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Abstract

In the current era, human motion monitoring is a crucial research area with profound
implications, playing significant roles in healthcare, sports, and daily life. In healthcare,
it facilitates disease diagnosis and rehabilitation progress monitoring by assessing
patients' physical activity levels. In sports, it optimizes training regimens through
analyzing athletes' movements. In daily life, it oversees individuals' well-being and
activity patterns. Given its importance, there has been a remarkable increase in research
on flexible sensors, aiming to overcome the limitations of traditional rigid sensors like
poor adaptability to body contours and user discomfort. To address these issues,
researchers are utilizing innovative materials and designs that can easily adapt to body
movements and contours. Textile-based sensors, in particular, hold a prominent position
in human motion sensing, mainly due to their comfort-oriented characteristics.
However, there are still many challenges in current research. For example, the
production process is often complex, there exists a persistent contradiction between
achieving high sensitivity and maintaining comfort, and the associated costs remain
relatively high. To address these hurdles, the present thesis focuses on leveraging
knitting technology for the development of human motion sensors. Firstly, the knitted
structure imparts the sensor with remarkable flexibility and softness. Concurrently, it
not only facilitates direct customization but also enables seamless integration, thereby
significantly enhancing the practicality and comfort levels of the sensor. Additionally,
advanced knitting machines are capable of realizing intricate sensor structures by
integrating yarns possessing diverse functions in multifarious ways. This, in turn,
augments the diversity and flexibility in the design process. Furthermore, the well-
established knitting technology plays a pivotal role in promoting the scale expansion of
flexible sensors as well as in reducing their production costs. Collectively, these
distinctive characteristics firmly establish the importance and necessity of developing
knitted-based sensors. In this research, three distinct types of knitted-based sensors

have been successfully developed.



First, a soft, warm, and mass-producible triboelectric carpet fabric is developed for
motion posture monitoring and user recognition. A specially prepared conductive
chenille yarn consisting of core-Ag-coated nylon filaments and shell-acrylic staple
fibers is used as the main raw material. And knitting weft insertion technology is
employed to bundle conductive chenille yarns in 1x1 rib courses formed by nylon
elastic yarns to make the chenille TENG carpet fabric. The chenille TENG fabric, which
exhibits flexibility, warmth, low cost, ease of manufacturing, and compatibility with the
living environment, has demonstrated a maximum power density of approximately
2942 uW/m? in the contact-separation mode. Through simple circuit management for
energy harvesting, it is capable of powering small electronic devices. Moreover, with
the assistance of machine learning, the chenille TENG can be applied to behavior
recognition and user identification. After training the time-current data, four distinct
behaviors, namely slow walking, regular walking, jogging, and jumping, have been
successfully classified, and four different subjects have been recognized. This carpet
fabric thus shows significant potential in smart monitoring systems for home security,

owing to its aforementioned properties and capabilities.

In the second work, an innovative method for efficiently manufacturing flexible sensing
fabrics 1s proposed, leveraging three-thread fleecy knitting technology. This approach
achieves a relatively high production rate of around 11.53 m?/h. The produced fleecy
sensing fabric functions as a triboelectric nanogenerator, capable of generating
electrical signals and attaining a peak power density of about 2446 uW/m? upon rubbing
against cotton fabric. Composed entirely of commercially available yarn materials, the
fabric possesses outstanding flexibility, plumpness, and breathability. Remarkably, it
maintains stable output performance even after undergoing multiple machine wash
cycles. This fabric can be freely cut and tailored into self-powered flexible sensors for
various applications, including insoles for movement pattern monitoring and carpets

for movement posture tracking. With the reinforcement of machine learning algorithms,



the fleecy sensing fabric exhibits strong recognition capabilities. The combination of
these features creates opportunities for the development of flexible sensors that are cost-
efficient, comfortable, and widely applicable, thus expanding their potential for

practical use in a wide range of scenarios.

The third work introduces a novel auxetic braided strain yarn sensor (ABSYS) capable
of achieving industrialized automatic production. The highly stretchable ABSYS is
constructed by wrapping rigid conductive multifilament and highly elastic
nylon/spandex-covered yarn around an elastic core yarn in a mesh pattern using a
circular braiding machine. It exhibits a pronounced auxetic effect and exceptional
sensing performance, including good structural stability, a wide working range, and
high sensitivity. Based on the developed ABSYS, a highly stretchable sensing fabric is
created by seamlessly integrating it into rib fabric using knitting technology. The fabric
demonstrates a broad working range of 2% to 60%, a rapid response time of 0.018 s,
and dependable stability, effectively addressing the majority of human motion sensing
requirements. This type of sensor enables effective motion monitoring through reliable
bending detection at various joints, all while maintaining wearing comfort and
aesthetics. This work offers a promising new approach for strain-sensing fibers and

fabrics in wearable applications.
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Chapter 1: Introduction

1.1 Background and Challenges

In recent years, the rapid development and integration of new material technologies,
Internet technology, and artificial intelligence have sparked a surge in research on
various smart products, including smart wearable devices, smart interactive devices,
and simulation robots. As developers and users of these smart products, humans are
increasingly prioritizing the portability and comfort of these products, leading to a
growing demand for flexible smart products. Consequently, the development of flexible
sensors widely applied in smart products has emerged as a key research focus. Flexible
sensors, made of materials with good flexibility, ductility, and fit, have garnered
attention due to their versatility in various usage scenarios. For instance, flexible fiber
strain sensors can be integrated into clothing for health monitoring by capturing body
movements, breathing, and pulse, and can also be incorporated into gloves for gesture
recognition in sign language interaction. When combined with signal transmission,
intelligent analysis, and display equipment, flexible sensors enable the creation of
remote, efficient, and precise intelligent monitoring or interactive systems. In summary,
flexible sensors play a crucial role in sports health, medical monitoring, artificial

intelligence, human-computer interaction, and other fields.

A large number of bendable, stretchable, and even implantable flexible sensing devices
have been reported for smart wearable applications. The preparation of flexible sensors
typically involves the addition of conductive functional materials onto flexible
substrates through coating, adhesion, chemical deposition, and other methods.
Conductive fibers, carbon-based materials, and metal particles are commonly used as
conductive materials, while polymer films, foams, gels, and textiles are the primary
substrates for flexible sensing devices. Among them, textile-based flexible sensors

stand out in the wearable field due to the natural properties of textiles such as softness,
1



breathability, stretchability, washability, and wear resistance. They can be integrated

into clothing, home textiles, and medical rehabilitation products for application.

However, the main challenges at present are simple and efficient expansion methods
and solving the contradiction between high comfort and sensitivity. Most sensors
involve raw material preparation and equipment integration processes in the laboratory
stage, which are cumbersome and costly and are not suitable for commercial expansion.
In addition, the functional materials used to improve sensitivity usually affect the

wearing comfort of the device.

Considering the above, an economical and efficient method is highly desired to develop
comfortable and highly sensitive textile sensors. This goal can be achieved through the
cooperation of material selection, structural design and preparation process. Knitting
technology can transform a yarn into a piece of fabric, which is simple, efficient, and
versatile compared to weaving technology. Moreover, with the development of
advanced knitting machines, three-dimensional (3D) fabrics of various structures have
been easily realized. Knitting technology shows great potential in the development of
flexible or wearable sensors. This study will develop flexible sensors based on knitting

technology for human motion monitoring.

1.2 Research Objectives

To address the challenges mentioned, this study focuses on developing scalable sensors
with excellent flexibility and comfort for human motion monitoring by utilizing pure
fiber materials and convenient knitting technology. Given the inherent complexity and
diversity of human kinematics, we will design and develop three complementary
sensors to accommodate distinct motion patterns and application scenarios. The specific

objectives of this research are as follows:



1. To develop flexible chenille carpet-based sensors through innovative fancy spinning
and weft inlay techniques, enabling continuous ground-contact motion monitoring
while preserving intrinsic tactile comfort and aesthetic appeal of conventional floor
coverings.

2. To develop cost-effective fleecy fabric sensors by leveraging commercially
available yarn materials and industrialized three-thread fleecy knitting technology,
achieving the monitoring of multimodal human motion involving contact interfaces.

3. To develop high-performance strain-sensing fabrics through scalable braiding and
precise weft inlay integration, creating wearable systems with wide strain-range
capability, enhanced sensitivity, and exceptional stability for monitoring complex

joint motions during dynamic activities including gait and gesture.

1.3 Research Methodology

To accomplish the research objectives, this study will develop three distinct knit-based
sensors utilizing different yarn materials and fabrication techniques, each optimized for
specific human motion monitoring applications. The experimental methodology is

systematically outlined in the flowchart presented in Figure 1.1.

Knit-based Comfortable and Scalable Sensors for Human Motion Monitoring
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Figure 1.1 Flowchart of the overall methodology.
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M1. Design and Preparation of Triboelectric Chenille Carpet Fabrics: Initially,
fancy spinning technology will be used to produce core conductive chenille yarns,
where the conductive core will serve as the electrode and the outer pile will act as the
primary triboelectric material. Subsequently, the fabric will be created by integrating
the chenille yarn with a knitted elastic ribbed base, enhancing its application potential

while maintaining flexibility and comfort.

M2. Design and Preparation of Fleecy Triboelectric Fabrics: This will involve using
three-thread fleecy knitting technology to develop triboelectric fabrics, with the three
yarns designated for the top friction layer, the middle electrode layer, and the bottom
substrate layer, respectively. The use of commercially available yarns will facilitate
ultra-high production efficiency and comfort comparable to traditional fabrics. The
fabric will be further adapted for multiple uses through free cutting and potential

subsequent processing.

M3. Design and Preparation of Resistive Auxetic Strain Sensing Yarns and Sensing
Fabrics: A sensing yarn with an auxetic structure will be developed using circular
braiding technology. This structure will include three components: an elastic core yarn
with excellent stretch and recovery properties, a conductive multifilament for resistance
sensing, and a braided layer formed by fine elastic wrap yarns for high structural
stability. The auxetic sensing yarns will be seamlessly embedded into fabrics through

advanced knitting technology to form fabric sensors.

M4. Characterization and Applications of Prepared Sensing Yarns and Fabrics:
Initially, the physical properties and comfort of the prepared sensing textiles will be
assessed through mechanical tests. Subsequently, the sensing performance of all sensors,
including their sensitivity and stability, will be tested. Furthermore, machine learning

or deep learning technology will be employed to facilitate monitoring and recognition



functions across various application scenarios.

1.4 Research Significance

This study explores the feasibility of creating comfortable and cost-effective textile-
based sensors using various commercial textile raw materials and knitting technology.
It opens new avenues for smart textiles, enabling the production of sensing fabrics that
are both comfortable and functional. The three sensors developed in this research

demonstrate versatile application capabilities across different scenarios.

Firstly, these sensors are constructed from pure commercial yarns without the need for
additional chemical treatments or rigid components. By utilizing readily available
textile materials, the sensors maintain a high level of comfort, safety, and durability.
The absence of chemical treatments not only reduces potential health risks but also
aligns with environmentally sustainable practices. Moreover, the use of flexible textile
yarns ensures that these sensors can be seamlessly integrated into existing textile
products without compromising their inherent properties. This integration capability is
crucial for the development of smart textiles, as it allows for the creation of
multifunctional fabrics that retain the look and feel of traditional textiles while
providing advanced sensing capabilities. The ease of integration also facilitates the
adoption of these sensors in a wide range of applications, from health monitoring and

sportswear to industrial safety and beyond.

Secondly, the manufacturing process employs well-established textile industrial
technologies, particularly knitting. Knitting technology allows for the creation of
fabrics with complex structures and diverse patterns, providing significant flexibility in
sensor design. This flexibility enables customization to meet a wide range of application
needs, and the performance of textile sensors can be enhanced through innovative
structural designs. Additionally, knitting technology excels at integrating multiple

functions within a single fabric. It facilitates the incorporation of conductive fibers,
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sensing elements, and other smart materials seamlessly. The entire preparation process
is scalable and continuous, eliminating the need for complex processing steps. Knitting
technology is already widely used in the textile industry, and its application in
producing textile sensors can significantly reduce the costs associated with developing
and manufacturing motion monitoring sensors. This cost reduction not only makes
large-scale production economically feasible but also promotes the widespread

adoption and use of these sensors.

This study further advances the field by integrating various knitted sensors with
machine learning techniques to achieve reliable human motion recognition. Owing to
the simplified and broadly applicable raw materials and preparation processes, this knit-
based approach shows great promise for the future development of smart textile devices

and smart sensing systems.

1.5 Outline of the Thesis

This thesis is organized as follows:

Chapter 1 provides an overview of the research background on flexible sensors,
highlighting the benefits of textile-based sensors and identifying current challenges in
the field. It outlines the study's objectives, methodologies, and the specific issues it aims

to address.

Chapter 2 reviews recent advancements in textile-based sensors, categorizing them into
types including triboelectric, resistive, piezoelectric, capacitive, and hybrid, and

discusses their various applications.

Chapter 3 elaborates on the fabrication process of chenille triboelectric nanogenerator
carpet fabric. Initially, core conductive chenille yarn is produced using advanced fancy

spinning technique. This yarn is subsequently employed as weft inlay yarn to create
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carpet fabric through knitting technology, specifically designed for monitoring human
motion. This carpet fabric not only generates energy to power small electronic devices
through straightforward circuit management but also facilitates behavior recognition
and user identification with the assistance of machine learning. Moreover, the carpet
fabric is characterized by its softness, warmth, cost-effectiveness, and mass-
producibility, as well as its compatibility with living environments, making it

exceptionally well-suited for home security smart monitoring systems.

In Chapter 4, the emphasis is placed on attaining an ultra-high production efficiency of
flexible sensing fabrics via the utilization of three-thread fleecy knitting technology.
The fabric, which is wholly fabricated from commercially obtainable yarn materials,
demonstrates outstanding pliability, plumpness, and air permeability. It sustains stable
performance even subsequent to undergoing multiple machine wash cycles. This fabric
can be conveniently cut and tailored to form self-powered flexible sensors for a variety
of applications, for instance, being used as insoles for the surveillance of motion

patterns and as carpets for tracing motion postures.

Chapter 5 introduces the development of a novel all-fiber auxetic braided strain yarn
sensor and a sensing fabric based on it, which are suitable for industrialization and
automation. The sensing fabric demonstrates excellent sensing capabilities without
compromising comfort. It can be seamlessly integrated into clothing for motion
monitoring using advanced knitting technology, offering a new approach to strain

sensing in wearable applications.

Chapter 6 concludes the research project by summarizing the findings, acknowledging

existing limitations, and discussing future directions for knit-based flexible sensors.



Chapter 2: Literature Review

Textile-based sensors have received extensive attention in recent years, especially in
the fields of wearable devices and smart textiles. They are expected to have the comfort
of textiles, including softness, breathability, lightness, and stretchability, as well as
durability such as washability. Many different types of textile-based sensors have been
developed, but most of them focus on sensing performance, and the indicators and
evaluation methods for comfort are still unclear. Here, the comfort evaluation of textiles
is briefly summarized and the status of mainstream textile-based sensors in recent years

1s introduced.

2.1 Comfortability of Textiles

As electronic and information technologies continue to advance and societal
perceptions of these technologies evolve, wearable electronics and smart textiles with
capabilities for communication, energy conversion, and electrical conduction have
garnered significant interest. In today's fast-paced world, integrating the internet and
artificial intelligence with wearable technology holds transformative potential,
significantly enhancing efficiency and convenience in daily life [1,2]. Textiles have
increasingly gained attention in energy and sensing applications due to their distinct
advantages, such as being lightweight, breathable, flexible, and washable. Comfort is
derived from a complex interplay of physical, sensory, and psychological experiences
[3,4]. It heavily relies on individual subjective assessments and is influenced by various
factors, including environmental conditions, personal state, and clothing attributes [5].
Numerous indicators assess clothing comfort, with evaluation methods categorized into
subjective assessments and objective measurements. A comprehensive approach to
evaluating fabric comfort combines both subjective and objective techniques [6].
Generally, the fundamental comfort attributes of clothing fabrics encompass sensory

and tactile comfort, fit comfort, thermal and moisture comfort, and aesthetic appearance



[7-9].

2.1.1 Sensorial and tactile comfort and evaluation methods

Sensorial and tactile comfort in fabrics refers to the absence of discomfort or health
risks from skin contact or prolonged exposure [10]. Fabric handle, a crucial measure of
tactile comfort, includes attributes like thickness, stiffness, fluffiness, and smoothness,
which are influenced by raw material specifications and manufacturing parameters
[10,11]. Long-term exposure safety is also vital, with the clothing industry enforcing

strict standards for skin contact and harmful substance content in fabrics [12,13].

Traditional fabrics are primarily produced through weaving or knitting technology,
while nonwoven fabrics serve as fillers or composites not in direct skin contact. Yarn,
the raw material for fabrics, significantly affects fabric handle [14]. For instance, thick
yarns impart a heavy feel. Yarn properties, such as fiber type, fineness, and twist,
complicate evaluations of fabric handle. Yarns are categorized into staple, continuous
filament, and hybrid types based on fiber composition [15,16]. Staple yarns are spun
from short fibers using various processes like ring or air spinning [15]. Continuous
filaments include natural silk and artificial chemical filaments, with variations based on
twist or elasticity [16]. Hybrid yarns mix short fibers and long filaments, such as
common cotton-spandex core-spun yarn [15]. Generally, filament yarns, especially
untwisted ones, produce smoother fabrics than spun staple yarns. High-twist yarns can
create a wrinkled texture, often used for specific fabric styles [17]. Fabrics with elastic

filaments or spandex-hybrid yarns tend to be softer and drape better.

Manufacturing processes also impact the hand feel of fabrics. Knitted fabrics, with loop
structures, offer more stretch and flexibility than woven fabrics, which interlace warp
and weft yarns. Parameters like density and texture significantly influence fabric handle

[14]. High density typically results in tighter, stiffer fabrics. However, fabric textures



are varied and complex, lacking uniform rules. Improving sensory and tactile comfort
depends on effectively designing and matching raw materials with manufacturing

processes.

