficiency decreased from an initial range of 80 to 100% to a range of 35 to 80% for particles with diameters ranging from 0.219 μm to approximately 3 μm. Towards the end of the test, there was a slight decrease in efficiency [1].

Thus, cost-effective and continuous monitoring of air filters is crucial to prevent efficiency losses. Pressure drop measurements are commonly used to determine filter clogging, which depends on the airflow passing through the filter. Additionally, methods such as heated wires and measuring changes in fan speed can be used to maintain a constant airflow and determine the electrical power needed. Nevertheless, these methods cannot accurately predict the remaining useful life of air filters. To address this issue, various analytical and numerical models have been introduced in the literature. These models are based on the relationship between the volume flow, differential pressure, and reduction of empty spaces between fibers of air filters. experience-based and data-driven condition monitoring of the air filters in HVAC systems [3].

Combining conventional textile-based filters with e-textiles that can measure airflow variations presents another approach to detecting filter clogging. This approach could streamline air filter maintenance and even enable predictive maintenance. As a result, textile sensors, such as pressure, strain, humidity, and temperature sensors, are being incorporated into smart clothing, robotics, structural and personalized health monitoring devices, and movement detection devices [4,5]. Temperature sensors can be utilized to detect clogged air filters by measuring the temperature difference across the evaporator, which increases when airflow is reduced. By providing real-time clogging warnings, users can react promptly and save energy.

Temperature sensors are a more cost-effective option compared to pressure sensors. The Oak Ridge National Laboratory has developed an affordable and easily incorporable temperature sensor that can be used as a refrigerant charge indicator and for detecting dirty air filters in existing heat pumps and air conditioners [6].

Strain sensors have garnered significant attention in numerous applications and can be classified into two types resistive and capacitive sensors. The quality of these sensors is assessed based on their repeatability, sensitivity, and stretchability [7]. Electrospun electrically conductive nanofibrous membranes possess several interesting properties, including good electromechanical characteristics, lightweight design, porosity, and high surface area. These properties make them suitable for use as textile sensors [8]. The electrospinning method is a simple, cost-effective, and versatile process for producing nano and microfibrous membranes [17]. Textile sensors can be made conductive by polymerization, synthesis, chemical modification, or the addition of conductive materials such as metals to their structure [9].

Jia et al. fabricated electrospun TPU nanofibers, which were then dispersed in an RGO solution via ultrasonication. A semi-conductive polymer called polydopamine (PDA) was polymerized on the nanofibers surface using the in-situ polymerization method. The researchers examined the application of the nanofibers with and without PDA and found that the nanofibers with PDA had a higher GF value, which is the ratio of the relative change in resistance to mechanical strain. This could be attributed to the presence of PDA as a bridge between RGO and nanofibers and the clogging of RGO sheets by PDA, which affects the mechanical characteristics and sensitivity of the membranes. The GF values achieved were 23.2, 185, 1314.8, and 6583 for strains ranging from 0-60%, 60-100%, 100-140%, and greater than 140%, respectively. The produced membranes showed remarkable stretchability (over 550%), a rapid response time (100 ms), and good repeatability and durability (9000 cycles with 50% strain) [10].

Chen et al. modified MXene particles with polydopamine to improve their oxidation resistance. Then, they integrated the modified MXene solution into electrospun TPU nanofibers using the vacuum filter method, after immersing the nanofibers in a carbon nanotube (CNT). Finally, Ni was added to the system to enhance the signal stability and sensitivity of the sensors based on MXene. The resulting samples exhibited a high sensitivity of 9.25, a tunable detection range of up to 100% strain, and stable durability over 900 cycles.

These sensors could be used to detect the movement of human joints [11].

Wang et al. fabricated electrospun TPU nanofibers with two different collector speeds, 100 and 200 rpm, named TPU-100 and TPU-200, respectively. They were then immersed in deionized water containing CB using ultrasound waves for 3 hours. The higher conductivity of the thicker TPU-200 sample was attributed to its larger matrix. Conversely, TPU-100 had less sensitivity due to its dense structure. The gauge factor value increased with an increase in sample strain due to the separation between carbon black particles, leading to the enhancement of resistance. Ultrasound treatment did not affect the mechanical properties of the TPU and TPU/CB, and the proper distribution of CB on nanofibers' surfaces improved the mechanical properties of the compound. TPU-200 had a higher tensile strength than TPU-100, but its elongation at break was lower due to lower stretching force during electrospinning. This compound can be used in various applications such as regeneration, vocal cord vibrations, muscle tremors, and finger bending, as it has remarkable sensitivity, rapid response, and good durability [12].

In another study, an innovative RF antenna-based sensor is presented which employs a flexible dispenser (Voltera) printed loop antenna for efficient ice detection. When the antenna is covered with ice, the resonance frequency of the antenna drops significantly, causing a response that can be detected wirelessly through the realized gain and the antenna's reflection coefficient. Both simulated and measured S11 data revealed a frequency shift of approximately 700 MHz from 2.46 GHz for 9 mm ice thickness. By using the RF loop antenna, thick ice formation on the surface results in variations in the channel gain, where the antenna's gain degradation depends on the thickness of the ice layer. This capability enables wireless detection of ice over the air [13].

Li et al. utilized the inkjet printing method to print CNT and GNP inks on the surface of PI thin films. The addition of low concentrations (1-2 wt%) of CNT and GNP resulted in a significant increase in conductivity in both CNT-PI and GNP-PI thin film devices. The experimental results demonstrated that GNP-PI devices exhibited a maximum GF value of 26, while CNT-PI devices exhibited a maximum GF value of 3.5. These findings suggest that both GNP-PI and CNT-PI nanocomposite thin films have great potential for use in flexible strain, force, and pressure sensors [14].

Nikbakhtnasrabadi et al. developed a wireless pressure sensor using an inductor-capacitor (LC) resonant tank, printed on a flexible, biocompatible, and piezoelectric substrate made of electrospun Poly-L-lactide (PLLA) nanofibers. The resonant tank (with a resonant frequency of ≈13.56 MHz) was screen-printed and consisted of a planar inductor and an interdigitated capacitor connected in parallel. The capacitance of the interdigitated capacitor, which was present on the piezoelectric substrate, varied in response to the applied pressure, resulting in a change in resonant frequency and the LC tank working as a wireless pressure sensor.

The sensor showed high sensitivity with values of 0.035 kPa -1 and 1200 Hz kPa -1 in wireless operation, with excellent durability of over 1800 cycles. This sensitivity is the highest among printed wireless pressure sensors reported so far, with a 1.75-fold increase compared to others. The LC tank-based pressure sensor was integrated into a compression bandage to demonstrate its potential use in the online monitoring of subbandage pressure [15].

Direct-write dispenser printing is a straightforward solution for the rapid prototyping and low-volume manufacturing of flexible and printed electronics. Wagih et al, presented the fabrication of magnetic resonance wireless power transfer (WPT) coils using dispenser printing. A double-sided inductor was printed on a flexible polyimide substrate using a commercial dispenser printer (Voltera). Single-sided coils were printed using the dispenser printer, and then heat-pressed to create double-sided inductors using conductive epoxy. The results showed that the proposed double-sided coils outperformed the single-sided coils, achieving over 53.8% higher quality factor and 67% higher inductance than two series-connected coils. They tuned the coils to resonate at 6.78 MHz using lumped-matching. The proposed coils demonstrated a peak WPT efficiency of 50% [16].

This study aimed to assess the performance of carbon ink printed on the surface of the TPU membrane in different patterns. The samples were subjected to various velocities in a ventilation tunnel to measure their pressure drop and resistance change. To reduce the pressure drop, structured nanofibers were produced using honeycomb-like collectors with holes of varying sizes. Zigzag patterns were then printed on the surface of the structured membrane, and the air permeability and burst test of the simple and structured samples were examined. Finally, the pressure drop of the samples was compared with and without filters in the ventilation tunnel.

Method

In the first step, electrospun TPU (5760) nanofibers were produced with a feed rate of 1.5 ml/h, a distance of 15 cm, a voltage of 12 kV, a rotating collector speed of 200 rpm, a nozzle speed of 10 mm/min, and an electrospinning time of 30 minutes. These parameters were optimized based on the following 165 morphological criteria: (i) homogeneous distribution of nanofibers, (ii) nanofibers diameters of approximately 700 ± 96 nm, and (iii) absence of nanobeads in the membrane. The mechanical criteria used to optimize the electrospinning process included (i) flexibility, (ii) resilience (at least 300 cycles), and (iii) strain force characteristics.

In the second step, the carbon sensory ink was printed onto the nanofibers surface using different pattern geometries designed by Kicad software by use of Voltera printer, as shown in Figure 5-1. To reduce the pressure drop of the TPU membrane in the ventilation tunnel and let the air pass through the filtration system, the structured collectors with a honeycomb pattern were designed using SolidWorks software. The collectors were then fabricated using a 3D printing machine (STREAM pro MK3, from VOLUMIC 3D SHOP, France) on a flexible substrate (Acrylonitrile butadiene styrene (ABS)). Finally, the collectors were metallized with graphite spray (Graphite 33, Kontakt Chemie, Belgium) from a distance of 25 cm. The spraying process was repeated twice, and each time, the collectors were left to dry for 30 minutes to ensure conductivity for use in the electrospinning mechanism. Figure 5-2 displays the structured collectors with their respective sizes. The length and width of each collector were fixed at 20 and 15 cm, respectively, according to the dynamic collector's dimension of the electrospinning machine.

166 After the preparation of the collectors, the TPU solution was electrospun onto the newly designed structured collectors. However, when the structured collector with a hole size of 3 cm (structured membrane-3) was used, the electrospinning process did not yield uniform and homogeneous nanofibers. Additionally, issues were encountered with separating the sample from the collector, and rupturing of the sample was observed during preparation, as illustrated in Figure 5-3. There were challenges in the printing of the zigzag pattern on the surface of structured membranes, namely, membrane inhomogeneity and low thickness, which caused sample movement during printing.

Nevertheless, the printed samples were prepared using a feed rate of 0 µm and a height of 0.15 mm as printing parameters. Figure 5-4 shows the printed zigzag pattern on structured TPU membranes with hole sizes of 0.5 cm (printed structured TPU-0.5) and 1.5 cm (printed structured TPU-1.5).

167 

Results

Air permeability

The air permeability of TPU, printed TPU-zigzag, structured TPU-0.5, structured TPU-1.5, and printed structured TPU-zigzag was measured using the standards specified in section 3.3.4, as shown in Figure 5-5.

The surface areas were calculated at 1.7, 5.3, 3.3, 2.2, 8.9, and 6 g/cm 2 for TPU, printed TPU-zigzag, structured TPU-0.5, structured TPU-1.5, printed structured TPU-0.5, and printed structured TPU-1.5, respectively. Based on the curves presented in l/m 2 /s, respectively, which are appropriate air pressures for textile layers [17]. The air permeability of structured TPU-1.5 and printed structured TPU-1.5 was measured to be 4167 ± 80.1 and 4167 ± 69 l/m 2 /s under 100 Pa, and no results were observed for these samples after 100 Pa pressure. However, no results

were observed for structured TPU-0.5 and printed structured TPU-0.5 after 300 Pa, which could be due to the presence of holes that increase the air permeability and cause the samples to reach the maximum air permeability of the device under low pressure. The printed part caused a decrease in the air permeability of the TPU membrane due to partial blockage of pores, whereas the zigzag patterns did not show any effect on the air permeability of structured membranes because of the presence of holes. As discussed in section 3.3.5.3, TPU membranes are already sufficiently air-permeable, and using structured membranes can lead to an increase in air permeability. 

Burst test

The burst test was performed on TPU, printed TPU-zigzag, structured TPU-0.5, structured TPU-1.5, and printed structured TPU-zigzag according to the standard specified in section 3.3.4 (Figure 567). Table 5-1

shows the deformation of the samples under the maximum pressure they were able to withstand, as well as the time at which the samples fractured. The maximum pressure for the TPU membrane increased from 13.6 ± 1.4 to 23.4 ± 2.1 kPa after printing due to the higher rigidity of the printed part which decreased the elasticity of the membranes. The structured membrane showed a higher pressure than the non-structured ones, confirming the improvement in strength using structured membranes. However, for the structured 169 samples, the maximum pressure did not change with the presence of the printed part because of the holes.

In addition, no rupture was observed for these structured membranes until the device was stopped. There was no difference in deformation and the maximum time to rupture for any of the samples (around 28 mm and 14 s, respectively). 

