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Introduction

We are living in an era where modernization and digitalization are increasing rapidly, and industries are attracting their customers with novel techniques and customized product ranges.

This competition increased the development of new and hybrid fields for customers satisfactions. In recent decades we have many modern innovative notations that ancient peoples can't even imagine [1]. One typical example is the telephone and internet industry.

From posted letters and then lined telephone, it is converted to electronic mails and video calls that just 20-30 years before anyone can't even imagine [2,3]. It is now considered a fundamental and essential requirement for the modern generation. Now mobile phones are converted more than calls and messaging instruments. Today they cover all our needs related to computer activities and different daily life gadgets, including banking services, fitness, and health monitoring activities. These wireless activities even could not be imagined in the recent past [4,5].

Similarly, the usage of textiles and textiles as the wearing element has a vast history in human evolution since ancient times. The wearing cloth concept started as the replacement of leaf used for covering of body parts, but now day's textile wearable have multiple included options along with wearing requirements [6][7][8][9]. In the current era of competition and to attract more customers, we can see many value-added and user-defined additions along with normal textile wearing habits of these products [10]. Initially, these concepts started from the medical industry to use the integrated sensors in the undergarments but, these are not limited to this field only. Nowadays, these user-defined textile wearable are being used in various fields ranging from medical, sports, military, and different defense-related projects [11][12][13]. These new add-ons completely changed the way to use and develop wearable textiles. That's why now textile has not remained an independent industry, but a mixture of different industries working together subject to the integrated user-defined functionalities. Multipurpose and improved functionality textiles may comprise one or several textile or non-textile smart components that were woven, embroidered, sewed, integrated, or attached using different available techniques [5]. Based on requirements, these components can include sensors, actuators, antennas, processing units, energy storage, production and harvesting, and power transmitting devices [14,15]. These advanced wearable textiles are usually named smart textiles, wearable electronics, e-textiles, smart clothing, textronic, etc. [8,16]. They are enlightened further in the following explanations.

Smart textiles

The word smart material was first introduced in Japan in 1989. The first textile material in history that, in retroaction, was stated as a 'smart textile' was silk yarn having a shape memory capacity. However, the discovery of shape-memory materials in the 60s and intelligent polymeric gels in the 70s was generally accepted as the birth of real smart materials. Although intelligent materials were first introduced in textiles in the late 90s, the first textile electronic semiconductive components have been recognized in the early 2000s [17].

Smart textiles can be defined as textiles that can sense and respond to simulation from the external environment. They may be divided into two classes: passive and active smart textiles.

Passive smart textiles can change their properties according to environmental stimulation.

Shape memory materials, hydrophobic or hydrophilic textiles, etc. make part of this category [16,18,19].

Active smart textiles generally contain sensors and actuators to connect internal parameters to the transmitted message. They can detect different signals from the outer environment (temperature, light intensity, pollution, etc.), choose how to react, and finally act using various textile-based, flexible, or miniaturized actuators (textile displays, micro vibrating devices, LED, etc.). This "decision" can be taken locally, e.g., electronic devices (textile electronics) embedded in smart textile structures or perhaps remotely, if the smart textile is wirelessly connected to external clouds containing the database. These servers may be connected with artificial intelligence software, etc., and could be a part of the Internet of Things (IoT) concept [20].

E-textile system

Categorically we can state that all e-textiles will be smart textiles, but not all smart textiles need to be e-textiles. E-textile can be defined as "A textile structure (fiber, yarn, fabric or finished product) permanently integrated, sewn or attached, etc. with electrical and/or electronic functionality" (Figure 1.1).

Figure 1.1. E-textile system Any electronic behavior added to normal textiles converts them into e-textile systems. These electronic components can be textile-based, e.g., flexible textile sensors and antennas, or they can be non-textile-based, e.g., flexible PCBs and LEDs. These electronic components may be fabricated with the textile structure as a substrate or even entirely textile-based using various available textile manufacturing techniques, including weaving, sewing, embedding, embroidering, soldering, crimping, flip-chip, and magnetic, etc. [21][22][23][24]. The use of conductive fibers, which have energy and data transmission capacity, for detecting, sensing, monitoring, or communicating the external stimuli response based on specific requirements, is the basic element of a textile integrated electronic system. Depending on the usage and fabrication techniques, these textile integrated electronic systems can be classified as integrated electronic textiles, fabricated electronic devices [25], or normal electronic devices

Wearable computing Wearable electronics Textile E-textile embedded in textile substrates [6,26,27]. Figure 1.2 highlights the dedicated example of an etextile connected t-shirt prepared by "Caree Technologies Inc.". 

E-textile types

E-textile products may be divided into two categories (wearable and non-wearable e-textile systems) depending on end-user types.

Wearable e-textile

Daily life wearable textiles having integrated or attached functional components are known as wearable e-textile. These wearable textiles perform some additional functionality along with everyday wearing purposes. They may include sensing, detecting, reacting to specific stimuli, or transmitting some specific data to external clouds. Many wearable e-textile products are available in the market, mainly in medical and personal protection equipment (PPE) fields [28].

The usage of health monitoring sensors in the undergarments for sensitive patients is an example of e-textile wearable systems. The integrated sensors may transmit real-time health monitoring data to external clouds for 24/7 patients nursing [29][START_REF] Jin | Enhancing the Performance of Stretchable Conductors for E-Textiles by Controlled Ink Permeation[END_REF][START_REF] Ankhili | How to Connect Conductive Flexible Textile Tracks to Skin Electrocardiography Electrodes and Protect Them Against Washing[END_REF]. Similarly, heat and temperature sensors are attached to fire-fighters uniforms. These sensors help to monitor the outdoor and inner-body temperature of fire-fighters working on fire emergency sites. Hence, the life of workers can be protected in the case of a rapid increase in inner temperature or heartbeats rate [START_REF] Sandulescu | Wearable System for Stress Monitoring of Firefighters in Special Missions[END_REF][START_REF] Caya | Warning System for Firefighters Using E-Textile[END_REF].

Non-wearable e-textiles

Non-wearable e-textiles are used in our routine life for non-wearable purposes with additional functionalities in them. They include bed sheets, curtains, seat covering for household furniture and automobiles, textile usages in geotextile and construction industries, etc. Electronic functionalities may be introduced into these textiles to convert them into nonwearable e-textiles systems. For example, smart pressure sensors can be added to bedsheets to analyze the sleep cycle for customers. Similarly, seat warming technologies and textile colorchanging dashboards are widely used in automobile industries [START_REF] Nanjappan | Towards a Taxonomy for In-Vehicle Interactions Using Wearable Smart Textiles: Insights from a User-Elicitation Study[END_REF][START_REF]Textile Advances in the Automotive Industry[END_REF]. Smart textile pressure and temperature sensors can be used in construction industries to analyze and detect any defects in sky-high buildings or underground constructions [START_REF] Zangani | Electronic textiles for geotechnical and civil engineering[END_REF][START_REF] Rowley | Lighting Up Your Garments: An Investigation into Methods of Making Fabrics Glow[END_REF]. Photovoltaic and colorchanging textiles are also being used in disco and dancing clubs [START_REF] Stylios | The Concept of Mood Changing Garments Made from Luminescent Woven Fabrics and Flexible Photovoltaics "MoodWear[END_REF].

E-textile Market

The smart textile market is flourishing day by day. Change in human habits and demand for user-defined facilities has increased the importance of the e-textile systems in the normal textile market. Just five to seven years back, the healthcare sector was a major contributor to the smart and wearable electronics market. Since then, the e-textile market is significantly improving with many applications in fitness monitoring, wireless communications, and defense purposes [4,17,[START_REF]Smart Textiles and Their Applications[END_REF]. The progressive development and applications increased consumer awareness in this newly emerging field which witnessed the growing investment in e-textile and its associated industries. This progress ultimately reduced the manufacturing cost and easy access to these emerging e-textile systems to customers [START_REF] Gopalsamy | [END_REF]. However, it's too early to state that e-textile systems are comprehensively integrated into the "Internet of things (IoT)" infrastructure. There is still room for improvements in terms of security, safety, and reliability to guarantee the IoT nodes for wearable e-textile products. As we are progressing in infrastructures and standardizations, we can see more and more products in the market and ultimately a handy growth rate [START_REF] Tao | Bluetooth Low Energy-Based Washable Wearable Activity Motion and Electrocardiogram Textronic Monitoring and Communicating System[END_REF]. market will reach up to 9 billion US dollars in 2024 (Figure 1.3). In the wearable electronic market, still, a large portion is captured by wearable gadgets, but smart clothing and e-textile medical systems are gaining rapid acceptance in customers. Global electronic market by product category (Ameri Research Inc.) [START_REF]D13 Committee Test Method for Abrasion Resistance of Textile Fabrics (Oscillatory Cylinder Method)[END_REF] In another survey conducted by "IDTechEx", it is claimed that annual revenue from wearable technology products will reach 80 billion US dollars in 2020 (Figure 1.5). Wearable device's yearly sales volume is predicted to reach 2.5 billion US dollars in 2025 [43]. 

Reliability and washability

The E-textile market is developing continuously, and a lot of new products in the market can be expected. These products often lack reliability and user confidence. Recent surveys predicted valuable growth in this sector, but this is attached with the adoption of e-textile systems to our daily life. E-textile is a hybrid product obtained with a combination of mainly textile and electronic industries [13,[44][45][46]. Figure 1.6 describes the e-textile systems manufacturing process and the purpose of new standardized testing requirements. Both industries are well developed and already have standard protocols for their reliability. We have standards available for the washability of textile products. On the other side, electronic items usually are not considered for washing reliability. When these products or components are combined with textiles ones to create the e-textile system, their reliability and washability will be changed entirely. When we purchase electronic components and electronic gadgets, we don't consider their washing reliability because we will not put them in the washing machine. But when these electronic systems or their components are attached to the textiles, they should be protected against wash damages. There should be some standardized protocols suitable for both electronic and textile components of e-textile systems [47,[START_REF] Li | Screen Printed Flexible Water Activated Battery on Woven Cotton Textile as a Power Supply for E-Textile Applications[END_REF]. The existing and available textile reliability and washability standards cannot be used for them as they are not intended for taking care of electronic components in the e-textile products. Similarly, available electronic protocols don't deal with washing durability and reliability standards. The reliability and durability of the e-textile systems are attached with the proper functionality of all the components, either permanently attached or detachable. Their functionality behavior is different from traditional textile behavior, and the required protocols are not available in the textile standardized test methods. To overcome these problems, new standards related to reliability and washing durability of e-textile systems, in terms of the proper functioning of all components attached to the system, should be developed.

Recent achievements in standardization

Reliability and durability are critical factors for the new hybrid field to get user confidence; otherwise, it will vanish from the market. Several researchers groups are working on e-textile standardization protocols. Some of them focus on developing new standards, while others are targeting to modify and combine available test methods to make them suitable for e-textile systems. American Association of Textile Chemists and Colorists (AATCC) is currently working on different drafts related to electronically integrated textiles. They published an evaluation procedure for electrical resistance as the outcome functionality of e-textile systems. In another initial draft, "AATCC RA 111", electronically integrated textile test methods are discussed. ASTM international standard organization is working on the durability of smart textile electrodes after laundering (ASTM WK-61480). This initial draft covers the determination of electrical resistivity of textile materials that are generally categorized as good or moderately conductive materials. International organization for standardization (ISO) published a standard document report covering smart textile definitions, applications, and the need for standardization (ISO/TR 23383:2020 [START_REF]F02 Committee Practice for Conditioning Flexible Barrier Materials for Flex Durability[END_REF]). Another organization specialized in electronics and leading source of standards for the electronic industry, Association Connecting Electronics Industries (IPC), is also working on different initial drafts related to washability and reliability of wearable electronics. Recently they published the draft report IPC-8921 [START_REF]Requirements for Woven and Knitted Electronic Textiles (E-Textiles) Integrated with Conductive Fibers, Conductive Yarns and/or Wires Available online[END_REF] related to definitions of e-textile components. This report covers the requirements for woven and knitted electronic textiles (E-textiles) integrated with conductive fibers, conductive yarns, and/or wires. A working group under this organization is working on quality and reliability for e-textiles wearable, and the initial draft IPC-8981 is due to be finalized in June 2021. The European sub-group (D-75a-EU, E-textiles wearables standard task group in Europe) of this committee is working on washability problems related to wearable e-textiles, classifications of the products in terms of standard requirements, and transition of available standards into e-textile standards with required modification and addition. All these efforts are under process to streamline this new and emerging field in terms of reliability and durability. Different organizations and research groups are progressing in these achievements, and some initial drafts are available in the market. This is a collective effort, and it can't be quantified quickly. These developments surely confirm the pathway in the right direction, and it may be expected the e-textile reliability and washability protocols will be developed in the coming years.

Objectives and target output

My research is planned to investigate and highlight the difficulties the e-textile market is facing in terms of reliability and washability. These problems directly impact the market acceptance, user-confidence, and ultimately the success of the e-textile systems. The main objectives of this study are highlighted below.

Objective 1

Investigation of washability and reliability issues related to e-textiles and their importance in this field. Study of different available washing options and highlight the differences among them to better understand how to select the most suitable washing option for e-textile systems.

Identification of washing stresses during the different washing phases and their damage intensity on the e-textile systems.

Objective 2

Categorization of different e-textile components, including detachable and permanently fixed ones, for the investigation of the washing stresses separately on each of the components in terms of their functionality. Use of the accelerometer device for stress analysis in washing drum to highlight the available mechanical standardized test protocols that can be used as the simulation of comparable damages, without the washing process.

Objective 3

Presentation of a washing simulation model based on the experimental analyses, which can be exercised for wash damages and reliability predictions without actually washing the e-textile systems. Shortlist the available test protocols that may be adapted, with some modifications, to claim e-textile system reliability. Finally, preparation of standard protocol draft claiming washability and functionality for wearable e-textile systems.

Different e-textile components are investigated separately in these experiments and the impact of damages is studied. These details are further explained in the coming chapters. Chapter 2 presents some recent developments in the standardization of e-textile reliability along with a literature review of current e-textile developments. E-textile wearable products available in markets are discussed along with their functionality and washing instructions. Chapter 3 contains a detailed explanation of tests and materials used in this research work. The experiment flow is explained in this chapter with all required information of instruments and apparatus used for this investigation. Chapter 4 contains the outcomes from these experiments and an in-depth discussion of the results. Proposed standards based on these results and discussions are covered in chapter 5 and 6.

Literature review

The reliability and durability of smart textile structures are key factors for market acceptance and success to this new emerging portion of the textile industry. The electronic textile structures are supposed to be in good functioning "as the whole" against various stresses faced during the life span of this specific system [1]. These stresses depend on different elements, including multiple types of the smart textile system, end-use, life cycle, etc. [2].

Among the stresses, washability is the major issue that most wearable electronic smart textiles face during their life cycles. Various products are available in the market, and somehow, they are successful in meeting the user requirements, but these products lack in terms of washability and washing reliability. Different standards are available for textile washing protocols, but these cannot work in the case of e-textile systems. These standards are specially designed for textile structures and can't be used for the electronics portion attached or embedded in the e-textile system. Similarly, the standardized test protocols are available for the electronic industry, but they are not designed to deal with textile wearable structures. We don't test the electronic functionality of wearable clothing or the washability behavior of electronic gadgets. Special precautions should be adopted for these hybrid structures to claim durability and washing reliability. Different available standards in the textile and electronic industry along with recent work on the standardization of electronic wearable textiles, are highlighted in detail.

Standards related to textile wearable

Many standards are available for textile washing protocols. International organization for standardization (ISO) is a leading organization, particularly in Europe, working on several standardization methods, including textiles. Several well-organized standards for textile and textile washing are being practiced in the market. The most commonly used textile washing standard is ISO 6330 [3], which highlights various requirements regarding washing load, washing time, speed, and temperature. Washing machine types, top-loading, and front-loading are described in detail, separately based on different specifications. These standards recommend that washing temperature should be 30°C -40°C for delicate washing cycles and go maximum up to 90°C for cotton fabrics. Commonly, these temperatures do not have exact values, and there is always a tolerance limit that varies in different machines. Washing load/ ballast is divided into three categories, including cotton, polyester, and a mixture of both.

Multiple drying options, including line dry, drip line dry, flat dry, drip flat dry, flat presses, and tumble drying, are described.

Similarly, the tumbling temperature goes a maximum of 60°C for delicate and 80°C for normal clothes. Many detergent types, their chemical compositions, and dosage for washing cycles are explained. Washing procedures and water hardness properties are also highlighted in detail. Standardized drum volume range and water pressure, used in each phase of the washing procedure, are also discussed in this standard.

Textile testing conditions and laboratory atmosphere standards are explained in ISO 139 [4].

Tolerance limits and uncertainty of measured values are described in this standard document.

Pre-testing conditions, rapid or accelerated conditioning, and details regarding alternate standard atmosphere requirements are summarized in ISO 139/A1. ISO 3759 [5] highlights textile sample preparations, measurement specifications, and bulk samples identification methods. Dimensional changes undergo due to external stresses, and the test types to be performed are also covered in it.

ISO 105 is the standard test protocol regarding the color-fastness properties of textile after the laundering process. It is a complete series of standards that explain every possible way of damage textile can undergo due to washing, water damage, chemical, light and weathering, atmosphere etc. ISO 105-A series regulate general principle and different scale assessment levels. ISO 105-A05 [6] and C06 [7] explain the colorfastness problems for domestic and commercial laundering machines. Further explanations are provided in a series of separate modules. For example, ISO 105-C12 [8] discuss complications related to industrial laundering. ISO 105-C09 [9] and ISO 105-C10 [10] highlight the complaints due to the bleaching response created by non-phosphate detergent and soap or soap and soda, respectively. ISO 105-E series discuss problems created by water, acids, alkalis, chlorinated water, hot water, steaming, etc. ISO 105-N series explains different bleaching agents.

ISO 3175-2 [11] provides a standardized test procedure for dry-cleaning and wet-cleaning.

Assessments of performance and testing protocols are described, and the cleaning and finishing of textiles using tetrachloroethene, hydrocarbon solvents, and simulated wetcleaning are covered in this standard protocol.

ISO 811 [12] is a standard test method for hydrostatic tests and resistance to water penetration for textile fabrics. Testing procedure, water grade, water pressure, mechanism of measuring the increase in pressure, testing atmosphere, and sample conditioning are explained in it.

AATCC 135 [13] is another washing standard prepared by the American Association of Textile Chemists and Colorists (AATCC). It defines the number of washing cycles for different textile materials being washed in the washing machine. Dimensional changing problems after washing are also discussed in this test standard. AATCC-6-2016 [14] monograph explains standardization test conditions for domestic laundry machines. They divided the machine setting based on the wash temperature, starting from 16°C for cold wash setting to 54°C for extra hot washing setting. Water temperatures, machine speed and time, spin speed and time, and water levels are discussed for different types of front-load and topload washing machines. AATCC 1993 [15] defines other standard reference detergents, and laundry detergents in general, used for the washing process. They provided a comparison of detergents in terms of soil removal efficiency at different water hardness levels. AATCC 2003 specifically explained liquid detergents most commonly used in the current washing machines. The impact of color fastness testing on fabric in the presence of standard liquid detergent is discussed in it.

Standards for electronic functionality

Standards related to electronics functionality are well developed and covers the fundamental requirements for this industry. Some standards that can be used or modified to be adopted for this new hybrid e-textile system are discussed briefly. IEC 60601-2 [16] standard protocol describes practical requirements and essential medical electrical equipment performance.