The Kawabata Evaluation System for Fabrics (KES-F) is the primary method for
assessing fabric handle [18,19]. It includes instruments like tensile and shear tester,
compression tester, bending tester, and friction tester to measure various indices [20].
The system evaluates primary handle attributes such as stiffness and fullness by testing
mechanical and surface properties, then assesses comprehensive handle to reflect
overall wearing comfort. The KES system categorizes fabric handle evaluation into
measured mechanical properties, inferred primary handle, and systematically analyzed
comprehensive handle. Additionally, fabric stiffness, bending length, and flexural

rigidity are assessed using ASTM D1388 and BS 3356 standards.

The production of textile-based sensors involves conductive and electrical materials,
such as nanoparticles, hard wires or threads, and thin films. The integration method of
these materials with traditional fabrics is crucial for wearing comfort. By selecting
appropriate materials, structural parameters, and production processes, the sensor's

sensory comfort can be further improved.

2.1.2 Fit comfort and evaluation methods

Fit comfort in clothing pertains to the mechanical interaction between the fabric and
human body, including skin pressure comfort and the adaptability of the fabric to the
limbs during exercise [21,22]. The goal is to avoid restricting the wearer's normal
movement. Clothing pressure is the perpendicular stress exerted by the fabric on the
skin when worn, arising from the fabric's weight, tightness due to insufficient garment
size, and interaction during joint movements [23]. Undersized garments or body

movements can deform the fabric, increasing pressure. Thus, fabric extensibility is
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crucial for pressure comfort during activity [24,25]. Weft knitted fabrics typically offer
superior elasticity, making them ideal for intimate apparel to enhance comfort.
Additionally, elastic yarns like spandex are often used in sportswear to improve fit
comfort. While elastic fabrics enhance fit comfort, especially in sportswear, excessive
extensibility is not always beneficial. Fabrics should have good elastic recovery and
reliable durability, and provide stable pressure on the skin, which is beneficial to health
[26]. Besides extensibility, clothing looseness-the space between fabric and skin-also
affects fit comfort [27]. The body's three-dimensional shape requires varying looseness
for different areas, influenced by fabric cut and garment design. High-quality clothing
focuses on fit, while systems allowing consumer participation in 3D design can cater to
diverse needs [28]. Fabric extensibility and looseness are complementary; as one
increases, the other can decrease [22,29]. For instance, yoga clothes or sports tights
require less looseness due to high fabric extensibility, while everyday garments like
shirts and trousers need less extensibility and more looseness to maintain style and

comfort.

Fit comfort evaluation involves subjective assessments and objective measurements
[30]. Subjective evaluation involves participants rating comfort attributes like itching
and compression, though results can be influenced by personal conditions and habits,
making the data less directly usable. Objective measurements test the pressure garments
exert on the skin in real-time, using methods like strain gauge sensors, air pressure
measurement, pressure dummy testing, and virtual modeling [21,25,31-33]. A
comprehensive fit comfort assessment combines both subjective and objective methods

for reliable results.

For textile-based sensors, incorporating flexible, stretchable structures into apparel,

especially sportswear, can maximize fit comfort.
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2.1.3 Heat-moisture comfort and evaluation methods

Thermal comfort and humidity comfort are often assessed together due to their
interrelated nature. Heat-moisture comfort is highly related to the microclimate (a thin
air layer close to the skin within the garment, as shown in Figure 2.1), encompassing
both thermal and humidity aspects [34]. This comfort results from a complex interplay
of physical, mental, and sensory perceptions, heavily influenced by individual
subjective feelings [35]. Factors such as environmental conditions (temperature, wind
speed, and humidity), heat production of body, and clothing characteristics affect this
comfort [36]. Clothing's primary role is to maintain heat and moisture balance in the

microclimate across changing environments and activities to enhance comfort [37,38].

Thermal comfort is the state of feeling neither hot nor cold, achieved by maintaining
the body's thermal balance. Heat transfer in the microclimate occurs through radiation,
conduction, convection, and evaporation [39]. Body heat transfers to clothing and then
to the environment. Fabrics, being porous, have complex heat transfer processes
influenced by fiber structure, air content, porosity, moisture, and other factors [40-42].
Higher porosity aids heat transfer, while thicker fabrics reduce heat loss [41]. Thus,
summer fabrics are typically light and porous for cooling, while winter fabrics often
include air layers for insulation [43,44]. Thermal comfort is evaluated through
indicators like thermal conductivity, insulation rate, and thermal resistance, with
instruments such as thermal conductivity testers and thermal manikins [45-47]. ASTM-

F1868 is used for assessing thermal resistance.

Moisture transfer in fabrics, crucial for thermal comfort, especially during sweating,
involves several processes: water vapor diffusion, adsorption and condensation on
fabric surfaces and fiber capillaries, liquid water absorption and transport, and
evaporation [48,49]. Fabric moisture transfer varies with fiber types, production

techniques, and structures [50,51]. For instance, cotton absorbs moisture well but dries
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slowly, while polyester dries quickly but lacks hygroscopicity due to its molecular
structure. Developing moisture-wicking and quick-drying fabrics focuses on altering
fiber cross-sections, designing new multicomponent fibers, and creating special fabric
structures [52-54]. Humidity comfort is assessed through air permeability, moisture
resistance, and moisture permeability using instruments like air permeability testers and
sweating fabric manikins [55-59]. Standards such as ASTM D737, ISO 9237, and GB/T
24218.15 evaluate air permeability, while GB/T 12704.1 or ASTM E96 assess water-
vapor transmission. Absorption and quick-drying properties are evaluated by GB/T

21655.
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Figure 2.1 Schematic illustration of the human microclimate.

2.1.4 Aesthetics

With evolving lifestyles and mindsets, clothing appearance significantly influences
consumer choices [60]. The most immediate and striking aesthetic element is the use of
vibrant colors and patterns. Generally, colorful fabrics are created in three ways. First,
solid colors or patterns are applied to semi-bleached (natural or white) fabrics through

techniques like dyeing and printing [61,62]. Second, dyed yarns are used to produce
13



patterned fabrics directly through jacquard knitting and weaving [63]. Third, intricate

patterns are crafted on embroidery machines or through hand embroidery [64].

The second element of visual aesthetics involves the texture and geometric structure on
the surface of fabric. Variations in yarn structure and manufacturing parameters yield
diverse textures. For instance, filament yarns tend to create a transparent and glossy
look, while twisted yarns can introduce slight surface wrinkles. Fabric texture is further
enhanced through stitch and structural design. Weft-knitted fabrics can achieve various
textured surfaces, such as pique, cable, and cardigan stitches, through combinations of
floats, loops, and tucks [65]. Woven fabrics, like plain, twill, and satin, are formed by
arranging warp and weft yarns [66]. Combining different weaves and yarns results in
more variations. For instance, satin fabric, made from fine filaments like silk or shiny
viscose have a smooth, lustrous surface, conveying luxury and comfort [67]. Pleated
fabrics can be created by incorporating elastic yarns [68]. Additional processes can also
add texture, such as sanding or brushing for plush surfaces [69,70], salt shrinking for

bubble-like textures [71], and embossing for large folds [72].

The third element of visual aesthetics is the garment's style and shape. Unique or
exaggerated accessories and shapes enhance the clothing's aesthetics and

distinctiveness, often seen in necklines, sleeves, and waist areas [73,74].

When integrating textile-based sensors into clothing, their impact on visual aesthetics
must be considered, ensuring sensors are seamlessly incorporated into the textile

without compromising appearance.

2.2 Textile-based Flexible Sensors

Textile-based sensors can be classified in different ways. According to the structure,

they can be divided into fiber type, two-dimensional fabric type, and three-dimensional
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fabric type. According to the working principle, they can be divided into triboelectric

sensor, resistive sensor, piezoelectric sensor, capacitive sensor, etc.

2.2.1 Textile-based triboelectric sensor

Triboelectric nanogenerator (TENG) is a new type of energy device that converts static
charges into flowing current through a simple dielectric-electrode combination
structure, which can be used to power electronics [75]. With the advantages of
sustainability, simple structure, and simple fabrication, TENGs have received extensive
attention in recent years. TENGs have different output responses to diverse forms of
mechanical motion, so they are excellent self-powered sensors in addition to providing
power service. Especially, textile-based TENGs (t-TENGs) can be used as wearable
sensors for monitoring human activities due to their properties of softness, breathability,

stretchability, and washability.

TENGs work based on triboelectric electrification, which involves contact and friction
between two different materials. Various materials differ in their ability to gain or lose
electrons after rubbing, and Figure 2.2a shows the triboelectric propensity of some
common textile materials [76]. Positive materials tend to lose electrons to form positive
charges after friction, while negative materials are more likely to gain electrons. The
composition of a TENG includes triboelectric layers that can generate static charges
after rubbing and one or more electrodes that induce and transfer electrons to form the

current.

There are four basic TENG modes until now, including contact-separation mode,
sliding mode, single-electrode mode, and freestanding triboelectric-layer mode [77].
The working principle of the first mode is shown in Figure 2.2b. When pressed and
rubbed in contact, the surfaces of the two triboelectric layers will generate equal static

charges with opposite polarities. After releasing the pressure, the up and down layers
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separate gradually, resulting in an increased potential difference between the two
surfaces. The potential difference will drive the induced electrons to flow from one
electrode to another through the external circuit until it is balanced when the maximum
separation is reached, thereby forming the current. Likewise, a reverse flow of electrons
will occur due to the reduction of the potential difference when the two layers are
compressed again. The other modes work similarly, just differ in the form of contact.
During periodic compression-release cycles, the TENG will generate regular AC
outputs, as shown in Figure 2.2c. The sensing mechanism of TENGs is that in a single
cycle, parameters such as the magnitude, frequency, and speed of the mechanical force
will be reflected in the maximum value (distance between the peak and the trough),
width, and climbing (or descending) slope of the output signal, so the mechanical

motion data will be transformed into visualized curves for subsequent analysis.
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Figure 2.2 Working mechanism of the t-TENG sensor. (a) Triboelectric propensity of
some common textile materials. (b) Working principle of the contact-separation mode

TENG. (c) The output signal curve under cyclic compression-release.

There are mainly two ways to fabricate t-TENGs, one is to add triboelectric and
electrode layers on common textile substrates by using chemical or physical methods,
which form a semi-textile structure (St-TENG). Methods such as thin film lamination,
coating, printing, and injection molding are commonly used to fabricate St-TENGs [78].
The other one is to employ dielectric and conductive yarns and fabricate them into t-

TENGs through traditional textile techniques such as knitting, weaving, and braiding,
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which form a pure textile structure (Pt-TENG).

St-TENGs offer a broad range of options for triboelectric layer materials, while
electrode layer materials are typically composed of metal- and carbon-based substances.
Textile substrates come in various forms, with elastic fibers and yarns frequently used
in tensile strain sensors, and 3D spacer fabrics, known for their excellent compression
resilience, commonly employed in contact-separation modes. The primary advantage
of St-TENGs lays in their ability to form various shapes of protruding micro-nano
structures or particles on the surface of the triboelectric layer through chemical or
physical modification. This increases the effective contact area, resulting in a high
voltage output, often exceeding 100 V. However, the use of dense films or coatings may
reduce comfort by affecting breathability, and the laboratory preparation methods used
are not suitable for large-scale production. A straightforward strategy involved creating
a 1D tensile strain TENG sensor by applying conductive materials onto elastic fiber or
yarn substrates. Common elastic substrates included polyurethane (PU),
polydimethylsiloxane (PDMS), silicone rubber, and elastomeric poly(methyl acrylate).
For example, Chen et al. developed a highly stretchable yarn TENG using a
multigradient hierarchical structure composed of highly stretchable PU and
ultraflexible silicone rubber (Figure 2.3a) [79]. The process began with wrapping a
conductive electrode around the stretchable PU to create the initial helical layer, serving
as the inner electrode. This was followed by encapsulating the layer with ultraflexible
silicone rubber to facilitate electrification and charge generation. Finally, copper wires
were wound around the silicone rubber, acting as the outer electrode and an additional
triboelectrification layer. This hierarchical helical yarn exhibited remarkable flexibility
and operated effectively within a strain range of 60% to 120% (Figure 2.3b). Similarly,
Cheng’s group developed a stretchable fiber nanogenerator (FNG) capable of capturing
various mechanical energies, including strains from 0% to 50%, as well as pressing,
twisting, and bending [80]. This coaxial fiber design featured a core fiber with a PU-

silver nanowire (AgNW)-polytetrafluoroethylene (PTFE) layer and a sheath electrode
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with a PDMS-AgNW layer (Figure 2.3c). The resulting FNG was highly stretchable,
allowing it to adapt to surfaces with arbitrary curvature, as depicted in Figure 2.3d. This
type of 1D sensor was characterized by its flexible structure and ease of integration into
wearable products. Two-dimensional and 3D St-TENGs enhanced their functionality
through strategic material pairing and physical or chemical modifications. For instance,
Zhang et al. created a high-performance wearable t-TENG with an oblique microrod
array structure, achieving a peak power density of 211.7 uW/cm?. This t-TENG was
designed to be worn on the elbow, enabling continuous energy harvesting from human
motion, serving as a sustainable power source or sensor (Figure 2.3¢) [81]. Additionally,
a hydrophobic layer composite enabled the collection of energy from water droplets.
An all-textile TENG with hydrophobic and breathable properties was created,
incorporating triboelectric nanoparticles on its surface to effectively harness energy
from raindrops, resulting in an output voltage of 22 V (Figure 2.3f). This innovation
can be incorporated into rainwear and other types of wearable rain gear [82]. Liang and
colleagues developed a droplet energy harvesting fabric optimized for topology, which
offers high flexibility and breathability (Figure 2.3g). Utilizing this fabric, they
constructed a self-powered wireless wearable prototype capable of successfully
detecting key droplet characteristics, including temperature, salinity, and pH [83]. 3D
spacer fabrics were frequently used as substrate materials for St-TENGs due to their
excellent compression recovery properties. Zhu et al. developed a friction
nanogenerator using a 3D weft-knitted spacer fabric, consisting of two outer layers
made of spandex/nylon multifilaments and a spacer layer of polyester monofilaments
(Figure 2.3h). The nylon fibers exhibited a positive friction polarity, while the lower
layer was coated with PTFE, which had a negative friction polarity. The polyester
spacer layer provided elasticity, and graphene ink was applied to the upper nylon layer
for charge collection [84]. Similarly, Liu et al. prepared a friction nanogenerator using
a commercially available 3D spacer fabric as a template (Figure 2.31). This fabric was
woven from polyethylene terephthalate (PET) fibers and coated with a thin PDMS layer

via dip coating. The surface featured numerous pyramids, ensuring effective friction
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with the PET fiber layer under pressure [85]. While these TENGs typically exhibite
strong electrical output due to high-density metal and polymer coatings, these coatings
compromise the softness and breathability of the fabric, reducing comfort when used in

wearable electronic devices.

® Carbon paste @ PDMS microrod

Nylon fabric Spandex fabric

Figure 2.3 Various typical St-TENGs. (a) A yarn-based TENG strain sensor with
multigradient hierarchical structure and (b) its high elasticity and flexibility [79]. (c)
Structural design of a coaxial fiber optic sensor and (d) its high stretchability [80]. (e)
High-performance wearable t-TENG with oblique microrod array structure [81]. (f)
Hydrophobic layered composite t-TENG [82]. (g) Topologically optimized droplet
energy harvesting fabric [83]. (h) TENG based on 3D weft-knitted spacer fabric [84].

(i) Enhanced 3D spacer fabric-based TENG with many pyramids on the surface [85].

Pt-TENGs are typically produced using conventional textile techniques such as knitting,
weaving, and braiding. To meet textile manufacturing requirements and optimize
triboelectric properties, materials are selected based on their triboelectric characteristics.
Soft, highly positive materials like nylon yarn are commonly used to create the positive
triboelectric layer, while highly negative materials such as Teflon and polyethylene

yarns are used for the negative triboelectric layer. Electrode yarns often consist of steel
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composite yarns, silver-plated yarns, and carbon fiber yarns. A common approach
involves creating core-shell yarns with conductive cores, which are then incorporated
into t-TENGs using traditional textile methods [86-95]. As illustrated in Figure 2.4a,
Yu et al. innovatively crafted a comfortable and flexible TENG textile by weaving or
knitting core-shell yarns, which consist of a conductive fiber core encased in a sheath
of standard textile fibers [86]. In this design, the inner conductive fibers act as
electrodes, while the outer fibers serve as a triboelectric dielectric material. These
TENG textiles (Figure 2.4b) retain the advantageous properties of apparel fabrics, such
as being flexible, lightweight, and allowing for diverse fiber material choices. Similarly,
as shown in Figure 2.4c, Ye et al. developed an energy harvesting textile (EHT) by
weaving or embroidering TENG yarn. This yarn was made with a stainless steel fiber
core and a shell of natural silk fiber combined with PTFE fiber, using a shuttle loom or
embroidery machine [95]. By carefully selecting materials and designing the structure,
the EHT's overall performance was improved, including its output performance,
mechanical strength, flexibility, and wearability. As shown in Figure 2.4d, the core-
shell yarns can be crafted into any desired pattern using an automatic embroidery
machine. Dong et al. used a circular braiding method to prepare conductive core-shell
yarns and employed weft knitting technology to create a tubular TENG capable of
operating in both tension and compression modes (Figure 2.4¢) [96]. This fabric can be
seamlessly integrated into knitted trousers for motion monitoring using intarsia

technique (Figure 2.4f).
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Figure 2.4 Various typical Pt-TENGs. (a) Core-shell yarn consisting of a conductive
fiber core and a standard textile fiber sheath and (b) flexible TENG textiles made from
such core-shell yarns [86]. (c) Energy-harvesting textiles made by weaving or
embroidering TENG core-shell yarns and (d) various patterns achieved by this
technology [95]. (e) Tubular TENG fabric made from braided core-shell yarns and (f)

knitted pants with seamless integration of this sensing fabric [96].