Tunnel test

The membranes with different printed patterns were tested in the ventilation tunnel, as explained in section 3.3.4 to see the effect of the printed patterns on the electrical properties and pressure drop of the samples. Table 5-3 presents the pressure drop and resistance change of printed membranes with big zigzag patterns at different velocities. The resistance change was evaluated by increasing the air velocity in the tunnel. The machine was then stopped to check if the resistance returned to its initial level. Subsequently, the machine was restarted with increased velocity. According to the table, the initial resistance was 800 Ω. When the speed was increased to 0.04 m/s, the resistance (R) increased to 846 Ω. After stopping the velocity, the R decreased to 826 Ω but did not return to the initial value. Each cycle exhibited hysteresis, with the R not returning exactly to its initial value. This could be attributed to the elasticity of the membrane, where deformation resulted in R changes, and the membrane could not fully relax and return to the initial state after stopping the velocity, resulting in hysteresis. Furthermore, the use of big zigzag patterns allowed for delayed rupture, which was observed at 1/12 m/s for this sample. However, the sensitivity of the samples was lower, as evidenced by a calculated k * of 42.83, as shown in Figure 5-10. Furthermore, the sensitivity of samples containing small zigzag patterns was found to be higher with a k * of 120.44 and 29.95 for region I and II, as shown in Figure 5-11. Nonetheless, a rupture occurred at a velocity of 0.90 m/s in this sample. Additionally, hysteresis was observed, as the R did not return to its initial value after each stop. The R increased from 859 to 1018 Ω at a velocity of 0.22 m/s, but then reduced to 887 Ω when the velocity was stopped as presented in Table 5-4. Table 5-5 presents the resistance change and pressure drop of printed membranes with a triangle pattern at different air speeds in the tunnel. These samples exhibited a higher initial resistance (1984 Ω), and rupture occurred at 1.7 m/s. Therefore, the use of this pattern could postpone rupture, allowing for measurements to be taken even after the air filtration system reaches a speed of 1.72 m/s. Nevertheless, the sensitivity was lower, and the k * was calculated to be 27.91, as indicated in Figure 5-12. When the velocity increased from 0 to 0.09 m/s, the resistance increased from 1984 to 2201 Ω, and after the machine was stopped, the resistance remained at 2201 Ω. As a result, the samples exhibited sensitivity and resistance change after reaching a velocity of 0.18 m/s. 181

The pressure drop and resistance change of printed structured TPU-1.5 were plotted for three samples with respect to velocity, as shown in Figure 5-18. The r values were calculated as 0.45, 0.82, and 0.26 for sample 1, 2, and 3, respectively. The p value was measured 2.1, 1.9 and 2.2 for samples 1, 2 and 3 accordingly.

Table 5-9 shows that the pressure drop (mean of three samples) was measured up to 34 ± 2.41 Pa under a velocity of 3.82 m/s. When compared with structured TPU-0.5 samples, the pressure drop was reduced from 134.3 ± 7.6 to 34 ± 2.41 up to 4 m/s velocity. However, the sensitivity and resistance change were decreased as well due to the larger holes in the samples that allowed air passage, resulting in less deformation. Figure 5-19 compares the pressure drop of these samples with a filter (M5) against velocity, and the structured membranes indicated a lower pressure drop than the filter. 183

In this part of the study, structured membranes were tested in the ventilation tunnel in the presence of a filter (M5), placed downstream of the filter as shown in Figure 5-20. Two printed structured TPU-0.5 samples were tested, and rupture was observed in one of them, resulting in the test being stopped. Figure 5-21 shows the pressure drop (sample + filter) and resistance change of this sample concerning velocity.

The r was measured to be 1.67 and p 1.9. Based on Table 5-10, the pressure drop of the system with the filter increased from 496 to 660 Pa with the addition of the structured TPU-0.5 at a velocity of 3.82 m/s. It can be concluded that the use of samples with small holes increased the pressure drop of the system by 1.3

times. The pressure drop of the filter with and without any nanofiber membranes was compared in Figure 5-22, and as discussed, the presence of the membrane only slightly increased the pressure drop of the system. Similar to previous samples, the lower sensitivity of sensors was observed for structured membranes in comparison with non-structured membranes. The test was repeated using samples with larger holes, as shown in Based on Table 5-11, after incorporating the printed structured TPU-1.5 into the system, the pressure drop increased from 496.4 for the M5 filter to 554 for the membrane with the filter at a velocity of 3.82 m/s. This represents a growth of approximately 1.1 times. Figure 5-24 confirms this increase and displays the curve of pressure drop for the filter with and without the structured membrane at different velocities. Compared to the samples with small holes, membranes with larger holes have a lesser impact on pressure drop due to their larger openings, which allow air to pass through more easily. 

Conclusions and Discussion

In this chapter, the production of TPU membranes through electrospinning, as discussed in section 3.3.3, is described. Different geometric patterns, including straight lines, small and big zigzags, and two-connected straight lines, triangle, and star, were then printed on the surface of the membranes to investigate their impact on the electromechanical properties. To reduce the pressure drop of the TPU membrane, as measured in section 3.3.5.2, a structured collector with holes of varying sizes (0.5 and 1.5 cm) was prepared and metalized. Electrospinning was carried out using these collectors to fabricate structured TPU membranes, and zigzag patterns were printed on the surface of these structured membranes.

The air permeability of the TPU membrane, printed TPU-zigzag, structured TPU-0. The burst test was performed on TPU, printed TPU-zigzag, structured TPU-0.5, structured TPU-1.5, and printed structured TPU-zigzag. The maximum pressure for the TPU membrane increased from 13.6 ± 1.4 to 23.4 ± 2.1 kPa after printing, due to the increased rigidity of the printed patterns, which decreased the elasticity of the membranes. The structured membranes exhibited higher pressure resistance compared to 188 the non-structured ones, indicating an improvement in strength with the use of structured membranes.

Additionally, no ruptures were observed in these structured membranes.

The effect of printed patterns on the electrical properties and pressure drop of samples was investigated by testing membranes with different printed patterns in a ventilation tunnel, as detailed in section 3. The printed structured membrane, which includes both small and big holes, underwent testing in a ventilation tunnel. The ∆R/R0 curves displayed non-linear behavior, leading to the utilization of a power model to fit the curves. The model employed a pre-factor (r) and an exponent (p) for the fitting process.

The r was measured, reaching up to 2.53, 0.89, and 1.95 for membranes with small holes, and 0.45, 0.82, and 0.26 for membranes with big holes, respectively. Comparing the two types of structured membranes, the pressure drop was significantly reduced from 134.3 ± 7.6 for the printed structured TPU-0.5 membrane to 34 ± 2.41 for the printed structured TPU-1.5 membrane, at velocities up to 3.82 m/s. Furthermore, the maximum pressure drop was calculated to be 19.3 Pa for the M5 filter, at a velocity of 3.82 m/s.

Based on the results, the structured membranes were indeed tested in a ventilation tunnel with the samples being downstream of the filter (M5). The r for printed structured TPU-0.5 was measured to be 1.67. The pressure drop of the system increased from 496 to 660 Pa with the addition of the structured TPU-0.5 at a velocity of 3.82 m/s, indicating that the use of membranes with small holes increased the pressure drop by 1.3 times. For the printed structured TPU-1.5, the r was calculated to be 0.14. After incorporating the printed structured TPU-1.5 into the system, the pressure drop increased from 496.4 for the M5 filter to 554 for the membrane with a filter at a velocity of 3.82 m/s, representing a rise of approximately 1.1 times. Hence, membranes with larger holes have a lesser impact on pressure drop compared to samples with small holes, due to their larger openings that allow air to pass through more easily.

In summary, the structured membranes with larger holes showed lower sensitivity values compared to nonstructured membranes and structured membranes with smaller holes. This could be attributed to the 6 Chapter 6: Conclusions and Perspectives

Conclusions

According to the findings of the Global Burden of Diseases Study, outdoor PM2.5 (particulate matter with a diameter of less than 2.5 μm) was ranked as the fifth highest risk factor for mortality in 2015. In that year alone, outdoor PM2.5 exposure resulted in a staggering 4.2 million deaths worldwide, accounting for 7.6%

of the total global mortality rate. Numerous epidemiological studies have consistently demonstrated robust associations between outdoor PM2.5 exposure and a wide range of adverse health effects, including but not limited to heart failure [1]. Many individuals spend a significant portion of their time indoors, making it imperative to minimize indoor exposure to outdoor particles. In commercial buildings, one commonly employed strategy to lower particle concentrations is the utilization of HVAC filters. Similarly, in residential buildings, dedicated outdoor air systems and air purifiers equipped with HEPA filters are becoming more prevalent as a means of mitigating indoor particle exposure [2].

Clogging, resulted from the accumulation of small particles in the pores of fibrous filters is a significant issue that various industries are actively working on to address. Detecting clogging is the initial step in determining when a filter needs to be replaced or cleaned [3]. The issue of clogging in air filters can lead to increased pressure, decreased efficiency, and the formation of a thick layer on the filter surface. Partial clogging can significantly reduce the capacity and efficiency of filters, with potential efficiency losses of up to 30%. Therefore, it is crucial to have continuous and cost-effective monitoring methods in place to prevent such efficiency losses. Common methods for measuring filter clogging include measuring the pressure drop, which depends on the airflow passing through the filter. Other techniques such as heated wires or changes in the fan speed are also used so as to maintain constant airflow. However, these methods do not typically predict the remaining useful life of air filters. Some models have been proposed in the literature to establish relationships between the airflow volume, pressure difference, and the reduction of empty spaces between filter fibers to predict the resistance of air filters to airflow [4].

Combining conventional textile-based filters with e-textiles capable of measuring airflow variations could potentially detect clogging. This innovative approach has the potential to streamline air filter maintenance and enable predictive maintenance strategies. E-textiles typically consist of two main components: textiles and embedded electronics for sensing, actuating, and decision-making. Conductive flexible textiles are used to connect the electronic components and power supplies. Smart textile structures, a subset of e-textiles, can be categorized into three main components. Primarily, electronic modules that are equipped with microcontrollers, memory, as well as input-output and communication interfaces. Secondly, sensors, actuators, and electrodes often fabricated on flexible or textile substrates, and, latterly, connection yarns which are embedded in textile fabrics, also known as textile motherboards or textile circuit boards [5].

Strain sensors, which have attracted significant attention in various applications, can be classified as resistive and capacitive types. Parameters such as repeatability, sensitivity, and stretchability are crucial in evaluating the quality of these sensors. The sensing mechanism is influenced by the behavior of the sensing material, formation of cracks in the sensing layer, formation of the conduction network, and geometrical transformation. Optimizing these factors is crucial in designing high-quality strain sensors for various applications [6].

Natural and synthetic textile fibers, such as cellulose acetate, cotton, wool, polyamide, polyester, and polyurethane, can be processed through various techniques including melt spinning, weaving, knitting, electrospinning, printing, and screening, which are important methods for fabricating sensors. Additionally, flexible polymers such as polyurethane, when combined with conductive materials, namely, carbon nanotubes, can be used to produce flexible textile sensors which can be integrated into electronic devices or attached to human skin for wearable applications [7].

Nanofibrous membranes possess desirable properties such as good electromechanical characteristics, lightweight, porosity, and high surface area, making them suitable to use as textile sensors. The morphological structure of nanofibers provides a larger measurement surface, allowing for lower detection thresholds compared to other materials. These membranes are permeable enough to allow airflows without disrupting the filtering efficiency. Electrospinning is a simple, cost-effective, and versatile process commonly used to produce nano and microfibrous membranes for textile sensor applications [8].

Electrospun textile sensors can be rendered conductive through various methods, including polymerization, synthesis, chemical modification, or the addition of conductive materials such as metals to their structure. These methods enable the transformation of electrospun textiles into conductive sensors, expanding their potential for diverse applications [9].

This research project aims to explore the feasibility of integrating an array of sensors into a flexible and airpermeable textile substrate, as an alternative to a rigid grid structure. This innovative approach seeks to improve the accuracy and efficiency of clogging detection in air filtration systems, while providing a costeffective and straightforward solution. The development of textile sensors is targeted at monitoring and regulating the quality of incoming air from both external and internal sources, particularly in enclosed spaces such as offices, hospitals, shopping malls, and swimming pools. The ultimate goal is to analyze air quality and optimize the energy consumption of the AHU responsible for refreshing the air in these environments.

In the first chapter, the framework of this research project, outlining the challenges that prompted the formulation of the research goals and objectives, and delimiting the research scope was presented.

Chapter 2 discussed air filters, the impacts of clogging on air quality, models used for clogging detection, e-textiles and their applications, nanofibers, and electrospinning. Furthermore, different methods of the insitu and surface conductivity of nanofibers for preparing textile sensors were presented, with a detailed explanation of the printing method as a surface conductivity method.

The methods were explained in Chapter 3, first, the elastane yarn with varying linear densities was treated with sulfuric acid to increase its hydrophilicity. Then, it was coated with a PEDOT:PSS solution to create a conductive pathway. Although these yarns exhibited good mechanical properties, rupture of the conductive region was observed during the tensile test, making it impossible to measure resistance changes during stretching. This was because PEDOT:PSS was not absorbed by the yarns due to their hydrophobic nature even after acid modification, resulting in only a dried layer of the polymeric solution forming on the surface of the yarns, causing them to become fragmented. Thus, the research was continued using electrospun nanofibrous membrane. TPU polymeric solutions were initially prepared using eco-friendly solvents such as DMSO and acetone, but were later replaced with DMF and THF for optimal solubility of polyurethane. DOE was used to optimize electrospinning parameters, and SEM analysis revealed bead-free and homogeneous nanofiber morphology with an average diameter of 679 ± 96 nm. TPU membranes were tested in a ventilation tunnel at varying velocities of 0-8 m/s. The TPU membrane electrospun for 30 minutes exhibited a pressure drop comparable to that of an air filter (109 to 251 Pa at a velocity of 2.67 m/s), with a pressure drop of 216 Pa at a velocity of 1.72 m/s, which is the velocity of air in the filtration system [10]. Moreover, the air permeability of the samples reached up to 3500 l/m 2 /s under a pressure range of 0-1000 Pa. Continuingly, mechanical testing demonstrated high mechanical properties and flexibility of TPU nanofibers, with an approximate strain of 50%.