Similarly, IEC 60601-1 [17] and 60601-4-1 [18] cover the general requirements for basic safety features concerned with medical equipment. Laboratory testing requirements, classifications of equipment and systems, equipment parameters, accuracy allowance, protection against electric shock, warning set-up, and equipment identification systems are standardized in this document. IEC 61340-4-1 [19] is another specific test protocol that is being adopted in the electronic textile industry. This test protocol covers the requirements related to electrical resistance and data transmission through sensors and antennas. IEC 62631-3-1 [20] describes the dielectric and resistive properties. This specific standard is related to volume resistance and volume resistivity through the "DC method." The surface resistance and surface resistivity are covered in IEC 62631-3-2 [21]. There are certain methods to test electronic devices against water, such as Ingress Protection numbers against solid and liquids, e.g., IP67, IP68, [22]. However, none of them include the washing process commonly used for textile products such as underwear, clothing, home textile, etc. IPC, a trade association, is working on the standardization of electronic equipment and assemblies especially printed electronics. They have well-developed standards related to rigid circuit boards. After some modifications, these standards may be used in flexible textile motherboards or even in electronic textiles. IPC-A-610D [23] is a general acceptability standard for electronic assemblies. IPC-A-600J [24] defines the acceptability standard for printed circuits.

Similarly, IPC-9204 [25] gives a detailed guideline on flexibility and stretchability testing related to printed electronics. On the other side, IPC-6903 [26] covers the terms and definitions of printed electronics design and manufacturing methods. IPC-9252B [27] explains the electrical functionality testing of simplified printed boards. Testing protocols and processes for accessing the electrochemical performance of electronics are covered in IPC-9202 [28].

Standards related to textile mechanical properties

Mechanical properties are the typical requirements for any product's reliability in textile, electronic, or hybrid electronic smart textile categories. Each product undergoes wear and tear during its life span. These mechanical stresses may be due to environmental exposure on the surface or their routine usage and handling [29]. Different types of mechanical properties have several well-developed standards available for diverse types of product and their usages.

Textile products have standard protocols based on their types and uses. Abrasion resistance is one of the common properties of textile material. ISO 12947-1 to 4 [START_REF] Jin | Enhancing the Performance of Stretchable Conductors for E-Textiles by Controlled Ink Permeation[END_REF][START_REF] Ankhili | How to Connect Conductive Flexible Textile Tracks to Skin Electrocardiography Electrodes and Protect Them Against Washing[END_REF][START_REF] Sandulescu | Wearable System for Stress Monitoring of Firefighters in Special Missions[END_REF][START_REF] Caya | Warning System for Firefighters Using E-Textile[END_REF] ISO EN-388 [START_REF] Stylios | The Concept of Mood Changing Garments Made from Luminescent Woven Fabrics and Flexible Photovoltaics "MoodWear[END_REF] and the addition of ISO 13997 [START_REF]Smart Textiles and Their Applications[END_REF] in 2016 regulate the mechanical risks related to protective textiles. This protocol covers the mechanical problems attached to abrasion, cuts, tears, and perforations. The obsolete cutting method in ISO 388 used the cutoff method for evaluating the cut resistance of the protective textiles. It involved the backand-forth movements of the circular blade under the specific load. ISO 13997 is the addition to this standard which replaced the cut-off method by Tomodynamometer (TDM). The impact test protocols for high-grade textiles are also added in the new test protocol. Cut resistance of samples is described as the cut force required for the standardized blade to pass through the material from a fixed 20 mm stroke. ISO EN 6945 [START_REF] Gopalsamy | [END_REF] is another test protocol explaining the abrasion resistance of the outer covering for rubber and plastic hosing. It is not a standard protocol in the textile family but may be modified for some semi-rigid electronics components attached to e-textile systems.

ISO 20253 [START_REF] Tao | Bluetooth Low Energy-Based Washable Wearable Activity Motion and Electrocardiogram Textronic Monitoring and Communicating System[END_REF] is a standard protocol for textile covering and concerns the blade test specifications for the flocked surfaces. It is not an essential requirement for typical e-textile applications but can be considered in e-textile products being used in the fashion and leisure fields.

ASTM developed multiple standard protocol documents covering abrasion resistance and measured by various techniques. ASTM D4157 [START_REF]D13 Committee Test Method for Abrasion Resistance of Textile Fabrics (Oscillatory Cylinder Method)[END_REF] is the standard test protocol prepared for abrasion resistance of textile fabrics with the help of the Oscillatory cylinder method. D3884 [43] covers the abrasion resistance evaluated using the rotary platform, double head method. D3885 [44] discusses the flexing and abrasion method for this functionality. D3886 [45] uses the inflated diaphragm apparatus to calculate the abrasion resistance of textile fabrics. D4158 [46] standardized the abrasion resistance for textile fabrics using uniform abrasion methods.

ASTM D4966 [47] is one of the most commonly used standard procedures for abrasion resistance testing. This standard test method measures the abrasion resistance of textile fabrics using the Martindale abrasion tester method. AATCC 93 [START_REF] Li | Screen Printed Flexible Water Activated Battery on Woven Cotton Textile as a Power Supply for E-Textile Applications[END_REF] is another test standard for abrasion resistance of textile fabrics. This protocol discusses the accelerometer method for this measurement.

ASTM F392 [START_REF]F02 Committee Practice for Conditioning Flexible Barrier Materials for Flex Durability[END_REF] is the standard practice used for flex durability of flexible materials. This test method summarizes various test conditions, including full flex for one-hour, full flex for 20 minutes, full flex for 6 minutes, full flex for 20 cycles, and partial flex for 20 cycles.

Conditions suitable for the prototype may be decided based on the requirement. This test method can be easily modified to adapt for e-textile prototypes by adjusting the cycle speed and testing duration.

ISO 7854 [START_REF]Requirements for Woven and Knitted Electronic Textiles (E-Textiles) Integrated with Conductive Fibers, Conductive Yarns and/or Wires Available online[END_REF] is a standard test method originally developed for measuring the flex resistance of coated fabrics by the flexing method. Rubber and plastic-coated fabrics are discussed in this document. ISO 2062 [51] is a standard protocol developed for measuring the single-end breaking force and elongation at break using a constant rate of the extension test method. This standard covers the textile yarns taken from ready-to-use packages by four different methods.

They are based on the way specimens taken from the packages. In the most commonly used test method, specimens are taken directly from conditioned packages. It is also used for stretching and stretch cycle measurement of textile fabrics.

ISO 13934 [52,53] is a detailed test protocol developed to measure the tensile properties. It is generally used for woven fabrics and fabrics with elastomeric fibers. It does not apply to geotextiles, nonwovens, coated fabrics, textile-glass woven fabrics, and fabrics made from carbon fibers or polyolefin tape yarns. The method identifies the specimens in equilibrium with the standard atmosphere for testing and test specimens in the wet state. It is restricted to the use of a constant rate of extension (CRE) testing machines. This procedure is divided into two parts. Part 1 covers the tensile properties in maximum force and elongation at maximum textile fabrics force using a strip method. Part 2 determines the maximum force of textile fabrics through the Grab test procedure. ASTM D 5034 [START_REF]D13 Committee Test Method for Breaking Strength and Elongation of Textile Fabrics (Grab Test)[END_REF] also explains the standard protocol for the tensile properties of textiles. This method covers the breaking strength and elongation determined by the "Grab procedure." It applies to woven, nonwoven, and felted fabrics and is not recommended for glass or knit fabrics. ASTM D 5035 [START_REF]D13 Committee Test Method for Breaking Force and Elongation of Textile Fabrics (Strip Method)[END_REF] uses the strip method to measure the breaking strength and tensile properties. This test method describes procedures for carrying out fabric tensile tests using four types of specimens and three alternative types of testing machines.

Another test protocol, ASTM D5587 [START_REF]D13 Committee Test Method for Tearing Strength of Fabrics by Trapezoid Procedure[END_REF], covers the tearing strength of fabrics using the TRAPEZOID procedure. It applies to most types of woven, non-woven, and knit fabrics. Tear strength, as determined in this test method, requires the tear to be initiated before testing. It may be reported either as the single-peak force or the average of the five highest peaks.

ISO 14704 [57] is a standard test protocol used to measure the flexural strength of fine ceramic or ceramic-based composites having a grain size of less than 200 µm. This test protocol is not related to the textile industry, but it can be used or modified for semi-flexible electronic components attached to e-textile systems.

IPC 9204 [25] is a standard test protocol for flexibility and stretchability testing of printed electronics used for stretchable electronics or wearable applications. This test method can be used, with required modifications, for e-textile systems having semi-flexible / flexible electronic circuits attached to them. ASTM D 2594 [START_REF]D13 Committee Test Method for Stretch Properties of Knitted Fabrics Having Low Power[END_REF] is a test protocol designed for a knitted fabric having low power properties. This standard covers the measurement of fabric stretch and fabric growth of knitted fabrics proposed for applications requiring low-power stretch properties. It includes procedures for fabric growth and stretch and may be used individually when required by individual specifications. Fabric growth usually is expressed as a percentage of the change in length of the specimen after the tension application. It is a crucial test protocol because most of the wearable textile clothing is made by knitting techniques, and the e-textile system developed by these textiles can take guidelines from the existing standard.

ASTM D3107 [START_REF]D13 Committee Test Methods for Stretch Properties of Fabrics Woven from Stretch Yarns[END_REF] test protocol covers the tensile properties of woven textile fabrics. This test method standardizes the fabric stretch procedure and material's dimensional change after a specified extension and is held for a specified time. This standard, along with D2594 [START_REF]D13 Committee Test Method for Stretch Properties of Knitted Fabrics Having Low Power[END_REF] for knitted fabrics, entertains the almost complete range of textile garments or fabrics that may be used in wearable e-textile systems.

Standards related to conductive functionality measurement

In the previous discussion, important test procedures related to or can be modified to adopt in e-textile systems are highlighted. These test protocols should be discussed, and necessary modifications may be planned for their use in the reliability development of e-textile systems.

Along with mechanical or washability test standards, protocols for conductive functionality testing related to the acceptable performance of these e-textile systems, based on new requirements, should also be developed. In the following discussion, some initially developed drafts or previous standards that are being adopted to verify the e-textile functionality after mechanical or washing stresses are discussed. AATCC EP 13 [60] is a test procedure evaluating the electrical resistance of electronically integrated textiles. E-textile fabrics or end products with incorporated conductive paths/tracks may be assessed. This method is not for the evaluation of yarns or fibers. Electrical resistance may be measured as received or after treatment, such as stretch or laundering, etc. The change in resistance due to treatment may also be calculated. Electrical resistance is measured using surface probes along with a digital multi-meter. It is the primary and most commonly used method for e-textile systems electrical resistance measurements. AATCC TM 76 [61] is the standard test protocol for surface resistivity measurement of textile fabric. The surface resistivity is calculated using the measured electrical resistance, between superficially positioned parallel plates or concentric rings and their spacing. Results are reported as ohm per square. This is an effective test method for resistance measurement for the flow of current between two electrodes. Concentric ring electrodes with a constant distance from each other are generally used in this experiment. This test method is usually not preferred for sensitive resistive fabrics. CEN EN 16812 [START_REF]Textiles and Textile Products. Electrically Conductive Textiles. Determination of the Linear Electrical Resistance of Conductive Tracks[END_REF] is under publication test protocol. It explains a test method for determining the linear electric resistance of conductive tracks for textile structures or intended for application in/to textiles, e.g., yarns, printed or coated tracks, ropes, ribbons, and webbing.

Conductive behavior is calculated using Ohm's law, and electrical resistance is expressed in ohm / m. A detailed explanation regarding specimen preparation and pretension for nonelastic fabrics is provided. Two different types of test set-up are covered in this protocol. Four electrode-four wire method is a preferred test method, but two electrodes-four wire method may also be used where the other method is not possible to use due to the specifications of the IEC 61482 [65,66] is a test protocol currently under work for modifications. This standard discusses the protective clothing against thermal hazards of an electric arc. This procedure is more related to electrical properties instead of textile properties. But in the case of e-textile systems, electronics components are attached with textiles, and there are chances for them to be in direct contact with the body. In this case, thermal hazard properties will also be important for an e-textile system.

Progress on e-textile standardization

Different available standards that can be used or modified are mentioned in the above discussion. These standards are being adopted as the replacement, because standards especially designed for e-textile systems are still not available in the market. Many groups are working on it, and some initial drafts regarding definitions and classifications are available in the market.

ASTM WK61480 [START_REF]WK61480 New Test Method for Durability of Smart Garment Textile Electrodes after Laundering Available online[END_REF] is a standard test draft related to the durability of textile electrodes after laundering. AATCC RA111 [START_REF]Electronically Integrated Textiles Test Methods[END_REF] explains electrically integrated textiles after home laundering. IEC 63203 [START_REF] Fsp_Org_Id ; Fsp_Apex_Page | Projects: Work Programme, Publications, Maintenance Cycle, Project Files[END_REF] is under process working draft for wearable electronic devices in the supervision of sub-committee TC124 in "International Electrotechnical Commission (IEC)." It is a series of documents covering different portions related to wearable e-textile.

Part 204-1 is a working draft that describes the washability and durability of leisure and sports-related wearable e-textile systems. Washing test conditions, pre-treatments, post washing treatments, and test results protocols are discussed in it. However still, no explanation related to different behavior for various e-textile components is added in this draft. Part 101-1 covers the norms and terminologies related to wearable e-textile systems.

Similarly, part 201-3 discusses textile-based electrically conductive tracks in terms of their linear electrical resistances and microclimate testing for fabric samples. On the other side, parts 401 and 402 explain device and system functionality evaluation tests for textile-based sensors.

A guideline on connection yarns in e-textile systems (IPC-8941) is being developed by IPC (www.ipc.org) under the D-71 committee, e-textiles joining and interconnection techniques sub-committee. This industry guideline will provide key considerations and best practices for connecting e-textiles components. These components can be attached to e-textiles to augment their performance. It will help users and manufacturers to work together to make the best decisions for selecting connector types, connection materials, and connection processes based on the e-textile technology to be used and the component to which the e-textile will be connected.

IPC 8921 [START_REF]Requirements for Woven and Knitted Electronic Textiles (E-Textiles) Integrated with Conductive Fibers, Conductive Yarns and/or Wires Available online[END_REF], published in 2019, is another effort to develop the requirements for woven and knitted electronic textiles integrated with conductive fibers, yarns, and wires. This standard highlights the guideline for critical characteristics and durability of woven and knitted etextiles integrated with conductive fibers, conductive yarns, and/or wires. It also explains the classifications for knitted and woven e-textiles and their definitions.

Another task group in IPC, D-73a, e-textiles printed electronics design standard task group, is working on e-textile printing electronics designs. This standard will establish specific requirements for the design of printed electronic applications; and types of component mounting and interconnecting structures on coated or treated textile substrates. As pertains to this standard, the textile substrate could be a bare textile or an integrated e-textile (e.g., woven

or knitted e-textile). Coated or treated textile substrates are textile that has or will have a coating or treatment localized or across the full substrate. Target standard draft will be finalized in late 2021 under the standard nom IPC-8952.

Currently, we are working with IPC on the new e-textile classifications and standards subcommittee (D-75a-EU) dedicated to the companies producing electronic circuits and components to be involved in e-textiles product development and manufacturing. This protocol will establish the required testing and reliability expectations for e-textiles wearable systems. An e-textiles wearable will be any wearable product that is a complete system utilizing non-electrical textiles and e-textiles (woven, knitted, printed, etc.) with attached/connected functional components, sensors, devices, etc. This working group's initial target is to define an e-textiles wearable and other e-textiles structures that could be part of this system (e.g., wires on textile, laminated, conductive polymers, sensors, actuators, etc.).

Our group will also cover the e-textile functionality testing requirements and specifications required for conductive textiles (fibers, yarns, wires) for a specific application. The initial draft is expected to be available in 2021 under IPC-8981, quality and reliability of e-textiles wearable document [START_REF]IPC E-Textiles Initiative -Join the Effort Available online[END_REF].

Wearable e-textile applications

Wearable e-textiles are being used in our daily life in different shapes and applications. These applications range from light-emitting T-shirts for fashion to ECG monitoring shirts for special emergency patients, motion monitoring bands to foot pressure monitoring soles, and video recording jackets to day and night color-changing jackets [START_REF] Hussain | Handbook of Flexible and Stretchable Electronics[END_REF][START_REF] Bahru | Thermal Management of Wearable and Implantable Electronic Healthcare Devices: Perspective and Measurement Approach[END_REF]. Some examples are highlighted in Figure 2.1. They include foot pressure monitoring insole [START_REF] Abed | Design and Development of a Piezo-Resistive Sensor Based on PEDOT: PSS Applied to Sisal's Natural Fiber for Monitoring of 3D Warp Interlock Fabric[END_REF][START_REF] Kim | Single-Layer Pressure Textile Sensors with Woven Conductive Yarn Circuit[END_REF], motion monitoring bands [START_REF] Atakan | Design of an Electronic Chest-Band[END_REF][START_REF] Yang | Textile-Based Monitoring System for Biker[END_REF], medicated socks [START_REF] Rachel | [END_REF], medical analyzing textiles [START_REF] Edmison | E-Textile Based Automatic Activity Diary for Medical Annotation and Analysis[END_REF][START_REF] De Jonckheere | Smart Medical Textile for Continuous Monitoring of Respiratory Motions under Magnetic Resonance Imaging[END_REF][START_REF] Witt | Medical Textiles With Embedded Fiber Optic Sensors for Monitoring of Respiratory Movement[END_REF], heat, and temperature-controlled dresses [START_REF] Ferrara | Smart Experience in Fashion Design: A Speculative Analysis of Smart Material Systems Applications[END_REF], specifically IoT equipped undergarments [START_REF] Mordon | Light Emitting Fabrics for Photodynamic Therapy: Technology, Experimental and Clinical Applications[END_REF][START_REF] Gaubert | Boxer Underwear Incorporating Textile Moisture Sensor to Prevent Nocturnal Enuresis[END_REF], and real-time data recording jackets for personal protection equipment [START_REF] Sandulescu | Wearable System for Stress Monitoring of Firefighters in Special Missions[END_REF][START_REF] Caya | Warning System for Firefighters Using E-Textile[END_REF]. 

E-textile wearable in medical

The use of e-textile in the medical field is one of the first fields where e-textile started integration initially. Nowadays, we can see many products related to medical fields that are using "electronic structures." One typical example is the use of ECG sensors in undergarments [START_REF] Zaman | Understanding the Washing Damage to Textile ECG Dry Skin Electrodes, Embroidered and Fabric-Based; Set up of Equivalent Laboratory Tests[END_REF][START_REF] Bystricky | A Comparison of Embroidered and Woven Textile Electrodes for Continuous Measurement of ECG[END_REF][START_REF] Ankhili | Ambulatory Evaluation of ECG Signals Obtained Using Washable Textile-Based Electrodes Made Literature review with Chemically Modified PEDOT:PSS[END_REF]. Textile-based flexible sensors are integrated with undergarments, and hospitals can use these garments in real-time measurements for sensitive patients. This data can be forwarded to the central database in case any urgent action is required. Fiber optic sensors (FOSs), appropriate for monitoring biological parameters (e.g., respiratory and heartbeat monitoring), during magnetic resonance techniques and procedures, are being used in the medical industry [START_REF] Hussain | Handbook of Flexible and Stretchable Electronics[END_REF][START_REF]Medical Smart Textile Market Scope And Challenges[END_REF][START_REF] Scataglini | A Systematic Review of Smart Clothing in Sports: Possible Applications to Extreme Sports[END_REF]. The wearable e-textile systems are also being used in lung ventilation treatment and cardiac functions related to it [START_REF] Rymarczyk | Using Electrical Tomography for Remote Monitoring Cardiopulmonary State of Patients by Complementary Investigation Techniques[END_REF]. Light-emitting wearable e-textile systems are prepared with the help of optical fibers and they are being used normally for photodynamic therapy [START_REF] Gaubert | Quantification of the Silver Content of a Silver-Plated Nylon Electrode According to the Nature of the Laundering Detergent[END_REF][START_REF] Quandt | Body-Monitoring and Health Supervision by Means of Optical Fiber-Based Sensing Systems in Medical Textiles[END_REF]. Similarly, chemical sensors integrated into wearable textiles are used for metabolic disorder investigations [START_REF] Grancarić | Conductive Polymers for Smart Textile Applications[END_REF]. Smart textiles are also being used for phototherapy. "NeoMedLight" [96] prepared a revolutionary "The BiliCocoon" Nest and Bag system. The Nest system consists of a pad that allows wrapping and is used for kangaroo care and incubator. The Bag system is adapted for cuddling and breastfeeding the baby. The smart textile company "Kymira" [START_REF] Cohen | Heart-Monitoring T-Shirt[END_REF] has developed the prototype of the cardiac monitoring t-shirt to detect the risk of heart attack for athletes. It will transmit the heart rhythm to the mobile phone via Bluetooth, and hence an unusual rhythm that leads to sudden cardiac arrest can be detected.