Another strategy involves combining different functional yarn materials to create a
TENG through the fabric's structure itself. For instance, a sandwich-structured TENG
was created utilizing a knitted spacer fabric. In this design, the top and bottom layers
were composed of conductive silver-plated nylon fibers and dielectric polyacrylonitrile
fibers, respectively. Cotton fibers, which had neutral triboelectric properties, were used

to connect these layers (Figure 2.5a) [92]. The fabricated t-TENG was ultrathin,
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lightweight, and flexible, making it suitable for scrolling, folding, and kneading. A
triboelectric all-textile sensor array (TATSA) was knitted using a full cardigan stitch,
incorporating conductive yarns, nylon yarns, and ordinary threads (Figure 2.5b) [91].
Thanks to the variety of commercial nylon yarns available, TATSAs were produced in
a range of colors to meet aesthetic and fashion requirements, as shown in Figure 2.5c.
This TATSA design could be seamlessly incorporated into various sections of clothing
to enhance visual appeal and was employed for monitoring respiratory and pulse signals
(Figure 2.5d). The plating technique (Figure 2.5e) allowed for a physical parallel
overlapping arrangement of the conductive and friction layers while preserving the
original breathable pore structure and flexible texture of the knitted fabric (Figure 2.5f)

[97].
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Figure 2.5 TENG sensing fabrics realized by special fabric structures. (a) TENG based

on knitted spacer fabric structure [92]. (b) Triboelectric all-textile sensor array (TATSA)
formed by full cardigan stitch. (c) TATSA samples in various colors. (d) TATSA

integrated into clothing to monitor pulse and breathing signals [91]. (¢) TENG fabric

realized by knitting plating technique and (f) its excellent flexibility [97].

These methods can enhance the comfort of self-powered sensing fabrics and are well-

suited for mass production. However, the output of Pt-TENGs is generally low because

of the limited surface modification techniques available.
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2.2.2 Textile-based resistive sensor

The working mechanism of resistive sensors is to reflect the magnitude of strain or
force (a few reflect changes in temperature or humidity) through the change in
resistance of conductive materials, which are widely used in various fields due to their
simple working principle and structures. Textile-based resistive sensors combine the
softness and comfort of textiles and have more advantages in wearable sensing. They

are mainly divided into fiber/yarn-based sensors and fabric-based sensors.

Fiber/yarn-based resistive sensors, characterized by their one-dimensional (1D) linear
structure, are predominantly utilized for tensile strain sensing. Their flexible
architecture allows for seamless integration into clothing and other textile products. The
primary components of these 1D resistive strain sensors include conductive and elastic
elements. Conductive components are responsible for sensing resistance changes, with
their conductive properties significantly influencing the sensor's sensitivity and stability.
Common materials used for these components include conductive polymers [98],
carbon-based materials [99,100], and metals [101,102]. The elastic component, on the
other hand, provides an appropriate working range for tensile strain, necessitating
different elastic materials for various applications. Typical materials include PU and
elastic polyester. There are two main methods for preparing fiber/yarn-based resistive
sensors. The first involves directly creating stretchable conductive fiber sensors through
specialized spinning techniques. This method begins at the source by mixing
conductive materials with elastic matrix materials or spatially positioning them,
followed by extrusion through a spinneret into a coagulation bath to form composite
fibers. For example, scalable wet spinning technology was able to produce MXene/PU
composite fibers that were both conductive and highly stretchable (Figure 2.6a). These
fibers could sense strains up to approximately 152% and exhibited a high gauge factor
(GF) of about 12,900 [98]. Additionally, a coaxial wet spinning method was developed,

which resulted in sheath/core fibers consisting of a pure PU fiber core enveloped by an
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MXene shell (Figure 2.6b). These fibers demonstrated enhanced stability when
subjected to cyclic stretch-release deformation across various applied strains [98]. The
second method is simpler, integrating the conductor and elastomer through physical or
chemical processes. For example, Sun et al. developed a strain sensor by coating
conductive carbon nanotube (CNT) ink onto PU yarn using expansion and ultrasonic
treatment processes (Figure 2.6¢). This sensor, with high tensile strength, sensitivity,
and wear resistance, achieves an ultra-low detection limit of less than 0.1% strain
through a crack structure, enabling quick and accurate detection of subtle human
movements such as pulse, vocalization, inhalation, and facial micro-expressions [99].
Similarly, Li et al. utilized polyvinyl alcohol as a binder to evenly adhere graphene to
the surface of polyurethane multifilament, creating a flexible strain sensor (Figure 2.6d).
They investigated the effects of graphene concentration and coating number on sensor
performance, including sensitivity, linearity, repeatability, hysteresis, and thermal
stability [100]. Recent advancements have also led to the development of yarn strain
sensors with negative Poisson structures. A full-fiber auxetic-interlaced yarn sensor
(AIYS) was created using mass-producible spinning technology. This sensor, as
depicted in Figure 2.6e, features two conductive silver-plated polyamide yarns
interlaced with a core PU yarn at high speed along the winding direction, forming a
sensing yarn that exhibits a pronounced auxetic effect (Figure 2.6f). The sensing
mechanism relies on the contact resistance between the helical units of the sheath yarn
and the fiber bundle during stretching. Sixteen sensing yarns are embedded in key joints
of knitted gloves, enabling the recognition of 26 letters through machine learning
(Figure 2.6g) [101]. Building on this structure, Zhang et al. explored the impact of the
number of core yarns and spiral conductive yarns on the auxetic and sensing
performance of the sensor, ultimately developing a strain sensor suitable for monitoring

large human body movements [102].
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prepared by scalable wet spinning technology and (b) a coaxial wet spinning method
for manufacturing sheath/core fibers composed of pure PU fiber core wrapped with
MXene shell [98]. (c) A strain sensor developed by coating CNT ink onto PU yarn using
expansion and ultrasonic processes [99]. (d) A flexible strain sensor made by uniformly
adhering graphene to the surface of polyurethane multifilament using polyvinyl alcohol
[100]. (e) Full-fiber auxetic-interlaced yarn sensor (AIYS) and its (f) obvious auxetic

effect. (g) AIY'S used to recognize 26 letters [101].

To effectively develop fabric-based resistive sensors, it is imperative to integrate
resistive-responsive conductive materials into fabric substrates. A fundamental
approach to achieving this involves incorporating conductive substances into
conventional fabrics through physical or chemical methods. For instance, CNTs and
poly(3,4-ethylenedioxythiophene): poly(styrene sulfonate) (PEDOT:PSS) inks were

inkjet printed onto fabric substrates to fabricate resistive-responsive temperature
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sensors [103]. Moreover, carbonization of natural biomaterials has emerged as an
effective strategy to engineer conductive networks for enhanced resistive sensing
textiles. For example, silk fabrics that underwent high-temperature carbonization in an
inert atmosphere (Figure 2.7a) were directly utilized as stretchable resistive sensors,
exhibiting exceptional flexibility, high sensitivity, and a broad operational strain range
[104]. This technique enabled the detection of human activities and biological signals
from multiple directions and was also applicable to other fabrics, such as cotton [105].
Choi et al. improved the sensitivity of carbonized fabric sensors by employing 3D
spacer fabrics, as illustrated in Figure 2.7b [106]. Another effective strategy involved
integrating conductive or resistive sensing yarns into fabrics using traditional textile
manufacturing techniques. For instance, conductive yarns were embroidered into fire-
resistant clothing to develop temperature sensors [107]. As shown in Figure 2.7c,
Seyedin's team devised a scalable production method for highly conductive and elastic
PU/PEDOT:PSS composite fibers [108], which were combined with spandex in a
circular weft knitting machine to produce knitted fabrics with significant strain sensing
properties [109]. Fan et al. created acrylic/copper double-coated conductive yarns and
embedded them into highly elastic rib fabrics using weft inlay technology to form
flexible strain sensors, as illustrated in Figure 2.7d [110]. These sensing fabrics could

be seamlessly integrated into garments for the purpose of monitoring human motion.
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producing scalable, highly conductive and elastic PU/PEDOT: PSS composite fibers
[108]. (d) A flexible strain sensor formed by embedding acrylic/copper double-coated

conductive yarns into the rib fabric [110].

2.2.3 Textile-based piezoelectric sensor

First proposed in 2006, the piezoelectric nanogenerator (PENG) is one of the two
primary types of nanogenerators [111], along with the TENG. PENGs exploit the
piezoelectric effect to transform mechanical energy into electrical energy. Typically
composed of nanoscale piezoelectric materials, these devices generate voltage by
inducing charge separation when subjected to mechanical stresses like bending,
stretching, or compression. Common piezoelectric materials encompass piezoelectric
crystals (single crystals) [112,113], piezoelectric ceramics (polycrystalline
semiconductors) [114-116], and polymer-based piezoelectric materials [117,118]. With
the advent of smart wearable technology, flexible piezoelectric materials, such as
electrospun polyvinylidene fluoride (PVDF) fiber membranes, have gained significant
popularity. Similar to TENG, PENGs can detect and measure physical quantities like
pressure, acceleration, vibration, force, and sound waves by analyzing the generated
electrical signals, making them effective sensors. Textile-based PENGs (t-PENGs)
offer enhanced flexibility and comfort, making them particularly suitable for wearable
applications. Structurally, they can be categorized into fiber/yarn-based PENGs and
fabric-based PENGs. The working principle of t-PENG is shown in Figure 2.8. In the
initial state, the charge centers of the cations and anions coincide with each other, and
there is no polarization inside the piezoelectric material (i). When pressure is applied,
the deformation of the piezoelectric fabric results in negative strain and volume
reduction. The charge centers separate to form an electric dipole, and the electric dipole
moment changes, which results in the formation of a piezoelectric potential between
the electrodes. If the electrode is connected to an external load, the piezoelectric

potential will drive electrons through the external circuit and achieve a new equilibrium
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state (i1), thereby generating electrical energy. The highest polarization density (iii)
occurs when the two conductive fabric electrodes are in complete contact, that is, when
the maximum pressing state is achieved. When the external force is released, electrons
flow back to rebalance the charge caused by the released strain under short-circuit
conditions (iv). By applying reciprocating strain, a steady pulse of current will flow
through the external circuit. When the measurement system is connected in reverse, the

output voltage and current signals are reversed [119].

i i if v i

(a)@ Cations @ Anions (b) i i
! 1
. External encapsulation V0 ] :
g 1
1 I
' Conductive fabric 1 I |
e N \_ :
' Piezoelectric materials | 0 li————
e ) Conductive fabric 2 ,
Pressing 4 (ii)

- ——

®
Ey ®

 O®

Maximum
pressed
(iii)

A A 4

Figure 2.8 Working principle of t-PENG [119].

Fiber/yarn-based PENGs are easily integrated into clothing and wearable products, but
their structure is more complex than fiber/yarn-based resistive sensors due to the
necessity of both piezoelectric and electrode materials. A typical fabrication method
involves embedding piezoelectric materials between internal and external conductive

electrodes. For instance, as illustrated in Figure 2.9a, a highly flexible PENG composite
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yarn can be created using simple wrapping and coating techniques. An electrospun
PVDF-trifluoroethylene (PVDF-TrFE) film is hand-wound onto silver-coated nylon
yarn and then covered with conductive CNTs. The assembly is dip-coated in the
elastomer styrene-ethylene-butylene-styrene for mechanical protection and electrical
insulation [120]. The resulting PENG yarn can be curled, knotted, sewn, and woven
without damage, and a 1 cm segment can produce a voltage output of up to 2.6 V when
compressed transversely. Additionally, PVDF-TrFE electrospun strips can be twisted
into highly stretchable yarns, as shown in Figure 2.9b, achieving a tensile strain
capacity of approximately 740%, which generates alternating electrical potentials
during stretching and shrinking [121]. Xue et al. developed a more comfortable and
durable PENG yarn using electrospinning and braiding technologies. As depicted in
Figure 2.9¢, PVDF nanofibers are continuously and evenly wound onto a conductive
core yarn via electrospinning, followed by the application of a conductive braiding

network using circular braiding technology to form a three-layer PENG yarn. Fabrics

made from this yarn can be incorporated into clothing to detect human motion (Figure
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Figure 2.9 Fiber/yarn-based PENGs. (a) PENG composite yarn created using simple
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wrapping and coating techniques [120]. (b) PVDF-TrFE electrospun strips twisted into
highly stretchable yarn sensors [121]. (c) PENG yarn developed using electrospinning
and braiding techniques and (d) such yarn used in clothing to detect human motion

[122].

Fabric-based PENGs typically incorporate piezoelectric materials into fabric substrates
through methods such as coating and dipping. For instance, as illustrated in Figure
2.10a, Huang et al. immersed polyester fabric in a graphene/PVDF solution, followed
by drying to produce a graphene/PVDF-coated fabric. This coated fabric was then
integrated with Al foil electrodes to create a piezoelectric sensor. The performance of
this sensor, based on graphene/PVDF-coated fabric, is significantly enhanced compared
to sensors made from pure PVDF film and PVDF-coated polyester, as shown in Figure
2.10b [123]. 3D spacer fabrics, a popular choice for textile substrates in pressure
sensors, were employed to improve the piezoelectric properties of PVDF films. As
depicted in Figure 2.10c, a piezoelectric sensor was constructed by sandwiching
electrodes and a PVDF film between two layers of spacer fabric. The prestrained
monofilaments in the spacer fabric enhanced the piezoelectric output by inducing
multiple local strains on the PVDF film when external force was applied. This
configuration showed significant potential for detecting biological signals such as
sound waves, breathing, and pulse, as well as movement signals like fingertip pressure,
sole pressure, and knee bending [124]. In addition, transforming piezoelectric materials
into yarns offers a more stable and efficient production strategy for piezoelectric sensors.
Kim et al. employed an innovative electrospinning technique, utilizing 50 nozzles to
simultaneously produce multiple bundles of PVDF nanofibers. These fibers were then
processed into PVDF yarns through stretching and twisting. Subsequently, the PVDF
yarns were used as weft yarns to weave various fabric structures, as shown in Figure
2.10d. The resulting fabric was placed between conductive fabrics to form pressure
sensors, which demonstrated excellent sensing performance and were suitable for

gesture and motion recognition applications [125].
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Figure 2.10 Fabric-based PENGs. (a) Graphene/PVDF coated fabric and (b) its sensing

performance [123]. (c) 3D spacer fabric for improving the piezoelectric properties of
PVDF film [124]. (d) A new method for producing multiple bundles of PVDF
nanofibers simultaneously using 50 nozzles and the subsequent development process

of PVDF yarn and fabrics [125].

2.2.4 Textile-based capacitive sensor

Capacitive sensors are devices that translate physical or mechanical quantities into
changes in capacitance, making them ideal for measuring displacement, vibration,
speed, and pressure. Textile-based capacitive sensors typically employ a parallel plate
configuration, consisting of a dielectric layer positioned between two conductive textile
layers. Compared to other textile sensors, they offer a stable structure, rapid response,

and high linearity. The capacitance CC is determined by the following formula [126]:
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SOErA .
C = P Equation 2.1

In the formula, &0 represents the vacuum dielectric constant, ¢, is the relative dielectric

constant of the dielectric layer, A denotes the effective area of the electrodes, and d is
the distance between the electrode plates. When an external force is applied, the
material of the capacitive sensor deforms, potentially altering &,, 4, or d, which in turn
changes the capacitance C. By establishing a relationship between the capacitance and

the deformation or force through testing, the sensor can effectively detect changes.

The silicon-based sensor serves as a representative example of textile-based capacitive
sensors, featuring a silicon-based elastic medium positioned between two textile-based
conductive plates. For instance, Gao et al. employed a fabric structure as a substrate,
utilizing nickel-plated carbon fiber-filled conductive rubber for the electrode layer and
PDMS as the dielectric layer to construct a flexible plate capacitor with an internal
surface structure, as depicted in Figure 2.11a. This sensor is highly responsive to human
movement, water droplets, and finger touch, owing to the strain response of the
dielectric, as illustrated in Figure 2.11b [127]. The Walsh team advanced the field by
developing a sensor sheet suitable for mass production. They used a flexible thermal
bonding electrical connection method to securely attach a silicone elastomer between
two conductive knitted fabrics (Figure 2.11¢). Furthermore, individual sensors can be
customized through a laser cutting process (Figure 2.11d). This sensor sheet exhibits a
sensitive capacitance change in response to tension or compression, providing the

flexibility and comfort necessary for monitoring human movement [128].