In Chapter 4, the conductivity of the samples that was enhanced by incorporating MWCNTs, CB, and an ionic liquid (IL) were stated. The viscosity and conductivity of the resulting solutions were measured. SEM images revealed that the nanofibers exhibited a smooth, uniform, bead-free, and homogeneous structure.

TEM images and TGA results, confirmed the presence of carbon particles and IL in the nanofibers.

Mechanical testing determined a significant increase in the maximum force and maximum elongation at the break of the TPU membranes, from 0.22 ± 0.017 to 2.09 ± 0.06 and from 41 ± 0.0002 to 137 ± 0.0003, respectively.

In the second part of this chapter, the printing method chosen as a surface conductivity treatment for nanofibers was discussed. TPU nanofibers were produced using a dynamic collector with a rotation speed of 200 rpm, and subsequently, carbon ink was applied to the TPU membranes in various patterns. The SEM images revealed that the blockage of porosity was limited only to the printed zone, indicating that this functionalization method allowed air to pass through the nanofibers. Thus, the printing method proved to be a suitable technique for maintaining the porosity of TPU nanofibers while incorporating carbon particles to enhance their conductivity. The maximum elongation was measured 68% for TPU, 20% for TPU printed in a straight line, 32% for TPU printed in a big zigzag pattern with a length of 10 mm, and 43% for TPU printed in a small zigzag pattern with a length of 5 mm. The resistance/strain curves were categorized into two regions, labelled as I and II, based on their slopes when modelled by linear models. The measured gauge factor of the straight line, big zigzag, and small zigzag patterns for region I was 16.41, 0.89, and 2.28

for region I as well as 78.64, 4.15, and 11.16 for region II, respectively. Continuingly, the reproducibility and repeatability of these strain sensors were investigated through a cyclic test, revealing that the resistance increased during stretching and decreased upon release. The observed decrease in resistance after 300 cycles may be attributed to hysteresis caused by molecular chain movements and the plastic behavior of TPU.

In the third and final part of this chapter, the TPU membranes were fabricated using a dynamic collector with a speed of 1200 rpm, and subsequently treated with PEDOT:PSS by IMT Atlantique-Brest.

Remarkably, the treated membranes maintained their porosity even after surface treatment, with negligible changes in diameter. The presence of PEDOT:PSS on the membrane surface increased the force from 0.52 to 1.45 N, but resulted in a slight decrease in the maximum elongation at break from 113% to 102%, indicating a minor impact on the elasticity of the sample. The GF was measured 5.23 and 39.58 for regions I and II, respectively, up to 100% strain. Cyclic extension tests, also revealed that the samples remained resilient up to 5%, 10%, and 20% strain over 50 cycles. However, the dynamic strain curve showed that the samples were less sensitive with resistance changing after the first cycle and then stabilized without 194 significant variation until the last cycle. Consequently, no repeatability and reproducibility was observed for the TPU membrane treated with PEDOT:PSS.

In Chapter 5, the effects of various geometric patterns printed on the surface of electrospun TPU membranes on the electromechanical properties were investigated. These patterns included the straight line, small and big zigzag, two-connected straight lines, triangle and star. To reduce the pressure drop of the TPU membrane, structured collectors with holes of sizes of 0.5 and 1.5 cm (structured TPU-0.5 and structured TPU-1.5) were prepared and metallized. Electrospinning was then performed using these collectors to fabricate structured TPU membranes, and then, zigzag patterns were printed on the surface of these structured membranes.

The air permeability of the electrospun TPU membrane, printed TPU-zigzag, structured TPU-0. The structured membranes exhibited non-linear behavior in their ∆R/R0 curves, requiring the use of a power model for fitting. This model involved a pre-factor (r) and an exponent (p) for the fitting process. The measured values for r were as high as 2.53, 0.89, and 1.95 for membranes with small holes and 0.45, 0.82, and 0.26 for membranes with big holes, respectively. When comparing the two types of structured membranes, the pressure drop was significantly reduced from 134.3 ± 7.6 for the printed structured TPU-0.5 membrane to 34 ± 2.41 for the printed structured TPU-1.5 membrane, at velocities up to 3.82 m/s.

Furthermore, the maximum pressure drop was calculated to be 19.3 Pa for the M5 filter, at a velocity of 3.82 m/s.

Based on the findings, the structured membranes were tested in a ventilation tunnel with an M5 filter downstream. The r for printed structured TPU-0.5 was measured to be 1.67. Incorporating the structured TPU-0.5 into the system resulted an increase in pressure drop from 496 to 660 Pa at a velocity of 3.82 m/s, indicating that the use of membranes with small holes caused the pressure drop to peak 1.3 times. In the case of the printed structured TPU-1.5, the r was calculated to be 0.14. Upon integrating the printed structured TPU-1.5 into the system, the pressure drop increased from 496.4 for the M5 filter to 554 for the membrane with the filter at a velocity of 3.82 m/s, representing an increase of approximately 1.1 times. It was observed that membranes with larger holes had a lesser impact on pressure drop compared to samples with smaller holes, due to their larger openings that facilitated air passage. The pressure drop was found to decrease from 480 Pa for the non-structured printed membrane with a small zigzag pattern, to 14.8 and 2.4

Pa for the printed structured TPU-0.5 and printed structured TPU-1.5, respectively, despite differences in sample size and electrospinning time. This suggests that these printed structured membranes have the potential to be used as strain sensors for detecting air filter clogging, owing to their sensitivity, elasticity, and air permeability.

In conclusion, a facile and industrial scalability technique was developed to fabricate textile strain sensors for clogging detection of air filters. These sensors could deform even under very low airflow and change the electrical resistance to allow detection of blockage in the filters thanks to the lightweight, elasticity, and conductivity of the printed TPU membranes. Moreover, the porosity of nanofibers provides the possibility to put these sensors before or after filters without preventing the passage of airflow.

Limitations

The limitations of this research are also summarised below:

1. Although the porosity of nanofibers could be calculated using Digimizer and ImageJ software, they are not precise, and the lab used did not have BET Surface Area and Porosity equipment to measure the porosity and surface area of samples. Additionally, SEM equipment was unavailable to capture images of the cross-section of the nanofibers and measure the thickness of the membrane and the printing part. 3. Even though the dynamic collector of the electrospinning machine was 20 × 15 cm 2 , it was difficult to control the jet direction of the system and cover the entire surface of the collector. Additionally, due to the size limitation of the printing plate (3D printing for collector preparation and screen printing of carbon ink), samples could not be produced in larger sizes, such as 15 × 15 cm 2 , which is the size of the tunnel. As a result, the samples and M5 filter were prepared within a frame of 10 × 10 cm 2 .

4. The MTS machine did not have the equipment to test nanofibers in larger sizes according to the standards, and in the ventilation tunnel, there was no equipment to measure the deformation of the membrane under velocity. Therefore, only the pressure drop and resistance change were measured under velocity.

Future works

Although this research successfully manipulates the TPU nanofibers, including printing part with carbon ink that acts as a deformation sensor, it is still in the early stages of development. Future work that can be done as a continuation of the project is as follows:

1. Prepared structured collectors with holes of 1 cm (between 0.5 and 1.5 cm) could be used for electrospinning the nanofibers on them. Zigzag patterns will be printed on the new samples to determine if the deformation of samples under low airflow could be improved by decreasing the size of the holes. The pressure drop should not increase during this experiment. The membrane with 1 cm hole is expected to obtain a pressure drop and resistance change between the two samples of printed structured TPU-0.5 and printed structured TPU-1.5.

2. The relationship between the sensitivity and pressure drop of the samples and the size of the holes will be modeled to identify the optimal samples with higher sensitivity and lower pressure drop in the system.

3. After the printed structured membranes relax in the frame, they will be placed in the frame with pre-extension and tested in the tunnel. The pre-extension may increase the deformation of the membranes and improve the resistance change. Cycle tests will be performed on the printed structured samples in the ventilation tunnel. The velocity will be increased until a certain value and then stopped at 0 m/s to observe if the resistance returns to its initial value. The resistance change will also be observed after 300 cycles of deformation, similar to the MTS machine.

5. The printed structured membranes will be tested in the ventilation tunnel with the presence of different types of filters, including clogged filters, to investigate their pressure drop and sensitivity in detecting air filter clogging.
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  with the policy of enforcing more stringent standards for monitoring air quality in public facilities and with technical goals of:

Figure 1 - 1

 11 Figure 1-1 Example of an air filtration system. Each filtering component targets a respective pollutant (particles of different sizes, bacteria, Volatile Organic Compounds (VOCs), etc.).

Figure 1 - 2

 12 Figure 1-2 Textile sensor in the filtration system.

Figure 1 - 3

 13 Figure 1-3 Thesis structure and contents.
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Figure 2 - 1

 21 Figure2-1The main filter mechanisms of fiber material[32].

Figure 2 - 2

 22 Figure 2-2 The behavior of increase in pressure drop vs. particle per unit filtration area during clogging [33].

  .623 𝐴𝑀𝐷(𝑑 𝑝 )𝐶 𝑐 ) + 9.6450 × 10 4 ) × 𝑉 0 𝑀 𝐴 (2-5) ∆𝑃 𝑃 : Pressure drop across filter cake (Pa) ∆𝑃: Total pressure drop (Pa) ∆𝑃 0 : Pressure drop across the clean filter (Pa) 𝐴 ∶ Filtration area (𝑚 2 ) M: Collective mass of the particles in the filter (kg) D: Effective pore diameter (m) dp: Particle diameter (m)

  particle loading over time. In this regard, Yu Song et al. studied the evolution of filter structure during the dust-loading process at different clogging stages by analyzing XMCT images of dust-loaded filters at 10 Pa, 30 Pa, 50 Pa, and 100 Pa pressure drops. The pore volume and pore diameter of each pore in the 3D pore structures were obtained from the pore skeleton network from the XMCT scan by skeletonization of the 3D pore structure. The XMCT tomograms were processed and the corresponding 3D clean and loaded filter structures were provided in Figure2-3[37].

Figure 2 - 3

 23 Figure 2-3 3D structure visualization of clean and loaded filter media from XMCT images: (a) Clean, (b) 10 Pa, (c) 30 Pa, (d) 50 Pa, and (e) 100 Pa [37].

Figure 2 -

 2 Figure 2-5 (a) Direct writing CNT suspensions onto tissue paper, (b) paper with written CNT patterns, (c) assembly of a piezoresistive element and, (d) fabricated piezoresistive element [41].

Figure 2 -

 2 Figure 2-6. a) The decreasing output voltages of a SSSAF (SSSAF 1) with the pressure drop increasing; b) The fitting equation between the output voltages and pressure drops based on the experimental results of three SSSAFs with the same PZT/PVDF membrane; c) Scheme of the PZT/PVDF based SSSAF; d) Schematic view of the vibration of PZT/PVDF under external force; e) Model of a wave unit in one vibration cycle; f) An undamped spring-mass system equivalent to one wave unit of PZT/ PVDF membrane vibration; g) The derived logic between Voc and ΔP [56].

Figure 2 - 7

 27 Figure 2-7 Integration and connection of microelectronics on the textile substrate by embroidery[START_REF] Briedis | [END_REF].

Figure 2 -

 2 Figure 2-8 (a) 3D Printing with conductive and non-conductive polymer on knitting fabric with conductive (black) and nonconductive (grey) areas, (b) placing the SMD-LED in the printed holder afterward [39].

[ 68 ]

 68 . Recently, Ferri et al. fabricated for hand gesture recognition devices the textile capacitive touch sensors. The device with microchip technologies of MGC3130 was based on integrating Gest I C.D microchips into textiles by using 3D printing. Several provided functions included three-dimensional (3D)

Figure 2 - 9

 29 Figure 2-9 Schematic diagram of the set-up of electrospinning apparatus (a) horizontal set-up and (b) vertical setup [73].

Figure 2 -

 2 Figure 2-10 Different types of spinneret, (a) clip spinneret, (b) tube-less spinneret, (c) co-axial spinneret, (d) multi jet spinneret, and (e) heating spinneret [73].
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Figure 2 -

 2 Figure 2-11 The characteristics, structures, and applications of electrospun fibers [78].

  RSM method has been applied to study the influences of single factors and interactions of factors on the responses with the mathematical model in electrospinning. BBD was used to investigate the effect of multiple processing parameters on nanofibers diameters. The experimental design is shown in Figure 2-12.