Xiaomi Mijia [START_REF]Xiaomi Mijia Cardiogram T-Shirt: Smart T-Shirt with ECG Measurement[END_REF] cardiogram t-shirt has integrated ECG sensors to monitor the patient's physical state. These shirts have a joint lightening system that can create an alert in the case of dangerous heart rate values by changing the color according to the heart stroke intensity. The resulting cardiogram can also be downloaded via Bluetooth. 

E-textile wearable in sports and leisure

The use of e-textile systems in sports is also gaining much attraction nowadays. E-textile shirts are used to monitor the health condition and heart rates of players during practice.

Textile pressure sensors integrated with gloves and shoe soles are used to monitor the activity.

Hence, body analysis can be used to enhance or improve the player performance on a précised technical basis [START_REF] Scataglini | A Systematic Review of Smart Clothing in Sports: Possible Applications to Extreme Sports[END_REF]108]. These systems can also be used for real-time live recording during the matches to avoid cheating or misbehave between players. These devices will be attached to players, and it will be difficult for the players to hide anything from these devices.

Google's advanced technologies project "Jacquard," in collaboration with Levi's smart jacket, has prepared sports garments, especially for cyclists. It can be used by simply touching the fabric to check the time and distance, play music, etc. They are also preparing smart shoes in collaboration with "adidas," which will help the football players calculate the speed, distance, shot, and kick power and synchronize the data in real-time to better understand the football 

E-textile wearable in aesthetic and fashion

The use of e-textile systems for aesthetic purposes is gaining much attention from the general public especially young people. As this field does not require a high level of standards than the medical and PPE, many products are already available in the market. LED displays in disco dresses and different aesthetic products in the fashion industry are typical examples of e-textile usages [113]. We can find light-emitting wearable bands in the market. Some products are presented in this section.

The "CuteCircuit" company prepared the dress with "Graphene" in collaboration with the University of Manchester. This dress can change the color according to the wearer's breathing pattern. This company has developed another product called "SoundShirt", which has 28 high-resolution actuators. It will help deaf and hearing audiences to experience the music deeply, and real-time sensation will enhance virtual reality. Their other projects include "TshirtOS" (a shirt that can allow you to share your status, tweet, or play songs), "Twirkle tshirt" (built-in LEDs will change the color when someone is close to you), "Hug Shirt," and pilots and cabin-crew suits that will help to identify them in case of any emergency [114]. Table 2.1 highlights different instructions provided by these products for their washability.

Certain companies explained detailed guidelines for their product washing settings and maximum temperatures and in other cases, this information is not available in product manuals. Recently CNT based temperature sensors are also developed, but still, they have some limitations in performance. Chemical sensors are also one example of textile sensors that limit the danger of chemical exposure. and in vivo (VIVO-LEF). As the transmit range for optical fiber is 400 to 1200 nm, these fabrics can be used in almost all photosensitizers currently being used in the medical field. investigated graphene-based electronic textiles that can be used in ultra-flexible supercapacitor and skin-mounted strain sensors. Graphene was encapsulated on textiles with a scalable pad-dry-cure method and claimed surface resistance was 11.9 Ω /sq. Danova et al.

[150] worked on piezo-resistive elastic sensors for human breath analysis. They prepared a commercially available t-shirt integrated with piezo-resistive elastic sensors prepared by purified multiwall carbon nanotubes (MWCNTs) network synthesized with the help of a chemical vapor deposition method and encapsulated by elastic silicon. Abed et al. [START_REF] Abed | Design and Development of a Piezo-Resistive Sensor Based on PEDOT: PSS Applied to Sisal's Natural Fiber for Monitoring of 3D Warp Interlock Fabric[END_REF] prepared a piezoelectric sensor based on natural sisal fiber. The conductive layer on these fibers is obtained by PEDOT: PSS coating on it. These sensors can be helpful in 3D interlock fabric for monitoring the stress and elongation into the structure.

Antennas

Currently 

Flexible circuits

For electronic textiles, circuits have gained much importance because they provide mechanical support and electrical connections for the entire network. The circuit boards should be reliable and comfortable for wearable applications [START_REF] Hussain | Handbook of Flexible and Stretchable Electronics[END_REF]. Flexibility is key propriety for them. These circuits can be printed on textiles using inkjet printing, screen printing, aerosol jet printing, gravure printing, and offset printing. They can also be prepared by using [187] fabricated machine washable and highly conductive silk coated yarn for electronic textile applications. Silk yarn was coated with a composite of Ag nanowires and PEDOT: PSS through a dip-coating process.

Washability

Washability and reliability are major issues wearable textiles are facing nowadays [188][189][190].

Various prototypes are available in the market, and they are much successful in meeting the user requirements, but these products lack in terms of washability and wash reliability. Wash reliability depends on the proper functioning of the complete e-textile system after the predescribed number of wash cycles. Different standards are available for textile wash protocols, but they cannot work for e-textile products. Special precautions should be adopted for electronic textile washability [191,192].

To work on electronic textile wash issues, it is important first to analyze the wash procedure and then prepare requirements that should be followed for this wash process. Almost every household has a domestic wash machine, and it is not feasible to convince customers to buy a separate machine for e-textile washing. These hybrid products should be adopted for the currently available wash machine for routine household wash process.

Several research groups are working on e-textiles prototypes, and we can see so many valuable products depending on requirements. There are no standards available for washability and reliability for e-textile products. That's why various groups used their locally available wash processes to claim washability. Similarly, different people used different temperatures and speed settings to wash their samples. Diverse research articles found claiming the washability of their products for a different number of wash cycles. Some used laboratory-based wash machines, and some preferred user-oriented wash processes.

Ryan et al.

[145] worked with a household wash machine to wash dyed silk yarn samples.

These samples were washed at 30°C and 900 rpm up to four wash cycles. Kim et al. [15] used a mini wash machine to wash textile sensors up to 50 wash cycles. Gaubert et al. [START_REF] Gaubert | Boxer Underwear Incorporating Textile Moisture Sensor to Prevent Nocturnal Enuresis[END_REF] prepared urine leakage sensors encapsulated into underwear and washed these sensors in the household machine for 20 wash cycles. 

Conclusion

The textile industry is shifting its momentum from conventional textile to smart user-defined functional textiles. Today's textile became the platform for various functionalities as well as normal textile usages. These e-textile systems are lacking of standardization and functional reliability. Various available standard test protocols established for conventional textiles are shortlisted here, along with recent progress to develop new norms dedicated to e-textile

systems. An overview of recent developments in wearable e-textile products and available products in different fields based on their applications (medical, sports, military, etc.) is presented in this chapter. Various e-textile system components (sensors, actuators, connection threads, etc.) are discussed in detail, with some recent research progress ongoing in these system developments.

In the later part, washability and reliability problems associated with these e-textile systems are highlighted by discussing some current research progresses using various available textile standard protocols. Various researchers claimed the washability of their prototypes using different available standards. These problems enhance the importance of new standards dedicated to wearable e-textile systems.

This research is targeted to investigate the washing problems related to e-textile systems.

Because to go forward in washing standardization, first, it is important to understand the wash process and know what is going on in washing. Some basic development is under process and different organizations are already working on it. Useful fundamental understanding is already well developed in terms of definitions and categorization for basic understanding. For example, IEC 63203-204-1 recently published test method for assessing washing reliability of leisurewear and sportswear, explaining the basic definition of e-textile systems, conductive textiles, washability test conditions, and after washing protocols. However, washing analyses are not performed and it is only focused on already developed washing standards that are not designed for e-textile system washability. There is a need to investigate the washing characteristics and behavior of different e-textiles and their components separately for a better understanding of their washing predictions. Therefore, we believe that a new washing standard taking into account all the particularities of the e-textile systems should be defined to improve the already existing standards such as ISO 6330, etc. Also, the objective of our work is to better understand the types of damages provoked by washing on e-textile systems to be able to simulate them in laboratory conditions. For instance, mechanical damages could be simulated by existing textile testing apparatuses.

For the washing of smart textiles, there are two possibilities. One is a laboratory standardized washing procedure, and the other is washing in household washing machines. To be successful in smart textiles, they should be able to withstand after washing in normal washing machines as ultimately, they will be laundered at homes. For these reasons, the focus is given to commercially available washing machines. Secondly, this research is dedicated to e-textile systems developed by textile manufacturing methods. In other words, the major part of etextile systems should be textile structure. Although they can be prepared by other techniques, they are not in the scope of this work. Only textile manufacturing methods are focused on, keeping in mind that conventional textile products prepared by these techniques are widely being replaced by e-textile systems, and there is a lot of discussion about their washability issues.

Materials and Methods

Introduction

The This study is designed first to understand the different types of washing processes for home laundry and then to finalize the effect of different washing cycles on smart textile components in terms of their conductivity. The second part is to co-relate available textile testing methods with the washability behavior of smart textile components. Preparing the samples repeatedly and destroying them in the washing is a difficult task and not budget-friendly. Therefore, there should be a better way to understand washing cycles, separate different washing factors, and co-relate them with available testing methods. As a result, we can predict some statements that specific smart textiles will work up to a certain number of washing cycles.

Many researchers had worked on e-textile standards. The previous chapter explained the usage of available standards by various groups according to their local requirements and how to follow these standards. They claimed the washability and reliability of their prototypes with different washing standards and the various washing cycles according to their availability. For example, some of them can state the product reliability based on some specific standard, but it may not be a good nom to follow for others. As those standards are not designed for e-textile systems, their abusive adoption for e-textile systems may raise questions regarding market adaptability issues. The need for well-developed standards or procedures is essential to produce reliable e-textile systems acceptable for customers worldwide.

Plan of experiments

Different experiments were performed on various e-textile components depending on the component requirements. Table 3.1 and Figure 3.1 explain in detail information about these experiments. Experimental work is divided into three main portions: washing programs analysis, washing actions analysis, and e-textile system components damage analysis. In the first portion of the experiments, six different washing programs available in the household washing machine were investigated using their running time, stop time, and high-speed tumbling time. Different washing stresses experienced in the process were also studied. In the second phase, various washing actions undergo in the washing machines were investigated using the accelerometer placed in the washing machine. In the last portion, various e-textile system components were examined for washing stresses triggered during the washing process.

Finally, alternate available test methods were experimented on the e-textile systems to predict the washing stress damages without actually washing the products. to 44 RPM for the washing process and 400 RPM to 1600 RPM for the tumbling process.

       Skin electrode        Flexible modules        Antennas       
Similarly, washing time has variation from 30 minutes to 90 minutes and so on.

Detergent type and quantity can be discussed and finalized based on the product type and its possible reaction with the conductive materials present in the product. Special detergents suitable for conductive components of e-textile products may be prepared to avoid any damage during the washing process. Washing temperature, commonly available in the machines, ranges from room temperature (cold) to 90°C. Some sensitive products are usually washed at a maximum of 30°C.

In routine washing, different products are washed together in the washing machines. These wash loads may be of different types and can damage the sensitive product being washed with them. The washing ballast can be divided into mainly three categories, including cotton, synthetic and blended (Figure 3.5). For sensitive e-textile product washing, it can be discussed and decided which ballast type is suitable and possibly used during the home laundering process.

Figure 3.5. Washing ballast

Washing stresses

The washing process can be divided mainly into four phases (soaking, washing, rinsing, and tumbling). In most of the washing options, the soaking phase is categorized as an optional phase, and that may be added to adjust the soaking time or entirely skip this. Each phase has different stresses working in it, and their intensity varies in other parts of the washing process.

The main stresses acting during the washing include water, mechanical, chemical, and temperature stresses [1][2][3][4].

Among these, mechanical and chemical stresses are the most dangerous and difficult to control according to the people's perception. During the soaking phase, only water and chemical stresses are acting as there are no rotation movements during it. Similarly, there is no chemical stress during the rinsing and tumbling phases because detergent solutions are removed before these phases and rinsing is performed with water only. Temperature stresses are impacted during the washing phase as we have various water temperatures ranges for this phase. Usually, rinsing and soaking are performed with normal tap water temperature. Table 3.2 explains different stresses and their intensities in wash actions. 

Water and temperature Stresses

The wash process is ultimately carried out in the water. Water quality itself has an impact on prototypes being washed. Water quality, such as hardness, purity, PH value, is different in different geographic areas, and water molecules and particles present in water can attack the conductive surface or enhance the oxidation process. These probabilities are multiplied in the soaking process because clothes are soaked in water for a long duration and in standstill condition. As a result, the chances of chemical reactions are increased [1].

The temperature of the wash process can also impact the conductive behavior of the e-textiles.

The wash process has temperature ranges typically varying from 30°C to 90°C, but these problems can be controlled by washing the e-textiles at room temperature.

Chemical stresses

During the wash process, detergent and surfactants are used. Commercially available detergents have different particles and oxidizing agents, added to enhance the stain removing phenomenon. On the other hand, there are also chances that these particles would attack conductive textile surfaces and affect their electrical conductivity. One idea is to develop specially designed and particle-controlled detergents suitable for specific types of e-textiles surfaces to reduce the reaction procedures.

Mechanical stresses

Mechanical actions are one of the most important and dangerous stresses working in the wash process. These actions are probably the most damaging on smart textile structures, particularly on conductive yarns and the interconnection between the conductive yarn and the electronic component. Before the washing machine invention, the wash process was carried out by hands, and some harsh mechanical actions were carried out to remove the strains [6].

With the wash machines, these mechanical actions can be controlled by different wash programs. But still, mechanical actions are an essential part of all wash programs and can't be obsoleted from the wash process [2,5,[7][8][9]. In modern wash machines, these mechanical actions are carried out by revolving the textile products around the wash drum at a different speed. Then these products fall at various points during the drum circulations process [2].

These mechanical actions can be divided into different possible mechanical stresses based on the type and speed of washing. These actions may include abrasion actions, stretching, shearing, bending, flexing, soaking, and hydrodynamic flow (Figure 3.6). There is a possibility that all or some of them work simultaneously during the washing process. They are difficult to avoid but can be reduced by adjusting the washing parameters. 

Post-washing processes

Post-washing processes include tumbling and drying (Figure 3.7). Drying and tumbling processes are normally optional and they can be excluded or reduced depending on the requirements. We can adjust the time and speed of these processes based on the sensitivity of the washing products. Similarly, numbers of tumbling cycles are also varied in different washing programs and even we can skip this process, but usually, it is considered as an essential part of the washing. On the other side, intensive washing options include two to three tumbling cycles between washing cycles. The post-washing processes can be adjusted accordingly, and they are not as dangerous as the washing processes for sensitive products. 

Video Record Analysis Method

To analyze the duration of each action for different washing programs and to calculate the complete time for each washing phase, video records have been done by using a camera. The duration of each action and phase was calculated by replay the videos (Figure 3.9). The high-speed rotation action occurs during the tumbling phase that ranges from 400 to 1600 RPM. In our experiments, we used 400 RPM for all washing programs keeping in mind that e-textile systems are sensitive products compared to the textile products and should be treated gently where possible. Secondly, it was recommended to use 400 RPM for Silk washing process, and for better comparison, it was kept the same for all other washing programs. During the washing phase, several low-speed rotation actions with alternate stop actions were observed. The rinsing phase could contain all three actions. The high-speed rotation occurs in the rinsing phase only for Cotton and Express programs. In Silk, Wool, and Delicate programs, the high-speed rotation action was not observed in the rinsing phase.

Finally, the tumbling phase contained the low-speed rotation and high-speed rotation actions. 
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Flexible PCB in research lab working specifically in these areas. The components details are explained in the following sections.

Connection yarns/ Transmission lines

Three different types of conductive yarns were used in these experiments. These yarns were coded as Type A, Type B, and Type C. In all future discussions, these yarns are labeled accordingly (Table 3.4). Type A yarn was "Statex-Shieldex 117f17 2-ply HC+B" purchased from Statex Produktions+Vertriebs GmbH, Bremen, Germany. It was a two-ply sliver plated polyamide yarn having 17 filaments of 117 dtex in each ply, and the overall yarn diameter was 0.62mm. "Type B" yarn was similar to "Type A" yarn with some modifications in silver coating techniques. It was purchased from Madeira Garnfabrik GmbH, Freiburg, Germany, with the brand name HC-40. The final count for silver-plated yarn was 290 dtex. "Type C" yarn was three-ply yarn but having only one silver-plated ply, and the other two plies were non-conductive polyester filament. The technical name was Amann silver-tech 120, and the final yarn count was 280 dtex. In all the experiments, cotton fabric was used as a substrate for these conductive transmission lines. All the yarns were stitched on cotton fabric with a ZSK embroidery machine (ZSK Stickmaschinen GmbH, Krefeld, Germany) (Figure 3.14). These conductive yarns were used as needle yarn, and the normal polyester yarn was used as bobbin/spool yarn during the stitching process. 

ECG electrodes

Skin dry electrodes were prepared for ECG measurement purposes. Different types of electrodes with various structural properties are used for experiment purposes, and there is no degradation link between them. Their degradation coefficient will differ from each other and should be treated separately for analysis.

The circular shape electrodes were prepared by a double-layer conductive stitch pattern. The circular electrodes were then connected with snap buttons through conductive transmission lines. The transmission lines were designed by a three-line stitch with a protective layer over them. The non-conductive polyester yarn was used for this purpose. The pattern for transmission lines was selected based on the results for different types of transmission lines from previous experiments. Transmission lines were embroidered 3 mm inside the electrode for better electrical connections.

Similarly, a circular connector of 8 mm diameter was embroidered on edge for better electrical transmission through snap buttons. The distance between the ECG electrode and connector was kept 65 mm, and the diameter of the ECG electrode was 30 mm. Similarly, overall, sixteen tracks with SMD resistors 0805 were designed in one set of samples. The defined resistance of these SMD resistors was 5.1Ω. Each SMD resistor has a separate measuring connection pad for resistance measurement.

The PCB designs were printed on PNP (press and peel) blue sheet, purchased from SEEIT SARL, France. Then the positives were transferred from the PNP sheet to a thin copper sheet.

A flexible single-face copper sheet of 35μm was obtained from Circuit Imprimé Français (CIF). These sheets were cleaned throughout, and PNP printed sheets were placed on them in the face-to-face direction (Figure 3.25). Transfer of design was carried out by putting them in the heated press for 180 seconds at 170°C. Three transmission lines of 10 cm each were stitched on each sample prepared for pilling box tests. ECG electrodes were stitched as two electrodes per sample, and textile antennas were prepared as one specimen for each sample (Figure 3.41). Total four samples each were prepared for these testing of e-textile components. Table 3.9 explains the sampling quantity in detail for e-textile components for pilling box testing. 

Four probe surface resistance measurement

Surface sheet resistance was measured using a Four-Probe system from Ossila, United

Kingdom. This device works on the four-probe method having four equally spaced probes.

The distance between these probes was 1.27 mm. AC supply is passed between two outer probes, and the voltage drop is measured between two inner probes (Figure 3 

Impedance meter

The Agilent impedance analyzer 4294A was used to investigate the textile antennas (Figure 3.47). The real and imaginary part of impedance was measured against the frequency range 1

KHz to 30 MHz. The resonance frequency was calculated, from the received data, at the frequency when the impedance of the imaginary part comes to zero. Then quality factor was calculated using the following equation.

Where ∆f is the bandwidth of resonance structure. 