Moving beyond the conventional monolithic flat plate structure, researchers have
progressively developed array capacitive sensors using interwoven fabrics. For
example, Zhang et al. designed a capacitive pressure sensor by interweaving core-
conductive core-spun yarns, as shown in Figure 2.11e and f. Capacitance changes occur
at the intersections of these yarns. When external pressure is applied, the distance

between adjacent yarns decreases, resulting in an increase in capacitance. This system
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has a detection limit of approximately 3.6 Pa, enabling the sensor array to reliably detect
the loading and unloading of individual soybeans (approximately 200 mg) [129]. The
sensitivity of capacitive sensors has traditionally been limited by their structural and
operational principles. Conventional materials exhibit a positive Poisson's ratio, which
restricts the area expansion of the capacitor element to less than the applied strain,
thereby preventing the sensor from achieving a GF greater than 1. Cuthbert et al.
addressed this limitation by developing a helical auxetic yarn capacitive sensor, as
shown in Figure 2.11g. This sensor achieved a GF of up to 4 due to the auxetic effect,

which allows for a greater increase in electrode area relative to the applied strain [130].
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Figure 2.11 Textile-based capacitive sensors. (a) A flexible plate capacitor with an
internal surface structure using fabric as substrate, conductive rubber as electrode layer,
and PDMS as dielectric layer and (b) the state of the sensor when compressed [127]. (c)
Fabric capacitive sensor prepared using thermal bonding electrical connection method
and (d) laser cutting process for customizing individual sensors [128]. (e) A capacitive
pressure sensor designed by interweaving core conductive core-spun yarn and (f) its

photo [129]. (g) A helical auxetic yarn capacitive sensor [130].
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2.2.5 Textile-based hybrid mode sensor

In addition to the aforementioned textile-based sensors that operate on a single
mechanism, there exist hybrid mode sensors that combine multiple working principles.
By integrating different modes, the sensitivity of these sensors can be significantly
enhanced. Common mode combinations include triboelectric/piezoelectric [131,132],
piezoelectric/capacitive [133,134], and resistive/capacitive [135,136]. For instance, a
hybrid triboelectric/piezoelectric 3D fabric was developed. As illustrated in Figure
2.12a, a copper wire and a spring served as electrodes, while piezoelectric materials
(BaTiO3/PDMS) and triboelectric materials (AgN'W/PDMS) were applied to create the
PENG yarn and the TENG yarn as warp yarns, respectively. Subsequently, the PTFE
yarn was used as weft yarn to construct a 3D interlocking parallel structure hybrid
nanogenerator (Figure 2.12b). Due to the coupling effect, the triboelectric and
piezoelectric effects synergistically operated under pressure, resulting in a
nanogenerator textile with outstanding output performance. This textile functioned as a
self-powered motion detector capable of identifying various bending and stretching
movements, including finger, wrist, elbow, and knee motions, as well as arm swings
and footsteps [131]. Su et al. fabricated a fully textile capacitive pressure sensor using
a piezoelectric P(VDF-TrFE) nanofiber membrane as the dielectric layer and
conductive fabrics as the electrodes, as depicted in Figure 2.12¢. The piezoelectric
properties of the P(VDF-TrFE) nanofibers generated a potential difference under
pressure, thereby amplifying the sensor's sensitivity [134]. Additionally, a
resistive/capacitive hybrid response optical fiber pressure sensor with a three-layer
core-sheath structure was developed. The preparation process and structure are shown
in Figure 2.12d. The inner layer consisted of PU elastic electrodes with high CNT
content, the middle layer comprised PU piezoresistive composite materials with low
CNT content, and the outer layer was made of insulating materials. Experimental results

demonstrated that the hybrid response significantly enhanced sensitivity [135].
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Figure 2.12 Textile-based hybrid mode sensors. (a) Preparation process of copper core
PENG yarn and spring core TENG yarn and (b) 3D interlocking parallel structure of
hybrid triboelectric/piezoelectric fabric [131]. (c) All-textile capacitive pressure sensor
made of piezoelectric P (VDF-TrFE) nanofiber membrane as dielectric layer and
conductive fabric as electrode [134]. (d) Preparation process and structure of a three-

layer core-sheath structured resistive/capacitive hybrid response optical fiber [135].

2.3 Application of Textile-based Sensors

Textile-based sensors offer numerous advantages, particularly in wearable applications,
owing to the inherent properties of textiles. These sensors can be seamlessly integrated
into clothing to monitor the movements of various parts of the human body. With the
help of advanced machine learning or deep learning, the detected signals can be
accurately classified, allowing textile-based sensors to be applied in a wide range of
fields, including the monitoring of sports performance, the capture of gestures or
postures in virtual reality (VR) and augmented reality (AR) environments, and vital

signs detection within the healthcare sector.

2.3.1 Intelligent sports sensors
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The idea of intelligent exercise is to assist in more professional, personalized and
scientific fitness. Textile-based sensors equipped with sensing, recording, and feedback
capabilities offer significant potential in sports monitoring by evaluating and guiding
users' exercise or training routines, while having considerable wear comfort, having
great application potential in sports monitoring. For example, Lin et al. developed a
triboelectric sensing device embedded in an insole (Figure 2.13a), capable of accurately
monitoring and distinguishing various gaits such as walking, running, jumping, and
striding in real time by analyzing gravity-induced electrical outputs (Figure 2.13b). This
innovative insole not only tracks gait data during physical activity to evaluate fitness
outcomes but also aids in a sports fall alert system [137]. Zhu's team incorporated a t-
TENG-piezo chip hybrid sensor into a sock for motion tracking and gait recognition.
What's more, this hybrid sensor is capable of quickly assessing sweat levels by
analyzing the output signal produced through direct mechanical contact (Figure 2.13c)
[132]. A resistive and capacitive fabric sensor array was developed for monitoring
Taeckwondo movements, as shown in Figure 2.13d, which has dual responses to tactile
and tension stimuli [138]. The above-mentioned textile-based sensors will play an

important role in intelligent sports applications.
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Figure 2.13 Textile-based sensors for sports monitoring. (a) Smart sensing insole and
(b) its gait monitoring curves [137]. (c) Schematic illustration of a t-TENG and

piezoelectric chip hybrid sensing sock [132]. (d) Resistive and capacitive fabric sensor
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array for monitoring Tackwondo movements [138].

2.3.2 Motion capture in VR/AR

VR/AR technology integrates real and virtual worlds, allowing users to gain immersive
perception in virtual scenes and interact with virtual props. This represents a profound
form of human-computer interaction, with applications spanning education,
entertainment, medical rehabilitation, and industrial design. A crucial aspect of VR/AR
interaction involves collecting and interpreting user data, such as position, gestures,
posture, and motion, which typically relies on bulky wearable sensors and advanced
photographic equipment. Textile-based sensors offer a more cost-effective, portable,
and comfortable alternative. Currently, gesture recognition is a primary focus in this
field. For instance, Wen et al. developed a superhydrophobic triboelectric textile using
a CNT/thermoplastic elastomer coating method, creating a self-powered gesture
recognition glove (Figure 2.14a). By training a CNN model (Figure 2.14b), this glove
achieved high-precision VR/AR gesture control, applicable to virtual activities like
shooting and pitching (Figure 2.14c¢) [139]. Subsequently, Wen and his team devised a
sign language recognition and communication system by integrating technologies such
as a t-TENG gesture recognition glove (Figure 2.14d), Al modules, and VR interfaces.
This system successfully recognized 50 words and 20 sentences in sign language,
projecting the results into virtual space as audio or text, thus facilitating barrier-free
communication between the hearing impaired and those with normal hearing (Figure
2.14e) [140]. The auxetic resistive strain sensing yarn was integrated into a glove and
also achieved accurate sign language recognition, as shown in Figure 2.14f [101]. It is
undeniable that textile-based sensors show great potential in virtual technology

applications.
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Figure 2.14 Textile-based sensors for VR/AR applications. (a) Schematic diagram of
the structure of a coated superhydrophobic triboelectric textile and (b) the CNN model
used for training and (c) its application in virtual pitching [139]. (d) Schematic diagram
of the gesture recognition gloves and (e) the sign language recognition and
communication demonstration in virtual space [140]. (f) Auxetic strain sensing yarn for

sign language recognition [101].

2.3.3 Biomonitoring sensors

Biomonitoring is essential for medical rehabilitation and the care of patients or
individuals in high-risk categories. Portable and wearable monitoring devices offer
extensive capabilities for everyday health tracking. In recent years, textile-based
sensors have shown great potential in human biomonitoring. These sensors primarily
assess health conditions by monitoring vital signs, including heartbeat, respiration,
blood flow, pulse, and skin temperature. This technology provides a promising
foundation for effective and convenient monitoring and diagnosis of daily health. For
instance, as shown in Figure 2.15a, a PEDOT-thermoplastic urethane (TPU) composite
fiber prepared by in-situ polymerization showed high temperature sensitivity and ideal
temperature resolution. When the fiber was sewn into textiles in an S-shape, the sensing

performance was almost unaffected by tension (Figure 2.15b), which allows the sensor
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to accurately measure skin temperature during daily activities [141]. Fang et al.
introduced a multilayered t-TENG-based arterial pressure sensor that was both
comfortable and waterproof, designed to measure blood pressure with the assistance of
machine learning. By combining this sensor with a signal processing circuit, a
Bluetooth transmission module, and a mobile app, it is possible to create a portable and
user-friendly wireless cardiovascular monitoring system (Figure 2.15b) [142]. Fan et al.
developed a triboelectric sensor with high sensitivity to skin micro-pressure capture by
utilizing pure textile materials and weft knitting technology. This flexible sensing
device was able to monitor pulse and respiration simultaneously and could be applied
in cardiovascular disease and sleep apnea syndrome. What's more, this sensor can be
seamlessly integrated into garments through knitting technique without compromising

aesthetics and comfort (Figure 2.15¢) [91].

Figure 2.15 Textile-based sensors for vital signs monitoring. (a) PEDOT-TPU
composite fiber used to measure skin temperature and (b) its sensitivity performance
[141]. (b) Schematic structure of the multilayered t-TENG and the picture of using a
mobile phone to display pulse monitoring data in real time [142]. (c) Schematic
illustration of the enlarged view of the knitted sensor and its application to monitor

pulse and respiratory signals in real time [91].

Although the above studies have reported the application of textile-based sensors in
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multiple fields and achieved a series of successful demonstrations, there are still many
challenges for their commercial applications.

1) Durability and stability. Although traditional textiles have good abrasion resistance,
as functional materials, conductive particles and coatings are more easily damaged
under continuous friction. In addition, due to the softness of textile fabrics, irreversible
deformation will inevitably occur under long-term mechanical force, which will
damage the sensitivity and accuracy of sensors, especially of those used to monitor tiny
biological signals. What's more, factors such as stains and perspiration will affect the
performance stability of sensors, which requires the development and introduction of
comfortable and efficient packaging technology to solve this problem.

2) Oxidation of the electrode. Conductive metal-containing materials such as silver-
coated yarns are often employed as electrodes. Metal materials exposed to the air are
prone to oxidation and damage the electrical conductivity, thereby affecting the output
signal. In future applications, electrode protection processes need to be developed to
avoid this situation.

3) The contradiction between comfort and sensitivity. The comfort of textile-based
sensors is close to that of ordinary clothing fabrics, however, the sensing performance
of them has not been effectively improved. The dense coatings and films on the surface
of textiles improve the sensitivity, but they will affect the hand feeling and breathability
of the sensing fabrics. At present, no research can achieve the advantages of both, which
is one of the main directions for future research.

4) Integration of intelligent sensing systems. Textile-based sensors are usually applied
by integrating them in clothing or other textiles. The intarsia technique appears to be a
promising strategy for integrating smart technology into knitted wearables.
Nevertheless, the wide range of applications necessitates the development of other
seamless integration methods. A wearable intelligent sensing system typically
comprises modules like sensors, management circuits, and wireless transmission
components. The challenges of connecting these functional modules and achieving

comprehensive integration with the wearable substrate remain unresolved, calling for
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collaborative efforts from researchers across multiple disciplines.

2.4 Conclusion

This chapter begins by outlining the concepts of comfort and evaluation methods for
textiles. It then provides a detailed summary of the main classifications of textile-based
sensors, including their working mechanisms, preparation methods, and recent research
progress. The chapter concludes with a discussion on the primary applications of these
sensors and the challenges that need to be addressed. Integrating textiles into sensors
enhances their comfort by improving flexibility, breathability, aesthetics, and durability.
Textile-based sensors show significant potential across various fields, particularly in
smart wearables. However, they are still far from achieving widespread
commercialization. Most research remains confined to laboratory settings, requiring
cumbersome and complex preparation processes that are not conducive to large-scale
industrial expansion. While adding a conductive layer through coating or deposition
can improve sensor sensitivity, it often compromises the fabric's inherent comfort and
wear resistance. Although established textile technologies such as knitting, weaving,
and non-wovens support the large-scale production of textile-based sensors, the trade-
off between sensitivity and comfort remains unresolved. Yarn-shaped sensors have
demonstrated ease of integration into wearable products, yet they typically possess
larger diameters and greater stiffness compared to traditional yarns. These sensors are
often incorporated into clothing or other wearables through gluing or hand-stitching,
which can negatively impact aesthetics and comfort. The remaining challenge is to
combine textile technology with sensor development to create innovative methods for

mass-producing flexible sensors that maintain stable sensitivity and comfort.
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Chapter 3: Conductive Chenille Yarn-based Triboelectric

Carpet Fabrics for Smart Home Monitoring

3.1 Introduction

In recent years, the smart home industry has rapidly advanced due to innovations in
computer technology and shifts in lifestyle. Smart homes encompass various functions
such as appliance control, environmental monitoring, energy efficiency, emission
reduction, and security alarms [1,2]. These features not only safeguard residents' lives
and property but also enhance convenience and comfort. Currently, the most prevalent
residential security measure is the installation of camera systems, which can identify
unusual intruders and activities to preemptively address potential dangers [3,4].
However, camera surveillance is more suited to public areas than private homes, as they
are vulnerable to hacking and can infringe on personal privacy [5]. Additionally, these
systems may not quickly and accurately detect abnormal physical states of occupants,
potentially leading to tragedies. Given the unique nature of individual behavior, smart
home products with automatic sensing capabilities are better suited for monitoring

indoor anomalies.

With advancements in textile technology, household fabrics like curtains and rugs can
enhance both home aesthetics and safety [6,7]. Integrating sensors into these textiles
allows for precise and secure monitoring without disrupting the environment [8]. In the
realm of sensors, a diverse array exists, encompassing those with distinct mechanisms
such as resistive [9,10], piezoresistive [ 11,12], capacitive [13,14], piezoelectric [15,16],
and triboelectric [17,18]. Among these, flexible sensors founded on triboelectric
nanogenerators (TENGs) are particularly notable for their simple structure and ease of
production in smart home systems [19,20]. Research has explored textile TENGs (t-
TENGs) for energy harvesting, motion monitoring, and hazard alerting in smart homes.

Applications include sustainable power sources [21,22], self-powered switches [23],
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motion-tracking smart floor arrays [24-28], anti-theft carpets [29], and fall detection
carpets [30-32]. However, several challenges remain for practical implementation.
Large-area polymer films or coatings can compromise the softness and breathability of
sensing fabrics, making them unsuitable for daily use [25,26]. Xu's team developed
coated core-spun strips with high triboelectric properties, assembling them into a smart
monitoring carpet through manual interweaving [24,30], enhancing softness and
durability. Unfortunately, this manual method is not scalable. While traditional textile
techniques like weaving [28] and braiding [29] have improved production efficiency,
current methods remain cumbersome. Thus, more efficient production strategies are

needed for smart fabrics.

In this study, weft knitting technology was utilized to create a comfortable, warm, and
intelligent sensory carpet fabric. By integrating machine learning, the carpet can
recognize personal behavior and monitor home security. A special conductive chenille
yarn was produced using fancy spinning technology as the primary raw material. Weft
insertion technology was then employed to develop the chenille TENG (C-TENG). The
TENG fabric consists of a high-elastic 1x1 rib base with chenille weft insertion, where
the rib stitches securely encase the chenille yarn, and the short fibers form a comfortable
suede texture. Lightweight, warm, and comfortable, this smart carpet fabric is both
aesthetically pleasing and practical for indoor use. Crucially, it functions as a sensor for
human motion and identity recognition, offering an effective strategy for smart home

security systems.

3.2 Experimental Section

3.2.1 Materials

The silver (Ag)-plated nylon yarn, with a specification of 280D (indicating 280 grams

per 9000 meters), was obtained from Qingdao Tianyin Textile Technology Co., Ltd.,
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China. The 24S/2 acrylic yarn, which consists of two twisted single yarns where each
is 24 times the length of 840 yards when the weight is one pound, was sourced from
Dongguan Zhengyu Textile Co., Ltd., China. The high elastic nylon yarn (420D) was
acquired from Dongguan Dalang Chen Shengli Yarn Shop, China. The coral velvet
fabric was purchased from Ruixi Home Textiles, and the striped felt fabric was obtained
from Dezhou Xinxiang Carpet Factory, both in China. The tufted fabric was provided
by Jinmao Textile Co., Ltd., China.

3.2.2 Fabrication methods

Fabrication of the conductive chenille carpet fabric involved a sequential two-stage
process: preparation of specialized conductive chenille yarn, followed by its integration
into a knitted weft-inlay structure. The conductive chenille yarn was manufactured
using a chenille spinning machine (SFM-A7, Kunshan Shun Feng Textile Co., Ltd.,
China), wherein two 280D Ag-plated nylon yarns functioned as lock yarns, while a
24S/2 acrylic yarn served as the pile yarn. During production, the acrylic yarn was first
cut into short fibers and then sandwiched between two twisted conductive lock yarns to
form the final chenille structure. Subsequently, the fabricated conductive chenille yarn
was knitted together with a 420D nylon/spandex elastic yarn into a weft-inlay structure
using a 7-gauge flat knitting machine. For electrical characterization, small samples
were produced on a hand-operated knitting machine to accommodate testing
requirements, whereas larger C-TENG carpet fabric specimens were manufactured
using a computerized flat knitting machine (Stoll CMS 530) to achieve high efficiency.
Structurally, the elastic yarn constituted a 1x1 rib stitch base layer, while the conductive
chenille yarn was precisely inserted as a weft inlay-oriented linearly once per course
and encapsulated between the rib loops within the fabric's medial layer. The high
elasticity of the base yarn ensured the secure positioning of the chenille yarn. The
protrusion of chenille feather yarn through the fabric pores created a hairiness effect on

both sides of the fabric.
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3.2.3 Physical and electrical characterization

A Leica microscope was utilized to capture enlarged images of the chenille yarn and
fabric. SEM images of the yarns were obtained using a Tescan VEGA3 scanning
electron microscope. The comfort properties of the fabric were tested using KES
instruments (Kato Tech Co., Ltd., Japan) under the guidance of the KES operating
manual. Specifically, the tactile properties were assessed with a KES-FB3 automatic
compression tester and a KES-FB4 automatic surface tester, air permeability was
measured using a KES-FB-AP1 air permeability tester, while warmth retention was
evaluated with a KES-F7 THERMO LABO II. The electrical output of the C-TENG
fabric was tested using a Keithley 6514 electrometer (USA), and a keyboard life tester
(ZX-A03) manufactured by Shenzhen Zhongxingda Testing Equipment Co., Ltd. was

employed to apply compression movements.