Figure 2 -

 2 Figure 2-12 Box-Behnken Design included four parameters with three levels [98].

Figure 2 -

 2 Figure 2-13 displays the results gained using ANOVA namely, the p-value, coefficient of determination (R 2 ), standard deviation (SD), predicted R 2 , and adjusted R 2 . The significance of each parameter was determined by the p-values. The factors are most notable when their p-values are <0.05. Therefore, based on the results summarized in the table presented in Figure 2-13, since their p-values are <0.05, the collection

Figure 2 -

 2 Figure 2-13 ANOVA data for mean nanofibers diameters [98].

Figure 2 -

 2 Figure 2-14 The predicted relation between single processing parameters and nanofibers diameters in the model: (a) solution concentration, (b) collector distance, (c) voltage and, (d) collector rotation speed [98].

Figure 2 -

 2 Figure 2-15 Surface resistivity of 10% CNT-reinforced PAN composite with different (wt) loading percentages ofMWNTs[101].

Figure 2 -

 2 Figure 2-16 Volume resistivity of 10% CNT-reinforced PAN composite with different (wt) loading percentages ofMWNTs after percolation threshold at 0.5wt.%[101].

  Nirmala et al. have successfully synthesized the copper oxide (CuO) particles incorporated polyurethane (PU) composite nanofibers via the electrospinning technique, in which the nanofibers' diameters were in the range of 100-300 nm. The surface morphology and electrical characterization of the obtained PU/ CuO composite nanofibers were investigated using scanning electron microscope (SEM) and current-voltage (I-V) measurements. The electrospun PU/CuO composite nanofibers were observed to be randomly aligned along their lengths and smooth with uniform diameters (Figure 2-17). The conductivity and current density of the PUCuO composite nanofibers were meaningfully better than that of the pristine PU nanofibers. The measured I-V characteristics of PU/CuO composite nanofibers with CuO content of 10% in the forward bias shown in Figure 2-18, indicated a current rectification with a sharp onset voltage of 3.2V. The notable increase in electrical properties of these PU/CuO composite nanofibers could be used for future nanotechnological applications.

Figure 2 -

 2 Figure 2-17 SEM image of electrospun nanofibers of (a) PU/CuO with CuO 10%. Labels 1 and 2 depict the low and high-magnification images, respectively [103].

Figure 2 -

 2 Figure 2-18 I-V characteristics of nanofibers (a) pristine PU, (b) PU/CuO with CuO 1%, (c) PU/CuO with CuO 5%, and (d) PU/CuO with CuO 10% [103].

Figure 2 -

 2 Figure 2-19 TEM micrograph of the electrospun PET/CB fibers with 16% carbon black content [106].
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Figure 2 -

 2 Figure 2-20 Fabrication and characterization of the TPU/CB strain sensor. (a) Schematic diagram of the production process and (b) flexibility of TPU/CB strain sensor. SEM images of TPU/CB strain sensor with (c-d) 100 rpm and (e-f) 200 rpm [112].

Figure 2 -

 2 Figure 2-21 Optical images and SEM images of (a) PU, (b) PANI/PU, (c) AgNWs/PANI/PU membrane and (d) the strain sensor on a flower [2].

Figure 2 -

 2 Figure 2-22 Bending sensing properties test (a) sensitivity; (b) fatigue resistance; (c) step-by-step test; (d) bending/release test [2].

2 )

 2 The appearance quality of patterns. A high pattern surface quality means the pattern is complete, uniform, and has clear edges. Several parameters need to be taken into account during the printing process, including printing speed, nozzle temperature, sample holder temperature, jetting cycle (inkjet frequency), driven voltage, and other process parameters. These parameters serve the ultimate purpose of providing services for the two factors above[125].Daniel et al. demonstrated a fully printed sensor for acoustic and pressure sensing. For device fabrication, they combined printing and lamination methods. Poly (Vinylidene Fluoride-Trifluoroethylene) (P(VDF-TrFe)) composites were patterned on polyimide sheets using inkjet printing, which is also compatible with roll-to-roll printing for scaling up fabrication[126]. Narakathu et al. investigated the possibilities of using both gravure printing and screen printing to develop a fully flexible pressure sensor by gravure printing silver electrodes and screen-printing dielectric PDMS layers. A 4x4 array of electrodes was also created by gravure printing the bottom four electrodes and a screen-printed PDMS layer, followed by gravure-printed top silver electrodes on PET flexible substrates[127]. Woo et al. presented an all-elastomer sensor utilizing a CNT-PDMS composite electrode and Ecoflex dielectric layer. Due to the large area scalability and the short fabrication time, array fabrication was very straightforward. However, the composite resistance limited the sensitivity. The alignment of electrode layers defines the areal capacitance and resolution of the device, even though the whole fabrication was easy[128].

  PZT particles and PDMS are used as base materials, and the fabrication process involves stirring, spin coating, and curing PZT particles in the PDMS matrix. To improve metal contact with the composite surface, conductive silver ink (Voltera-Flex conductor) was coated on one side of thin Kapton (polyimide) films (125 microns thick) and the PZT-PDMS films were packaged between these silver-coated kapton films.FESEM results show uniform and stable dispersion of the PZT particles. It is used to align dipoles in ceramic particles and to improve piezoelectricity by using Corona poling. Based on the piezoelectric response and piezoelectric charge constant, d33 measurements, and XRD analyses of the films before and after poling, it appears that poling aligns ferroelectric domains randomly oriented in PZT particles and increases piezoelectricity. Increasing the PZT volume percentage in the composite increases the piezoelectric charge constant, relative permittivity, and flexibility of the films. With Young's modulus of 10 MPa and a relative permittivity magnitude of 10, the 28 v% PZT composite poled film has a piezoelectric charge constant of 78.33 pC/N and a relative permittivity constant of 10.

40, 50 ,

 50 100, 150, and 200% pre-extension. Then, 1 cm of the connective yarns was fixed on both sides of the elastane yarns with the distance of 3 cm and the PEDOT:PSS solution was brushed on the surface of the yarns as shown in Figure3-1a. and Figure3-1b indicates different connective yarns used to measure the electrical properties of conductive elastane yarn. To increase the swelling of the yarns and improve the absorption of the polymeric solution, methanol was used as a solvent for polyurethane. As a result, PEDOT:PSS solution was mixed with methanol with a ratio of 1:0, and 1:1 using a stirrer. Eight layers were tried and after each layer, the yarns were put in an oven at 120 o C for 3 min to dry the PEDOT:PSS.The last layer was dried at 120 o C for 6 min.

Figure 3 -

 3 Figure 3-1 a) The connective yarns fixed to elastane yarn containing PEDOT:PSS layer, b) the elastane yarn fixed in the wooden frame with PEDOT:PSS layer using different types of connective yarns.
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 23 Optical microscopy (Olympus BX15) and SEM (Phenom ProX, Thermo Fisher Scientific, US and, JEOL, IT200LA, Japan), were applied to see the morphology of yarns and measure their diameters by imageJ and Digimizer software. The yarns were cut into 5 cm pieces and put in an MTS criterion machine (Model 43) to investigate their mechanical properties. According to EN-ISO 2062 (Textiles-Yarns from packages -Determination of single-end breaking force and elongation at break) and D 2731-01 standards (Standard Test Method for Elastic Properties of Elastomeric Yarns (CRE Type Tensile Testing Machines)), the crosshead speed was set to 500 mm/min. At least three specimens were measured for each sample along with

Figure 3 - 2

 32 Figure 3-2 The images of microscope optics of a) 330, b) 475, c) 940, d) 1240, and e) 1880 dTex elastane yarn.

Figure 3 - 5

 35 Figure 3-5 The cyclic extension test of yarns with a) 330, b) 475, c) 940, d) 1240, and e) 1880 dTex.
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 3633331 Figure 3-6 The 1880 dTex yarn after stretching up to 2% strain

Figure 3 - 7

 37 Figure 3-7 The electrospinning device.

Figure 3 - 8

 38 Figure 3-8 The viscosity of a) TPU/DMSO: Acetone, and b) TPU/DMF: THF with different polymer concentrations according to different shear rates

Figure 3 - 9

 39 Figure 3-9 The viscosity of TPU solution at a) 9.4 and b) 23.59 1/s shear rate
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9 .

 9 Based on BBC software, 17 experiments in three levels were designed. The experiment condition and the responses (fiber diameter) are shown in Table 3-10. The SEM (Figure 3-10)

Figure 3 -

 3 Figure 3-10 SEM images of the experiments.

Figure 3 -

 3 Figure 3-12 3D surface plots of nanofibers diameters as a function of a) voltage and distance, b) feeding rate and voltage, and c) feeding rate and distance between the nozzle and the collector.

Figure 3 -

 3 Figure 3-13 SEM images of electrospun nanofibers at optimal conditions.

Figure 3 -

 3 Figure 3-14 SEM images of TPU nanofibers with 15 kV, 15 cm, and 0.5 ml/hr parameters.
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Figure 3 -

 3 Figure 3-15 SEM images of 20% TPU nanofibers with 15 kV, 30 cm, and 0.5 ml/hr parameters.

Figure 3 -

 3 Figure 3-18 The structured collectors, a) with holes and b) without holes.
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 3953 Figure 3-19 The ventilation tunnel.

Figure 3 -

 3 Figure 3-20 a) The TPU nanofibrous membrane, b) structured membrane with holes, and c) structured membrane without holes in the tunnel.

- 21 .

 21 The test was performed under different air pressures with a surface of 20 cm 2 and the standards of NF EN ISO 9237 (Determination of the air permeability of fabrics) and NF EN 143 (Respiratory protection devices, particle filters) were applied which are related to textile fabrics and mask filters, respectively. The air permeability was expressed in l/m 2 /s and the test was repeated three times for each sample and an average result is reported.

Figure 3 -

 3 Figure 3-21 The TPU membrane in air permeability machine.

Figure 3 -

 3 Figure 3-22 The TPU nanofibers in the MTS machine for traction test.

Figure 3 -

 3 Figure 3-23 indicates the SEM images of the TPU nanofibers, and structured nanofibers with and without

Figure 3 -

 3 Figure 3-23 SEM image of a) TPU membrane, structured TPU membranes b) with holes, c) with holes zoomed view, and d) without holes

Figure 3 -

 3 Figure 3-24 The pressure drop of the electrospun TPU membrane and air filter in different airflow.

Figure 3 -

 3 Figure 3-25 displays the pressure drop of the TPU membrane, structured TPU membrane with and without holes with 30 min of electrospinning. According to the curve, the TPU membrane and structuredmembranes with holes showed a pressure drop near that of the air filter. Nevertheless, the structured membrane without holes experienced a higher pressure drop. The holes in the membrane allowed air to pass and diminished the pressure drop. On the other hand, the membranes were resistant even under 7 m/s airflow, therefore, since the airflow rate of the air filter is 1.72 m/s TPU membranes showed proper mechanical properties. Xia et al. conducted research on the effect of electrospinning time of nylon nanofibers on pressure drop as an air filter. They observed that the pressure drop increased with longer electrospinning times. The pressure drop was measured up to 400 Pa for electrospinning times of 20, 30 and 45 minutes, 1 hour, and 1.5 hours. For samples with 30 minutes of electrospinning, the pressure drop was approximately 150 Pa at velocities up to 0.25 m/s[32]. In this study, the pressure drop of the TPU membrane was measured 112 Pa under 0.90 m/s velocity. Conclusively, 30 min of electrospinning was chosen as the optimal time for electrospinning.

Figure 3 -

 3 Figure 3-25 The pressure drop of the TPU membrane, a structured membrane with and without holes, and Titanair membrane under different airflow.

Figure 3 -

 3 Figure 3-26 The bloated a) TPU membrane, structured membrane b) with holes, and c) without holes under airflow.

Figure 3 -

 3 Figure 3-27 The air permeability results of TPU membranes, structured membranes with and without holes.

  Moradi et al., fabricated tri-layer nonwoven fabrics of polypropylene spunbond, polypropylene meltblown, and polyester/viscose spun lace

Figure 3 -

 3 Figure 3-28 The Force/Strain curve of TPU membrane, and structured membrane with and without holes.

Figure 4 - 1

 41 Figure 4-1 The electrospinning setup.

Figure 4 -

 4 Figure 4-2 a) 4-point sheet resistance, b) multimeter, c) industrial ring electrode devices, and d) impedance card.

  Darbandi et al. and Tondnevis et al. reported that an increase in viscosity can lead to droplet formation and bead defects. Additionally, to ensure a good conductive pathway, the nanofiber structure should be uniform with thinner fibers to ensure that the particles are on the surface of the samples and have sufficient contact between them[8, 15].

Figure 4 - 3

 43 Figure 4-3 SEM images of TPU nanofibers containing a) 0.5 wt.% b) 1 wt.%, c) 1.5 wt.%, and d) 2 wt.% MWCNTs with 15 kV, 30 cm, and 0.5 ml/hr electrospinning parameters.

Figure 4 - 4

 44 Figure 4-4 SEM images of TPU nanofibers containing a) 5 wt.% b) 10 wt.%, and c) 15 wt.% IL.

- 5 .

 5 The SEM images indicated the presence of uniform nanofibers, suggesting that CB was better dispersed in the polymeric solutions compared to MWCNTs. and their effects on the solution's viscosity and nanofibers morphology were less significant regarding Table 4-4. Moreover, polymer LP 5760 was suitable for electrospinning owing to its molecular weight and chain entanglement. As a result, the structure of samples containing CB was free of beads, uniform, smooth, and homogeneous. The diameters were measured to be 630 ± 70 nm and 1.2 ± 0.25 µm for samples a and b, respectively.