SEM and microscopic analysis

These samples are analyzed by Scanning electron microscopy (SEM) to investigate the damages and their intensity. Phenom ProX SEM (FEI Company, Hillsboro, USA) (Figure 3.48) was used for this purpose. Conductive transmission lines and skin-dry electrodes were investigated by random sampling from the samples. Removal of silver or other conductive material from these surfaces was highlighted by changing the image color from white to black on that specific point, reflecting the inner non-conductive polyamide material. Newton's second law (F=a*m) may be used to calculate the pressure generated by the centrifugal force. Here a is acceleration ( ), m mass (kg) and angular speed ( ) and r radius (m)). The washing drum diameter was d = 0.47 m, and its rotational speed was 400 RPM. The calculated acceleration value is 42 g, which is much higher than the tested accelerometer capacity (16 g). Hence a straight line at maximum detectable level (16 g) is observed on the Z-axis. This equation authenticates the accelerometer analysis performed and its creditability to sense the washing process's washing forces. In common sense, it is usually considered that high-speed rotation will create a more damaging impact in terms of the mechanical stresses acting on the washed substrates.

However, this study of the accelerometer analysis concluded that continuous falling during the low-speed rotation is more damaging than the high-speed when the fabric is stuck on the wall due to centrifugal forces in the washing drum. Because for low-speed rotations, the fabric repeatedly falls due to gravity, and e-textile systems are damaged. Consequently, the low-speed process, which varies between 15 RPM to 38 RPM, provoked more damages than the high-speed circulation ranging from 400 RPM to 1600 RPM.

Power Spectral Density (PSD)

The power spectral density of the data collected from the accelerometer movements placed in the washing drum was plotted for low and high-speed rotation actions. This practice aimed to highlight the intensity of the falling impact in the drum during the washing process. For Power Spectral Density (PSD), separate plots for each axis and then combined graphs for all three directions were prepared using root mean square (RMS).

PSD analysis of washing phase (low-speed rotation action)

Figure 4.5 describes the PSD for low-speed rotation. It is easily noticed that the gravity is visible on all three axes plotted as they move in all directions during the washing process, as shown in PSD accelerations for 0 Hz frequency. Like the X, Y, and Z accelerations, PSD signals are quite noisy, but without specific plots, it is possible to conclude that there are some peaks created due to the low-speed rotation. It is, however, possible to identify a small peak at low frequencies around 1 Hz specifying that the accelerometer was falling from the upper position as the RPM was less and the centrifugal force not strong enough to keep it stuck to the drum wall. Therefore, if the e-textile system containing sensitive parts is exposed to this repetitive falling stresses, it may be damaged. It is difficult to establish a quantitative equation between the PSD information and the possible damages, but some kinds of the threshold value (maximal stress at a given frequency) of PSD peaks not to exceed could be defined. In that case, the probability for the e-textile system to be damaged would be lower.

The PSD information could also be used to simulate the wash process by some other means such as a pilling box instance. This PSD information may also be interpreted as a signature of the washing machine and may be used to compare different types of washing machines to determine which one is mild towards the e-textile systems, or not, at the same washing programs.

The accelerometer motion average values in three directions are probably quasi-isotropic during the long period, explaining similar X, Y, and Z accelerometer outputs and their PSD plots in low-speed rotation actions. As the accelerometer, along with other fabrics, is constantly moving, it is impossible to predict the movements and random behavior in the washing cycle. That's why the non-isotropic accelerometer motions were observed. 

PSD analysis of tumbling phase (high-speed rotation action)

The PSD for high-speed rotation in the tumbling phase is plotted in Another power spectral peak at 1 Hz is also visible in these plots. It is due to the angular acceleration stage (low-speed rotation) for the tumbling phase. When the fabric starts moving at 0 RPM, it falls, again and again, the washing drum until speed reached the threshold level, and the washing material got stuck with the drum. However, this intensity is far less than the washing phase due to the short duration of this rotation in the tumbling phase. In the second type of behavior, the fabric was stuck on the wall due to pressure force in Zdirection and continuous movement in the X and Y-directions during the high-speed rotation.

These movements create the fabric sliding with the drum wall under a certain amount of pressure in the Z-direction perpendicular to the fabric face. The Martindale abrasion test may

Results and Discussion

123 simulate these mechanical stresses. This test is performed by applying certain known pressure on the fabric in one direction and under-pressure sliding movements in other directions.

Identified pressure of 9 KPa, in the form of pressure arm on the sample, was applied in the Martindale Abrasion machine used in these experiments. The fabric was then slid in the backward and forward motion under this pressure. This phenomenon can give a close simulation of high-speed rotation under rotational force created in Z-direction.

These two available test procedures (Pilling box and Martindale) can simulate and predict similar damage in the washing process without going into the washing machine. value for two-line stitched after 10 washing cycles was 6.03, and it was calculated 4.01 for three-lined stitched samples. Type B yarn showed better resistance to damages than "Type A" yarn which explains better silver coating and its adhesion with base nylon fibers.

A similar trend is also visible in protected conductive tracks for Type B yarn. Two-line stitched with TPU protection reduced the ratio to 5.17 after 50 washing cycles. This value is further reduced to 2.83 for two-lined stitched tracks with an embroidered protective layer over them. Three-lined stitched samples with embroidered protection layer over them have The R i /R o value of 2.36, which is the best minimum value for all these samples after 50 washing cycles. But these samples with TPU protection showed unexpected results, and linear resistance values were increased to 17.69 after 50 washing cycles. A higher standard deviation for these specific samples explains that some prototypes were damaged out of the routine from others. As TPU coating was performed under the heated press at 140°C and there is a possibility that this temperature damaged the outer conductive silver coating for some samples, which ultimately increased their conductivity after the impact of washing stresses.

This hypothesis is acceptable as in all samples for both types of yarns, TPU coated samples increased their conductivity more rapidly compared to the prototypes with embroidered protection layers over transmission lines. Although the acceptable temperature to withstand is mentioned in neither of the yarns' datasheets, a heated plate with high pressure ultimately created damage to the silver-plated yarn, visible from the results.

In the comparison of two-line and three-line stitched tracks, the last one performed better in all samples. In three-lined stitched channels, there is one more line available for the current to pass, and also, more connection points among them are offered to transfer the current in case of damage at any single area or line throughout the track length. In a three-line stitch, there is also more space for the outer line to protect the inner two lines at any point during the washing stresses acting on them. In comparing Types A and B yarns, Type B yarn showed somehow a little better performance in washing tests. "Type B" yarn is prepared with 100% polyamide silver-plated yarn (Shieldex, "Type A") with some modifications in the silver coating, which ultimately increased its performance in terms of resistance to damages.

Finally, it was concluded that three-lined stitched yarn with an embroidered protected layer above the conductive tracks showed the best performance in all samples.

Surface morphology of "Type A" and "Type B" yarns after 50 Express washing cycles are presented in Figure 4.14. Some damages on the surface are visible, but as these are three-line stitched transmission lines, current can still pass through inner lines that are not damaged and are in contact at multiple points. 

Martindale abrasion resistance test

Martindale abrasion test was performed on these transmission line samples in wet and dry states. Figure 4.15 describes the evolution of the relative resistance ratio against the abrasion cycles. The rate of change in resistance from initial values (R'/R) after 3000 abrasion cycles was 2.89 and 1.7 for "Type A" and "Type B" yarn, respectively. Like at beginning of washing cycles for three-line stitched yarns, Martindale abrasion cycles also showed the linear trend, and it is possible to plot the regression models. This linear regression model fits well and proves the linear trend for electric resistance change against abrasion cycles. Both yarns showed a sharp increase of change in electric resistance at the beginning of the abrasion test.

This initial change may be due to the initial damage of superficial silver coating that is not adequately adhered to with the yarn's base polyamide surface. Both "Type A" and "Type B" yarns showed a similar trend in Martindale abrasion tests, and it is possible to find a corelation between washing tests and Martindale abrasion tests. In Figure 4.15 all the plots show the linear trend, and adjacent R square values are presented in Table 4.1 Linear regression equations for all these plots are also added to this table.

Adjacent R square values for the Express and Silk washing cycles experimented on "Type A" yarn are 0.97 and 0.98, respectively. In the case of abrasion resistance for "Type A" yarn, the adjacent R square value was 0.93, just below the threshold level of 0. With the help of comparison graphs plotted for both yarns, it is also possible to predict the equivalent numbers of abrasion cycles corresponding to washing cycles in terms of damages provoked, and thus, to skip the washing procedure. For example, in the case of "Type A" yarn, 1000 abrasion cycles gave almost equivalent damage provoked for 8 Silk washing cycles or 5 Express washing cycles. These predictions may be used to predict the number of washes e-textile prototype can withstand tolerable conductivity with the help of available abrasion resistance equipment in the laboratories. Consequently, the need to test the e-textile prototypes with multiple washing cycles may be reduced.

Figure 4.17 shows the graphs plotted for these experiments. Here two trends are observed.

Firstly, "Type A" yarn increased the R'/R values more than "Type B" yarn. R'/R values for "Type A" yarn were 4.32 and 5.93 for water and water detergent solutions, respectively. For "Type B" yarns, these values recorded 3.56 and 2.82 for water and water detergent solutions, respectively. This trend is already observed in dry Martindale tests, where the R'/R value for "Type A" yarn was more than "Type B" yarn. Secondly, samples wetted with only water solution showed more damages than that with water detergent solutions. It means that the detergent solution reduces the damage. The phenomenon will be explained in the chemical stresses testing discussion section. Overall, it is also observed that wet abrasion test results

showed more R'/R values than the dry abrasion results. It is obvious to get more damages and 

Pilling Box tests

Pilling Box test was performed for three-line stitched transmission lines prepared with "Type A" and "Type B" yarns. 4000 Pilling cycles were tested for these samples, and the ratio of change in resistance from original values (R'/R) was calculated after every 1000 cycles. R'/R values after 4000 pilling cycles were 1.99 and 1.97 for "Type A' and "Type B" yarns, respectively. Like previous experiments, all these results obtained from Pilling box tests also showed the linear trend, and linear regression models can be plotted for these graphs. Table 4.1 shortlists the adjacent R square values and regression equations for these samples. The adjacent R square values were 0.97 and 0.93 for "Type A' and "Type B" yarns, respectively.

Comparison plots for these results along with washing results are shown in The comparisons can also be used to co-relate the washing damages without actually washing the samples. For example, from the comparison graphs, it can be concluded that, in the case of "Type A' yarn, 1000 pilling cycles give equivalence damage to the transmission lines as 4 number of Silk washing cycles or 3 number of Express washing cycles. In the case of "Type B" yarns, 1000 abrasion cycles showed the equivalent change in resistance (R'/R) as 3 Silk washing cycles or 1 Express washing cycle. This equivalence may be used to predict the damage after a given number of washing cycles by performing specific pilling box test cycles in the laboratory and skipping the actual washing procedure. that is derived from basic amine structures, and it is quite possible to modify its properties [4].

FTIR-ATR results are presented in Figure 4.22(b) and (c) highlight various peaks assigned to different bonding. A peak around 1540 cm -1 is allocated to N-H bonding, resulting from inplane bending deformation [4], [5]. Peaks at 1637 cm -1 and 3297 cm -1 are reserved for O=C stretching and N-H stretching vibration, respectively, and the width of these peaks gives an idea about the crystalline characteristics of the nylon [4], [6]. Similarly, peaks at 1200 cm -1 and 930 cm -1 were recognized as the α-crystalline phase of the polyamide [7]. Peaks at 2930 and 2860 cm -1 were allocated for CH 2 symmetric stretching [8].

When the yarns were immersed in water and water detergent solutions for a given time, different polyamide characteristics peaks became prominent. The polyamide peaks' presence highlights that silver coating on the polyamide surface is removed due to chemical stresses.

When peak intensities were compared, the water solution has a slightly aggressive impact on the specimen surface compared to the detergent solution. Detergents are composed of different types of surfactants having hydrophilic and hydrophobic molecular structures.

Due to this extraordinary combination of detergents, they serve an exceptional property as an interfacial activity. For example, water solvents with surfactants interfacial activity displaying as an amendment in the system properties and finally decreasing the interfacial tension between the water and the adjacent phase. It also alters the wetting properties and the formation of the electrical double layer at the interface [9]. It is likewise visible that peak intensities were increased with the increasing dipping time. For the first 6 hours or so, the curve is almost straight, showing no damage at all for the silver coating. Hence, the highest peak intensities were observed for 72 hours in both water and water detergent solutions. The absorbance ratio for the yarn immersed in water is also higher than the water detergent solution (Figure 4.23). The surface morphology of the yarns after 72 hours immersion in the water and water detergent solution was investigated with SEM analysis, as shown in Figure 4.24. Immersion of yarns in the liquid causes to weaken the upper conductive layer, and hence silver nanoparticles are somehow dissolved in the solutions. The conductive layer's removal highlights the inner polyamide yarns, and it is visible in black shade in the SEM analysis. It is explained earlier that water solution has a more aggressive impact on the conductive yarn, which causes the cracks at the silver plating and provokes the rupture of electrical conduction.

It is also visible from the SEM pictures, where a rough surface is visible after 72 hours of immersion in the water. On the other side, the detergent solution removes the silver coating in the form of nanoparticles, and a relatively fair surface is visible in the SEM analysis. A broader peak visible around 424 nm is related to silver nanoparticles [10], [11]. The doublet peaks in the range of 500-600 nm may be recorded caused by the different silver nanoparticle sizes [12]. Peaks at the 575 nm region are also due to the silver nanoparticles' presence in the solutions [13]. The absence of the peaks in the water solution indicates that water has an aggressive impact, and it causes the peel off from the surface of the conductive yarn. Hence, the silver layers are not mixed within the solution as the detergent solution with nanoparticles. types of the skin electrodes did not show much deviation from the primary surface resistance properties even after 50 wash cycles. These electrodes were silver-based conductive fabric electrodes, and their initial surface resistance was relatively higher than F2 and F3. The initial values for F1 and F4 were 0.33 and 1.45 ohm/sq., respectively, whereas it was 0.038 and 0.042 ohm/sq., for F2 and F3, respectively. Both F2 and F3 electrodes were copper-based electrodes, and resistance started increasing after the first wash cycle. After 50 Silk washing cycles, resistance was increased 10 and 15 times respectively for F2 and F3 type electrodes.

Their final surface resistance was 0.35 and 0.65 ohm/sq., respectively. Those values were less than initial surface resistance values for F1 and F4, even after 50 washing cycles. The skinelectrode conductivity was fair enough to get ECG signals of good quality, thanks to low initial surface resistance values. In Silk wash, all four types of electrodes gave acceptable quality ECG signals, even after 50 wash cycles.

( 

Martindale abrasion resistance test

As discussed, the washing cycle experiences different sorts of washing stresses working in it, and among these stresses, mechanical and chemical are the most damaged ones [2]. For the simulation of these mechanical forces, Martindale abrasion resistance experiments were executed. Although the effect of mechanical forces performed separately may be changed from the impact when performed in combination with other stresses during the wash process.

However, the mechanical tests are executed separately to assume damages.

Overall, 10,000 abrasion cycles were performed on the skin electrodes. During the wash process, chemical forces are the second most impacting forces after mechanical forces. These forces include both water and detergent acting on electrodes during the wash process. Water molecules alone or with the detergent particles can attack chemically on the electrodes' surface or oxidize them. Oxygen in water can corrode with copper molecules, and this corrosion phenomenon can be increased in high temperatures [15], [16].

Broo et al. [17] discussed the copper corrosion after dipping the specimens in water for a calculated period. They claimed that with increasing time, cuprous oxide (Cu 2 O) density was increased. These corrosions can reduce the adhesion bonding between metal and inner nylon materials. The phenomenon can be further damaging together with mechanical forces. The experiments were performed on different types of electrodes having other metallurgy.

Both mechanical and chemical stresses impact the e-textile system properties in terms of their performance. These stresses will have different behavior when performed separately in contrast with more than one stress combined in one experiment. Secondly, the impact of various stresses does not need to be the same on these electrodes. Different available test methods are used to predict the damage provoked on these samples and then correlate these results with other samples.

Skin electrodes F2 and F3 were more volatile to the damages when compared with other types of electrodes, and these damages were visible in all experiments, including washing, mechanical, and chemical tests. The damage intensity was different in various experiments depending on the nature of experiments and their direct impact on the electrodes. The proposed tests may have a higher effect when performed together instead of separately. Both of the samples were copper base samples, and their adhesion with base nylon fibers was not high enough to withstand these washing and alternate proposed stresses. SEM analysis highlighted the peeled-out surfaces at random positions after these experiments. During the washing process, samples are undergone in various mechanical stresses, including bending, twisting, and shearing. These stresses impacted more intensively at the flexible mismatched surface joint [18]- [20]. Conductive paste along with rigid SMD increased the hardness of the flexible PCB at that specific point. A sharp decrease in the flexibility enhanced the probability of mismatch, and the resultant concentration of the stress caused the creation of cracks [21].

The mismatch is also possibly created between copper material used for the printing of tracks and base material. This possibility is further enhanced at the connection pad where copper printed width is reduced from 20 mm to 1 mm, or even 0.15 mm in some cases. In the discussion of all results, samples with completely silicon coating protections showed the best results, which are pretty straightforward because silicon coating protected the samples from any possible mechanical damages during the washing process. The silicone coating also reduced the surface mismatch problem because the complete PCB circuit was covered with this coating. Hence, surface morphology and flexibility were the same for the whole sample.

Among Silk and Express washing cycles, Silk washing cycles showed less impact on the samples due to their mild behavior during the process.

When we see samples without protections and with protections at SMD pasting point only, later showed worst results even it was protected to somehow when compared with other samples. The surface mismatch problem was highlighted again, and it was even amplified due to silicon coating at some random points in the flexible PCBs. The silicon coating was placed with the idea to protect the SMDs and their joints from possible damage. However, this silicon even enlarged the gap between flexible and semi-flexible surfaces, and hence resultant damages enhanced. That's why these samples showed the minimum numbers of working pieces after 50 washing cycles.

Different track widths were investigated in these experiments. Tracks with thinner widths were more provoked to the damages and vice versa. Tracks usually above 0.45 mm were better in performance in all experiments compared to the thinner ones. Although, track width and spacing are designed based on the requirement and directly impact the manufacturing costs. However, for the flexible PCBs' reliability, it should be considered to have the appropriate track width that can withstand possible mechanical damages.

In these experiments, SMD resistance was placed parallel and perpendicular to the PCB tracks to investigate the impact of their positions in the washing damages. For the samples with complete silicon protections, SMD resistances' direction was not causing any difference in the results. However, for the examples without protections, SMD resistances placed parallel to the PCB tracks were relatively more damaged when compared to the perpendicularly placed resistance. Nevertheless, these samples were destroyed more than 50% in both cases, so we can't state that SMDs in one direction are better than the other one. However, for the reliability performance of e-textile systems, circuit designs and positions of installed SMDs should be considered.

Bending test

Martindale abrasion tests and Pilling tests are not performed because the PCBs are usually not directly exposed to mechanical stresses. PCBs in the e-textile systems are not designed to contact the skin directly, and they typically are used for electrical programming between various e-textile components. That's why they can be protected against washing and environmental stresses. However, flexibility is a vital property for better adoption in wearable e-textile systems. The PCBs should perform bending resistance to claim the required flexibility for e-textile systems.

The flexible PCBs with SMD mounted resistance were tested for bending tests. They were pasted on the plain cotton fabric with the help of silicon adhesive paste. One side of the fabric was attached with the to-and-fro moving arm of the machine. The other side of this fabric was placed over the circular rod and hanged with the known 1 kg of weight. Hence, samples were bent at 90° along the rod under a load of hanging weight during complete movement.

The samples were tested for 20,000 bending cycles, and resistance values were noted after every 4,000 cycles (Figure 4.67). The average R'/R value, up to 12,000 cycles, was approximately 1.5, and an overall 75% of samples have R'/R values less than 2. The samples start damaging after this point, and 62% of them increased their R'/R values above 2 after 20,000 bending cycles. Among them, 34% of samples increased their R'/R values above 5.