3.3 Results and Discussion

3.3.1 Design and fabrication of the C-TENG carpet fabric

Acrylic fiber is an ideal material for producing blankets or carpets due to its softness,
bulkiness, lightweight nature, warmth retention, ease of washing and drying, and
affordability. As depicted in Figure 3.1a, a specialized conductive chenille yarn is
crafted using acrylic fiber to create the C-TENG carpet fabric. This chenille yarn is
composed of conductive lock yarn and acrylic fiber. Two Ag-plated nylon yarns with
low resistance (approximately 2 Q cm™) serve as the lock yarns, while bundles of short
acrylic fibers are positioned in the middle in a cross shape by twisting the two lock
yarns, forming the conductive chenille yarn. These chenille yarns are then inserted as
weft inlay yarns into a 1x1 rib stitch made from high-elastic nylon yarn to construct the

carpet fabric.
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Figure 3.1 Preparation of the conductive chenille yarn and C-TENG. (a) Schematic
diagram of the fabrication process. (b) Picture of the chenille spinning machine. (c)
Schematic diagram of the blade device. SEM images of (d) Ag-plated nylon yarn, ()
acrylic yarn, and (f) elastic nylon yarn. (g) Enlarged photo of the conductive chenille
yarn. (h) Photo of the C-TENG carpet fabric being knitted on the flat knitting machine.
(1) Side view and (j) top view of the C-TENG fabric. (k) Enlarged photo of the fabric

surface.

The chenille yarn was produced using a chenille spinning machine, as shown in Figure
3.1b. The blade device, illustrated in Figure 3.1c, played a crucial role in forming the
chenille yarn. Initially, the acrylic yarn was cut into fiber bundles approximately 4 mm
in length using the blade. Subsequently, two Ag-plated nylon yarns acted as lock yarns,

twisting around the acrylic fiber bundles to create the chenille yarn, which was then
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wound onto a bobbin. Figures 3.1d, e, and f present SEM images of the Ag-plated nylon
yarn, acrylic yarn, and elastic nylon yarn, respectively. The acrylic yarn, made by
twisting short fibers, tended to become hairy after cutting. In contrast, the Ag-plated
yarn, composed of filaments, had a smooth surface and tight structure, effectively
binding the acrylic staple fibers. The microscope image of the conductive chenille yarn
(Figure 3.1g) clearly shows the secure clamping of acrylic fibers. The C-TENG carpet
fabric sample was produced using a hand-operated weft knitting machine with a gauge
of seven. Figure 3.1h illustrates the fabric being knitted on the machine. A complete
course consisted of a row of 1x1 rib and a row of weft inlay. The white nylon elastic
yarn formed the rib stitch by creating loops on the front and back needle beds
sequentially, while the conductive chenille yarn was introduced as the weft inlay yarn
in a straight line between the two needle beds until it was secured by the rib in the
subsequent course unit. Through the repetition of multiple courses, the fabric gradually
extended longitudinally, forming a complete fabric. Due to the high elastic shrinkage
of the base stitch, the chenille yarn was tightly bound by the loops, allowing the short
fibers to protrude from the loop gaps, resulting in a flufty surface. Side-view and top-
view photographs of the carpet fabric are shown in Figures 3.1i and j (the blue part in
the middle). The enlarged photo in Figure 3.1k highlights the excellent surface hairiness

coverage of the C-TENG carpet fabric.

3.3.2 Comfort performance of the C-TENG fabric

The C-TENG fabric was found to offer excellent comfort. For comparison, three
conventional carpet fabrics-coral velvet, striped felt, and tufted fabric-were selected, as
shown in Figure 3.2. The Kawabata Evaluation System (KES) was employed to
evaluate the tactility, breathability, and warmth retention properties of these fabrics.
Table 3.1 details the thickness, weight, air resistance, and warmth retention ratio for
each fabric. The C-TENG fabric had the greatest thickness and weight, measuring

approximately 6.87 mm and 997.63 g/m?, respectively. The high elastic rib in the C-
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TENG sensor fabric reduced porosity, resulting in an increased air resistance of 1.105

KPa-s/m. The Ag-plated core within the chenille yarn, known for its excellent thermal

conductivity, was integrated into every loop course of the fabric, ensuring even

distribution across the fabric's surface. This feature could have compromised the

warmth retention of the C-TENG fabric. However, its substantial thickness and low air

permeability allowed it to achieve a thermal retention rate of 56.57%, comparable to

the other three fabrics. Overall, all fabrics demonstrated commendable thermal

insulation, with warmth retention ratios exceeding 50%.
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Figure 3.2 Photos of three conventional carpet fabrics. (a) Coral velvet fabric. (b)

Striped felt fabric. (c) Tufted fabric.

Table 3.1 Basic parameters and physical properties of the C-TENG fabric and three

conventional carpet fabrics.

Thickness Weight Air resistance
Sample Warmth retention ratio
(mm) (g/m?) (KPa-s/m)
C-TENG 6.87+£0.10 997.63+0.60 1.105+0.006 56.57%
Coral velvet 344+0.14 165.81+0.75 0.080 + 0.002 60.61%
Striped felt 5.66+0.02 462.82+0.92 0.060 £ 0.002 63.92%
Tufted 436+0.05 307.38+1.55 0.072+0.003 64.95%

The KES test provided valuable insights into the fabric's tactile properties. Table 3.2

illustrates the output indicators of the four fabrics under compression and dynamic
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friction tests, reflecting their hand feel. The compression test yielded three key
indicators: LC, WC, and RC. LC, or compression linearity, indicates the softness of the
fabric. WC, the specific work of compression, serves as a measure of fluffiness. RC, or
compression resilience, reflects the fullness of the fabric. In dynamic friction testing,
the indicators MIU, MMD, and SMD were measured. MIU represents the average
coefficient of dynamic friction, with lower values indicating a smoother surface. MMD
is the average deviation of the friction coefficient, where smaller values indicate better
friction uniformity. SMD measures surface roughness, with smaller values indicating a
more even surface. A comprehensive evaluation of subjective feel characteristics,
quantified using these objective metrics, is displayed in Figure 3.3. Compared to the
reference fabrics, the C-TENG fabric showed slightly lower softness and fullness due
to the tightly bundled high-elastic ribbed base, which made it relatively rigid and harder
to compress. Nevertheless, it maintained the second-highest level of fluffiness among
the tested carpet fabrics. The striped felt fabric had the poorest surface uniformity and
flatness due to its raised stripes. Although the C-TENG fabric exhibited a high dynamic
friction coefficient due to the anisotropic arrangement of acrylic short fibers in the
chenille yarn, it demonstrated excellent surface uniformity and flatness. In summary,
the C-TENG fabric was both comfortable and warm, making it ideal for use as a light-
duty thermal carpet in autumn and winter. When used on indoor floors, it could enhance

aesthetics, provide practical daily functions, and offer sensing capabilities.

Table 3.2 Comparison of comfort parameters of four fabrics.

Compression Friction (warp) Friction (weft)
Sample
LC WC (gf-em/cm?) RC (%) MIU MMD SMD (um) MIU MMD SMD (um)
C-TENG 1.044 4.690 37.080 0.389 0.008 4.950 0.404  0.008 4.538
Coral velvet 0.663 3.819 54.920 0.345 0.006 7.448 0.323  0.006 7.937
Striped felt  0.920 4.830 54213 0.345 0.015 8.913 0.297 0.011 11.283
Tufted 0.949 4.353 45.837 0301 0.009 4.990 0.308 0.009 3.358
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Figure 3.3 Comparison of the hand feel properties of four fabrics. (a) Softness,

fluffiness, and fullness. (b) Warp surface characteristics. (¢c) Weft surface characteristics.

3.3.3 Working mechanism of the C-TENG fabric

Figure 3.4 illustrates the working mechanism of the chenille carpet fabric. Using
common cotton material as an example, when a cotton object comes into contact with
the surface of the carpet fabric (step I), electron transfer occurs between the surfaces of
cotton and the acrylic fiber. In accordance with the triboelectric series, cotton loses
electrons and accumulates positive charges on its surface, while acrylic gains electrons,
resulting in an equal amount of negative charge on its surface. As the cotton object
moves away from the carpet fabric, the increasing distance creates a potential difference
between the upper and lower surfaces. To neutralize this potential difference, electrons
are induced to flow between the conductor embedded in the TENG fabric and the
reference ground, generating a current (step II). The circuit reaches a potential
equilibrium when the cotton object is separated by a critical distance (step I1I). As the

upper and lower surfaces move closer again, the decreasing distance reduces the
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potential difference between them. To restore balance, a reverse flow of electrons, or

reverse current, occurs between the electrode and the reference ground (step IV).
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Figure 3.4 Working mechanism of the C-TENG.

3.3.4 Electrical performance of the C-TENG fabric

The electrical outputs generated by the contact-separation with various materials,
including knitted cotton fabric, knitted polyethylene (PE) fabric, Kapton film, and PET
film were evaluated. Each material was tested with a contact area of 5 cm % 5 cm and
a maximum separation distance of 1 cm. The tests varied in compression frequency (1
Hz, 2 Hz, and 3 Hz) and compression force (50 N, 100 N, and 200 N). Among these
materials, PE fabric and PET film exhibited superior electrical output performance.
Figures 3.5a and 3.5b display the voltage and current outputs at different frequencies
under a 200 N force for the PE fabric and chenille fabric in contact-separation mode.
Figures 3.5¢ and 3.5d illustrate the outputs at various forces with a frequency of 3 Hz.
The electrical output increased with both force and frequency, achieving a peak voltage
of approximately 39 V and a maximum current of about 375 nA at 200 N and 3 Hz. As
the force increased, the contact between the two dielectric surfaces improved, leading
to a higher surface charge density and enhanced output voltage and current. Although
ideally, a faster frequency does not necessarily result in higher output voltage, in
practice, the increased impact frequency of the pressing plate led to greater extrusion

force at the contact moment, thereby increasing the induced charge density.
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Figure 3.5 Electrical Output of the C-TENG rubbed against a PE fabric. (a) Output
voltage and (b) current at different frequencies under the force of 200N. (c) Output

voltage and (d) current with different forces at a frequency of 3 Hz.

Under a force of 200 N and a frequency of 3 Hz, the trend of output voltage and power
density as load resistance increased is shown in Figure 3.6a, reaching a maximum
power density of approximately 2942 pW/m? at a resistance of 100 MQ. By connecting
a simple circuit with a bridge rectifier and a capacitor (10 pF), this C-TENG was
capable of powering small electronic devices, such as a calculator. Additionally, Figure
3.6b shows the voltage output generated by different contact materials under 200 N and
3 Hz. The triboelectric sequence and surface characteristics of the materials jointly
determined the output intensity. For instance, although PET's triboelectric negative
ordering is closer to that of acrylic fiber compared to PE, the dense micro-nano structure

on the film's surface resulted in higher electrical output.
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Figure 3.6 Electrical performance of the C-TENG. (a) Output voltage and power
density of the C-TENG under different external resistances under 200N and 3 Hz. (b)

Output voltage of the C-TENG with different contact materials under 200N and 3Hz.

Regarding stability, the long-term current output at 200 N and 3 Hz was tested using
PE fabric as the contact material (Figure 3.7a). After approximately 5400 contact-
separation cycles, the current output remained stable and even increased slightly
compared to the initial stage. To assess the impact of washing on C-TENG's
performance, the fabric sample was washed multiple times with clean water using the
quick mode of a household washing machine. As shown in Figure 3.7b, washing
affected the C-TENG fabric's output voltage, with the amplitude of output attenuation
gradually decreasing with each wash. The performance degradation was about 19%
after the first wash, followed by an additional 11.5% decrease after the third wash, and
a further 5.8% decline after the fifth wash. Nonetheless, the overall performance
remained substantial. Considering that routine cleaning of carpet fabrics primarily
involves vacuuming and spot cleaning, with washing typically limited to once or twice

a year, the current performance post-washing is adequate for practical use.
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Figure 3.7 Stability and durability of the C-TENG. (a) Long-term current output of the
C-TENG under 200 N and 3 Hz. (b) Output voltage of the C-TENG under 200N and 3

Hz after wishing.

3.3.5 Sensing carpet for home security systems

A C-TENG carpet fabric measuring 23 cm x 46 cm was produced using a computerized
flat knitting machine. Like a traditional carpet, this fabric can be rolled and folded
(Figure 3.8a). As illustrated in Figure 3.8b, when a person moves across the carpet, such
as by walking, it generates electrical signals. These signals vary with different
movements, allowing the sensory carpet to identify user behavior. For instance, Figure
3.8c displays the output signals from a volunteer performing various activities on the
carpet, including slow walking, normal walking, jogging, and jumping. The current
curves for each activity show significant differences in fluctuation period, amplitude,
and slope, which are crucial for accurate behavior recognition. The potential for using
this sensory carpet for individual identification was also investigated. Four participants,
comprising two males and two females, participated in walking trials on the carpet
fabric (Figure 3.8d). Variations in the electrical signals were influenced by factors such
as foot size, weight, and walking habits. Details about the participants are provided in
Table 3.3. However, the output data showed fewer distinguishing features between
different users compared to the signals generated by different movements, making
individual identification more challenging. Additionally, the study explored how
various sole and sock materials affect signal identification, given the diverse range of

footwear materials in everyday life. Specifically, two sole materials-rubber and
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polyurethane (PU), and two sock materials-cotton and nylon, were tested. As shown in
Figure 3.8e, the material primarily influenced the magnitude of the output current. For

example, rubber generated a significantly higher current than the other materials due to

its superior triboelectric properties and density.
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Figure 3.8 The C-TENG carpet fabric and its output under different motions and

subjects. (a) Photos of the carpet fabric being rolled and folded. (b) Electrical signals

produced when walking on the carpet. (c) Characteristics of the current signals under

four behaviors (slow walking, walking, jogging, and jumping). (d) Photos of four
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subjects standing on the carpet and the current signals generated by them. (e) Photos of

soles and socks made of different materials and the current signals they generate.

Table 3.3 Information about four subjects involved in individual identification.

No. Gender Weight (kg)  Foot length (cm)
Subject 1 Male 64 26.0
Subject 2 Male 83 25.5
Subject 3 Female 56 23.5
Subject 4 Female 45 22.5

The deep learning-based time series data classification method effectively categorizes
different signal data to enable the recognition of motion behaviors and user identities.
Figure 3.9a presents a schematic flow chart of the employed method. Initially, the input
time-correlated data is divided into multiple segments. Feature extraction and
parameter reduction are then achieved through convolutional and pooling layers,
respectively. Finally, classification is conducted using fully connected layers. The
durations of the current-time signal data for four motions were recorded as follows: 373
seconds for slow walking, 500 seconds for normal walking, 335 seconds for jogging,
and 145 seconds for jumping. For model training and testing, 80% of the data was
allocated for training, while the remaining 20% was reserved for testing. The max-
voting method was applied to predict the behavior of the input data by selecting the
predominant class from all segments of the same time series data, yielding the final
prediction result. Figure 3.9b illustrates the segment classification results for the four
time series data. The correct classification rates for data segments were 83.3% for slow
walking (U1), 81.8% for normal walking (U2), 96.7% for jogging (U3), and 55.6% for
jumping (U4), achieving 100% recognition for the four behaviors. Regarding user
identification, each subject's walking data was collected for 580 seconds, with 80%

used for training and 20% for testing. Employing the same method as behavior
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recognition, the segment classification results for four users are depicted in Figure 3.9c.
The correct classification percentages were 50.0%, 41.7%, 50.0%, and 83.3%,
respectively, which were sufficient to accurately identify the four subjects. Additionally,
the C-TENG carpet successfully distinguished four different underfoot materials, as
shown in Figure 3.9d. Real-world scenarios are more complex, with various factors
such as behavior, user, and footwear materials often influencing the sensing output
simultaneously. By controlling variables, the C-TENG carpet demonstrated significant
potential for personal behavior recognition and individual identification, suggesting its
applicability in home monitoring systems.
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Figure 3.9 Motion behavior recognition and individual identification. (a) Schematic
flowchart of the machine learning method. (b) Classification results of motion behavior

recognition. (c¢) Classification results of individual identification. (d) Classification

results for different sole and sock materials.

The C-TENG carpet fabric holds significant promise for integration into smart home
monitoring systems. Future research should focus on enhancing its recognition

capabilities to be more accurate and comprehensive. This can be achieved by gathering
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extensive sample data and refining machine learning algorithms. By integrating
wireless transmission and network technology, residents can receive real-time alerts
about abnormalities through communication devices. As illustrated in Figure 3.10, the
smart carpet, when placed on the floor, can be seamlessly integrated into a flexible
home security system. It can perform functions such as intrusion detection, motion
recognition, and safety monitoring, all while maintaining the comfort and aesthetics of

the living environment.

% vy
Safety monitoring

R

Figure 3.10 Applications of the C-TENG carpet in smart home security systems.

3.4 Conclusion

In conclusion, this study presents the successful development of a sensor-integrated
carpet system for ground motion monitoring, achieved through two key technological
innovations: 1) the fabrication of conductive chenille yarn via fancy spinning and 2)
the production of warm C-TENG carpet fabric using weft inlay technology. The
resulting C-TENG fabric combines exceptional tactile comfort and soft texture with
remarkable electrical performance, demonstrating a maximum power density of about
2942 uW/m? under contact with PE fabric while maintaining stable output during
extended operational periods. When integrated with machine learning algorithms, the
system demonstrates robust capabilities for multimodal detection and recognition,

including differentiation of human actions, individual identification, and material
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characterization. These advanced functionalities, coupled with the fabric's inherent
aesthetic qualities, position it as an ideal candidate for next-generation smart home

surveillance and security applications.