Figure 4 - 5

 45 Figure 4-5 The SEM images of TPU nanofibers containing a) 2 wt.% CB with electrospinning parameters of 12 kV, 15 cm, and 1.5 ml/hr, and, b) 2 wt.% MWCNTs, with 22 kV, 20 cm, 0.2 ml/hr.

Figure 4 -

 4 Figure4-6 shows that the electrospinning parameters have been properly adjusted and the nanofibers are bead-free, uniform, and smooth even with a high concentration of CB. The calculated diameters were 800 ± 79 nm, 780 ± 105 nm, 731 ± 116 nm, and 670 ± 101 nm for TPU 1001/ 10 wt% MWCNTs, TPU/3 wt.% CB, TPU/5 wt.% CB, and TPU/7 wt.% CB, respectively, with a voltage of 12 kV, distance of 15 cm, and feed rate of 1.5 ml/hr. For TPU 1001/ 10 wt% MWCNTs, a voltage of 20 kV, distance of 15 cm, and feed rate of 0.5 ml/hr were used. The diameters decreased slightly by adding CB, which could be due to the higher conductivity of polymeric solutions. An SEM image was taken of the TPU membrane containing 3 wt.% of CB using a Jeol IT200LA to show the presence of particles on the surface of the nanofilaments (Figure4-6e). To compare the surfaces of the samples, the surface of the nanofibers containing particles demonstrated more roughness, while the surface of the neat TPU was flat and uniform, which confirms the presence of CB on the surface of the samples.

Figure 4 - 6 and

 46 Figure 4-6 and Figure 4-7 show TEM and SEM images taken for TPU/3 wt.% CB to confirm the presence of carbon particles in the structure of nanofibers. It can be observed that the round-shaped CB is distributed evenly in the nanofiber polymer matrix without any agglomeration. To further validate the findings, it should be noted that Haider et al. applied TEM to detect the presence of Nano-Hydroxyapatite and 1 wt.%
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 4612147 Figure 4-6 SEM images of a) TPU 1001 nanofibers, b) TPU/3 wt.%. CB, c) TPU/5 wt.% CB, d) TPU/ 7 wt.% CB by Phenom microscope, and e) TPU/3 wt.% CB using Jeol microscope.

Figure 4 - 8

 48 Figure 4-8 The transmittance curve of TPU and TPU/MWCNTs nanofibers.

Figure 4 -

 4 Figure 4-9 indicates that the characteristic peaks of TPU and TPU/IL overlap, making this method inappropriate for proving the existence of IL in the web's structure.

Figure 4 - 9 Figure 4 -

 494 Figure 4-9 The transmittance curve of TPU and TPU/IL nanofibers.
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 41234 Figure 4-10 The TGA curve of samples.

Figure 4 -

 4 Figure 4-11 The force-strain curve of TPU and TPU/3 wt.% CB.

Figure 4 -

 4 Figure 4-12 The SEM images of TPU membrane after immersion in MWCNTs solution.

Figure 4 -

 4 Figure 4-13 Core/shell electrospinning schema.

Figure 4 -

 4 Figure 4-14 shows SEM images of core-shell structures: TPU (11 wt.%) as core and TPU (11 wt.%) + 15

Figure 4 -

 4 Figure 4-14 SEM images of a) core: TPU/ shell: TPU+ 15 wt.% IL, b) core: IL/shell: TPU, and c) TEM image of core: TPU/shell: TPU + 15 wt.% IL.

Figure 4 -

 4 15 indicates the functionalization of TPU membranes by spraying surface treatment as the optimal method.

Figure 4 -

 4 Figure 4-15 Spray method to treat the TPU nanofibers.

Figure 4 -

 4 Figure 4-16 Printing mechanism and different patterns tested in this study.

Figure 4 -

 4 Figure 4-17 a) The printed TPU membrane and b) the treated membrane by PEDOT:PSS in the paper frame for tensile test.

Figure 4 -

 4 Figure 4-18 Electrical system measurement and printed TPU in MTS machine.
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Figure 4 -

 4 Figure 4-19 a) Electrospun TPU sample, and SEM images of b) big zigzag printed TPU sample, c) electrospun TPU membrane, d) straight line printed TPU membrane.
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 4 Electrical Functionalization of Membranes Thesis of Parian Mohamadi, ENSAIT, 2023 139 Moreover, small variations in output airflow speed can efficiently indicate filter clogging. In some research studies, TPU nanofibers have been immersed in conductive solutions such as CNT and AgNWs to create a

Figure 4 -

 4 Figure 4-20 SEM images and diameter distribution of TPU membrane a) before and b) after treatment.
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Figure 4 -

 4 Figure 4-21 illustrates the presence of cracks in the printed sections of nanofibers for straight lines, as well as small and big zigzag patterns after undergoing a tensile test. These cracks were observed in the carbon ink layer at the maximum elongation of the samples which is also indicated by the tensile curves. The cracks resulted in a break in the continuity of the conductive pathway.

Figure 4 -

 4 Figure 4-21 Optical microscopy images of a) straight line, b) big zigzag, and c) small zigzag with objective 10.

Figure 4 -

 4 Figure 4-22 Force-strain curves of TPU and printed TPU as straight line, big zigzag, and small zigzag patterns.

Figure 4 -

 4 Figure 4-23 and Table4-11 present the mechanical properties of TPU-1200 after treatment with PEDOT:PSS. The data indicated an increase in the maximum force from 0.52 ± 0.07 to 1.45 ± 0.12 N after treatment, while the maximum elongation at break decreased from 113 ± 3.5 to 102 ± 0.15 %. This suggests that the surface treatment with PEDOT:PSS has an effect on the rigidity and elasticity of TPU membranes.

Figure 4 -

 4 Figure 4-23 The force-strain curve of TPU membrane before and after PEDOT:PSS treatment.

Figure 4 -

 4 Figure 4-24 presents the resistance-strain relationship of sensors with three different printing patterns.

Figure 4 -

 4 Figure 4-24 Resistance-strain curves of a) printed TPU-straight line, b) printed TPU-big zigzag and c) printed TPU-small zigzag. I) Initial slope and, II) secondary slope.

Figure 4 -

 4 Figure4-25 illustrates the electromechanical properties of TPU-1200/PEDOT:PSS. The ΔR/R0 curves were divided into two regions (I and II), where the slope of the curves sharply increased at 70% strain. The GF was calculated to be 5.23 and 39.58 for regions I and II, respectively. While, in Shaker et al, study, the mean gauge factor for the TPU/PEDOT:PSS sensor was calculated to be 20, regardless of the applied strain within the range of 0-40%[48]. The curve before the 20% strain showed no resistance change, indicating lower sensitivity in these samples. This could be due to the non-uniform layer of PEDOT:PSS on the surface of the membrane, which decreased sensitivity. Moreover, the polymeric chain began to separate at over 20% strain, indicating resistance change.

Figure 4 -

 4 Figure 4-25 The electromechanical properties of TPU-1200/PEDOT:PSS. I) Initial slope and, II) secondary slope.

Figure 4 -

 4 Figure 4-26 The cyclic extension test of a) TPU membrane, b) printed TPU-big zigzag, and c) small zigzag.
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 44 Figure 4-27 Cyclic extension curves of a) TPU membrane, b) printed TPU-straight line, c) big zigzag, and c) small zigzag

Figure 4 -

 4 Figure 4-29 The cyclic extension curve of printed TPU-straight line.

Figure 4 -

 4 Figure 4-30 The cyclic extension test of a) printed TPU-big zigzag and b) small zigzag.

Figure 4 -

 4 Figure 4-31 illustrates SEM images of a printed TPU-big zigzag membrane taken by a partner (IMT Atlantique, Brest) after conducting both tensile and cycle tests. Based on the images, the rupture was mainly observed at the angle of the zigzag pattern after the tensile test.

Figure 4 -

 4 Figure 4-31 SEM images of printed TPU-big zigzag a) before test, and b) after the cycle test, and, c) after the tensile test

Figure 4 -

 4 Figure4-32 depicts the cyclic extension curve of TPU-1200 and TPU/PEDOT:PSS at 5, 10 and 20% strain for 50 cycles. The force decreased from 0.24 to 0.16 N for TPU-1200, 0.14 to 0.13 N, 0.06 to 0.05 N, and 0.015 to 0.09 N for TPU/PEDOT:PSS at 20%, 10%, and 5% strain, respectively, after 49 cycles. The presence of PEDOT:PSS increased the strength of the samples, and the force change during cycles was reduced, as shown by the curves. However, all the samples exhibited repeatability and stretchability during the 50 cycles. In comparison with the printed method, these samples could be stretched up to 20% strain, as there is no rigid layer on the surface of the TPU membrane. As a result, more stretchability could be obtained.

Figure 4 -

 4 Figure 4-32 The cyclic extension curve of a) TPU-1200, b) TPU/PEDOT:PSS up to 20% strain, c) TPU/PEDOT:PSS up to 10% strain, and d) up to 5% strain

Figure 4 -

 4 Figure 4-33 Dynamic strain curves of a) printed TPU-big zigzag, and b) printed TPU-small zigzag.

Figure 4 -

 4 Figure 4-34 Dynamic strain curves of a) printed TPU-straight line, b) big zigzag, and c) small zigzag.

Figure 4 -

 4 Figure 4-35 and Figure 4-36 show the dynamic strain curves of printed TPU straight-line and printed TPU big and small zigzag patterns during 300 cycles, respectively. Since rupture was observed in 5% of the straight-line pattern samples before 300 cycles due to their rigidity, these samples were tested up to 2.5% strain.

Figure 4 -

 4 Figure 4-35 The dynamic strain curves of printed TPU-straight line.

Figure 4 -

 4 Figure 4-36 The dynamic strain curves of a) printed TPU-big zigzag and b) small zigzag.

Figure 4 -

 4 Figure 4-37 The dynamic strain curve of PEDOT:PSS up to 20% strain for 50 cycles.

Figure 4 -

 4 Figure 4-38 The dynamic strain curve of PEDOT:PSS up to 10% strain for 50 cycles.

Figure 4 -

 4 Figure 4-39 The dynamic strain curve of PEDOT:PSS up to 5% strain for 50 cycles.

Figure 4 -

 4 Figure 4-40 The TPU/PEDOT:PSS during electromechanical test using a) copper wire and b) copper tape as a connective system.

Figure 5 - 1

 51 Figure 5-1 Different printing patterns a) straight line, b) small zigzag, c) big zigzag, d) triangle, and e) star on the surface of TPU membranes.

Figure 5 - 2

 52 Figure 5-2 The structured collectors comprising of holes with a length of a) 0.5, b) 1.5, and c) 3 cm.

Figure 5 - 3

 53 Figure 5-3 The TPU membrane produced using structured collector-3.

Figure 5 - 4

 54 Figure 5-4 The printed structured membranes.

Figure 5 - 6 ,

 56 the air permeability of the TPU membrane, printed TPU-zigzag, structured TPU-0.5, and printed structured TPU-0.5 under 100 and 200 Pa were 133 ± 11 and 336 ± 26.5, 70 ± 6.1 and 169 ± 12.2, 2273 ± 58 and 3271 ± 77.5, and, 2222 ± 65 and 3226 ± 71.1

Chapter 5 :Figure 5 -

 55 Figure 5-5 a) The structured TPU-1.5, and b) structured TPU-0.5 in the air permeability machine.

Figure 5 - 6

 56 Figure 5-6 The air permeability curve of samples with and without printing patterns.

Figure 5 - 7

 57 Figure 5-7 The big holes membrane in the bursting machine

Figure 5 -

 5 Figure5-8 displays the samples placed in a frame that includes a circle with a diameter of 8 cm, and it also shows the ventilation tunnel where the test was performed. The velocity was increased, and the pressure

Figure 5 -Figure 5 - 9

 559 Figure 5-8 a) The straight-line printed membrane in the frame, b) and c) the sample in the ventilation tunnel

Figure 5 -

 5 Figure 5-10 a) The curve of ∆P (Pa) and ∆R/R0 (%) for a big zigzag printed membrane according to velocity (m/s), b) the sample in the frame, and c) the sample after rupture.

Figure 5 -

 5 Figure 5-11 a) The curve of ∆P (Pa) and ∆R/R0 (%) for a small zigzag printed membrane according to velocity (m/s), and b) the sample in the frame.

Figure 5 -

 5 Figure 5-12 a) The curve of ∆P (Pa) and ∆R/R0 (%) for triangle printed membrane according to velocity (m/s), and b) the sample in the frame

Figure 5 -

 5 Figure 5-14 a) The curve of ∆P (Pa) and ∆R/R0 (%) for star-printed membrane according to velocity (m/s), and b) the sample in the frame

Figure 5 -

 5 Figure 5-15 a) The printed structured TPU-0.5, b) the printed structured TPU-1.5 in frames, and c) the sample in the ventilation tunnel.

Figure 5 -

 5 Figure 5-16 The curve of ∆P (Pa) and ∆R/R0 (%) according to velocity for a) sample 1, b) sample 2, and c) sample 3 (printed structured TPU-0.5).