The average R'/R value after 20,000 bending cycles was increased to 4.5. This value is relatively high when compared with washing tests analysis. In washing samples, the majority of samples were damaged entirely and hence removed from average values. But in the bending test case, no piece was wholly damaged, but they increased their electrical resistance values after specific bending cycles. Hence, a significant increase in the average R'/R value for these samples was observed. A comparison graph to co-relate the damages among all samples is plotted in Figure 4.71.

Washing samples protected with silicone coating presented the best results in all experiments

following the examples without any protection. Prototypes with the Silk washing cycles were on the top of the graph due to mild washing forces acting during the process. Bending test results were between the range of silicon-coated and non-coated samples and may be used to co-relate the equaling damages as provoked in the washing process. For example, in these samples, we can predict that silicone-coated specimens washed with 50 Express washing cycles produced equivalent damages caused by 16,000 bending cycles. Of course, this analysis will be different for different types of products and will vary depending on the enduser requirements. However, these predictions will help the e-textile industry to reach a joint agreement between companies willing to develop the e-textile products adopted in the textile industry. After the washing analysis, it is concluded that the Silk washing cycle did not damage the textile antennas of 13.56 MHz frequency prepared by conductive yarns. However, Express washing cycles were a nightmare for these antennas, and they start impacting after 20 washing cycles. It indicates that these antennas were good enough to bear the mild mechanical stresses in the washing process but got affected by the intensive ones.

Martindale abrasion tests

Martindale abrasion test was performed on these antennas. Total four samples were tested up to 10,000 Martindale abrasion cycles and resonance frequency and quality factor was calculated for these samples. The resonance frequency for all these samples was in the range of 15-16 MHz but quality factor for one sample decreased to 25. However, other three samples maintained their quality factor in the range of 38-40 (Table 4.2). This indicates that the conductive yarn in one sample was somehow damaged and increased its electrical resistance which decreased the quality factor for the antennas' impedance. But this increase in the electrical resistance is still in the acceptable range at it was good enough to transmit the resonance frequency at 15.00 MHz. Impedance evolution against the frequency is plotted for the sample M-2 and M-3 which indicates the both resonance frequencies in the good range (Figure 4.74). Hence, we can conclude that 10,000 abrasion cycles did not damaged the textile antennas and the resonance frequencies were in the good range after 10,000 abrasion cycles although electrical resistance was increased in one sample. 

Pilling Box test

The textile antennas were also investigated for the pilling box tests. Total four samples were tested up to 10,000 pilling box cycles and impedance (Z) values against frequency were recorded. However, all these samples were damaged and it was not possible to calculate the resonance frequency for these samples. It indicates that conductive yarns used to prepare the textile antennas were damaged caused by the continuous falling movements in the pilling box test.

Chemical tests

A separate set of samples for textile antennas were used for water and water-detergent solution tests. The samples were dipped in these solutions for 72 hours and impedance values against the frequency were recorded with the help of Agilent impedance analyzer. The experimental results revealed that available mechanical and chemical tests may be used to predict the damages provoked by the washing process. For example for these specific antennas, the pilling box tests with certain number of pilling cycles and water immersion tests with some fixed amount of time can give equivalent damages created by the certain numbers of the Express washing cycles.

General Conclusion

The research activities within my Ph.D. thesis were conducted with a focus on the washing test methods can be used at different stages during the e-textile system development and on separate components before installing them in the final e-textile system.

These approaches can help the electronic industry, mainly because these industries are essential for e-textile system development, but they don't have any standards for textile behavior. We all use electronics products in our life, but we don't wash them in the washing machines. On the other side, products prepared for the e-textile systems should be washable because e-textiles will ultimately be washed in the washing machine. Hence, the electronic industry should have some guidelines to design e-textile components and test their reliability at each step during the manufacturing process. In this way, they can integrate their products into the textile without any fear of rejection in the market.

Proposed recommendations for e-textile wearable based on the experimental findings

Based on the research outcomes, some useful recommendations to develop testing methods and proceed with the e-textile system reliability assessment are presented below.

 Different e-textile system components will have different washing reliability requirements. Each component should be treated separately for washing reliability and the only e-textile system should be focused on reliability instead of the complete wearable product.

 Available washing test protocol may be adapted to the e-textile system after required modification in them. For example, washing and tumbling temperature for these systems should be reduced as compared to the normal textile clothing.

 The e-textile systems can be washed in the available washing machine but the washing program should be adjusted carefully. A short washing program does not always mean less damaging and there is the possibility that long washing programs have very little running time as compared to the short program. Similarly, it was observed that tumbling speed is not damaging much on the e-textile systems.

 It is possible to protect some components against washing damages with particular treatments or an extra layer of protective coatings. The treatments should be adopted separately for each component as there is the possibility that they can further damage the product instead of protecting it. For example, TPU film attached to the Proposed recommendations for e-textile wearable based on the experimental findings 192 transmission lines with the heated press may degrade the conductive coating from the surface due to higher temperature.

 E-textile reliability will depend on the product usage e.g., e-textile products being used in the medical, military, or PPE will need a high level of reliability and so norms for these products should according to their level. One possibility is to prepare the reliability standards with some sub-classes to differentiate the different levels of reliability. Maybe Class A reliability be reserved for military or medical standards and so on.

 Similarly, cheaper versions of these products can be developed with a lower reliability class for customers who want to use them but don't have the purchasing powers.

These classes can be mentioned on the products and people can use a different level of reliability according to their requirements.

 The e-textile products should also be divided based on the user requirements. For example, maybe 50 washing cycles will be not enough for military-grade products but it can be more than enough for some other category products. In this case, Class A products for military usage will have a different level of reliability than Class A products for sports or any other category. So, either these classes should be divided into different sub-categories based on the usage or the required reliability level should be reduced in the general category classes.

 It is also possible that products used in the outer wearing need harsh washing cycles as compared to the inner wears where mild washing cycles will be enough. Hence, they will need a different level of reliability.

 When we talk about washing reliability, this definition may be different for different categories. This will directly be attached to the damage acceptance level. Products related to sensitive categories will have a narrow margin of damage acceptance and vice versa. For example, e-textile systems related to the medical fields may accept damage level 5%, which means they need 95% samples working in the good condition after approaching the required level of reliability. On the other side, if one product is designed for the fashion or leisure industry, maybe they will consider it reliable if 80% of samples are working after the required level of reliability.

 If we go further in detail, there should also be the definition of working samples. For example, if transmission lines are washed according to their reliability level, and resistance is increased to 2-3 times but still it is conductive. For one product category,

Proposed recommendations for e-textile wearable based on the experimental findings 193 this increase can be acceptable and they can state it reliable but for the other category, maybe their requirement is a maximum 1.5-time increase from original values and hence they will not consider it reliable after certain washings.

 Another question was raised in the experiments, which characteristics should be considered important for reliability definitions.

 Overall, it is very complex to develop standards and divide them into multiple subcategories. Some basic requirements should be included in the standards and others should be discussed on a product-to-product basis and mutual agreement should be prepared for stating the product reliability. Group is working since January 2020 and an initial draft is planned to be developed by December 2021. Some key details of this work are explained here. The discussion is divided into 5 different tasks that have to be discussed for the preparation of the initial draft. Some

Proposed recommendations for e-textile wearable based on the experimental findings 194 surveys based on the requirements to fulfill the tasks were also conducted from the industry for guidelines. Detailed explanations of the tasks along with current updates are presented here.

 Task 1

It is related to definitions of e-textile systems and different structures that could be part of these systems. Definitions related to conductive polymers, sensors, actuators, and conductive wires attached to the textiles are also covered in this task group.

 Task 2

Task 2 is concerned with the establishment of guidelines for the collection of the requirements from garment/wearable manufacturers concerning the data for electronic devices supposed to be integrated into e-textile structures. Requirements related to the protections, integration, and washability are also covered in this task group.

 Task 3

It is related to the definitions and categories based on several generic areas to account for the characteristics that should be included for their testing in terms of reliability. These categories include sports, medical, fashion, PPE (personal protective equipment), and military. A survey, based on these categories, was conducted by IPC and different experts from concerned industries participated in these surveys. Questions were asked that what characteristics should be imported and included for different generic categories. Percentages of peoples, who think that these characteristics are important, are plotted in the following plots. A threshold level of 60% was decided which means all characteristics above 60% were selected from these surveys (Figure 6.1 and Figure 6.2).

Proposed recommendations for e-textile wearable based on the experimental findings Here again, industrial surveys were conducted by IPC to get a better understanding of the peoples related to these problems. A total of 30 respondents were included in this survey and there was the possibility to select more than one category where these classes can be included.

The results obtained were according to the expectations where Class 1 was more concerned with the fashion industry and Class 3 was more concerned with the military, medical, and PPR products (Figure 6.3). Based on these surveys, characteristics were combined in the sub-group for better understanding and easy to progress in standardization. In a separate sub-group, the general principle for these characteristics and quality requirements related to the different e-textile components including motherboards, sensors, actuators, electric modules, and power supply, are discussed. It is possible to use the available general principle standard with required modifications in it. One example is the use of ISO 105-A1. This standard is related to the colorfastness of general textiles but can be adapted to e-textile systems with some necessary modifications.

Sub-groups details along with proposed standardized numbering are presented below.

 General principles (IPC-8981 A series)

 8981 A 01: General principles of E-textile systems testing All sub-groups have collected available standards related to these characteristics. The available standards, based on the needs, will either be modified to adapt them according to the e-textile requirements or new standards will be developed with the help of available standards. If no standard will be possible to adapt for some specific characteristic, the process of new standard writing with the help of available one will be started in that sub-group. For example, there is no standard available for anti-microbes' properties of e-textile systems.

Norms are available for microbes' influences on the textile surfaces and its modifications. But in e-textile system, we need the microbe impact behavior on the e-textile system reliability.

Hence, in this case a new standard need to be developed for microbe resistance properties in the e-textile systems.

Table 6.1 shows the complete matrix for the available standards shortlisted by sub-groups that can be modified and adopted for e-textile systems. Currently, sub-groups are working for the modifications of available standards according to the requirements. After its completion, validation process will be initiated to perform the proposed tests on e-textile systems. Hopefully, when finished, we will be able to give the first draft of complete e-textile system standards. Cette thèse de doctorat est consacrée à l'étude et à la mise en évidence des difficultés auxquelles le marché des textiles électroniques est confronté en termes de fiabilité et de lavabilité. Les différentes options de lavage disponibles sont analysées avec la mise en évidence des différences entre elles, afin de mieux comprendre comment sélectionner l'option de lavage la plus appropriée pour les systèmes e-textiles. Un accéléromètre a également été utilisé pour des analyses de contraintes dans le tambour de machine à laver pour de mettre en évidence les protocoles de tests mécaniques standardisés disponibles qui peuvent être utilisés comme simulation de dommages équivalents, sans le processus de lavage. Différents composants des e-textiles, y compris les composants détachables et les composants fixes, sont étudiés séparément pour déterminer les contraintes de lavage sur chacun de ces composants en termes de fonctionnalité. Enfin, un modèle de simulation a été proposé pouvant être utilisé pour identifier les dommages causés par le lavage et les prévisions de fiabilité, sans avoir à laver les systèmes e-textiles. Les protocoles standards requis pour leur adaptabilité chez les clients sont discutés et la modification des normes actuelles ainsi que les modifications nécessaires sont présentés dans cette étude.
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Abstract

We live in an era where modernization and digitalization are increasing rapidly, and industries attract their customers with novel techniques and customized product ranges. This competition increased the development of new and hybrid fields for customers satisfactions.

In recent decades we have a lot of modern innovative notations that ancient peoples can't even imagine. Similarly, textiles usage, especially as the wearing element, has a vast history in human evolution since ancient times. The wearing cloth concept started as the replacement of leaf used for covering body parts, but now day's textile wearable have multiple included options along with wearing requirements. Nowadays these user-defined textile wearable are being used in diverse fields ranging from medical, sports, military, and different defenserelated projects. These new add-ons completely changed the way to use and develop wearable textiles. That's why now textile has not remained an independent industry but a mixture of different sectors working together subject to the integrated user-defined functionalities.

Multipurpose and improved functionality textiles may comprise one or several textile or nontextile smart components that were weaved, embroidered, sewed, integrated, or attached using different available techniques. Based on requirements, these components can include sensors, actuators, and antennas, processing units, energy harvesting, and power transmitting devices. These advanced wearable textiles are usually named smart textiles, wearable electronics, etextiles, smart clothing, textronic, etc.

It is essential to understand the requirements and problems related to this hybrid industry if we want to progress in this new immerging part of the textile industry. The electronic textile consists the components mainly from the textile and electronic industry. Both sectors are well-developed and already have norms and standards related to each problem. But these standards can't be applied to the e-textile systems as it is, and modification in these standards or development of new standards is required to make these e-textile products reliable and acceptable for customers. This research is planned to investigate and highlight the difficulties the e-textile market faces in terms of reliability and washability. Different available washing options were studied to highlight the differences among them and understand the most suitable washing option for etextile systems. The accelerometer device was used for stress analyses in the washing drum to highlight the available mechanical standardized test protocols that can be used as the simulation of equivalent damages without the washing process. Different e-textile components, including detachable and permanently fixed ones, are investigated for the washing stresses separately in terms of their functionality. Finally, a simulation model was proposed that can be exercised for wash damages and reliability predictions without actually washing the e-textile systems. Standard protocols required for their customers' adaptability are discussed, and necessary additions are presented in this study.

Keywords: Smart textiles, E-textile, Washing, Characterization, Standardization
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 44467468469470471472473 Figure 4.65. Damage analyses of washed PCBs with an optical microscope (cracks at surface mismatch point between measurement connection pad and tracks) -----------------------------171 Figure 4.66. Damage analyses of washed PCBs with an optical microscope (cracks at surface mismatch point between SMD pad and tracks) ----------------------------------------------------172 Figure 4.67. Flexible PCBs sample (without any protection) analyses after 20,000 bending cycles, a total of 32 samples were tested, (a) No. of samples with R'/R values increased above 2, 3, and 5 on the left y-axis and percentage of samples having R'/R value below 2 on the right y-axis, (b) average R'/R value of working samples only, (c) percentage of samples with R'/R value above 2 described based on track widths, (d) ratio of samples having R'/R values below and above 2 after complete washing cycles based on track widths ---------------------174 Figure 4.68. Flexible PCBs sample (without any protection) analyses after 20,000 bending cycles, a total of 32 samples were tested, (a) samples with SMDs mounted perpendicular to tracks, (b) samples with SMDs mounted parallel to tracks ---------------------------------------175 Figure 4.69. Flexible PCBs sample (with silicone protection) analyses after 20,000 bending cycles, a total of 32 samples were tested, (a) No. of samples with R'/R values increased above 2, 3, and 5 on the left y-axis and percentage of samples having R'/R value below 2 on the right y-axis, (b) ratio of samples having R'/R values below and above 2 after complete washing cycles based on track widths. --------------------------------------------------------------176 Figure 4.70. Schematic presentation of the sample movement in bending test ----------------176

Figure 4 . 75 .

 475 Figure 4.75. Impedance evolution for the real and imaginary part against the frequency after 72 hours immersion in the water solution -----------------------------------------------------------182

Figure 4 . 76 .Figure 6 . 1 .

 47661 Figure 4.76. Impedance evolution for the real and imaginary part against the frequency after 72 hours immersion in the water-detergent solution-----------------------------------------------182 Figure 6.1. IPC Survey results for possible characteristics required by different categories for e-textile systems. Percentage of respondents who think these characteristics are important and
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 62 Figure 6.2. IPC Survey results for possible characteristics required by different categories for e-textile systems. Percentage of respondents who think these characteristics are important and

Figure 6 . 3 .Figure 6 . 4 .

 6364 Figure 6.3. IPC Survey results for proposed Classes and their division in different categories -------------------------------------------------------------------------------------------------------------196 Figure 6.4. IPC Surveys for cleaning of different Classes of e-textile systems. Percentage of respondent who thinks cleaning is important for these Classes ----------------------------------197
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 1 Figure 1.2. E-textile example ("Astroskin" shirt by Carre Technologies Inc. (Hexoskin))

Figure 1 . 3 .

 13 Figure 1.3. Global Smart textile market forecast (Ameri Research Inc.)

Figure 1 . 5 .

 15 Figure 1.5. Wearable technology revenue IDTechEX survey

Figure 1 .

 1 Figure 1.6. E-textile manufacturing layout

  is a standard protocol for determining abrasion of the fabric by Martindale test methods. It is the complete standard divided into different portions. Parts 1 and 2 describe test specimens and testing apparatus. The appearance change and the way to calculate mass loss due to the abrasion test are explained in Part 3 and 4. ISO 12945 [34-37] highlights the surface pilling and fuzzing properties of fabric surfaces. Part 1 of this method covers the pilling properties observed by the Pilling box test method. Part 2 explains the Martindale abrasion test in terms of surface pilling, fuzzing, or matting properties. Similarly, in part 3, the random tumble pilling technique is standardized. Part 4 is a test protocol related to pilling, fuzzing, or matting assessment by visual analysis.

  tracks. ISO/CD 24584 [63] is under development test protocol dedicated for sheet resistance of conductive textiles using non-contact type procedures. This standard is in its initial development stage, and no further details are available. ISO/TR 23383 [64] is also a new test protocol related to smart textile, and its initial draft is published recently under the supervision of the ISO/TC 38 technical committee. This standard highlights the smart textile definitions, their categorizations, and applications. Smart textiles are mainly divided into functional textile products and interactive textile products. Based on their categorization and application, requirements of new standards are pointed out in this standard document.
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 21 Figure 2.1. Wearable e-textile application
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 22 Figure 2.2. Wearable e-textile categories
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 23 Figure 2.3. The BiliCocoon phototherapy system [96]
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 24 Figure 2.4. Cardiac monitoring t-shirt, (a) Kymira [97] (b) Xiaomi Mijia[START_REF]Xiaomi Mijia Cardiogram T-Shirt: Smart T-Shirt with ECG Measurement[END_REF] 
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 25 Figure 2.5. HealthWatch ECG t-shirt [99]

Figure 2 . 6 .Figure 2 . 7 .

 2627 Figure 2.6. AiQ sports Bra [100]

Figure 2 . 8 .

 28 Figure 2.8. Warning system for fire fighter[START_REF] Caya | Warning System for Firefighters Using E-Textile[END_REF] 

Figure 2 . 9 .

 29 Figure 2.9. Cityzen Sciences D-shirt

Figure 2 . 10 .

 210 Figure 2.10. The Smart Shirt by Sensatex, Inc., USA

  moves[109].Nike Adapt BB[110], a breakthrough lacing system, was launched in early 2019. It electronically adjusts the lace' pressure with your foot shape and according to different footstep requirements in various games. This system works wirelessly through a smart device application, which can personalize your shoes with available fit modes and a possibility to change shoelace colors.
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 211 Figure 2.11. Nike adapt lacing system
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 212 Figure 2.12. Sensoria fitness products

Figure 2 . 13 .

 213 Figure 2.13. CuteCircuit smart textile projects
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 7271 Flexible sensors and electrodesThe uses of textile-based sensors in daily life are increasing based on different applications, including physical and biochemical sensing[117]. One common example is the flexible/stretchable stress-strain sensors. The impact of stress on textile fabric or the amount of recovery against it can be detected and recorded using these sensors. Conductive coated knitted fabrics are commonly available in the market[118]. Graphene-coated fabrics and carbon nano-tubes (CNT) based fabrics are also available in the market. Pressure sensors are another form of textile-based sensors. They can be resistive pressure sensors or capacitive pressure sensors[119]. Temperature sensors are also being used widely in the smart textile industry. These sensors can be integrated into the system or may be used independently for some specific applications. These sensing mechanisms may be piezoelectric, piezoresistive, or capacitive sensing [120]. Kim et al.[START_REF] Kim | Single-Layer Pressure Textile Sensors with Woven Conductive Yarn Circuit[END_REF] prepared a single-layer pressure sensor by interweaving conductive wool yarn and non-conductive yarn. They performed mechanical testing on these sensors integrated smart gloves in terms of loading and unloading cycles and tensile testing machines.
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 2 Figure 2.14. Flexible wearable sensors [117]
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 2 Figure 2.15. Textile based ECG sensors [128]

Figure 2 .