Future research directions should focus on three key areas to advance this technology.
First, material optimization represents a critical pathway for commercialization, as the
current reliance on Ag-plated nylon yarn imposes significant cost constraints. Exploring
alternative conductive materials, such as carbon-based fibers or conductive polymers,
could substantially reduce production expenses while maintaining performance.
Second, enhancing sensing accuracy through large-scale dataset acquisition and
refinement of machine learning algorithms would improve the system's capability to
discriminate between similar signals. Finally, comprehensive evaluation of
environmental adaptability is essential, as real-world deployment exposes carpet fabrics
to diverse conditions including humidity fluctuations, particulate contamination,
thermal variations, soiling, and mechanical wear. Systematic investigation of these
factors will be crucial to ensure reliable performance across various application

scenarios and facilitate practical implementation.
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Chapter 4: Flexible and Freely Cuttable Fleecy Triboelectric
Fabrics for Ultra-High Scalability in Self-Powered Sensing

Applications

4.1 Introduction

Driven by the remarkable progress in materials science and computer technologies,
flexible sensors have witnessed widespread applications in diverse sectors, such as
wearable technology, medical health monitoring, robotic systems, and human-computer
interfaces [1,2]. These sensing devices are usually fabricated by integrating conductive
elements onto flexible substrates like polymer films [3-5], gels [6-8], and textiles (either
fibers or fabrics) [9-12], thus endowing them with flexibility. Among these, textile-
based flexible sensors hold great promise for market growth. Firstly, textile-material-
based sensors can be smoothly integrated into products including apparel [13,14],
upholstery fabrics [15,16], and bedding fabrics [17,18]. This unobtrusive integration
not only enhances the user experience through a more natural and aesthetically
appealing combination but also allows for a seamless presence. Secondly, the innate
softness and breathability of textile materials enable these sensors to reduce skin
irritation to a minimum and maximize comfort, which is especially beneficial for long-
term use. Thirdly, certain designs of textile flexible sensors are designed to endure
laundering, a vital characteristic for regular use and maintenance. Finally, compared
with traditional silicon-based sensors, the manufacturing costs of textile flexible
sensors are substantially lower, rendering them more viable for large-scale production

and broader distribution.

At present, a wide variety of textile-based flexible sensors have been reported,
encompassing resistive [19-21], capacitive [22-24], triboelectric [25-27], and

piezoelectric [28-30] types. These sensors are predominantly manufactured by affixing
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conductive functional materials to fibers or fabrics through techniques like coating
[31,32], dipping [33,34], chemical vapor deposition [35,36], and printing [37,38]. The
fabrication processes of these methods can be complex, and the incorporation of
conductive layers might have an adverse effect on the softness and breathability of the
textiles. Some approaches form functional structures by compounding with conductive
polymer layers or metal layers [39,40], which severely impairs the inherent comfort of
textiles, rendering them less suitable for practical usage. Additionally, certain research
has employed established textile industry techniques, such as core-sheath wrapping or
core-spinning, to produce conductive core-shell yarns for sensor applications [41-43].
Although these methods are highly viable for mass production, their production
efficiency is still relatively restricted. A fur-like knitted triboelectric nanogenerator
fabric, manufactured using well-established industrial production methods, can be
efficiently produced on a large scale [44]. Nevertheless, the applications of such thick,
fur-like textiles are significantly constrained. Consequently, there is an urgent
requirement to develop thin sensor fabrics that are not only amenable to efficient, large-

scale production but also have a wider range of applications.

In this work, we have devised a mass-production approach for fleecy TENG fabrics by
leveraging commercially accessible raw materials and three-thread fleecy knitting
technology. This technique enables an extraordinarily high production rate of around
11.53 m%h. The resultant fabric retains a bulky and comfortable tactile property, along
with excellent flexibility, adaptability, and permeability. It is designed to harvest energy
from compressive frictional interactions, attaining a maximum power density of
approximately 2446 uW/m? when rubbed against a cotton fabric. This textile can be
freely cut into any shape and utilized as a self-powered flexible sensor in numerous
applications. For example, it can be used as an insole for monitoring motion patterns
and energy capture and a carpet for tracking movement postures. When integrated with
deep-learning algorithms, the fleecy TENG fabric is capable of performing a broad

range of sensing and identification tasks, thereby paving the way for the development
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of cost-effective, highly adaptable, and extremely comfortable flexible sensors.

4.2 Experimental Section

4.2.1 Materials

The 100D Ag-plated nylon yarn was procured from Qingdao Tianyin Textile
Technology Co., Ltd., located in China. The 24S/2 acrylic yarn was acquired from
Dongguan Zhengyu Textile Co., Ltd., China. Additionally, the 32S cotton yarn was

obtained from Weifang Qimian Spinning Co., Ltd.

4.2.2 Fabrication methods

The fleecy TENG fabric was directly fabricated in a single step using an 18-gauge three-
thread fleecy knitting machine (Jumberca, Spain), employing exclusively commercially
available yarns without post-processing. The 24S/2 acrylic yarn was selected as the
material for the fleecy component. The 100D Ag-plated nylon yarn was chosen to serve
as the tie-in yarn, while the 32S cotton yarn was utilized as the face yarn. At regular
intervals, the fleecy yarn was held in place by the tie-in yarn and the face yarn, thereby

generating a thick and compact fleecy appearance on one side of the fabric.

4.2.3 Characterization and testing

For the determination of fabric weight, an electronic balance (SHIMADZU BX 300)
was implemented. The thickness of the fabric was gauged by means of a RMES
thickness tester. To obtain enlarged photographic images of the fleecy TENG fabric, a
Leica microscope was employed. The scanning electron microscope (Tescan VEGA3)
was used to acquire SEM images of the yarns. The hand feel of the fabric was evaluated

using the KES-FB2 pure bending tester and the KES-FB3 automatic compression tester.
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The air permeability was examined with the KES-FB-AP1 air permeability tester. The
electrical output of the fleecy TENG fabric was tested by an electrometer (Keithley
6514, USA). Compression movements were provided by a keyboard life tester (ZX-
A03). Additionally, the washing tests were carried out with the utilization of a home

washing machine (Whirlpool 6th sense).

4.3 Results and Discussion

4.3.1 Structural features and fabrication process of the fleecy TENG fabric

The structure of the fleecy TENG fabric is presented in Figure 4.1a. The acrylic yarn
(fleecy yarn) is clamped at regular intervals (a space of three needles) by the Ag-plated
nylon yarn (tie-in yarn) and the cotton yarn (face yarn), creating a fleecy effect on one
side of the fabric. As depicted in Figure 4.1b, it was manufactured on a three-thread
fleecy knitting machine. The operational principle of this machine is grounded in
single-face circular knitting, where the interaction between the needles in the needle
cylinder and the yarns leads to the formation of the fabric. In the fabrication process,
three main feeders were utilized: the fleecy yarn feeder, the tie-in yarn feeder, and the
face yarn feeder. By passing the selected yarn materials through these three feeders, the
fleecy TENG fabric was successfully produced. Operating at a standard production
speed of 43 rpm, the machine can generate approximately 11.53 square meters of fleecy
TENG fabric per hour. An enlarged photograph of the fleecy side (Figure 4.1¢) shows
that the acrylic fleecy fully covers the fabric surface. The acrylic yarn demonstrates a
relatively fluffy and disordered spatial arrangement of fibers (Figure 4.1d). This
arrangement is more effective in enhancing friction compared to a neat, parallel
structure. Moreover, as shown in Figure 4.1e, each acrylic fiber exhibits a diameter of
merely a dozen microns and is characterized by rough surface grooves. Such traits
augment the specific surface area of the fleecy yarn, consequently bolstering both the

frictional and electrification phenomena. In the fabric structure, the cotton yarn and the
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Ag-plated nylon yarn collaboratively constitute the substrate loops, with the cotton yarn
positioned on the face side (Figure 4.1f). A cross-sectional view presented in Figure
4.1g uncovers the internal arrangement of the three yarns, manifesting a sandwich-like
configuration where the conductive material lies in the middle. Notably, the fleecy yarn
assumes a wavy, arched contour. Through measurement of ten adjacent fleecy yarns, it
has been ascertained that their average length expands by around 1.38 times in
comparison to their straightened state. This expansion further amplifies the effective
surface area of the entire fleecy surface. As a result, this structural idiosyncrasy
substantially augments the output efficiency. To assess whether the fluffy fleecy surface
alone contributes to the triboelectric output without the influence of other factors, a
plain-knitted fabric made from the same acrylic yarn was prepared. Additionally, a
simple TENG with an area of 5 cm x 5 cm was fabricated using conductive copper tape
and polyester tape. This generator was then subjected to compressive friction with the
two fabrics. It was observed that the voltage output for the fleecy surface was
approximately 29 V, while the plain-knitted surface yielded about 25.2 V. The current
outputs were approximately 154 nA and 140 nA, respectively. The fleecy surface
demonstrated a 10% to 15% improvement in triboelectric output performance
compared to the common flat plain-knitted surface. In addition, as shown in Figure 4.1h,
the conductive yarn used is a twisted assembly of multiple Ag - plated nylon filaments.
This configuration ensures excellent flexibility and conductivity, with a resistance of

around 2 Q/cm.
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Figure 4.1 Fabrication of the fleecy TENG fabric. (a) Schematic diagram of the fleecy
fabric structure. (b) Photos of the three-thread fleecy machine and its knitting work area.
(c) Enlarged photo of the fleecy side. SEM images of (d) acrylic yarn and (e) single
fiber. Enlarged photos of (f) substrate side surface and (g) cross side. (h) SEM image

of Ag-plated nylon multifilament.

4.3.2 Basic parameters and physical properties

The fundamental parameters and physical properties of the fleecy TENG fabric were
analyzed and evaluated, and the results are presented in Table 4.1. In the horizontal
(course) direction, the fleecy TENG fabric showed a loop density of 20 wales/inch,
while in the vertical (wale) direction, it was 38 courses/inch. The fabric had a thickness
of 1.96 mm, and its weight and air resistance were measured as 263.89 g/m? and 0.054
kPa-s/m, respectively. Additionally, the TENG fabric was contrasted with two

commercially available fleecy fabrics for sweatshirts (the photos of the three fabrics are
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illustrated in Figure 4.2). Due to its sparser gauge, the fleecy TENG fabric presented
the lowest loop density, which indicated better breathability. However, it also had the

largest thickness and a moderate weight, because of the application of thicker yarns.

Table 4.1 Basic parameters and breathability properties of three fabrics.

Course density ~ Wale density Thickness Weight Air resistance
Sample
(wales/inch)  (courses/inch) (mm) (g/m?) (kPa-s/m)
Fleecy
20 38 1.96+£0.01 263.89+1.20 0.054+0.001
TENG
Commercial
28 45 1.06 £0.01 252.47+3.39 0.174 +£0.007
fabric 1
Commercial
29 43 1.36 £0.01 295.67+3.01 0.221 +0.007
fabric 2

Figure 4.2 Photos of three fleecy fabrics. (a) Fleecy TENG fabric. (b) Commercial

fabric 1. (¢) Commercial fabric.

The tactile qualities of the TENG fabric underwent evaluation through bending and
compression tests with the utilization of the Kawabata Evaluation System (KES). For
each of these tests, measurements were taken in three separate areas. In the bending
tests carried out in the wale direction (as shown in Figure 4.3a) and the course direction

(depicted in Figure 4.3b), it became apparent that, in contrast to the other two fabrics,
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the fleecy TENG fabric manifested a stronger resistance to bending. This was evidenced
by the necessity for a greater force. The existence of the course fleecy yarns notably
augmented the stiffness of all three fabrics during course bending (wherein the fleecy
yarn was bent), in comparison to wale bending (where the fleecy yarn remained unbent).
Moreover, when the fabric was bent in the wale direction, the load required for bending
toward the loop side (represented by the upper right curve) was substantially smaller
than that for bending toward the fleecy side (indicated by the lower left curve). This
disparity was due to the lack of obstruction from the fleecy yarns. The bending test
furnished two principal evaluation parameters: bending stiffness B and bending
hysteresis moment 2HB (with the specific values provided in Table 4.2). A diminished
bending stiftness implies a fabric that is softer and more malleable, whereas a lower
bending hysteresis moment suggests an easier restoration from bending distortion. The
compression curves are illustrated in Figure 4.3c, and the test generated three indices:
LC, RC, and WC, which respectively mirror the softness, fullness, and fluffiness of the
fabric (the specific values are presented in Table 4.2). A thorough comparison of the
hand-feel characteristics of the three fabrics was achieved by dissecting each evaluation
metric (as demonstrated in Figure 4.3d). In general, the fleecy TENG fabric exhibited
enhanced fullness and fluffiness, along with an augmented resistance to bending

attributable to its thickness. Concurrently, it still retained a gentle tactile perception.
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Figure 4.3 Results of KES compression and bending tests. (a) Wale bending curves and

(b) course bending curves. (c¢) Load-displacement curves under compression. (d)

Capability comparison radar chart of the hand-feel attributes of the three fabrics.

Table 4.2 Comparison of comfort parameters of three fabrics.

Compression Wale bending Course bending
Sample WwC RC
LC B 2HB B 2HB
(gf-cm/cm?) (%)
Fleecy
0.616 1.953 42.893 0.011 0.241 0.063 0.329
TENG
Commercial
0.530 0.590 40.937 0.015 0.079 0.015 0.072
fabric 1
Commercial
0.729 0.814 35.133 0.022 0.139 0.024 0.114
fabric 2
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4.3.3 Working mechanism of the fleecy TENG fabric

The generation of triboelectric energy by the fleecy TENG fabric principally occurs
through its contact with other materials. The fundamental mechanism underlying the
production of electrical energy via compressive contact between a cotton fabric and the
fleecy TENG fabric is illustrated in Figure 4.4. In the initial stage of interaction, when
the cotton fabric comes into contact with the acrylic fleecy yarns of the TENG fabric
(Step I), static charges of opposite polarities are acquired on the surfaces of these
disparate materials. In accordance with the triboelectric series, cotton discharges
electrons, leading to the presence of positive charges on its surface. Conversely, acrylic
absorbs electrons, thus obtaining an equal quantity of negative charge. As the cotton
and the fleecy TENG fabric start to separate, an increasing distance between them gives
rise to a potential difference. To counterbalance this potential difference, electrons flow
between the Ag conductive layer of the fleecy TENG fabric and a reference ground
(with zero potential), thereby generating an electric current (Step II). Once the cotton
and the fleecy TENG fabric have been separated to a specific distance, the circuit attains
electrostatic equilibrium (Step III). Subsequently, when the two fabrics move closer to
each other again, the diminishing distance lessens the potential difference. To adapt to
this new potential difference, electrons flow in the reverse direction between the

electrode and the reference ground, resulting in a reverse current (Step IV).
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Figure 4.4 Working mechanism of the fleecy TENG fabric. (I) Initial Contact. (II)
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Separation in Progress. (III) Equilibrium State of Separation. (IV) Reapproaching Phase.

4.3.4 Output performance of the fleecy TENG fabric

The electrical output of the fleecy TENG fabric operating in the contact-separation
mode was evaluated, with a cotton fabric serving as the triboelectric counterpart. The
evaluation was carried out under six distinct frequencies ranging from 0.5 Hz to 3 Hz
and three compression forces varying from 50 N to 200 N. Throughout the tests, a
constant contact area of 5 cm X 5 cm was maintained, along with a maximum separation
distance of 1 cm. Figures 4.5a and b present the voltage and current outputs at different
frequencies when a 200 N force was applied. It was observed that, generally, the
electrical output augmented with increasing frequency. Nevertheless, beyond 2 Hz, the
voltage either plateaued or exhibited a slight decline. Contrary to the ideal assumption
that frequency has no impact on electrical output, practical tests revealed that alterations
in frequency could trigger instantaneous pressure fluctuations upon impact with the
fleecy TENG fabric, subsequently influencing the electrical output. Moreover, the
electrical output was found to rise with increasing pressure. Specifically, the voltage
climbed from 5.5 Vat 50 N to 10.2 V at 200 N (as shown in Figure 4.5¢), and the current
doubled from 100 nA to 200 nA (depicted in Figure 4.5d).
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Figure 4.5 Electrical output of the fleecy TENG fabric rubbed against a cotton fabric.
(a) Output voltage and (b) current at different frequencies under a compression force of
200 N. (c) Output voltage and (d) current under different compression forces at a

frequency of 3 Hz.

The variation trends of output voltage and power density with the escalation of load
resistance are illustrated in Figure 4.6a, peaking at a power density of around 2446
uW/m? when the resistance was 50 MQ. In addition, the electrical output of knitted
fabrics crafted from diverse materials, namely cotton, polyethylene (PE), polyester
(PET), and nylon, during contact-separation with the fleecy TENG fabric was also
examined (Figure 4.7). Among them, nylon fabric exhibited the highest electrical output,
attaining a voltage of approximately 30 V under the conditions of 200 N and 3 Hz (as

demonstrated in Figure 4.6b), which was in line with the triboelectric series.

90



2500+ . PET Cotton PE Nylon

°|
‘ 2000+ ;.a 20
9

1500} |

L
T
I
1
1
I
|
[l
©
|
1
|
1
1
I
|
|
'
1
1
1
|
1
I
1
()
[¥)
o
[} [
i =

=)
=]

1000+ @

o \ i M\WWU\”/“WUM {”\H‘M‘”\MM’M
@
-
ot lo of MU
(‘] 4 8 f2 ll6 ZI()

0 500 1000 1500 2000
Resistance (M£2) Time (s)

Power density (uW/m?)
//‘
Voltage (V)
Voltage (V)
R

n

24

Figure 4.6 Electrical performance of the fleecy TENG fabric. (a) Output voltage and
power density under different external resistances under 200 N and 3 Hz. (b) Output

voltage with different contact materials under 200 N and 3Hz.

Figure 4.7 Photos of different knitted fabrics used for rubbing against the fleecy TENG
fabric. (a) Polyethylene fabric. (b) Cotton fabric. (¢) Nylon fabric. (d) Polyester fabric.