Figure 5 -

 5 Figure 5-17 The pressure drop curve of printed structured-0.5 and M5 filter according to velocity.

Figure 5 -

 5 Figure 5-18 The curve of ∆P (Pa) and ∆R/R0 (%) against velocity for a) sample 1, b) sample 2, and c) sample 3 (printed structured TPU-1.5)

Figure 5 -

 5 Figure 5-19 The pressure drop curve of printed structured-1.5 and M5 filter according to velocity.

Figure 5 -

 5 Figure 5-20 a) The M5 filter in the frame and b) the printed structured TPU-1.5 sample downstream of the filter in the tunnel.

Figure 5 -

 5 Figure 5-21 The curve of ∆P (Pa) (sample+ filter) and ∆R/R0 (%) according to velocity for printed structured TPU-0.5.

Figure 5 -

 5 Figure 5-22 The pressure drop curve of printed structured-0.5+filter and filter (M5) against velocity.

Figure 5 - 23 .

 523 The pressure drop (sample+filter) and resistance change of the printed structured TPU-1.5 were measured at different velocities. The test was repeated for three samples, and the results of one of them are present in this section.The r was calculated to be 0.14 and p was fixed at 2.8. When compared to non-structured membranes and structured membranes with smaller holes, the structured membranes with larger holes showed lower r values. This could be due to the presence of larger holes in the sample, which allow for easier passage of air and result in less deformation of the membrane, particularly at low velocities. As a result, the resistance change began after 1 m/s velocity for all of the structured samples.

Figure 5 -

 5 Figure 5-23 The curve of ∆P (Pa) (sample+ filter) and ∆R/R0 (%) according to velocity for printed structured TPU-1.5.

Figure 5 -

 5 Figure 5-24 The pressure drop curve of printed structured TPU-1.5+filter and filter against velocity.

  5, and printed structured TPU-0.5 under 100 and 200 Pa was measured to be 133 ± 11, and 336 ± 26.5, 70 ± 6.,1 and 169 ± 12.2, 2273 ± 58 and 3271 ± 77.5, and, 2222 ± 65 and 3226 ± 71.1 l/m2/s, respectively. The air permeability of structured TPU-1.5 and printed structured TPU-1.5 was measured 4167 ± 80.1 and 4167 ± 69 l/m2/s under 100 Pa, and no results were observed for these samples after applying pressure of 100 Pa. The printed patterns resulted in a decrease in the air permeability of the TPU membrane due to partial blockage of the pores, whereas the zigzag patterns did not affect the air permeability of the structured membranes due to the presence of holes.

3 . 4 .

 34 The machine speed was increased, and the resulting pressure drop and resistance change were recorded. The k* values for big zigzag, triangle, and star patterns were measured as 42.83, 27.91, and 291.42, respectively. For other samples that were not completely linear, the ∆R/R0 curve was divided into two regions (I and II), and k* was measured as 152.23 and 92.45 (region I and II), 120.44 and 29.95 (region I and II), 71.69 and 46.27 (region I and II) for straight line, small zigzag, and two-connected lines patterns, respectively, up to a velocity of 2.69 m/s, depending on the patterns. In this study, it was observed that the pressure drop (∆P) for the big zigzag, small zigzag, triangle, two-connected straight lines, and star patterns was calculated 152, 144, 116, 224, and 444 Pa, respectively, at a velocity of 0.22 m/s. For comparison, Xia et al.'s work reported a pressure drop of 150 Pa for a nylon nanofibers air filter at a velocity of 0.25 m/s.
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  5 and printed (zigzag pattern) structured TPU-0.5 were measured under 100 and 200 Pa, resulting in values of 133 ± 11 and 336 ± 26.5, 70 ± 6.1 and 169 ± 12.2, 2273 ± 58 and 3271 ± 77.5, and, 2222 ± 65 and 3226 ± 71.1 l/m 2 /s, respectively. For structured TPU-1.5 and printed (zigzag pattern) structured TPU-1.5, the air permeability was measured 4167 ± 80.1 and 4167 ± 69 l/m 2 /s under 100 Pa, and no new results were observed for these samples after applying a pressure of 100 Pa since they demonstrated high air permeability and the device did not measure any further. Printing the patterns resulted in a decrease in the air permeability of the TPU membrane due to partial blockage of pores, while the zigzag patterns did not affect the air permeability of structured membranes due to the presence of holes. Next, burst testing was performed on TPU membrane, printed TPU-zigzag, structured TPU-0.5, structured TPU-1.5, and printed structured TPU-0.5, and TPU-1.5. The maximum pressure for the TPU membrane increased from 13.6 ± 1.4 to 23.4 ± 2.1 kPa after printing, due to the increased rigidity of the printed patterns which reduced the elasticity of the membranes. The structured membranes exhibited higher pressure resistance compared to the non-structured ones, indicating an improvement in strength with the use of structured membranes. The k* (slope of curves) values were measured for various patterns in the ventilation tunnel. These patterns included straight-line, big zigzag, small zigzag, two-connected straight lines, triangle and star patterns. For big zigzag, triangle, and star patterns, the measured k* values were 42.83, 27.91, and 291.42, respectively. For samples that were not completely linear, the ∆R/R0 curve was divided into two regions (I and II), and k* was measured 152.23 and 92.45 (for regions I and II), 120.44 and 29.95 (for regions I and II), and 71.69 and 46.27 (for regions I and II) for straight line, small zigzag, and two-connected straight lines patterns, respectively. These measurements were taken at velocities of up to 1.7 m/s, depending on the pattern being tested.
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 62 Conclusions and PerspectivesThesis of ParianMohamadi, ENSAIT, 2023 196 Due to the inhomogeneity of nanofiberous membrane thickness and the presence of waves on their surface, the printing parameters varied for each part of a sample. The thickness of the printing part on the surface of the nanofibers could not be controlled, resulting in non-uniformity.
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  Alizadeh Darbandi et al. fabricated electrically conductive nanofibers by electrospinning fromPolyurethane/MWCNTs as a potential candidate for strain sensing applications. In this research, the electrical conductivities of electrospun mats were raised by the creation of fibrous structures with the increase of MWCNTs content. Romeo et al. reported there is no significant improvement in electrical conductivity for concentrations up to 2% MWCNTs in the resultant nanocomposite, while a considerable increase is recorded for concentrations in the range of 2-3 % MWCNTs[105].However, in some cases, metal nanoparticles do not cause electrical conductivity in the materials that can be mentioned for various reasons. Xiong et al. fabricated a poly (ethylene terephthalate) (PET)/carbon black

(CB) composite nanofibers by electrospinning method which in first dispersing melt pre-compounded PET/CB composites in hexafluoroisopropanol for suitable stable dispersions. The electrical resistivities of all samples were measured by the four-point method, and they are non-conductive with a very high electrical resistivity even for the sample containing 16-wt.% CB. There are three reasons for the non-conductivity of the PET/CB composite fiber mats. 1) Immense inter-fiber pores: The pores of electrospun fiber mats are generally in micron size, which certainly is inappropriate for creating conductive paths. 2) Large distance among CB clusters: the distance among CB clusters is very larger than in the bulk sample because it is generally known that the electrospinning process includes very high elongation rates (1000 s-1) and jet cross-sectional area magnitude is incredibly reduced. Further, due to the inhomogeneous distribution of CB clusters, the distance between two neighboring CB clusters could be very larger than the mean distance because of the inhomogeneous distribution of CB clusters, as evidenced in Figure

2-19

) Lack of bond structure: because of the fast evaporation of the hexafluoroisopropanol electrospinning solvent no fiber-tofiber bond structure for all the PET/CB nanofiber mats was observed and the interface resistivity is significant among fibers.

  Jiefeng et al. produced a nanofiber composite of conductive polymer with a hierarchical SiO2/graphene shell and PU nanofiber core structure as a flexible and wearable strain sensor. The graphene-decorated PU nanofibers construct a conductive network by preparing many conductive pathways in the composite. On other hand, SiO2 nanoparticles on the graphene increased the surface roughness while decreasing the surface PSS)/CNT composites. However, the lack of stretchability for currently noted PEDOT:PSS/CNT composites hinders their practical applications. Xinyang et al. developed a composite PEDOT:PSS/CNT composites relied on ultra-stretchable thermoelectric films were produced by filtrating PEDOT:PSS/CNT onto electrospun nanofiber substrate, in which poly (ε-caprolactone) nanofibers were utilized as binders between polyurethane nanofiber substrate and PEDOT:PSS/CNT composites and polyurethane nanofiber substrate film applied as an elastic skeleton. The suitable electrical conductivity of the composite films can reach 1581 S m -1 at room temperature. The developed PEDOT:PSS/CNT composite films also with a high fracture strain of more than 400% display excellent stretchability. Further, PEDOT:PSS/CNT compositesbased strain sensors for detecting human motions are successfully designed[111].

	Chapter 2: Literature Review	Thesis of Parian Mohamadi, ENSAIT, 2023
	Conductive polymer/carbon nanotubes have shown high potential in wearable electronics that relied on
	thermoelectric composites, such as poly (3,4 ethylene-dioxythiophene): poly (styrene sulfonate)
	(PEDOT:	
	nanofiber composites, which donates good electro-thermal performance to conductive nanofiber
	composites. The conductive nanofiber composites possess a very large gauge factor of 1.04×10 5 with a
	strain ranging from 20% to 70%, and when used as the strain sensor they show suitable durability and
	stability over 1000 cyclic tests. The multi-functional and superhydrophobic conductive nanofiber
	composites provide potential applications in waterproof wearable electronics [110].
	51	

energy, facilitating the super-hydrophobicity of the resultant gained nanofiber composite. The conductivity and super-hydrophobicity could remain after cyclic stretching and abrasion test in the superhydrophobic nanofiber composite and meanwhile repel salt, corrosive acid, or alkaline solution. When applied as a strain sensor, the nanofiber composite shows suitable durability and repeatability with the same responsivity after soaking in salt, and acid solution for 6 h and undergoing 600 cyclic stretchings and releasing test. It could detect human motions without vagueness including delicate and large movements. The great sensitivity and suitable repeatability of wearable sensors in detecting full-range human motions in real time provide a promising future

[109]

.

Liwei et al. in similar research, suggest an easy technique with a dual conductive network by the ordinal placement of acid-modified carbon nanotubes (ACNTs), AgNPs and PDMS onto the elastic thermoplastic polyurethane nanofibers surface for fabrication of multi-functional and superhydrophobic conductive nanofiber composites. They have convened on the surface of thermoplastic polyurethanes nanofibers acidmodified carbon nanotubes, Ag nanoparticles and polydimethylsiloxane for the production of a superhydrophobic and multi-functional conductive nanofiber composite. The PDMS could not only contribute superhydrophobic properties and hence excellent anti-corrosive performance to the conductive nanofiber composites but also raise the interfacial adhesion between the thermoplastic polyurethane nanofibers and AgNPs. The electrical conductivity could attain up to 3031.5 S/m for the conductive Sequentially, Wang et al. designed a conductive polymer composite included of electrospun thermoplastic polyurethane fibers film matrix-embedded carbon black particles (TPU/CB) for a highly sensitive strain

Table 3 -

 3 1 The components of commercial PEDOT:PSS solution

	Materials	Quantity (%)
	Clevios F 010	42.95
	N-Methyl-2-pyrrolidone	2.58
	Sliquest A187	0.86
	Isopropanol	53.34
	Dynol 604	0.30

Table 3 -

 3 2 The diameters of yarns obtained by optical microscope

	Linear density (dTex)	Diameters (mm)
	334	0.28 ± 0.009
	475	0.34 ± 0.005
	940	0.58 ± 0.008
	1240	0.68 ± 0.003
	1880	0.74 ± 0.003

Table 3 -

 3 3 The resistance of yarns with different layers of PEDOT:PSS and with 50% pre-extension for a) 330, b) 475, c) 940, d) 1240, and e) 1880 dTex.

				Number of PEDOT:PSS layer(s)		
	dTex density	1	2	3	4	5	6	7	8
					Resistance (KΩ)			
	330	17.50	8.9	5.2	3.2	2.9	2.4	2.1	1.9
	475	15.1	8.9	5.2	2.9	2.3	1.9	1.5	1.3
	940	3.5	2.1	1.6	1.4	1.1	1	0.8	0.7
	1240	5.5	3.5	1.8	1	0.8	0.6	0.6.	0.5
	1880	1.9	1.1	0.7	0.5	0.5	0.3	0.3	0.1

Table 3 -

 3 

	4 The resistance of yarn with 1880 dTex density and 50% pre-extension, a) before acidic modification and
				b) after acidic modification				
					Number of layer(s)			
	State	1	2	3	4	5	6	7	8	24 h
					Resistance (KΩ)			
	Before acidic modification	×	75.5	50.6	48	39.9	10	12.6	11.6	15.16
	After acidic modification	18.29	14.7	11.06	9.52	8.57	7.51	6.7	5.9	12.16

Table 3 -

 3 5 The resistance (KΩ) of 1880 yarn using different connective yarns

	Number of layers/time	Silver wire	Single filament copper wire	Multi-filament copper wire	Steal yarn	Sheildex (Polyamide+sliver)
	1	42.2	×	37.2	44.4	20
	2	15.60	×	15.31	17	10.58
	3	10.74	×	11.16	7.80	7.07
	4	6.27	×	7.91	5.68	4.42
	5	3.78	×	5.27	4.01	2.90
	6	2.0	×	3.08	2.62	2.1
	7	1.59	×	2.55	1.92	1.80
	8	1.41	×	2.2	1.54	1.4
	24 h	2.3	×	2.58	1.64	×
	24 h (release)	2	×	2.56	1.64	×
	48 h (release)	×	×	7.87	×	×
	Continuingly,					

Table 3

 3 

-6 demonstrates the resistance of 1880 dTex yarn with different pre-extension, after 2, 24, 48 and 72 h after release. For each sample, the resistance increased over time until 48 h and after that,

Table 3 -

 3 6 The resistance (KΩ) of 1880 dTex yarn with different percentages of pre-extension.