 2 Figure 2.16. Pressure Sensor[START_REF] Kim | Single-Layer Pressure Textile Sensors with Woven Conductive Yarn Circuit[END_REF] 
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 2 Figure 2.17. Smart textile jacket [143]
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 218 Figure 2.18. Textile based NFC antenna [154]
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 2 Figure 2.19. Flexible batteries market share [165]

Figure 2 .

 2 Figure 2.21. Different connection techniques, (a) soldering [171], (b) embroidering [175], (c) flip-chip [177]

Figure 2 . 22 .

 222 Figure 2.22. Conductive wire strand in e-textile structure [172], functional LED yarn [184]

  early-stage e-textile products are yet far from being integrated into a comprehensive Internet-of-Things infrastructure, with standard protocols for secure data access from/to the cloud and as platforms for smart textiles. A lack of the possibility exists, for both the users and development communities, to build innovative solutions by integrating them with new functionalities, still guaranteeing the elevated level of security and safety that is essential to secure user acceptance. From that perspective, there is still room for improvement to build an entirely new industry of smart e-textiles. It will constitute the future IoT nodes for wearable electronics, smart and communicating composite parts, and integrate fully with existing IoT infrastructures, standardized interfaces, and open tools for application developers. Solving this dilemma and unlocking the IoT of smart wearable e-textiles and smart technical textiles is exactly the future vision. Once this is done and validated in the use-case scenarios that may be envisaged, the market opportunity seems enormous under the condition that all new exciting smart textile connected devices are reliable and washable, if necessary.
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 31 Figure 3.1. Details of experimental work
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 3233321 Figure 3.2. Washing factors decomposition
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 34 Figure 3.4. Washing parameters
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 36 Figure 3.6. Washing stresses in term of mechanical actions performed
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 38 Figure 3.8. Miele W3268 machine washing programs
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 39 Figure 3.9. Screenshots from washing videos at different washing actions
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 3103 Figure 3.10. Configuration of washing phases and actions
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 31134331335 Figure 3.11. Washing time configurations for different washing programs (percentage of total time)

Figure 3 .

 3 15 explains the stitch composition in terms of bobbin yarn and needle yarn.

Figure 3 .Figure 3 . 15 .

 3315 Figure 3.14. ZSK embroidery machine

Figure 3 .

 3 Figure 3.16 explains different stitching techniques used in these experiments.

Figure 3 . 16 .

 316 Figure 3.16. Composition of single, two, and three-line stitched transmission lines

Figure 3 . 17 .

 317 Figure 3.17. Conductive transmission lines without protection, with TPU protection, and with embroidered protection

Figure 3 . 18 .Figure 3 .

 3183 Figure 3.18. Transmission lines (a) silver paste on edge, (b) snap button mounted on the silver paste

Figure 3 . 19 .

 319 Figure 3.19. Flow chart of experiments for transmission lines

Figure 3 . 20 explains

 320 the pattern of one ECG electrode. The electrodes were prepared in three electrodes set on the fabric belt for real-time ECG measurement on the human body, as shown in Figure 3.21.

Figure 3 .Figure 3 . 21 .

 3321 Figure 3.20. Skin-dry electrode pattern[10] 

F4

  E1-E2, and F1-F4) were tested on three different subjects including two males and one female, ages ranging from 25 to 55 years old. Three electrodes were placed on the chest position and all subjects were in the sitting position for at least three minutes before testing. The ECG signals were recorded for 40 seconds and repeated three times. The fabric belt containing the ECG sensors was tightened with the help of an external belt to guarantee proper contact with the human body. However, this ECG testing protocol was not the main focus of the Ph.D. thesis, it has been applied to assess the textile electrodes' robustness upon washing cycles up to 50 and the relationship between the recorded ECG signal quality and the electrode surface resistance.
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 322 Figure 3.22. Set of three skin electrodes prepared with the pieces of conductive fabrics for ECG measurement

Figure 3 . 23 .

 323 Figure 3.23. Flow chart of experiments for ECG electrodes
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 324325 Figure 3.24. Screenshot of PCB design prepared on Kicad software

Figure 3 . 26 .Figure 3 .Figure 3 .Figure 3 .

 326333 Figure 3.26. Vertical etching tank
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 3293354332 Figure 3.29. Four sets of ready to use PCBs

Figure 3 1

 31 Figure 3.35. Detergent composition

Figure 3 . 38 . 3 . 7 . 3

 338373 Figure 3.38. Martindale abrasion test machine, (a) Configuration of upper arm movement, (b) Sample placement unit, (c) Testing machine front panel

Figure 3 . 40 .Figure 3 . 41 .

 340341 Figure 3.40. An Orbitor pilling box machine

3. 7 . 4

 74 Bending testA bending test was performed for flexible PCBs. The bending machine was prepared using a double-acting pneumatic round line cylinder. The double-acting cylinder was used to create a backward and forward movement to the attached long rod. Fabric containing PCBs was fixed from one side, and a hanging weight of 1 kg was attached on the other side. PCB was bending around the circular road of 12 mm diameter with forwarding and backward movements under the load of 1 kg. Figure3.42 and Figure3.43 presents the bending machine and its schematic diagram, respectively. Speed was adjusted 80 cycles per minute, and a total of 32 samples were investigated for the flexible PCBs bending test.

Figure 3 . 42 .Figure 3 . 43 . 3 . 8 techniques 3 . 8 . 1

 34234338381 Figure 3.42. Bending test machine

Figure 3 . 44 .

 344 Figure 3.44. Agilent digital multi-meter

  .45). Then SMU (source measurement unit) is used to calculate the sheet resistance in Ohm per square unit (Figure 3.46). V/I curve data was used in the following equation to measure the surface resistance of ECG electrodes. I is the current applied between outer probes, and ∆V is the change in voltage measured between inner probes.

Figure 3 .

 3 Figure 3.45. (a) Ossila four-probe device, (b) Close-up of measuring probes, (c) Schematic diagram of the four-probe calculation

Figure 3 .

 3 Figure 3.47. Agilent 4294A Impedance analyzer

Figure 3 .

 3 Figure 3.48. (a) SEM analyzing device, (b) sample preparation for SEM, (c) SEM results display

Figure 4 . 1 .

 41 Figure 4.1. Coordinate system (X, Y, Z) of the accelerometer, fixed to the plain fabric that is moving during the washing cycle, (a) at 0° position, (b) at 90° position [1]

Figure 4 .

 4 Figure 4.2 explains the accelerometer sensor movements during the washing phase of the process. During this process, the fabric revolves several times with some resting (stop) intervals between two low-speed rotation movements. Throughout fabric rotation, it revolves along with the washing drum and then falls. This phenomenon is repeated again and again, and it is visible in Figure 4.2.

Figure 4 . 2 .

 42 Figure 4.2. Accelerometer analysis in the washing phase (low-speed rotation), three separate graphs for X, Y, and Z-axis [1]

Figure 4 .

 4 Figure 4.3 explain the accelerometer analysis for high-speed rotation at 400 RPM and Figure 4.4 highlight the behavior at 600 RPM in the tumbling phase of the washing process. The rotation speed starts from 0 RPM, and it achieves the required rate in several seconds. For the initial seconds, its behavior is similar to the low-speed rotation. The fabric repeatedly fallsafter half rotation cycles due to gravity until the rotational speed reaches certain momentum and fabric stuck with drum the wall under centrifugal force. The pressure force, generated due to the centrifugal force, acts perpendicular (Z-axis) to the fabric that causes the fabric to stick with the wall. Once the fabric is stuck with the drum, X and Y-axis are zero, and a straight line only in the Z-axis is observed because the centrifugal force is acting in the Z-axis only.

Figure 4 . 3 .

 43 Figure 4.3. Accelerometer analysis in the tumbling phase (400 RPM), three separate graphs for X, Y, and Z-axis [1]

Figure 4 . 4 .

 44 Figure 4.4. Accelerometer analysis in the tumbling phase (600 RPM), three separate graphs for X, Y, and Z-axis [1]

Figure 4 . 5 .

 45 Figure 4.5. PSD of the accelerometer outputs of washing phase (low-speed rotation action), (a) in the X direction, (b) in the Y direction, (c) in the Z direction, and (d) the sum of all the accelerations [1]

Figure 4 . 6 and

 46 Figure 4.7. It is noticeable that all plots show the same trend regardless of the rotational speed. In the Z direction, the centrifugal force of acceleration at 0 Hz is quite visible in these plots. Vibration peaks primarily visible in the Y directions are probably created due to the washing machine vibrations when rotating at a high-rotation speed. These vibrations themselves can cause damages to sensitive e-textile components. These peaks are visible at 7 Hz for 400 RPM and 10 Hz for 600 RPM.

Figure 4 . 6 .

 46 Figure 4.6. PSD of the accelerometer outputs from tumble phase (high-speed rotation 400 RPM), (a) in the X direction, (b) in the Y direction, (c) in the Z direction, and (d) the sum of all the accelerations [1]

Figure 4 . 7 .Figure 4 . 9 )

 4749 Figure 4.7. PSD of the accelerometer outputs from tumble phase (high-speed rotation 600 RPM), (a) in the X direction, (b) in the Y direction, (c) in the Z direction, and (d) the sum of all the accelerations [1]

Figure 4 . 8 .

 48 Figure 4.8. Tumble phase (400 RPM), removing initial acceleration phase, PSD of the accelerometer outputs, (a) in the X direction, (b) in the Y direction, (c) in the Z direction, and (d) the sum of all the accelerations [1]

Figure 4 . 9 .

 49 Figure 4.9. Tumble phase (high-speed rotation 600 RPM), removing initial acceleration phase, PSD of the accelerometer outputs, (a) in the X direction, (b) in the Y direction, (c) in the Z direction, and (d) the sum of all the accelerations [1]

Figure 4 . 10 demonstrates

 410 the proposed idea to expect the washing damages caused by specific stresses working on it. As a result, the actual washing process can be replaced by mechanical tests, and the reliability of e-textile components can be tested at each step during the manufacturing process of the e-textile systems.The following sections of this chapter explain the proposed test results on various e-textile components.

Figure 4 . 10 . 4 . 2 Connection yarns/ Transmission lines 4 . 2 . 1

 41042421 Figure 4.10. The layout of the proposed model for washing predictions

Figure 4 .Figure 4 . 11 .

 4411 Figure 4.11 highlights the washing analyses for single line stitched transmission lines, prepared with yarn Type A, B, and C, against Express washing cycles. For Type C yarns, allsamples were damaged just after one wash cycle. This yarn is a three-ply yarn with only one conductive ply among them. The other two yarns (Type A and B) were also three-ply yarn, but in this case, all plies were conductive. Hence, it was evident that Type C yarn was weak in conductivity and more volatile to damage. Its initial linear resistance was also more than twice of other two yarns. That's why this yarn was removed from further investigation, and future experiments were focused on the remaining two yarns (Type A and B). Both Type A and B yarns were also damaged after 3 washing cycles. All samples increased their linear resistance values above 30 Ohm/cm (from initial 5 Ohm/cm) after 5 washing cycles.

Figure 4 . 12 .

 412 Figure 4.12. Surface morphology for three yarns before and after washing was captured using the SEM. (a) "Type A" yarn before washing, (b) "Type B" yarn before washing, (c) "Type C" yarn before washing, (d) "Type A" yarn after washing, (e) "Type B" yarn after washing, (f) "Type C" yarn after washing.

Figure 4 .Figure 4 .Figure 4 .

 444 Figure 4.13a explains the relative resistance ratio R'/R (a ratio of change in resistance from initial value) for "Type A" yarn with two-line stitched and three-lined stitched conductive tracks. Two-line stitched samples increased their resistance after five washing cycles, and the calculated R i /R o value was 5.5, and it increased more than value 10 after 10 washing cycles. These graphs show the R i /R o values up to 10 only because we considered that output values increased 10 times from original values could not be stated good conductive for e-textile systems. On the other side, three-lined stitched tracks showed more resistance to damages in washing cycles, and R i /R o was 3.04 after 10 washing cycles. But after 10 washing cycles, they also lost their conductivity and the increase in linear resistance was more than 10 times from their original values. In the next step, these conductive tracks were protected by TPU and simple yarn embroidered in a zig-zag pattern over the transmission lines. As in these cases, conductive paths were covered for possible damages during the washing process and we continued the Express washing up to 50 washing cycles. The samples were tested after each 10 washing cycles. Two-line stitched with TPU protection samples increased their linear resistance by the ratio of 6.04 times. It is further reduced to 3.60 in the case of embroidered

Figure 4 .

 4 Figure 4.14. SEM images for Type A and B yarns in a three-line stitched pattern after 50 washing cycles

Figure 4 .

 4 Figure 4.15. (b) R'/R values after 50 washing cycles, and 3000 abrasion cycles, (a) Type A (b) Type B [2]

  [START_REF] Grancarić | Conductive Polymers for Smart Textile Applications[END_REF]. "Type B" samples for washing tests showed adjacent R square values 0.96 and 0.97 for Silk and Express washing cycles, respectively. Martindale abrasion tests for this yarn gave the adjacent R square value of 0.85. In both yarns, a sharp increase of electric resistance change at the beginning of the abrasion test was noted, and this behavior impacted the adjacent R square values for these transmission lines. The initial abrupt increase of electrical resistance has been ignored for better fitting of the linear model by starting modeling from 500 cycles (Figure4.16). Hence, adjacent R square values for both types of transmission lines increased well above the threshold level of 0.95. These regression equations may be used to predict the damages caused after a certain number of washing cycles or Martindale abrasion cycles.

Figure 4 .

 4 Figure 4.16. R'/R values for Type A yarn after removing initial 500 abrasion cycles [2]

  higher R'/R values in this case because of the presence of chemical stresses along with mechanical stresses during the Martindale abrasion tests. Separate experiments for chemical tests are completed, and the impact of water and water detergent solutions are explained in detail in the coming discussions.

Figure 4 .

 4 Figure 4.17. R i /R o values for Type A and B yarn with a three-line stitch after 4500 abrasion cycles

Figure 4 . 18 .

 418 Figure 4.18. It is explained earlier that three-line stitched yarn has the advantage of passing the current through any of these lines if one is damaged due to external stresses. The samples also showed some damages on the upper surface of the transmission lines. However, these yarns were conductive enough because current can pass through other lines having contact at multiple points.

Figure 4 .

 4 Figure 4.18. SEM analysis for Type A and B yarns after Martindale abrasion testing, black part shows the removal of conductive coating

Figure 4 .

 4 19. Both pilling cycle and washing cycles exhibit the quasi-linear trend in electric resistance change against the number of pilling or washing cycles, and their R square values are above the 0.95 threshold level. The regression equations may be used to predict the change in electric resistance against a certain number of washing and pilling cycles.

Figure 4 . 4 . 2 . 4

 4424 Figure 4.19. R i /R o values for yarns with a three-line stitch after 4000 pilling cycles, (a) Type A (b) Type B [2]

Figure 4 . 20 .

 420 Figure 4.20. Schematic description of the experimental setup [3], (A) only water, (B) water,and detergent[3] 

Figure 4 . 21 .

 421 Figure 4.21. The electrical resistance of the "Type A" yarn, measured after 72 hours of immersion in the water [3]

Figure 4 . 22 .Figure 4 . 23 .

 422423 Figure 4.22. Chemical structure of polyamide yarn [3], (a), FTIR-ATR results of silver-coated PA yarns which are immersed in water detergent solution, (b) and immersed in water (c)

Figure 4 .

 4 Figure 4.24. SEM images of; (A) silver-coated PA yarn before treatments, (B) silver-coated PA yarn after waiting for 72 h in water/detergent mixture, and (C) silver-coated PA yarn afterwaiting for 72 h in water[3] 

Figure 4 .

 4 Figure 4.25. UV-Visible results of remained liquids (A) water with detergent and (B) waterafter immersion of yarns[3] 

Figure 4 .

 4 Figure 4.26 and Figure 4.27 show the surface resistance behavior in the response of Silk washing cycles for fabricated skin electrodes (F1-F4). In all graphs, the left y-axis measures the ratio of surface resistance from the original value. The right y-axis (where available) explains actual surface resistance (Ohm/Sq.) measured by the four-probe device. F1 and F4

Figure 4 . 26 .Figure 4 . 27 .Figure 4 . 28 .Figure 4 . 29 .

 426427428429 Figure 4.26. Surface resistance analysis (Silk wash), six samples of each electrode were tested, Fi.1 -Fi.6. The left Y-axis explains R i /R o , and the right Y-axis describes the actual surface resistance for each sample [14]. (a)F1 electrodes (b) F2 electrodes (c) F3 electrodes (d) F4 electrodes

Figure 4 .

 4 31 highlights the testing subject sitting in an idle position with the ECG belt tightened on the body.

Figure 4 .Figure 4 . 31 .Figure 4 . 32 .Figure 4 . 33 .Figure 4 . 34 .Figure 4 . 35 .

 4431432433434435 Figure 4.30. Normal ECG morphology

Figure 4 .

 4 36 presents the SEM images for them. It was noted that for F2 and F3 type of electrodes, the copper layer was peeled off from the nylon base fibers after washing experiments. It concludes that adhesion between Copper and Copper/Nickel coating and base Nylon fiber was not good enough to withstand the washing stresses. It lost strength either by mechanical or chemical stresses during the washing process. Indeed, copper is excellent in terms of electrically conductive properties, and it is visible from initial low resistance values. However, these values increased rapidly in the washing process, especially in the Express washing process, which has a higher washing speed and, ultimately, more washing stresses. Hence, we can conclude that adhesion between Copper and Nylon in these specific types of conductive fibers can withstand only mild stresses as in Silk washing cycles. It starts degrading as the level of stress increases.

Figure 4 .

 4 Figure 4.36. SEM analysis performed before and after the 50 Express washing processes, (a) F3 before wash (b) F3 after wash (c) F2 before wash (d) F2 after wash

Figure 4 .Figure 4 . 38 .Figure 4 . 39 .

 4438439 Figure 4.37. SEM analysis performed after the 50 Express washing processes, (a) F1 electrode (b) F4 electrode (c) E1 electrode (d) E2 electrode

Figure 4 . 40 .Figure 4 . 41 .

 440441 Figure 4.40. ECGs measured (Express wash) before and after the 50 washing process for E1 and E2 electrodes [14].

Figure 4 . 42 andFigure 4 .Figure 4 . 42 .Figure 4 . 43 .

 4424442443 Figure 4.43 highlight surface resistance change concerning the abrasion cycles for electrode samples F1 to F4. In all these samples, surface resistance increase was negligible after 10,000 abrasion cycles.

Figure 4 . 44 .

 444 Figure 4.44. The surface investigation by SEM images, Peel-off at random positioned is circled

Figure

  

4 .

 4 45 highlights the change in resistance from original values for embroidered skin electrodes E1 and E2. In comparison between E1 and E2, E1 electrodes increased their surface resistance almost 2 times after 10,000 abrasion cycles, whereas it is just 1.2 times in E2 skin electrodes.It means that E2 electrodes were good enough to withstand the abrasion resistance test in contrast with E1 electrodes. The same trend was also observed in washing experiments, where E1 skin electrodes were more damaged than E2 electrodes, both in Express and Silk washing cycles. Hence, the hypothesis can be generated that the change in resistance due to the Martindale abrasion test is directly related to the washing damages.