To gauge the stability and durability of the power-generating fabric, its output was
tested after extended operation and multiple washing cycles. Figure 4.8a reveals that
upon approximately 10,000 contact-separation cycles, the current output exhibited not
only stability but also a progressive increment. This augmentation is presumably
attributable to the accumulation of charges and the formation of a denser surface
structure consequent to repeated compression, which promotes more efficacious
contact. Six identically sized samples were excised from the fleecy fabric and subjected
to a varying number of washing cycles. The washing regimen adhered to the ISO
6330:2021 standard, and each sample was thoroughly desiccated subsequent to the final

wash. The outcomes demonstrated that the output voltage augmented with successive
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wash cycles, initially escalating from approximately 10 V to around 30 V after three
washes (as depicted in Figure 4.8b), which suggested that the washing process does not
impair the structural integrity and functionality of the fabric. Instead, washing may have
enhanced the fabric's performance through several mechanisms. First, mechanical
friction during the washing process likely induced micro-scratches on the fiber surfaces,
increasing their roughness. Second, washing removed residual additives (e.g., spinning
oil) from the fabric production process, resulting in softer fibers that facilitated closer
contact during friction (as evidenced by the SEM images before and after washing in
Figure 4.9). Finally, physical damage from water washing may have generated
additional charge traps (e.g., lattice defects and vacancies) within the material, delaying
charge recombination and thereby enhancing the output. However, after the fourth wash
cycle, the output voltage showed a slight decrease, likely due to the detachment of
acrylic staple fibers from the fabric surface and enhanced fiber hydrophilicity caused
by repeated washing and oil removal, which promoted moisture absorption from the
surrounding environment. Overall, the net effect of water washing on electrical output
was determined by the interplay of these competing factors, with the dominant
mechanism dictating the final performance. In general, standard washing procedures do
not seem to substantially compromise the structural integrity or functionality of this
fleecy fabric. Such findings hold great promise for the practical application of this type

of power-generating fabric.
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Figure 4.8 Stability and durability of the fleecy TENG fabric. (a) Current output under
10,000 contact-separation cycles at 200 N and 3 Hz. (b) Output voltage under 200 N

and 3 Hz after different washing times.
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Figure 4.9 SEM images of fleecy TENG fabric before and after washing. (a) Unwashed.
(b) Washed once. (c) Washed three times.

4.3.5 Applications of the fleecy TENG fabric

The fleecy TENG fabric possesses the capacity to harvest mechanical energy, which
can then be utilized to power small electronic devices. By employing a simple rectifier
circuit (depicted in Figure 4.10a), the harvested energy is transformed into practical
electrical power. Figure 4.10b showcases the charging performance of capacitors with
diverse specifications when the 5 cm X 5 cm fleecy TENG fabric is rubbed against
cotton fabric under the conditions of 200 N and 3 Hz. Commercial capacitors having
capacitances of 0.47, 1, 3.3, 4.7, and 10 pF can be charged to 3 V within 44, 90, 304,
584, and 998 seconds, respectively. Furthermore, this fabric can function as a self-
powered sensor for monitoring a variety of activities. It notably presents the benefit of
high customizability, enabling it to be cut into any preferred shape to fulfill specific
requirements. As an illustration, through cutting and hemming processes, the fabric was
fabricated into a pair of insoles (as shown in Figure 4.10c). When inserted into sports
shoes (Figure 4.10d), these sensing insoles are capable of generating electrical output
signals with distinctive characteristics corresponding to different sports modalities.
Figure 4.10e presents the output voltage signals under three types of movement:
tiptoeing, walking, and jumping, each of which displays clearly distinguishable signal
traits, such as amplitude, frequency, and the morphology of peaks and troughs. A
convolutional neural network (CNN), which was specifically designed for time-series
classification, was adopted as the deep learning model to conduct a more profound

analysis of the signals generated by three distinct behaviors. These behaviors included
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tiptoeing, walking, and jumping, and the dataset was composed of voltage readings
corresponding to these activity classes. To prepare the data, a sliding window technique
was employed. With a window size of 3 seconds and a step size of 1 second, each data
sample was processed to generate sequences of a fixed length, aiming for 30 samples
per window. In total, 600 seconds of data were collected for each behavior and then
divided into 600 data segments (where the interval step = 1 s and the segment length =
3 s). The CNN model was structured with three convolutional layers. After each
convolutional layer, ReLU activation and max-pooling were applied. Eventually, it
concluded with a fully connected layer for classifying the data into the three
aforementioned categories. The training process was carried out using the Adam
optimizer. The learning rate was set at 0.005, the batch size was 64, and the cross-
entropy loss function was utilized as the objective function. The dataset was partitioned
such that 80% was allocated for training and 20% for testing. The model underwent
training over 5 epochs. During this process, the loss was recorded, and at the end of
each epoch, the accuracy was evaluated on the test set. All the experiments were
implemented by leveraging Python and PyTorch. The results as well as the model
weights were saved to facilitate further analysis and ensure reproducibility. The
recognition results, as depicted in Figure 4.10f, demonstrated classification accuracies
of'up to 99.2% for tiptoeing (U1), 100% for walking (U2), and 99.2% for jumping (U3).
Moreover, the fleecy TENG fabric demonstrates significant potential in home security
monitoring applications, like smart carpets and bed sheets. It can also achieve an
aesthetically pleasing appearance through careful yarn color matching and fabric

shaping. This versatility highlights its broad applicability across a multitude of fields.
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Figure 4.10 Application demonstration of the fleecy TENG fabric. (a) Circuit diagram
for charging a capacitor. (b) Curves for charging commercial capacitors of various
specifications. (c¢) A pair of insoles made from fleecy TENG fabric and (d) sports shoes
with smart insoles placed. (e) Differential signals output under three motions: tiptoeing,
walking, and jumping. (f) Recognition and classification results of three motions based

on deep learning.

4.4 Conclusion

This study presents a novel one-step fabrication method for three-thread fleecy TENG
fabric using industrial-scale fleecy knitting technology, achieving a remarkable
production efficiency of 11.53 m¥*h. The as-developed fabric exhibits exceptional
characteristics: 1) superior physical properties including high breathability, excellent
flexibility, outstanding washability, and optimal tactile comfort; 2) outstanding
electrical performance with a peak power density of 2446 pW/m? when interfaced with
cotton, sufficient to power various microelectronic devices; and 3) remarkable design
flexibility enables arbitrary cutting and shaping into diverse products without
compromising functionality, significantly expanding its potential for customized

sensing applications.
95



The practical applicability of the fabric was experimentally validated through its
fabrication into functional insole prototypes. When coupled with a deep learning
algorithm, this product effectively served as a self-powered motion sensor capable of
precise footstep recognition and gait pattern identification. Beyond this proof-of-
concept demonstration, the developed fleecy TENG fabric demonstrates significant
potential for diverse applications, ranging from sports science and healthcare
monitoring to smart home systems and virtual/augmented reality interfaces. These
diverse application possibilities highlight the technology's significant potential to

bridge the gap between wearable electronics and practical real-world implementations.

Future research should pursue three avenues to advance this technology: 1)
investigation of more cost-effective alternative materials to enhance economic viability,
2) comprehensive evaluation of performance under complex environmental conditions
to ensure operational reliability, and 3) development of diversified product derivatives
tailored to specific application scenarios. These efforts will collectively expand the

practical utility of fleecy TENG fabric technology.
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Chapter 5: Highly Stretchable and Structurally Stable Auxetic

Braided Yarn based Sensor for Motion Monitoring

5.1 Introduction

Flexible and stretchable strain sensors are essential components in the development of
smart wearables. Strain sensors include resistive sensors [ 1-5], capacitive sensors [6-8],
piezoelectric sensors [9-12], and triboelectric sensors [ 13-15]. Among them, yarn-based
ones have garnered attention for their uncomplicated design, ease of manufacturing,
and exceptional flexibility [16]. These sensors can be integrated into various textile
products, such as clothing, using physical methods like sewing, pasting, and seamless
insertion, without compromising the comfort of the product. Consequently, they hold
great promise for applications in sports and health monitoring, human-computer

interaction, robotics, and other fields.

A strain yarn sensor usually consists of a highly elastic linear substrate and a conductive
material. Various structures are employed in yarn sensors, including mosaic [17,18],
core-shell [19-21], helical [22-24], and braided structures [5,25]. In the mosaic structure,
conductive materials are embedded within the elastic substrate, commonly with carbon-
based nanoparticles and metal nanoparticles commonly utilized as conductive particles
to achieve an exceptionally high sensing threshold [17,18]. However, nanoparticles
may experience peeling and detachment through repeated mechanical friction and
washing during daily use. The core-shell structure is formed by coaxially extending two
or more materials in a fully covered form. Typically, either the core or shell layer
exhibits high elasticity to facilitate tensile deformation, while the other layer serves as
an electrical conductor, providing a responsive change in resistance. Nevertheless, the
extrusion of core-shell filaments from the nozzle necessitates precise spinning solution
ratios, making the preparation process cumbersome [20]. Another approach for core-

shell yarn sensors involves coating the surface of highly elastic core yarns with
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conductive materials such as ink [21], metals [26], and conductive polymers [27] using
various electrochemical techniques. Microscopic cracks in the conductive coating occur
during stretching, resulting in resistance changes. This unpredictable and disruptive
working mechanism renders the sensing yarns unstable for prolonged use. Helical yarn
sensors, created through winding or twisting methods, offer effective protection for the
conductive components against damage caused by direct stretching and coaxial forces
[24,28-31]. Additionally, auxetic helical yarn sensors exhibit enhanced sensitivity to
small changes due to their relatively larger force-sensitive deformations. This
characteristic makes them a promising choice for accurate and precise sensing in
demanding applications such as high tensile strain sensing and motion monitoring [32-
34]. For instance, a strain-sensitive optical fiber with a negative Poisson's ratio has been
developed by interlocking two silver-coated nylon yarns in opposite directions onto a
core-spun polyurethane elastic yarn [33]. During the stretching process, the torsional
expansion of the core yarn increases the contact change between the two conductive
yarns, resulting in high strain sensitivity and fast response [33]. Furthermore, a
capacitive auxetic yarn sensor has surpassed the sensitivity limit of traditional
capacitive sensors. This breakthrough is achieved by leveraging the auxetic effect,
which leads to a greater increase in the electrode area relative to the applied strain.
However, despite the potential of auxetic yarn sensors, there are still several challenges
that need to be addressed. Firstly, the stability of auxetic yarn sensors with only one or
two winding yarns is not sufficient when subjected to multiple stretches. The slip effect
can cause uneven and loose spirals, thereby affecting the overall performance of the
auxetic yarn sensor. Secondly, the elastic durability of the sensor, which refers to its
ability to recover elasticity after undergoing tens of thousands of stretches, remains a
significant concern. Lastly, seamless integration of sensors into textile products has not
yet been achieved, with current methods relying on pasting or sewing techniques [32,
33]. Braided structures offer superior stability compared to other configurations due to
the inclusion of multiple sets of interlaced wrapped yarns. However, these structures

have certain limitations, including restricted stretchability and increased thickness
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resulting from the presence of multiple wraps.

To tackle these challenges, we initially developed an innovative auxetic braided strain
yarn sensor (ABSYS) that merges the benefits of auxetic helical and braided structures.
The ABSYS is characterized by its reliable structural stability, extensive stretch range,
durability, and seamless integration capabilities. A specially designed braided high-
elastic interlaced covering layer maintains structural stability throughout multiple
stretch-recovery cycles without affecting the sensor's resistive sensing performance.
Subsequently, we created a performance-optimized sensing fabric by seamlessly
incorporating ABSYS into ribbed fabrics using knitted weft inlay technology. The
fabric strain sensor exhibits a notable wide sensing range of 2% to 60%, coupled with
a rapid response time of 0.018 s, reliable stability, and high comfort. The sensor has
been successfully integrated into finger and elbow sleeves to effectively capture the
movements of finger and elbow joints, underscoring its potential in motion monitoring

applications.

5.2 Experimental Section

5.2.1 Materials

280D Ag-plated nylon yarn was obtained from Qingdao Tianyin Textile Technology
Co., Ltd., China. High elastic nylon/spandex yarn (30D) was purchased from Zhuji
Mingyun Chemical Fiber Co., Ltd., China. Core-spun elastic yarns (0.8 mm, 1 mm, 1.2
mm, and 1.5 mm) were bought from Min Shang Xiang Zhi Yuan Store, China. 420D
elastic nylon yarn was bought from Dongguan Dalang Chen Shengli Yarn Shop, China.

5.2.2 Fabrication methods

The fabrication process began with the preparation of auxetic sensing yarn (ABSYS),
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which was produced on an industrial 16-spindle circular braiding machine. To ensure
continuous machine operation, the tension control components for the high-elastic wrap
yarn were replaced with lighter 3D-printed parts. Subsequently, the knitted sensor fabric
was manufactured using a manual flat knitting machine with a gauge of 7. The fabric's
base structure consisted of a rib knit formed with 420D elastic nylon yarn, into which
the ABSYS was strategically incorporated through weft inlay technology. This

integration resulted in a highly elastic sensor fabric.

5.2.3 Characterization and testing

Enlarged photos of different yarn materials and ABSYSs under various tensile strains
were taken using a Leica microscope (M165 C). Tensile tests were completed on the
Instron 5566 Universal Testing Machine. And an LCR digital bridge (TH2830) was

employed to test the resistance change.

5.3 Results and Discussion

5.3.1 Structure design and working mechanism of the ABSYS

As shown in Figure 5.1a, the designed ABSY'S structure comprises three components:
a thick elastic core yarn, a conductive multifilament, and a braided layer formed with
multiple fine elastic wrap yarns. The elastic core yarn provides good stretch and
recovery properties and requires sufficient elastic stability. The conductive
multifilament spirally wound around the core yarn is responsible for resistance sensing
and requires good conductivity and relative rigidity to form a tensile expansion effect.
The elastic wrap yarn is mainly used for fixation, improving structural stability, and
enhancing the tensile recovery ability of the sensor without restricting deformation
behavior, requiring good elasticity and low modulus. The sensing mechanism of the

structure lies in the electric resistance changes due to the extruded contact changes
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among the conductive monofilaments during the first stage of deformation when they
are stretched from a helical shape to a straight form (Figure 5.1b) and the changes in
length and cross-sectional area during the second stage of deformation when the
conductive monofilaments are extended (Figure 5.1c). Compared with existing helical
yarn sensors, the most significant innovation of this structure is the addition of a braided
layer formed with elastic wrap yarns. By interlocking with the conductive multifilament,
the elastic wrap yarns can avoid undesired slippage of the conductive multifilament
along the core yarn, which can considerably enhance the stability of the yarn sensor
structure. The ABSYS has several improvements compared with nonauxetic yarn
sensors. First, in applications such as joint activity monitoring, the expanded elastic
yarns can minimize stress concentration on the sensing fibers, ensuring better wearing
comfort. Second, the unique deformation mechanism of auxetic yarns allows for a
wider sensing strain range and higher sensitivity. Furthermore, the full-fiber structure
makes the sensor soft enough to be seamlessly embedded in clothing and the

preparation process simple enough to achieve large-scale production.
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Figure 5.1 Structure of the ABSYS and cross-section of the conductive multifilament:
(a) at the initial state; (b) under extrusion in the first stage; (¢) under extension in the

second stage.

5.3.2 Fabrication of the ABSYS

As shown in Figure 5.2a, a circular braiding machine was employed to fabricate various
ABSYS samples with different structural parameters and raw material properties. The
elastic core yarn was erected in the middle of the platform and the conductive
multifilament and multiple elastic wrap yarns were placed on the spindles of the disc
with bobbins. Due to the low modulus of the elastic wrap yarn, the industrial steel
tension device could not be adjusted to a suitable small tension. PLA tension devices
were specially manufactured by 3D printing to provide suitable and uniform tension for
the elastic wrap yarns during the braiding process. The operational mechanism of the

braiding machine is illustrated in Figure 5.2b, using a 16-spindle configuration as an

107



example. The process begins with the elastic core yarn being threaded through a central
circular aperture on the braiding machine platform. A simple tension disk is employed
to apply tension to the core yarn, ensuring it remains straight. Two sets of yarn bobbins,
equal in number but moving in opposite directions-one set moves clockwise, while the
other moves counterclockwise are placed on the spindles and follow a wavy circular
path along the spindle track. Among the sixteen bobbins, one is wound with conductive
multifilament, while the rest are wound with elastic wrap yarn. As the two sets of yarn
bobbins move along the track, the sixteen peripheral yarns interlace with each other and
merge with the core yarn along the platform's central axis. This intricate interweaving
process results in the formation of the final braided yarn. Subsequently, the braided yarn

is collected by a collection device.

Spindle track

Elastic core yarn
XXl
508
<X}
" 0,

N & 3 (::‘:’0
Conductive multifilament W" Elastic wrap yarn
' \

M Elastic core yarn
M Conductive multifilament
M Clockwise wrap yam

Counterclockwise wrap yarn

Figure 5.2 Fabrication process of the ABSYS. (a) Yarn configuration on the circular
braiding machine. (b) Schematic diagram of the mechanism responsible for forming the

braided structure.

To prepare the ABSYS samples, four core yarns of varying diameters, one conductive
multifilament, and one wrap yarn were utilized. Table 5.1 details the specific
specifications of these yarn materials. The elastic core yarn used is polyester-latex
covered yarn available in four diameters: 0.8 mm, 1 mm, 1.2 mm, and 1.5 mm. Cross-
sectional photos show that they contain different numbers of latex cores, specifically 1,
3, 4, and 5, respectively. The conductive multifilament employed is 280D Ag-plated
nylon multifilament, created by twisting two strands of multifilaments composed of

multiple Ag-plated nylon monofilaments together (each strand has a measured diameter
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of approximately 195 um). This commercially prevalent multifilament is noted for its
low toxicity and excellent conductivity, with a resistivity of approximately 2 Q/cm. The
elastic wrap yarn is 30D nylon-spandex covered yarn with a very small diameter of

about 75 pm.