	Number of layers/time	0%	5%	10% 15% 20% 30% 40% 50% 100% 150% 200%
	1	6.5	5	14.5 14.9	20	9.6 12.5 9.2	6.8	25.1	20.6
	2	5.1	3.6	6.3	6	5.8	5.6	8.5	6	4	20.3	18.1
	3	3	2.8	4.3	4.8	4.4	3.3	6.1	4.7	4	14.7	12
	4	2.1	2.1	3.1	3.7	3.6	2.9	4.7	3.7	2.6	9.4	8.9
	5	1.6	1.7	2.8	2.9	2.9	2.4	3.7	2.6	2.1	7.3	6.5

Table 3 -

 3 7 The information on TPU polymers.

	Type	Nature	Viscosity (mPa.s) BF (25 o C in DMF 25%)	Melting point ( o C)	Elongation (%)
	LP 075/88	Polycarbonate copolymer	4.000 -12.000	210	379
	LP SH 1020	Ether-Esther	4.000 -20.000	205	510
	LP S860	Polyester	5.000 -20.000	170-180	450
	5760	Polyether	-	-	410
	7560	Polyether	-	-	690

Table 3 -

 3 8 The information of solvents.

	Solvent	Density (g/cc)	Boiling point ( o C)	Solvent vapour pressure (mmHg at 21 o c)	Surface tension (dyne/cm)
	DMF	0.945	153	3.8	35
	THF	0.888	66	133	28
	DMSO	1.101	189	0.7	43.7
	Acetone	0.791	56	-	28.8

Table 3 -

 3 9 Range and levels of the parameters.

	Variable (feeding rate)	Code		Range and level	
			-1	0	1
	Feeding rate (ml/hr)	XFr	0.2	0.6	1
	Voltage (kV)	XV	15	20	25
	Distance (cm)	XD	15	20	25

Table 3 -

 3 10 RSM results. 

	Run		Independent variables	Diameter (nm)
		XFr	XV	XD	
	1	0	0	0	2.1 ± 0.12
	2	0	0	0	2.1 ± 0.12
	3	1	0	1	1.5 ± 0.13
	4	0	1	-1	2.3 ± 0.19
	5	-1	0	-1	2.51 ± 0.12
	6	0	0	0	2.1 ± 0.12
	7	1	-1	0	1.7 ± 0.11
	8	0	-1	-1	1.9 ± 0.09
	9	-1	0	1	2.2 ± 0.20
	10	0	0	0	2.1 ± 0.12
	11	0	1	1	2.2 ± 0.20
	12	0	-1	1	1.95 ± 0.15
	13	1	0	-1	1.8 ± 0.11
	14	-1	-1	0	2.46 ± 0.22
	15	1	1	0	2 ± 0.17
	16	0	0	0	2.1 ± 0.12
	17	-1	1	0	2.49 ± 0.23

Table 3 -

 3 11 Analysis of variance

	Source	P-value	Analysis
	Model	<0.0001	significant
	XFr	<0.0001	significant
	XV	0.0043	significant
	XD	0.0371	significant
	Lack of fit	0.3312	insignificant

  -27. Based on the curves, the air permeability of TPU membrane,

	structured membrane with holes and without holes under 100 and 200 Pa were 155 ± 11 and 389 ± 26.5,
	333 ± 22 and 719 ± 27, and, 69 ±10 and 160 ± 15.6 l/m 2 /s, respectively which are proper air pressures for
	textile layers [36]. The structured membranes with holes demonstrated higher air permeability because of
	the presence of the holes. Yoon et al. reported 10-60 l/m 2 /s air permeability for polyurethane electrospun
	nanofibers under 125 Pa air pressure [37]. Moreover, Maduna et al. worked on different parameters that
	affected the air permeability of air filter fabrics and they obtained around 100-350 l/m 2 /s air permeability
	under 125 Pa for each fabric filter [38]. According to AFNOR S76-001 standard (La fabrication des
	masques barrier), the proper air permeability of air filter masks should be around 96 l/m 2 /s. This validates
	the appropriate respirability of the TPU membranes in this study.

Table 3 -

 3 12 The burst strength, deformation, and rupture time of the samples

	Sample	Max Pressure (KPa)	Deformation (mm)	Time (s)
	TPU membrane	13.6 ± 1.4	28 ± 1.6	12.2 ± 1.6
	With holes	109 ± 6.1	24.4 ± 3.39	13.8 ± 2.1
	Without holes	117.2 ± 4.5	25.3 ± 1.5	21.1 ± 2.7

Table 3 -

 3 13 The average of max force and max elongation at the break of samples

	Samples	Average of max force at break (N)	Average of max elongation at break (%)
	TPU membrane	0.22 ± 0.017	41 ± 0.0002
	TPU-with holes	1.99 ± 0.23	78.56 ± 0.0002
	TPU-without holes	2.98 ± 0.28	68.43 ± 0.0001

Table 4 -

 4 1 The UV absorbance of the polymeric solution in different durations of ultra-sonication.

Table 4 - 2
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shows the viscosity of TPU 1001/10 wt.% MWCNTs and TPU (S860) solutions alone and with MWCNTs whereas each measurement was repeated three times.

Table 4 -

 4 2 The viscosity of solutions including different MWCNTs percentages in the shear rate of 25 (1/s).

	Solutions (wt.%)	Viscosity (mPa/s)
	TPU (S860) 20	405 ± 11.1
	TPU/0.5 MWCNTs	765 ± 23.4
	TPU/1 MWCNTs	531 ± 29.3
	TPU/1.5 MWCNTs	724 ± 22.6
	TPU/2 MWCNTs	835 ± 36.1
	TPU 1001/ 10 MWCNTs 11	433 ± 38.2

Table 4 -

 4 3 The viscosity of solutions comprising different percentages of IL.

	Polymeric solutions (wt.%)	Viscosity (mPa/s)
	TPU (S860) 20	405 ± 11.1
	TPU/5 IL	361 ± 11.5
	TPU/10 IL	301 ± 12.8
	TPU/15 IL	368 ± 5.7

Table 4 -

 4 4 presents the viscosity of TPU (5760) solutions with 11 and 20 wt.% concentrations containing various percentages of CB and MWCNTs. The comparison of the data indicates that CB causes a lower increase in the viscosity of solutions compared to MWCNTs and results in less particle agglomeration. The suitable viscosity range for electrospinning machine (Bioinicia) is 170-400 mPa.s, Hence, the 11 wt.% polymeric solution and CB as the conductive particle were chosen to continue the research and produce uniform membranes.

Table 4 -

 4 4 The viscosity of solutions including conductive particles.

	Solutions (wt.%)	Viscosity (mPa.s)
	TPU 11	176 ± 9.8
	TPU 11/2 CB	363 ± 15.1
	TPU 11/3 CB	400 ± 13.2
	TPU 11/5 CB	458 ± 16.7
	TPU 11/7 CB	501 ± 20.9
	TPU 20	336 ± 13.9
	TPU 20/3 CB	804 ± 27.7
	TPU 20/3 MWCNTs	1883 ± 34.1

Table 4 -

 4 5 The conductivity of TPU (S860) solutions containing different MWCNTs contents and TPU 1001.

	Polymeric solutions (wt.%)	Conductivity (mS)
	TPU 20	0.004 ± 0.001
	TPU/0.5 MWCNTs	0.01 ± 0.02
	TPU/1 MWCNTs	0.016 ± 0.002
	TPU/1.5 MWCNTs	0.025 ± 0.004
	TPU/2 MWCNTs	0.033 ± 0.004
	TPU 1001/ 10 MWCNTs 11	30 ± 2.5

Table 4 -

 4 6 The conductivity of TPU (S860) solutions comprising different percentages of IL.

	Polymeric solutions (wt.%)	Conductivity (mS)
	TPU 20	0.004 ± 0.001
	TPU/5 IL	1.2 ± 0.36
	TPU/10 IL	1.8 ± 0.28
	TPU/15 IL	2.25 ± 0.24

Table 4 -

 4 7 The conductivity of TPU (5760) solutions containing different percentages of CB.

	Polymeric solutions (wt.%)	Conductivity (mS)
	TPU 11	0.0017 ± 0.0002
	TPU 11/3 CB	0.0026 ± 0.0004
	TPU 11/5 CB	0.0032 ± 0.0004
	TPU 11/7 CB	0.0053 ± 0.0004
	As shown in	

Table 4

 4 

-5, Table

4

-6 and Table

4

-7 the conductivity of the solutions increased significantly by increasing the percentages of particles and IL. Although CNT particles are more conductive, using CB reduces the agglomeration of particles and allows for higher solution concentrations

[13]

. Almuhamed et al. reported that adding CNTs to PAN solutions increases the conductivity of the solution and lessens the diameter of the nanofibers

[6]

.
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 4 8 The mass residue of samples (%) in 750 o C.

	TPU	TPU/MWCNTs	TPU/IL
	7.58 ± 0.43	8.71 ± 0.57	12.43 ± 0.89

Table 4 -

 4 9 The mechanical properties of samples.Darbandi et al. reported that the tensile modulus, tensile strength, and elongation at the break of PU nanofibers are dependent on the MWCNTs content. At 6 wt.% particle concentration, the tensile strength was nearly 7.1 times greater than that of the pure PU nanofiber mat. The results indicate that using

	Samples	Average of max force at break (N)	Average of max elongation at break (%)
	TPU	0.22 ± 0.017	41 ± 0.0002
	TPU/3 CB	2.09 ± 0.06	137 ± 0.0003

Table 4 -

 4 10 Mechanical properties of the samples.

	Samples	Max force at break (N)	Max elongation at break (%)
	TPU	0.24±0.02	68.11±4.49
	Printed TPU-straight line	0.42±0.06	20.67±4.96
	Printed TPU-big zigzag	0.48±0.04	32.23±4.96
	Printed TPU-small zigzag	0.37±0.04	43.47±3.74

Table 4 -

 4 11 Max force and elongation break of the samples.

  Order Models[2]. Skaf et al. also recommended a forecasting model, which could be classified into

Thus, Gnepper et al. proposed different types of air filter models, such as the Exponential Model and 162 Second-

Table 5 -

 5 

	Sample	Max Pressure (kPa)	Deformation (mm)	Time (s)
	TPU membrane	13.6 ± 1.4	28 ± 1.6	12.2 ± 1.6
	TPU-zigzag	23.4 ± 2.1	28.04 ± 1.4	14.2 ± 2.1
	Structured TPU-.0.5	24.8 ± 1.5	28 ± 1.1	14 ± 2.7
	Structured TPU-1.5	23.7 ± 2.2	28.09 ± 2.3	14.2 ± 1.2
	Printed structured TPU-0.5	23.8 ± 1.2	28.02 ± 2.5	14.1 ± 1.5
	Printed structured TPU-1.5	21.8 ± 1.02	28.04 ± 1.1	14 ± 2.3

1 

The burst strength, deformation, and rupture time of the samples

Table 5 -

 5 

	4 The ∆P (Pa) and R (Ω) of the small zigzag sample under different velocities
	V membrane (m/s)	∆P (Pa)	R (Ω)
	0.00	0	859.75
	0.13	56	969.91
	0.22	144	1018.18
	0.00	0	887.76
	0.36	224	1104.76
	0.00	0	924.14
	0.45	276	1141.75
	0.00	0.00	931.60
	0.67	396	1160.78
	0.00	0	962.11
	0.90	480	Break

Table 5 -

 5 

	5 The ∆P (Pa) and R (Ω) of the triangle sample under different velocities
	V membrane (m/s)	∆P (Pa)	R (Ω)
	0.00	0	1984.06
	0.04	32	2201.68
	0.09	52	2201.68
	0.00	0	2201.68
	0.13	68	2201.68
	0.18	92	2219.41
	0.22	116	2219.41
	0.27	128	2237.29
	0.36	184	2255.32

Table 5 -

 5 7 The ∆P (Pa) and R (Ω) of star printed sample under different velocities

	V membrane (m/s)	∆P (Pa)	R (Ω)
	0.00	0	314.75
	0.04	160	352.17
	0.09	212	414.29
	0.13	272	414.29
	0.18	344	533.33
	0.00	0	407.55
	0.22	444	625.93
	0.27	492	582.35
	0.36	660	637.50
	0.45	816	637.50
	0.00	0	450.00
	0.67	Break	Break