Figure 4 . 45 . 4 . 3 . 3

 445433 Figure 4.45. Surface resistance analysis after abrasion cycles, five samples of each electrode were tested (Ei1-Ei5), Left Y-axis explains R i /R o , right Y-axis (where applicable) describe the actual surface resistance for each sample [14], (a) E1 electrodes (b) E2 electrodes, (c) Comparison of Ri/Ro for E1 and E2, (d) comparison of actual surface resistance for E1 and E2

Figure 4 .Figure 4 . 46 .Figure 4 . 47 .

 4446447 Figure 4.46 and Figure 4.47 explain the R i /R o and actual surface resistance for skin electrodes.F1 and F4 electrodes showed almost no change in surface resistance from their original values even after 10,000 Pilling cycles. This trend is the same as in washing tests and Martindale

Figure 4 . 48 .Figure 4 . 49 .

 448449 Figure 4.48. Comparison of washing tests and mechanical tests performed in these experiments, (a) F2 electrodes, (b) F3 electrodes

Figure 4 . 50 .

 450 Figure 4.50. Chemical test analyses for skin electrodes with water and water detergent solution immersion for 72 hours at 40°C [14], (a) Fabric samples F1, F2, F3, and F4, (b) Embroidered samples E1 and E2

4. 4 4 . 4 . 1 Figure 4 .Figure 4 .

 444144 Figure 4.51. SMD resistances mounted on the PCB, (a) parallel to tracks, (b) perpendicular to tracks

Figure 4 .

 4 Figure 4.53 defines the percentage of damages in terms of parallel and perpendicular SMD resistance in these PCBs. In comparison, PCBs with SMD resistances mounted parallel to tracks were more damaged (93%) than vertical tracks (60%).

Figure 4 .Figure 4 .Figure 4 Figure 4 . 54 .Figure 4 . 55 .Figure 4 .Figure 4 . 56 .Figure 4 .

 44445445544564 Figure 4.52. Flexible PCBs sample (without any protection) analyses after 40 Express washing cycles, a total of 32 samples were tested, (a) No. of samples with R'/R values increased above 2, 3, and ultimately damaged pieces on the left y-axis and percentage of samples having R'/R value below 2 on the right y-axis, (b) average R'/R value of working samples only, (c) percentage of samples with R'/R value above 2 described based on track widths, (d) ratio of samples having R'/R values below and above 2 after complete washing cycles based on track widths

Figure 4 .Figure 4 . 58 .Figure 4 . 59 .Figure 4 Figure 4 .Figure 4 .Figure 4 . 62 .Figure 4 .

 44584594444624 Figure 4.58. Flexible PCBs sample (without any protection) analyses after 50 Silk washing cycles, a total of 32 samples were tested, (a) No. of samples with R'/R values increased above 2, 3, and ultimately damaged pieces on the left y-axis and percentage of samples having R'/R value below 2 on the right y-axis, (b) average R'/R value of working samples only, (c) percentage of samples with R'/R value above 2 described based on track widths, (d) ratio of samples having R'/R values below and above 2 after complete washing cycles based on track widths.

Figure 4 .

 4 Figure 4.64, Figure 4.65, and Figure 4.66. Cracks are visible in these pictures are highlighted with circles. They can be divided into three categories: the cracks in the track lines, at SMDs pasting point, and at the joining point of the track line with the measuring pad.

Figure 4 .Figure 4 .

 44 Figure 4.64. Damage analyses of washed PCBs with an optical microscope (cracks in the tracks of various widths)

Figure 4 . 67 .Figure 4 . 68 .

 467468 Figure 4.67. Flexible PCBs sample (without any protection) analyses after 20,000 bending cycles, a total of 32 samples were tested [22], (a) No. of samples with R'/R values increased above 2, 3, and 5 on the left y-axis and percentage of samples having R'/R value below 2 on the right y-axis, (b) average R'/R value of working samples only, (c) percentage of samples with R'/R value above 2 described based on track widths, (d) ratio of samples having R'/R values below and above 2 after complete washing cycles based on track widths

Figure 4 . 70 .

 470 Figure 4.70. This adhesion was weekend but was still in contact, causing increased electrical resistance instead of ultimately damage as rendered in the washing tests [18], [21].

Figure 4 .

 4 Figure 4.70. Schematic presentation of the sample movement in bending test[22] 

Figure 4 . 71 .

 471 Figure 4.71. The comparison of all washed and bending test samples

Figure 4 .Figure 4 . 72 .Figure 4 . 73 .

 4472473 Figure 4.72 and Figure 4.73 show the resonance frequency (f 0 ) and quality factor (Q) of the samples for the complete 50 Express and Silk washing cycles. Silk washing is a gentle washing cycle, and it did not impact much on the textile antennas, even after 50 washing cycles. The resonance frequency for all the samples was in the range of 15-16 MHz. The average resonance frequency after 50 Silk washing cycles was 15.65 MHz. Among 10 cycles washed samples, a single piece increased its value to 21.28 MHz, which increased the average resonance frequency to 17.20 MHz. Overall, we can state that 50 Silk washing samples did not really damage the textile antennas. Quality factor (Q) for all pieces was nearly 40, considered the better range for textile antennas signals.

Figure 4 . 74 .

 474 Figure 4.74. Impedance evolution for the real and imaginary part against the frequency after 10,000 abrasion cycles

Figure 4 . 75 .

 475 Figure 4.75. Impedance evolution for the real and imaginary part against the frequency after 72 hours immersion in the water solution



  reliability and standardization required for e-textile systems. This research was focused to create a clear picture regarding e-textile system reliability issues. The original intellectual contributions of this Ph.D. thesis are presented below: Understanding of the washing process and the contents of different programs including possible damages actions towards e-textile systems;  Analyses of the damaging actions on different parts of e-textile systems (transmission lines, sensors/ actuators, electronic modules, textile antennas, etc.;  Simulation of damages provoked by washing process using existing textile testing apparatuses such as chemical tests and mechanical tests (Martindale abrasion, pilling box, and bending tests, etc.); Proposal of the strategy to better protect e-textile systems against washing damages helping them to become acceptable by the market for industries; Definition of five categories for e-textile systems based on their fields of application including fashion, sports and leisure, PPE, medical, and military, and three classes based on their robustness and way of use. These categories include e-textile systems reliability related to the following characteristics (Figure 6.1, Figure 6.2, and Figure 6.3).

6. 1

 1 IPC-8981, Quality and reliability of e-textile wearable IPC (International association of Printed Circuits), (www.ipc.org) is trade association working on the standards especially in the electronic industry. It is well developed standard association and currently standards covering almost all aspects of electronic industry is available under IPC umbrella. E-textile systems have major role of electronics and many electronic industries are willing to take the opportunity for becoming the part of e-textile systems. However, lack of standards causing the problems because electronic industries don not have in depth knowledge for textiles and there should be some guideline for them to follow. IPC is leading this role to develop some basic standards and definitions for e-textile systems. The aim of their work is to give some pre-defined basic definitions related to e-textile systems and components related to it. IPC is working to develop reliability standards focused on e-textile components so that electronic industries can be integrated into e-textile systems without any hurdle.The research outcomes are being applied for the development of the possibly first detailed draft of standard "Quality and reliability of e-textile wearable" IPC-8981, by the IPC Europe group (IPC D-75eu) chaired by Prof. Vladan Koncar (https://www.ipc.org/ipc-e-textilesinitiative-join-effort). IPC D-75eu is joint effort from various research laboratories and industries across the world to share their recommendations and expertise for the possible standard development.

Figure 6 . 1 .

 61 Figure 6.1. IPC Survey results for possible characteristics required by different categories for e-textile systems. Percentage of respondents who think these characteristics are important and should be included

Figure 6 . 2 .Task 4

 624 Figure 6.2. IPC Survey results for possible characteristics required by different categories for e-textile systems. Percentage of respondents who think these characteristics are important and should be included

Figure 6 . 3 .Figure 6 . 4 .

 6364 Figure 6.3. IPC Survey results for proposed Classes and their division in different categories



  8981 A 02: Textile electronics board (textile motherboard): conductivity, contacts, and connections Proposed recommendations for e-textile wearable based on the experimental findings 198  A 03: Sensors (flexible, textile based, rigid): input vs. output for instance temperature vs. voltage, or humidity vs. resistance  A 04: Actuators (flexible, textile based, rigid): input vs. output response  A 05: Electronic modules (flexible PCB based, rigid PCB based, textile substrate based): complete functioning depending on the data book and the specifications given by the manufacturer  A 06: Power supply (rigid, flexible, energy harvesting): available power delivered, life time, charging capacity Possible damaged stresses are combined in five different sub-groups.  Mechanical I (IPC 8981 B series):  B 01: Abrasion stresses  B 02: Tensile stresses  B 03: Shearing stresses  Mechanical II (IPC 8981 C series):  C 01: Flexing stresses  C 02: Bending stresses  C 03: Stretching stresses  C 04:Torsion stresses  Exposure I (IPC 8981 D series):  D 01: Salt water  D 02: Acid and Alkalis  D 03: Sweat & Perspiration  D 04:Microbes  Exposure II (IPC 8981 E series):  E 01: Water repellence  E 02: Water hydrostatic  E 03: UV  E 04: Temperature  Cleaning (IPC 8981 F series):  F 01: Washing  F 02: Drying Proposed recommendations for e-textile wearable based on the experimental findings 199  8981 F 03: Dry cleaning  Wearability and comfort (IPC 8981 G series):  8981 G 01: Breathability  8981 G 02: Air Flow  8981 G 03: Weight of Components I am currently working in sub-groups (General principles, Mechanical I, Exposure I, and Cleaning), for shortlisting and modifications of available standards.

  Nous vivons une époque où la modernisation et la numérisation se développent rapidement.Les entreprises attirent leurs clients grâce à des techniques nouvelles et des gammes de produits personnalisés. Cette concurrence a favorisé le développement de secteurs nouveaux et hybrides pour améliorer la satisfaction des clients. Au cours des dernières décennies, de nouveaux produits, impossibles à imaginer dans le passé, ont emargé. En même temps, l'utilisation des vêtements a suivi l'évolution de l'humanité, depuis son apparition. Le concept de vêtement a débuté par le remplacement des feuilles utilisées pour couvrir certaines parties du corps. Aujourd'hui, ces vêtements sont beaucoup mieux adaptés à l'utilisateur et sont utilisés dans divers domaines, tels que la médecine, le sport, l'armée et différents projets liés à la défense. Ces nouveaux vêtements, avec des fonctions additionnelles, ont complètement changé la façon d'utiliser et de développer des textiles et c'est la raison pour laquelle le textile n'est plus une industrie indépendante, mais un mélange de différentes industries travaillant ensemble sous réserve des fonctionnalités intégrées définies par l'utilisateur. Les textiles polyvalents et à fonctionnalités améliorées peuvent contenir un ou plusieurs composants intelligents, textiles ou non textiles, tissés, brodés, cousus, intégrés ou attachés à l'aide de différentes techniques disponibles. En fonction des besoins, ces composants sont des capteurs, des actionneurs et des antennes, des unités de traitement, des dispositifs de collecte d'énergie et de transmission de puissance. Ces textiles portables avancés sont appelés textiles intelligents, électronique portable, e-textiles, vêtements intelligents, textroniques, etc.Pour progresser dans cette nouvelle partie immergée de l'industrie textile, il est important de comprendre les exigences et les problèmes liés à cette approche hybride. Les textiles intelligents sont constitués de composants provenant principalement des industries textile et électronique. Ces deux industries sont bien développées et disposent déjà de normes et de standards liés à chaque problème. Cependant, ces normes ne peuvent pas être appliquées aux systèmes e-textiles tels quels et une modification, ou le développement de nouvelles normes, est nécessaire pour rendre ces e-textiles fiables et acceptables pour les clients.
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1. Regression equations and Adjacent R square values for Type A and B yarns after washing, Abrasion testing, and Pilling box testing

Table 4 .

 4 

3. 

Resonance frequency and quality factor for textile antennas after 72 hours immersion in water and water-detergent solution, W i are samples with water solution, WD i
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 2 1. E-textile product washing instructions

	Brand	Max. Temp.	Instructions	Machine wash	Product availability (Price)
	Kymira heart monitoring t-shirt	30°C	Do not tumble dry	Yes	Not available
	Xiaomi Mijia smart t-shirt	30°C	Gentle wash	No	Available (US $ 69)
	Sensoria fitness smart t-shirt		Remove sensors before washing	Yes	Available (US $ 129)
	EMGLARE smart shirt	30°C	Minimal washing	Yes	Pre-order (US $ 249)
	AiQ Sports Bra		Machine washable	Yes	Not available
	HealthWatch ECG t-shirt		Home machine washable	Yes	Demo
	CuteCircuit smart shirt		Washable	No	Pre-order (£550)

  Real-time tracking of electrocardiogram (ECG) can be used to alert the patient a while before the fetal mishap such as a stroke or a heart attack, and thus life can be saved. Textile sensors can be fabricated/encapsulated in undergarments at different positions[123,124]. These electrodes can record sensitive pulse movements and ECG signals. The generated data can further be used to detect and indicate different medical diseases[START_REF] Scataglini | A Systematic Review of Smart Clothing in Sports: Possible Applications to Extreme Sports[END_REF]125]. Meghrazi et al. can better perform in different ambient conditions.Fu et al. [133] discussed different types of ECG electrodes and their performance. They explained the importance and convenience of dry textile electrodes for long-term monitoring. These electrodes can be adapted to different shapes easily and according to body position.

	Wang et al. [134] prepared Nano-mesh organic electrochemical transistors for medical and [126] prepared the textile electrodes and placed them at different waist positions for ECG fitness sensing applications. They claimed to achieve simultaneous local amplifications of signal detections. Signals were recorded at different body positions, including sitting, standing, jogging, etc. [127]. Arquilla et al. [128] developed textile-based ECG skin ECG signals on human skin with a high signal-to-noise ratio of 25.89 dB.
	electrodes by zigzag pattern sewing of silver-plated conductive yarns on normal fabrics. ECG
	data acquisition was carried out by three lead positioning systems and compared with normal
	gel electrodes. Wang et al. [129] reported textiles-based flexible sensors for ECG and

These chemical sensors can be resistive, electrochemical, and semiconductor-based chemical sensors. Depending on usage, one or more sensors can be used simultaneously, keeping in mind unintentional interferences. Communication modules are used to collect and store data [119,121,122]. breathing monitoring. Weft-knitted sensors were embedded at different positions in undergarments. Conductive silver platted nylon filament yarn was used for sensor preparations. Shathi et al. [108] worked on graphene-based washable textile electrodes using the pad-dry-cure method. To verify their samples, they performed different tests for the electrodes, including tensile strength, water contact angle, and colorfastness to rubbing. ECG responses at different body positions were monitored and claimed to be acceptable. Shahariar et al. [130] researched on printed electronic material by direct-write printing process on different types of substrates for healthcare applications. They used three different types of laminates, including polyethylene terephthalate (PET) nonwoven textiles, thermoplastic polyurethane (TPU), and nylon-PET nonwoven textiles. The durability of these types of sensors was directly related to ink-fiber micro structure attachment and penetration into the surface. Bystrickt et al. [88] investigated the ECG textile sensors and compared the knitted and embroidered-based sensors in terms of performance. In both cases, they found problems in dry (without gel) measurement, such as movement of electrodes due to muscular activity and false peaks generation due to the lack of moisture on the electrodes. However, these electrodes were good enough to detect P wave, QRS complex, and heart monitoring. Saleh et al. [131] produced textiles-based flexible ECG sensors with graphene oxide, and then a reduction process was carried out to obtain reduced graphene oxide cotton electrodes (rGOC). These samples were used for ECG signal detection. Rymarczyk et al. [92] proposed a system that records lung ventilation and cardiac function through a wearable garment. Different algorithms and image analyzing techniques were used to observe the changes during measurements. Tang et al. [132] developed textile electrodes for the replacement of ECG acquisition through capacitive electrodes. They proposed a controlled electrodes humidification system that Nigusse et al. [135] developed washable silver printed textile electrodes that can be used for long-term ECG monitoring. They claimed that these electrodes had a surface resistance of 1.64 Ω/sq. They stated that these electrodes' signal quality was parallel to the standard Ag/AgCl electrodes, even after 10 washing cycles. Kim et al. [136] prepared textile-based electrodes for electrocardiogram measurements. They investigated the impact of electrode size and textile pressure on signal quality.

  Pressure sensors can be used to investigate sleep analysis. These sensors can be integrated into a sleeping mattress, and body movement during sleep can be recorded. On the other hand, these sensors can be attached to wrist bands, and heart rate data can be collected precisely based on muscular pressure sensing. This data further can be used to predict sleep quality and other diseases. These sensors can also be integrated into sportswear. They can be installed into the inner footwear sole. Foot posture during jogging can be monitored and used to improve performance. Similarly, real-time heart monitoring of players can be useful to investigate their performances in different sports activities.Shathi et al. [108] prepared pressure sensors to investigate minor pulse rate changes by applying them on the wrist.Atakan et al.[START_REF] Atakan | Design of an Electronic Chest-Band[END_REF] produced the smart chest band. Accelerometers and gyroscope sensors were integrated into this chest band with a normal sewing method. The bands were then used for

	Zhang et al. [141] prepared silver/silver chloride woven electrode, with uniform micro-
	convex shape, for different health monitoring applications. These electrodes enhanced the
	impedance reliability with the skin for long-term monitoring. Monitoring performance was
	analyzed with a different set of Ag/AgCl electrodes in terms of skin-electrode interface
	impedance and electrode resistance.

mobility and fall detection during sports activities. Cao et al. [137] experimented with electronic textile sensors with screen printing. They used carbon nanotubes (CNT) for screen printing ink and prepared the three-layers pressure sensors with the help of a hot press machine. They used different fabrics types, including silk, nylon, flax, cotton, wool, and leather. These sensors were then fixed in gloves, and finger movements were analyzed based on the pressure change in sensors. Sliz et al. [138] prepared roll-to-roll printed flexible electrodes for multi-purpose e-textile applications. Qureshi et al. [139] developed flexible strain sensors using Ny-6 (polyamide 6.6) yarn with silver nanoparticles plated on it. Silver nanoparticles were deposited on yarn using an electroless plating process. Zhao et al. [140] prepared multifunctional strain sensors. PET-based Ag sensors were used for static and dynamic strain mapping. Different human body motions, pressure/strain distribution are recognized in various body positions. This low-cost sensor array can be helpful for nextgeneration human-machine interfaces.

  Ryan et al. [145] and Yu et al. [146] prepared PEDOT: PSS coated fibers that can change shape on external stimuli. Logothetis et al. [147] reported silver-plated e-textiles electrodes for bioelectrical impedance analysis. The electrodes contain three different materials, including silver plated thread, PES thread, and substrate. Cotton and polyester substrate with different weaving techniques were used. The e-textiles were tested under different ambient conditions, and a change in resistance was calculated. Koo et al. [148] prepared an innovative tactile display device based on soft actuator technology with the help of electroactive polymers. They claimed high flexibility, simple manufacturing, and better simulation with human skin as the important advantages for this device. But an extra protective layer is required for the safety of the actuator unit.

Likewise, motion sensors can be integrated into the textile substrate. Motion and strain sensing gloves are available in the markets. These gloves can precisely detect the motion of arms and fingers. LED displays can further be attached to these motion sensors, and thus different motions can be highlighted with different colors on the textiles. One good example can be traffic control officers. They can use their arm positions to blink different colors on their jackets, and these signals can be seen from a distance. These sensors can also be used in hospitals to detect patient movement either through their hospital gowns or through centralized display in nurse restrooms. Kim et al.

[START_REF] Kim | Single-Layer Pressure Textile Sensors with Woven Conductive Yarn Circuit[END_REF] 

produced single-layer pressure sensors with conductive wool yarn. Gloves with encapsulated sensors at different finger positions were prepared. Change in resistance with finger movements was recorded.