Table 5 -

 5 

	V membrane (m/s)	∆P (Pa)	sample 1 R (Ω)	sample 2 R (Ω)	sample 3 R (Ω)
	0	0	481	555	
	0.22	0	481	556	
	0.45	1.6 ± 0.16	482	558	
	0.67	4.9 ± 0.33	483	560	
	0.9	8.9 ± 0.61	484	563	
	1.12	14.8 ± 0.94	486	569	
	1.35	21 ± 1.3	489	576	
	1.57	27.9 ± 1.6	493	584	
	1.8	35.5 ± 1.9	497	592	
	2.02	44 ± 2.4	502	601	
	2.25	52.9 ± 2.9	507	611	
	2.47	63 ± 3.7	513	623	
	2.7	73 ± 4.08	520	634	
	2.92	83.1 ± 4.5	526	646	
	3.15	95.2 ± 5.2	534	659	
	3.37	106.8 ± 5.8	543	678	
	3.6	120.3 ± 6.5	552	695	
	3.82	134.3 ± 7.6	562	714	
	0	0	507	620	

8 

The ∆P (Pa) and R (Ω) of three printed structured TPU-0.5 under different velocities

Table 5 -

 5 9 The ∆P (Pa) and R (Ω) of three printed structured TPU-1.5 under different velocities

	V membrane (m/s)	∆P (Pa)	R (Ω)/sample 1	R (Ω)/sample 2	R (Ω)/sample 3
	0	0	572	1695	961
	0.22	0	572	1700	961
	0.45	0	573	1701	961
	0.67	0.3 ± 0.04	573	1703	961
	0.9	1.1 ± 0.16	574	1708	962
	1.12	2.3 ± 0.21	575	1715	963
	1.35	3.8 ± 0.28	577	1721	964
	1.57	5.5 ± 0.40	579	1729	967
	1.8	7.2 ± 0.48	581	1740	970
	2.02	9.7 ± 0.69	584	1748	973
	2.25	11.7 ± 0.62	586	1761	975
	2.47	14.6 ± 1.02	590	1773	979
	2.7	16.8 ± 1.14	593	1787	984
	2.92	19.7 ± 1.16	597	1800	989
	3.15	22.8 ± 1.31	601	1816	994
	3.37	26.5 ± 1.72	605	1833	999
	3.6	30.1 ± 1.93	609	1851	1006
	3.82	34 ± 2.41	615	1873	1009
	0	0	576	0	970

Table 5 -

 5 10 The ∆P (Pa) and R (Ω) of printed structured TPU-0.5+ filter and M5 filter under different velocities

	V membrane (m/s)	ΔP (Pa)/ filter samlpe+	ΔP (Pa)/filter	R (Ω)
	0	0	0	
	0.22	10.3	8.9	
	0.45	31.7	26.6	
	0.67	57.5	49.1	
	0.9	90.6	73.9	
	1.12	123.6	100.7	
	1.35	156.7	127.1	
	1.57	193.1	153.6	
	1.8	226.2	181.2	
	2.02	269.7	212.1	
	2.25	311	244.7	
	2.47	356.3	273.7	
	2.7	398.1	305.8	
	2.92	443.8	338.7	
	3.15	494.4	378.9	
	3.37	548	413.6	
	3.6	602.6	452.5	
	3.82	660.7	496.4	

Table 5 -

 5 11 The ∆P (Pa) and R (Ω) of printed structured TPU-1.5+ filter and M5 filter under different velocities

	V membarne (m/s)	ΔP (Pa)/ filter sample +	ΔP (Pa)/filter	R (Ω)
	0	0	0	
	0.22	9.9	8.9	
	0.45	28.6	26.6	
	0.67	52.4	49.1	
	0.9	80.2	73.9	
	1.12	110.4	100.7	
	1.35	139.2	127.1	
	1.57	169.5	153.6	
	1.8	197.5	181.2	
	2.02	234.3	212.1	
	2.25	267.6	244.7	
	2.47	303.4	273.7	
	2.7	338.7	305.8	
	2.92	375.1	338.7	
	3.15	419.4	378.9	
	3.37	459.7	413.6	
	3.6	504.4	452.5	
	3.82	554	496.4	

The gauge factor (GF) value of sensor refers to its mechanical and electromechanical properties, which are the key evaluation indicators.

Figure 3-11 Effect of each operating factor on fiber diameter a) feeding rate, b) voltage, and c) distance.

Figure 3-16 SEM images of TPU nanofibers with diameters of a) 796 ± 79 nm, b) 788 ± 73 nm, c) 731 ± 84 nm, and (d) 835 ± 87 nm.

Figure 3-17 SEM images of TPU nanofibers with diameters of a) 576 ± 67 nm, b) 531 ± 49 nm, c) 538 ± 53 nm, and (d 509 ± 58 nm.

presence of larger holes in the sample, allowing for easier passage of air and resulting in less deformation of the membrane, particularly at low velocities. As a result, the resistance change began after 1 m/s velocity for all of the structured samples. Moreover, the pressure drop decreased from 480 Pa for non-structured printed membrane (with a big zigzag pattern) to 14.8 and 2.4 Pa for printed structured TPU-0.5 and printed structured TPU-1.5, respectively, despite differences in sample size and electrospinning time. This indicates that these printed structured membranes could be used as strain sensors to detect the clogging of air filters due to their sensitivity, elasticity, and air permeability.

APTES

Aminopropyltriethoxysilane BBD Box-Behnken Design BSFC

Scanning Electron Microscope (SEM)

SEM was employed to see the morphology of elastane yarns as shown in Figure 3-3 and the diameter of yarns was measured using Digimizer software with three measurements for each yarn. The diameters obtained from SEM were identical to the ones of optical microscopy. 

Mechanical properties

Many researchers reported that PU yarn-based strain sensors exhibit high sensitivity, broad strain-sensing range, and outstanding stability. Therefore, lightweight and super elastic PU yarn was selected as the core material because of its intrinsic superior mechanical performance. Figure 34demonstrates the mechanical properties of elastane yarns with different densities in this work. Li et al.,and Zhu et al.,obtained 500% and 250% elongation at break for polyurethane yarn, respectively [19,20]. However, in this study, no rupture was observed even up to 1000% strain. The higher stress (MPa) was calculated for the yarn with In order to investigate the sensing behavior of elastane yarns, the cyclic extension test was done for each yarn. Figure 3-5 shows the cycle curve of elastane yarn up to 800% strain for 100 cycles. In a study, it was reported that the elastane yarn shows good elasticity, flexibility, and lower hysteresis in strain sensing but less stress. Nevertheless, they did the cycle test up to 100% elongation [21]. According to curves in Figure 3-5, after the first cycle, there is hysteresis in the force for each yarn but for other cycles, it was stable. All yarns with different densities and diameters indicated good flexibility and resilience during 100 cycles. Table 5-7 shows the pressure drop and resistance change of the membrane with a star-printed pattern. The initial resistance was measured at 314 Ω, and rupture occurred at a velocity of 0.67 m/s. Similar to the previous sample, hysteresis was observed, and the resistance did not return to its initial value after each stop of the machine. Instead, a decrease in resistance was observed. The k * was calculated to be 291.42, as seen in Figure 5-14. To compare the samples, higher sensitivity with k * of 291.42 and higher elasticity with taken from 0 to 150 Pa at velocities up to 0.16 m/s [19]. In this study, pressure drop was calculated up to 180 Pa at a velocity of 0.18 m/s, except for the star-printed membrane, which exhibited a pressure drop of 344 Pa. Consequently, the printed TPU membrane with various patterns exhibited potential for use as strain sensors in air filtration systems.

The small and big holes structured membrane were placed in a frame of 10×10 cm 2 and then in the ventilation tunnel as presented in Figure 5-15. These samples were produced during 1 hr of electrospinning, and the increase in electrospinning time was done to avoid damage to the samples during testing. The test was carried out by one of the partners (IMT Atlantique, Nantes) and repeated for three samples. Figure 5-16

illustrates the ∆P (Pa) and ∆R/R0 (%) versus velocity curves for three structured TPU-0.5 membranes with zigzag patterns. Since the curves are not linear, they can be modeled using a simple power law relationship (Eq. (5-1)).

p R rV 

(5-1)

Where R represents the electrical resistance of the samples, and V represents the velocity. Additionally, r (pre-factor) and p (exponent) are two adjustable parameters that depend on the sensitivity of the sensors and the materials used. In fact, r is used to adjust the model to experimental data, and is affected by the geometrical properties of the sensor (dimension and aspect ratio). On the other hand, exponent (p) is clearly dependent on materials and since carbon ink was used as the conductive material, p was fixed within the range of 1.5 to 2 [20]. Nevertheless, since the carbon ink applied demonstrated a significantly non-linear behavior, p was increased to 2.8 to better fit the curves of the samples.

As shown in Figure 5-16, the calculated values of r for sample 1, sample 2, and sample 3 are 2.53, 0.89, and 1.95, respectively. Additionally, the values of p were fixed at 1.68 for sample 1, 2.2 for sample 2, and 2 for sample 3, respectively. According to Table 5-8, the pressure drop (mean of three samples) with small holes decreased and was measured up to 134.3 ± 7.6 Pa under velocities of 0-3.82 m/s. However, the change in resistance and electrical sensitivity of the samples was reduced. The reason could be the holes that allowed air to easily pass through the samples, resulting in less deformation and a smaller resistance change for these sensors. Moreover, no rupture was observed for these samples up to velocity of 3.82 m/s. Figure 5-17 compares the pressure drop of these samples with a filter (M5, polypropylene nonwoven) against velocity and shows that the structured membrane has a pressure drop near that of the filter.
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Book C hapter Si les filtres à air deviennent partiellement obstrués, leur efficacité peut être réduite jusqu'à 30 %, c'est pourquoi il est important de les surveiller en continu et de manière rentable. La mesure de la chute de pression de l'air traversant le filtre est une méthode courante de détection de l'obstruction. Bien que des méthodes telles que les fils chauffants soient utilisées pour mesurer le débit volumique, elles ne peuvent pas prédire la durée de vie restante du filtre.

Les filtres textiles conventionnels combinés à des textiles électroniques capables de mesurer les variations du flux d'air pourraient être utilisés pour détecter l'obstruction. Cette approche devrait faciliter l'entretien des filtres à air et même permettre une maintenance prédictive. L'objectif de cette étude est de fabriquer des capteurs perméables et flexibles à base de nanofibres de polyuréthane en utilisant la technique de l'électrofilage afin de permettre le passage de l'air. Ainsi, lors de l'obstruction, lorsque l'air ne peut pas passer et que la chute de pression augmente, la mesure de la chute de pression informe les opérateurs de l'appareil du niveau d'obstruction du filtre et de sa position afin d'anticiper sa modification et de fournir une économie d'énergie efficace, bénéfique tant sur le plan économique qu'environnemental.  L'objectif 2 consiste à rendre les échantillons électroconducteurs afin de mesurer le changement de résistance lors de la déformation sous l'effet de l'écoulement d'air, discuté dans le chapitre 4.

 L'objectif 3 consiste à mesurer le changement de résistance et la chute de pression du substrat conducteur dans le tunnel de ventilation, présenté dans le chapitre 5.

Connaissant les conditions de filtration de l'air tel que le faible débit d'air qui traverse le filtre, Initialement, des fils d'élasthanne étaient recouverts de PEDOT:PSS pour assurer la conductivité, mais cette méthode a été abandonnée en raison des ruptures observées dans les couches de polymère conducteur lors de l'étirement. Au lieu de cela, les membranes à base de nanofibres sont choisies comme capteurs textiles en raison de leurs propriétés intéressantes comme leur légèreté, leur perméabilité à l'air et leur surface élevée.

La structure morphologique des nanofibres offre une plus grande surface de mesure, ce qui permet d'abaisser les seuils de détection pour les mêmes matériaux. L'objectif de cette étude est de concevoir et de produire des membranes à base de nanofibres par électrofilage. L'électrofilage, est une méthode de production de fibres qui utilise une force électrique pour tirer des fils de polymères chargés en solution ou fondus jusqu'à des diamètres de l'ordre de centaines de nanomètres. Ces membranes doivent être aussi 

INNOVATIVE AIR CLOGGING DETECTION SYSTEM FOR AIR FILTERS BASED ON E-

TEXTILES

In this study, thermoplastic polyurethane (TPU) nanofibers were fabricated by optimizing electrospinning parameters. In order to make the membranes conductive, the carbon ink was printed on the surface of TPU nanofibers membranes using different patterns. Mechanical tests, electromechanical measurements, and cycle testing demonstrated suitable mechanical properties, resistance changes during stretching, and repeatability of the sensor performance. To optimize the sensor ability, membranes with structured holes were fabricated to minimize the pressure drop. Then, the pressure drop and resistance change of the sensors with various printing patterns were measured in a ventilation tunnel. Comparison with M5 filters showed that the pressure drop of these printed structured membranes was similar to air filters, and did not cause an increase in the pressure drop of the system. Moreover, the resistance change of the sensor under different air velocities indicated high sensitivity. In conclusion, this study successfully developed a facile and scalable technique to fabricate textile sensors for detecting air velocity in air filters. 
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