Afroj et al. [149] 

  , wireless communication is gaining much interest. Antennas are important components of wireless communication devices. For electronic wearable textiles, the antennas should also be flexible and properly integrated into wearable textiles [151,152]. Different types of antennas are being developed for wearable and stretchable applications. They include organic paper-based antennas, flexible optically transparent antennas, Printed magnetic conductive antennas, circularly polarized wearable antennas, and textile-based Rectennas [153]. Apart from communication, antennas can also be used for energy harvesting and energy transfer. Shi et al. [105] developed the antennas having a triple band feature. They are suitable for communication systems and military usages, but they face problems in terms of

	samples at 40 o C for five washing cycles, and finally, the reflection coefficient and the
	radiation efficiency were measured. They claimed that all antennas showed stable
	performance after five washing cycles.

proximity to the human body.

Garnier et al. [154] 

prepared NFC textile antennas with highly conductive yarn. These antennas can be used with mobile NFC powers to transmit the data or energy to the source (Figure

2

.18). Lee et al. [155] prepared textile antennas with screen printing using flat yarn PET fabric as the substrate. They claimed to achieve sheet resistance in the range of 16 mΩ/sq. These antennas were designed to work at 2.4 GHz, largely used for local area networks. The textile antennas were analyzed with different printing layers and the impact of the layer's uniformity. Guibert et al. [156] developed flexible textile antennas for wearable RFID applications. They used different techniques, including embroidery, painted, and electro-textile for antenna manufacturing. Reliability of RFID tags was performed with moisture testing by dipping the samples in the tap water for an hour and then washing them in the domestic washing machine. Kazani et al. [157] used conductive-based ink for screen printing in textile antennas. They prepared antennas based on the 2.5-D EM field simulator Momentum of Agilent's Advanced Design System (ADS) by using Acheson and Dupont inks. Two types of substrates, 100 % polyester and (20/80 %) cotton/polyester, were used in these experiments. Then, the antennas were covered with a TPU layer to protect them during washing. They washed all these

7.6 Component connections/ transmission lines Wearable

  Georgia Tech Wearable Motherboard (GTWM) prepared the smart shirt in collaboration with the US navy for use in combat conditions. Optical fibers used in it help to detect bullet wounds. Additional sensors installed on the shirt can help locate and monitor the vital signs in combat conditions [167]. Chow et al. [168] highlighted the current progress in photo-detectors suitable for wearable systems. Organic photo-detectors suitable for next-generation wearable devices in terms of both mechanical and optoelectronic

	Soldering is the most common connecting technique used for traditionally electronic
	connections [171]. However, soldering joints on metallic textile circuits are difficult and
	create durability interface integration problems [166,172,173]. Similarly, soldering
	connection failure is common on textile substrate LEDs joints. Conductive adhesive is another

fabrication techniques, including embroidery and weaving [105,166]. Copper-coated thin sheets are also used to obtain the flexible circuit boards. The flexible boards are then fixed on wearable textile by different means. However, adhesion issues and flexibility mismatch with substrate create problems [105,166]. properties are outlined in this discussion. These devices can be used in various applications, including health monitoring and energy harvesting. Ma et al. [169] discussed various flexible electronics that can be used in many smart textile applications. A brief chronology and advancements in applications, including bioelectrical monitoring, optical monitoring, Acoustic monitoring, and body fluid testing, are explained in detail.

Figure 2.20. Flexible motherboards [123] 2.e-textiles can have multiple components depending on the product requirements and functionalities. These components need to be self-connected by conductive threads. They can be 100 % metallic such as aluminum, copper, or stainless steel, or a conductive polymer such as polypyrrole and PEDOT: PSS or conductive polymer composite such as carbon-based or silver-based, etc. [170]. Some examples of transmission lines are displayed in Figure 2.22. alternative that can be used for this purpose. They normally consist of conductive particles with adhesive materials for proper adhesion to the textile substrate, but they are usually affected by temperature and humidity conditions. Different protective layers are used to minimize these damages [174]. Other techniques that are being used randomly includes embroidering [175], crimping [176], flip-chip [177] and magnetic [178] etc. (Figure 2.21).

Different techniques have various usage limitations for the specific type of materials. For example, techniques requiring high temperatures are not suitable for polymer-based materials, and the embroidery technique is not suitable for metallic yarns, etc.

Table 2 .

 2 Cao et al. [137] developed electronic textile sensors with screen printing and claimed washability after immersing in water for 15 hours.Afroj et al. [149] investigated graphene-based electronic textiles and washed them up to 10 house-held wash cycles using AATCC 105 standards and claimed no change after these washes. Jin et al. These samples were washed for 25 wash cycles according to AATCC 61-2a.Hwang et al. [187] claimed machine washable highly conductive silk coated yarn for electronic textile applications. They washed the prototypes for 10 wash cycles, but no further details are explained.Salavagione et al. [193] investigated conductive smart textiles with graphene-based coating on the textile and washed them for 10 wash cycles, but here again, no further explanation is provided. Gaubert et al.[START_REF] Gaubert | Quantification of the Silver Content of a Silver-Plated Nylon Electrode According to the Nature of the Laundering Detergent[END_REF] observed the washing behavior of silver-plated nylon yarn. The effects of bleaching agents on the morphology of silver coating and loss of conductivity after certain wash cycles were discussed. These yarns were investigated in household machines according to AATCC 135 standards. 30 wash cycles, with a 60 min process for each cycle with 900 rpm speed and 30°C temperature, were used for this experiment.Sliz et al. [138] checked roll-to-roll printed flexible electrodes for multi-purpose e-textile applications. The mechanical behavior and wash properties of these electrodes were investigated. They were washed at 40°C for 63 minutes and up to 10 wash cycles at 1000 rpm 2 explains the different researchers' approaches to the wash process. As no standardized process is available, each experiment is performed based on feasibility. Hence, each claim of washable and reliable e-textile is based on different scenarios, and in some cases, no data regarding wash parameters are communicated. To obtain a centralized statement and commercially accepted washable e-textile products, they should be claimed washable and reliable based on the standardized functionality test and wash protocols.

	[144] produced a multilayer color coated e-textile and washed them for 50 wash cycles

following AATCC 135.

Hardy et al. [172] 

checked the washing behavior of conductive yarns.

They used a household machine for 25 wash cycles by following ISO 6330 wash standards.

Shahariar et al. [130] 

prepared printed electronic material by direct-write printing process on different types of substrates. in a normal household machine.

Saleh et al. [131] 

produced textiles-based flexible ECG sensors with graphene oxide and then a reduction process was carried out to obtain reduced graphene oxide cotton electrodes (rGOC). The conductivity of these electrodes was above 70 % of the original value after 5 wash cycles. But again, no further details about the wash process were provided.

Liang et al. [194] 

developed different types of textile stretch sensors.

A washability test was performed for these samples in a front load washing machine for 3 washing cycles according to ISO 6330:2012 test protocols.

Kellomäki et al. [152] 

developed washable RFID antennas for tagging and washed them for laundry tests. These samples were washed for 10 washing cycles with 1000 rpm spin speed and 40°C washing temperature.

Table 2 .

 2 2. Wash details in different research articles

	Author	No. of	Washing	Tumble	Standard	Wash	Washing
		washes	time (min)	speed (rpm)	followed	temp.	type
						(°C)	
	Ryan et al.	4	50	900	-	30	Household
	[145]						machine
	Afroj et al.		-	-	ISO 105	-	Household
	[149]				C06		machine
	Kim et al.		12	-	-	-	Mini wash
	[75]						machine
	Gaubert et al.		30	-	-	60	Household
	[84]						machine
	Cao et al.	-	120	-	-	-	Immersed in
	[137]						water
	Jin et al. [144]		-	-	AATCC	40	Laboratory
					135		wash
	Hardy et al.		23	800	ISO	40	Household
	[172]				6330:2012		machine
	Ryan et al.	5	50	900		30	Household
	[145]						machine
	Shahariar et		-	-	AATCC	-	-
	al. [130]				61-2a		
	Hwang et al.		-	-	-	-	-
	Gaubert et al.		60	400	AATCC	30	Household
	[195]				135		machine
	Sliz et al.		63	1000		40	Household
	[138]						machine
	Saleh et al.	5	-	-	-	-	-
	[131]						
	Liang et el.	3	-	800	ISO	40	Household
	[194]				6330:2012		machine
	Kellom¨aki et		150	1000		40	-
	al. [152]						
	Guibert et al.	5	-	-	-	40	Household
	[156]						machine
	Ojstršek et al.		30	-	ISO 105	40	Laboratory
	[196]				C06		wash
	Nigusse et al.		30		ISO 105	40	-
	[135]				C06		
	Schwarz et al.		40		ISO	40	Household
	[197]				6330:2012		machine

Table 3 .

 3 1. Experiment plan

			Washing program analysis		
	Silk washing	Express washing	Wool washing	Delicate washing	Delicate short washing	Cotton normal wash
		Washing actions analysis with an accelerometer	
	Low-speed action	High-speed action	Resting (stop) action
			E-textile system damage analysis	
	Type of	Silk	Express	Martindale	Pilling	Bending	Water	Detergent
	Component	washing	washing	Abrasion		box	test	test	test
	Transmission							
	lines							

Table 3 .

 3 2. Washing stresses in washing process[5] 

	Phases				
	Stresses	Soaking Washing Rinsing Tumbling
	Water	X	X	X	0
	Chemical	X	X	0	0
	Mechanical	0	XX	XX	X
	Temperature	0	X	0	0
	X: Moderate Stress; XX: High Stress; 0: No Stress

Table 3 .

 3 4. Type of conductive yarns used.

	Yarn type	Brand name	Company	Resistivity (Ω/m)
	Type A yarn Statex-Shieldex 117f17	Statex Produktions	< 300
	Type B yarn	HC-40	Madeira Garnfabrik	< 300
	Type C yarn	silver-tech 120	Amann	< 530

Table 3

 3 

	.5. List of different materials used for skin-electrode preparation along with sample
	coding				
	Sample	Material	Brand	Initial surface resistance (Ω/sq.)	Surface thickness (mm)
	E1	Silver-plated Yarn, Embroidered	Shieldex-117f17 HC+B	0.12	1.39
	E2	Silver-plated Yarn, Embroidered	Madeira HC-40	0.23	1.40
	F1	RF Shielding Silver Fabric	Faradaydefense LLC	0.33	0.28
	F2	RF Shielding Nickel Copper Fabric	Faradaydefense LLC	0.04	0.09
	F3	RF Shielding Copper Fabric	Faradaydefense LLC	0.04	0.08

Table 3

 3 

	.6 shortlists the samples prepared for washing

Table 3 .

 3 6. List of samples used for washing tests

	Type of samples	Total samples Total readings
	Single-line stitched connection yarn Type A	06 Samples	18 Readings
	Single-line stitched connection yarn Type B	06 Samples	18 Readings
	Single-line stitched connection yarn Type C	06 Samples	18 Readings
	Two-line stitched connection yarn Type A	06Samples	18 Readings
	Two-line stitched connection yarn Type B	06 Samples	18 Readings
	Three-line stitched connection yarn Type A	06 Samples	18 Readings
	Three-line stitched connection yarn Type B	06 Samples	18 Readings
	Two-line stitched yarn Type A (TPU protected)	06 Samples	18 Readings
	Three-line stitched yarn Type A (TPU protected)	06 Samples	18 Readings
	Two-line stitched yarn Type B (TPU protected)	06 Samples	18 Readings
	Three-line stitched yarn Type B (TPU protected)	06 Samples	18 Readings
	Two-line stitched connection yarn Type A (Non-conductive embroidery protection)	06 Samples	18 Readings
	Three-line stitched connection yarn Type A (Non-conductive embroidery protection)	06 Samples	18 Readings
	Two-line stitched connection yarn Type B (Non-conductive embroidery protection)	06 Samples	

Table 3 .

 3 8. List of samples used for Martindale abrasion tests

	Type of samples	Total samples	Total readings
	Three-line stitched connection yarn Type A (Dry)	06 Samples	Readings
	Three-line stitched connection yarn Type B (Dry)	06 Samples	Readings
	Three-line stitched connection yarn Type A (Wet)	06 Samples	Readings
	Three-line stitched connection yarn Type B (Wet)	06 Samples	Readings
	ECG electrode F1	06 Samples	Readings
	ECG electrode F2	06 Samples	Readings
	ECG electrode F3	06 Samples	Readings
	ECG electrode F4	06 Samples	Readings
	ECG electrode E1	06 Samples	Readings
	ECG electrode E2	06 Samples	Readings
	Textile antenna	04 Samples	Readings

Table 3 . 9

 39 

	Type of samples	Total samples	Total readings
	Three-line stitched connection yarn Type A	04 Samples	12 Readings
	Three-line stitched connection yarn Type B	04 Samples	12 Readings
	ECG electrode F1	04Samples	16 Readings
	ECG electrode F2	04 Samples	16 Readings
	ECG electrode F3	04 Samples	16 Readings
	ECG electrode F4	04 Samples	16 Readings
	ECG electrode E1	04 Samples	16 Readings
	ECG electrode E2	04 Samples	16 Readings
	Textile antenna	04 Samples	

. List of samples used for Pilling box test

Table 4 .

 4 2. Resonance frequency and quality factor for textile antennas after 10,000 Abrasion

	cycles		
	Samples id	Resonance frequency (f o )	Quality factor (Q)
	M-1	15.40	38.5
	M-2	15.60	39.0
	M-3	15.00	25.0
	M-4	15.60	40.0

Table 4 .

 4 3 presents the resonance frequencies and quality factors for all these samples. One samples among samples immersed in the water was completely damaged and did not give any Table 4.3. Resonance frequency and quality factor for textile antennas after 72 hours immersion in water and water-detergent solution, W i are samples with water solution, WD i are samples with water-detergent solution

	Samples id	Resonance frequency (f o )	Quality factor (Q)
	W-1	-	-
	W-2	15.20	25.30
	W-3	15.00	32.0
	WD-1	15.40	38.0
	WD-2	15.20	25.0
	WD-3	15.20	38.5

Table 6 .

 6 1. Current progress of sub-groups and shortlisted standards E02:2013 specifies a method for determining the resistance of the colour of textiles of all kinds and in all forms to immersion in sea water.

	Group	Characteristic	Modifiable existing Standard(s)	Needs new
				standard /
				testing
				method
		General principles BS EN ISO 105-A01:2010	
			IPC-TM-650 Test methods Manual,	
			3.1 A, Contact resistance, Connectors	
	General	Textile motherboard	3.3 Crimp tensile strength, Connectors AATCC TM76 (surface el resistivity) AATCC TM84 (el. Resistance of yarns)	
	A)	Sensors	Company Quality Control procedure if existing	
		Actuators	Company Quality Control procedure if existing	

Washing programs analysis

The front-load washing machine MIELE W3240 was used in this discussion. It is one of the most commonly available brands in Europe and across the world. All experiments related to the washing are performed on the MIELE W3240 available in our laboratory (Figure 3.8).

Six most commonly used washing programs are performed in these experiments. They are Cotton, Express, Delicate, Delicate short, Silk, and Wool. Table 3.3 explains the total time duration summary of each cycle performed in this experiment. Time durations of different washing phases and washing actions are shortlisted in this table. Each washing program was performed separately for the complete process using 2 kg of washing load in the machine and following the procedure in the standard test method ISO 6330 with the exception that no detergent was used in this experiment. The temperature was kept at 40°C for all washing programs. 

Martindale Abrasion test

Martindale abrasion resistance was performed on Martindale Abrasion Tester by "James H. Martindale abrasion test was used to investigate the mechanical damages on different components of e-textile systems. Table 3.8 presents the various sampling components used for Martindale testing. Depending on the type of samples, different numbers of readings were obtained, and then mean values were calculated. Six samples can be tested on this specific machine at the same time. Samples related to transmission lines were stitched with three lines on each sample. These lines were 7 cm long and 1cm away from each other. Figure 3.39

shows the schematic diagram of these samples used for abrasion testing. ECG electrodes and textile antennas were tested as one specimen on each sample, and four output readings from four different points were calculated for each sample. All these experiments were performed under standard testing conditions 20 ± 2°C and 65 ± 5 % R.H. After Martindale abrasion testing, these samples were conditioned for 24 hours under room temperature before final output readings.

Results and Discussion

Detailed analyses of damages provoked during the washing process on e-textile systems' components have been explained with results. Different textile testing techniques have been performed on these components. Relations between different damages from washing process and from textile testing techniques have been investigated, and projected outputs have been discussed. These experiments were performed in standard working conditions following all available standard protocols.

Accelerometer Analysis

Accelerometer analysis was performed to understand the washing behavior during the process and calculate the stresses on the e-textile components. As described previously, the washing process may be divided into three main phases, including washing, rinsing, and tumbling.

During these phases, three washing actions are carried out that are low-speed rotation, stop (resting), and high-speed rotation action. An accelerometer was used to investigate the impact of different washing actions during various washing phases. It was attached to a flexible PCB sewn on cotton fabric, sealed in a plastic bag, and then placed in the washing machine.

The accelerometer measures its proper acceleration, which is not the same as coordinate acceleration. The X, Y, and Z directions of the accelerometer were fixed with itself. The X (left/right) and Y (forward/backward) directions are on the PCB surface, and the Z (up/down) Although still, it is not the exact situation because, in the washing process, the samples are always immersed in the solution together with the mechanical stresses working on it.

However, these experiments were executed on the three-line stitched yarns, prepared with "Type A" and "Type B" yarns.

impedance values. One sample reduced the quality factor to 25.30, although resonance frequency was in good range (15.20). It means water impacted the conductive yarn and increased the linear resistance which ultimately reduced the quality factor (Figure 4.75).

On the other side, water-detergent solution was less damaging on the conductive yarn as compared to the water solution. Here only one sample reduced the quality factor to 25 and the resonance frequency for all samples was in the range of [15][16]. This is the same trend which was observed when transmission lines were tested for water and waterdetergent solutions. Different ingredients especially softeners present in the detergent help to reduce the damaging attack on the yarn surface. Due to the extraordinary combination of detergents, they serve an exceptional property as an interfacial activity. For example, water solvents with surfactants interfacial activity displaying as an amendment in the system properties and finally decreasing the interfacial tension between the water and the adjacent phase.

Different well-developed textile and electronic standards are available for guidelines. They should be modified for proper adoption with e-textile systems, or new norms should be developed based on these existing standards. The washing behavior of domestic washing machines was investigated to understand better the washing parameters and possible forces acting in the washing process. A novel technique of putting the waterproof sealed accelerometer in the washing drum was used to investigate the substrate behavior during the washing process carried out in the domestic washing machine. Based on these analyses, lowand high-speed movements and running and stop time for the washing substrate was highlighted for different washing programs. Diverse stresses involved in these washing processes were shortlisted in four primary categories: mechanical, chemical, temperature, and water stresses.

Different components of e-textile systems, including transmission lines/motherboards, sensors, flexible PCBs, and textile antennas, were investigated for the washing process, and their reliability against the washability was discussed. Several possible techniques that can be used to protect these e-textile components for the possible damages in the washing process were also presented in this study. Some e-textile system components can be covered entirely against environmental damages, e.g., transmission lines. However, others don't have these possibilities, e.g., ECG sensors that should contact the body and cannot be covered.

Therefore, their washing reliability is an essential factor for market acceptance. These etextile components were washed for 50 washing cycles for almost all types of samples. The 50 times washing threshold level was selected based on the idea that an e-textile system has at least one year of life and will be washed once a week.

A method for e-textile system reliability evaluation was presented in this study. Various available test methods can be used, based on the forces working in the washing process, to predict the washing damages without actually washing the product. For example, Martindale abrasion tests, Pilling box tests, and bending tests can simulate the washing machines' mechanical forces during the washing process. Similarly, water and detergent solution tests may be used as the alternative to the chemical stresses. Selected examples for e-textile components are tested with these alternate test methods, but it is not easy to cover all possible e-textile parts. These tests are performed to give the idea of how they may be adopted for etextile reliability evaluation. Of course, the forces generated by test methods may react differently from the combined effect when performed separately. However, a general trend will be helpful to predict the overall behavior against the washing reliability. These alternate