Table 5.1 Details of three composing yarns.

Photograph
Yarn type Property Code Spec
Side view Cross section

C2
Elastic Polyester-latex
core yarn core-spun yarn
C3
C4
Conductive Ag-plated
) nylon Ag 280D
multifilament )
multifilament

500 pm

Elastic Nylon-spandex

3OD s g ,’1_',,._ - = s -
wrap yarn covered yarn

500 pm

The tensile properties of the three component yarns were evaluated, with their stress-
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strain curves depicted in Figure 5.3. The elastic moduli of the core yarns, measured at
1% strain, were 11.60 MPa, 12.34 MPa, 10.27 MPa, and 12.69 MPa, corresponding to
increasing diameters. The stress of the 0.8 mm core yarn was the lowest within 50%
strain but then increased rapidly, surpassing the other three at 75% strain, indicating
poor elastic elongation. In contrast, the core yarns of the other three diameters exhibited
excellent elastic elongation, with significant stress increases occurring after
approximately 100% strain. The conductive multifilament and wrap yarn exhibited
elastic moduli of 882.26 MPa and 20.97 MPa, respectively. The conductive
multifilament, possessing the highest elastic modulus, fractured at a tensile strain of
approximately 25%. The elastic wrap yarn required the least force to stretch, yet it
exhibited an intermediate tensile modulus due to its extremely small diameter. At
approximately 45% strain, the outer nylon yarn began to break randomly, causing
fluctuations in the curve, and it completely fractured at about 60% strain. In contrast,
the conductive multifilament was relatively rigid, meeting the structural requirements
for the helical auxetic yarn.

a b 7

Conductive multifilament 0.8 mm
150} - - - - Elastic wrap yarn 6r —~~ 1.2mm
06— .
120} Spoos
a ;‘:‘:‘ 04
& L
= 90} z 4
o 60+ J W , wl oaf
’ 2 ) . -
30¢
I -
ol o : : : 0 : : : : ‘
20 40 60 80 100 120 20 40 60 80 100 120

Strain (%) Strain (%)
Figure 5.3 Tensile properties of three component yarns. (a) Stress-strain curves of
conductive yarn and wrap yarn. (b) Stress-strain curves of elastic core yarns with

different diameters.

Ten distinct ABSYS samples were prepared, as detailed in Table 5.2, with variations in
material parameters including core yarn diameter, and quantities of conductive

multifilament and elastic wrap yarn. Machine parameters such as core yarn tension disc
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setting (spring-controlled maintain vertical of the core yarn during braiding), spindle
movement speed, and collection speed were held constant. Theoretically, under these
conditions, the braiding angle (the angle between the conductive multifilament and the
central axis of ABSYS) will increase with larger core yarn diameters. However,
variations in core yarn shrinkage post-braiding affect the braiding angle, with the
significant shrinkage of C1 resulting in a larger angle. Additionally, two helical auxetic
yarn samples without elastic wrap yarn, labeled H-A and H-B, were prepared for

comparative analysis.

Table 5.2 Details of various ABSYS samples.

Braiding angle

Code Description Photograph
(degree)
Cl1-A IC1+1Ag+7W 50.1
CI1-B IC1+1Ag+15W 50.1
C2-A 1C2+1Ag+7W 39.0
C2-B I1C2+1Ag+15W 39.0
C2-C 1C2+2Ag+6 W 39.0
2 mm
C2-D 1C2+2Ag+14W 39.0
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C3-A 1C3+1Ag+7W 39.8

C3-B 1C3+1Ag+15W 39.8
C4-A 1C4+1Ag+TW 50.2
C4-B 1C4+1Ag+15W 50.2
H-A 1C3+1Ag 39.8
H-B 1C3+2Ag 39.8

5.3.3 Auxetic performance of ABSYSs

The tensile Poisson's ratio for each sample was determined by capturing images at 5%
increments of tensile strain. Figure 5.4 illustrates the changes observed in a sample
during the stretching process. During tensile deformation, two concurrent phenomena
were observed: progressive straightening of the rigid yarn and helical twisting of the
elastic core yarn. The sample gradually exhibited visual expansion within 40% strain
elongation, followed by contraction resulting from elastomeric thinning of the core yarn.
Experimental results indicated that the rigid yarn became fully straightened at
approximately 60% strain, suggesting that the optimal working range for ABSYS
should be limited to the 0-60% strain interval in future applications. Poisson's ratio v of

the ABSYS can be determined using the following equation:
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__ (H=Hg)/Hg
£

v = Equation 5.1

where Hy is the initial diameter of the cross section, H is the diameter of the cross

section under tensile conditions, and ¢ is the axial strain.

1

0% 10% 20%  25% ?;0% 40% 50%  60%

Figure 5.4 Photos of a sample at different strains during stretching.

Figure 5.5 presents the tensile Poisson's ratio of all samples across various strains. As
shown in Figure 5.5a, both excessively large and small core yarn diameters adversely
affected the auxetic effect. Samples with the C1 core exhibited limited auxetic
capability, particularly C1-A, which demonstrated a negligible negative Poisson's ratio
throughout the stretching process. This was likely because the core yarn's diameter of
0.8 mm was too thin, resulting in minimal visual expansion despite twisting. Similarly,
samples with the C4 core showed a weak auxetic effect, probably due to the 1.5 mm
diameter core yarn's relatively high modulus, which made it more difficult to achieve
the necessary twisting for expansion compared to other core yarns. Conversely, samples
with C2 and C3 cores exhibited favorable auxetic effects. Notably, C2-B and C3-A
maintained a negative Poisson's ratio throughout the entire stretching process.
Specifically, C2-A achieved a maximum negative Poisson's ratio of approximately -
0.66 at 50% strain, C2-B reached about -0.58 at 30% strain, C3-A attained about -0.62
at 25% strain, and C3-B reached about -0.36 at 35% strain. Figure 5.5b examined the

impact of the number of helical conductive yarns oriented in the same direction. C2-C
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demonstrated a significantly enhanced auxetic effect, achieving a maximum negative
Poisson's ratio of approximately -1.26 at 25% strain. This enhancement was likely due
to the increased presence of rigid components, which facilitated easier twisting of the
core yarn during stretching, resulting in greater visual expansion. However, C2-D did
not exhibit a noticeable auxetic effect, possibly due to the increased number of
peripheral elastic wrap yarns, which may have impeded further expansion. Additionally,
the two rigid yarns reached a straightened state at about 40% strain, reducing the auxetic
range of the sensing yarn. As a control, the auxetic capacity of H-A and H-B structures,
which lacked the outer elastic network, was also evaluated. As depicted in Figure 5.5c,
H-B, featuring outer rigid yarn crossing, demonstrated the most pronounced auxetic
effect, achieving a maximum negative Poisson's ratio of approximately -1.47 at 20%

strain, consistent with previous research [33].

Poisson's ratio

10 20 30 40 50 60

—=—C2-A

Poisson's ratio
Poisson's ratio

0 10 20 30 40 50 60 =% 10 20 30 40 50 60
Strain (%) Strain (%)

Figure 5.5 Tensile Poisson's ratio of all samples at different strains. (a) Strain-Poisson’s
ratio curves of ABSY'S samples with one conductive yarn. (b) Comparison with ABSYS

samples with two conductive yarns. (¢) Comparison with samples without wrap
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network.

5.3.4 Strain sensing capabilities of ABSYSs

Initially, the resistance change rate of all samples was tested over a large strain range
of 60%, with the results presented in Figure 5.6. Generally, improved auxetic
performance enhances sensing sensitivity. As illustrated in Figure 5.6a, the C2-B and
C3-A structures, which exhibit more stable tensile negative Poisson's ratios,
demonstrated more sensitive resistance change responses. Additionally, compared to
structures with two conductive rigid yarns and unwrapped networks, C2-B and C3-A
showed superior performance in large-range sensing. Considering both the auxetic
effect and sensing performance, the C3-A structure was preferred for subsequent

development of sensing fabrics and application demonstration.
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—— C2A
2B
2.5 CiA
C3-B
& 20F —— C4-A
= —— (4B
< st
1.0
0.5
0.0 - —
00 0.1 02
b s C 35

C3-A

C2-A

30 — C2B / o — ¢
— ¢ / —

AR/Ro
AR/Ro

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Strain Strain

Figure 5.6 AR/Ro-strain curves of all samples within a large strain range of 60%. (a)

ABSYS samples with one conductive yarn. (b) Comparison with ABSYS samples with
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two conductive yarns. (¢) Comparison with samples without wrap network.

The resistance response of C3-A under various tensile strains was evaluated. The
sensitivity to tensile strain is quantified by the GF, which is defined as the ratio of the
change in resistance to the applied strain &. The formula for calculating the GF is given
by:

__AR/Rq
- &

GF Equation 5.2

Typically, a larger absolute value of the GF indicates a higher sensitivity of the sensor
to strain. As illustrated in Figure 5.7a, C3-A demonstrated distinct average GFs across
different strain ranges. Specifically, the average GFs were 0.25, 1.43, 4.97, 9.34, and
13.15 for strain ranges of 0-20%, 20-30%, 30-40%, 40-50%, and 50-60%, respectively.
This indicates that the response sensitivity of C3-A increased with the strain range. And
the overall average GF within the 60% strain range was about 4.90. At a cyclic
stretching speed of 200 mm/min, the resistance changes of the sensing yarn under
varying strains were examined. Figures 5.7b and 5.7c reveal that the sensing yarn
maintained a relatively constant AR/Ro from a small strain of 2% to a large strain of
60%. Furthermore, the impact of stretching speed on resistance response was
investigated. As depicted in Figure 5.7d, at a 40% strain, AR/Ro slightly increased with
higher stretching speeds. This increase might be attributed to the greater elongation of
C3-A due to inertia at the maximum strain value during high-speed stretching.
Furthermore, it is noteworthy that during the cyclic stretching process, the baseline of
the resistance versus time curve exhibits a gradual and subtle upward shift. This
behavior is most likely attributable to the inherent recovery hysteresis characteristic of
the elastic material. To mitigate this phenomenon and enhance the practical
applicability of ABSYS, it will be integrated into the fabric through knitting technology

to make a fabric sensor.
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Figure 5.7 Sensing Performance of the C3-A Sample. (a) Gauge factor at different
strains. (b) AR/Ro-time curves at 2%, 5%, 10% strains with 200 mm/min tensile speed.
(c) AR/Ro-time curves at 20%, 40%, 60% strains with 200 mm/min tensile speed. (d)

AR/Ro-time curves at different tensile speeds with 40% strain.

5.3.5 Fabrication and characterization of ABSYS-based knitted sensors

Fabric sensors with seamless ABSYS embedding were developed using weft inlay
technology on a hand-operated knitting machine. The support structure was a 1x1 rib
stitch composed of high-elastic nylon yarn, into which ABSYS (C3-A) was linearly
inserted within the rib's interlayer to form a highly elastic fabric sensor. The ABSYS
insertion measured 5 cm in length, while the fabric width was 3.3 cm, as shown in
Figure 5.8a. The sensitivity and resistance changes of the fabric sensor were evaluated
under various strains (Figure 5.8b and c¢). When exploring the minimum detection limit,
it was found that the sensing signal within the small strain range of 1% showed

fluctuations, which was problematic for accurate strain sensing. Consequently, the
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effective sensing range of the fabric sensor was determined to be 2%-60% strain, which
is sufficient for joint motion monitoring. Similar to ABSY'S, the sensitivity of the fabric
increased with strain. However, its overall sensitivity was lower than that of the yarn
sensor. The fabric exhibited an average GF of approximately 2.06 within the 60% strain
range. The integration of an elastic fabric substrate contributed to the decrease in
sensitivity, which can be primarily attributed to two factors. Firstly, the insulated nylon
yarn in close contact with the ABSYS increased the overall contact resistance. Since
the resistance change originated solely from the sensing yarn, this led to a lower overall
resistance change rate. Secondly, the compression of ABSYS by the elastic fabric

substrate may have impeded the contact changes among the fibers within the conductive

yarn.
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Figure 5.8 Sensing Performance of the ABSYS-based knitted sensor. (a) Photograph
of the knitted sensor. (b) AR/Ro-time curves for the knitted sensor under strain levels of
1%, 2%, 5%, and 10% at a tensile speed of 200 mm/min. (c) AR/Ro-time curves for the

knitted sensor under strain levels of 20%, 40%, and 60% at a tensile speed of 200
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mm/min.

A notable advantage was that the inclusion of the elastic fabric substrate significantly
reduced the response hysteresis of the sensor, resulting in a more stable output response
curve. Furthermore, the response speed to stimuli was a crucial evaluation metric. The
response time was assessed by applying a small strain of 2% to the sensing fabric at a
relatively rapid rate of 500 mm/min, maintaining it briefly, and then unloading it at the
same rate. The loading duration was 0.072 seconds, and the resistance response curve
indicated that the resistance completed its response in 0.09 seconds, yielding a response

time of 0.018 seconds, which demonstrated excellent response speed (Figure 5.9).
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Figure 5.9 Response time measurement of the ABSY S-based knitted sensor.

The resistance change response of the sensing fabric was evaluated under both 1% small
strain (Figure 5.10a) and 60% large strain (Figure 5.10b) conditions, both before and
after washing. Washing did not significantly alter the sensitivity of the fabric under
large strain conditions. However, it notably enhanced both the sensitivity and stability
of the fabric under small strain conditions. This improvement was primarily due to the
slight shrinkage of the fabric base caused by washing, which resulted in a more compact
structure and more stable tensile recovery under small strain. Figure 5.10c presents the
resistance response change of the sensing fabric over 3,000 cycles of 40% strain.
Although AR/Ro exhibited a slight upward shift over time during these cycles, it
generally remained within an acceptable range for motion sensing applications.

Furthermore, the upward trend of the baseline tended to flatten as the number of cycles
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increased.
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Figure 5.10 Durability of the ABSYS-based knitted sensor. (a) Comparison of the
resistance response of the knitted sensor at 1% strain before and after washing. (b)
Comparison of the resistance response at 60% strain before and after washing. (c)

Resistance response at 40% strain over 3000 stretch-recovery cycles.

5.3.6 Application demonstration of motion monitoring

To demonstrate the feasibility of detecting various human motions, ABSYSs were
seamlessly integrated into an elbow sleeve (Figure 5.11a) and a finger sleeve (Figure
5.11c) to capture responses to different gestures and movements. As demonstrated in
Figure 5.11b and d, the tube fabrics produced sensitive and distinct response signals
corresponding to finger and arm movements at various bending angles. Furthermore,
the bending speed influenced the signal waveform, as depicted in Figure 5.11e and f.

These characteristics could be utilized as capture features for motion recognition. This
120



kind of sensor, when applied to multiple joints and combined with deep learning
algorithms, has the potential to detect a wide range of complex body movements.
Furthermore, compared to traditional yarns, the auxetic structure of ABSYS applies less
pressure on the skin during stretching, thereby enhancing user comfort. This sensing
strategy demonstrates significant potential in the field of wearable motion monitoring.
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Figure 5.11 Elbow and finger sleeves responding to various joint bending movements.
(a) Photograph of the elbow sleeve. (b) Resistance response signals of the elbow joint
at different bending degrees. (c) Photograph of the finger sleeve. (d) Resistance
response signals of the finger at different bending degrees. (e) Resistance response
signals of the elbow joint at varying bending speeds. (f) Resistance response signals of

the finger at varying bending speeds.

5.4 Conclusion
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In summary, this study presents a novel strategy for fabricating flexible and stable
strain-sensing textiles by integrating auxetic braided yarn with elastic knitted structures.
The key innovation lies in the development of an auxetic braided sensing yarn
manufactured via circular braiding technology, which exhibits a distinct negative
Poisson’s ratio and exceptional structural stability. Leveraging this yarn, a highly elastic
knitted sensor was fabricated using weft inlay technology, demonstrating a broad
working strain range (2%-60%), rapid response time (0.018 s), and reliable cyclic
stability-critical attributes for practical wearable applications. The sensor’s
performance was further validated through human joint and motion detection,
confirming its high sensitivity and durability under dynamic conditions. Moreover, the
fabric’s seamless integration into clothing minimizes aesthetic and comfort
compromises, offering a significant advantage over conventional rigid or bulky sensing

devices.

Despite these advancements, several limitations warrant further investigation. First, the
current material selection limited to specific conductive multifilament and elastic yarns
could be expanded to explore alternative functional materials (e.g., conductive
polymers or hybrid nanocomposites) to enhance sensing performance and
multifunctionality. Second, while the sensor achieves a high gauge factor, its nonlinear
response may complicate signal interpretation in precision-demanding applications;
future work should optimize the braiding architecture or material combinations to
linearize the electromechanical response. Finally, although the sensor excels in joint
motion monitoring, its potential in broader applications, such as smart textiles for
healthcare (e.g., respiratory monitoring or posture correction) and human-machine

interfaces remains underexplored and warrants systematic investigation.
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Chapter 6: Conclusions and Outlook

6.1 Conclusions

This thesis presents the development of comfortable and scalable textile sensors for
motion monitoring by leveraging yarn materials, knitting structures, and textile
technologies. Three distinct knit-based sensors have been developed to monitor specific
human motion modes: ground motion, contact-motion, and joint motion. This study
systematically evaluates the fabricated sensing fabrics through comprehensive
characterization of their electrical output performance, sensing sensitivity, mechanical
properties, and comfort levels. The developed fabric sensors maintain the tactile
experience and comfort of conventional fabrics while exhibiting superior durability and
washability. Importantly, they achieve high recognition accuracy and sensitivity in

practical motion monitoring applications.

In Chapter 3, the research focuses on the development of triboelectric carpet fabrics
using chenille yarns. Core-conductive chenille yarns are initially created through fancy
spinning technology. These yarns are then integrated into a highly elastic 1x1 rib
structure using knitting weft inlay technology, resulting in a carpet fabric with a shaggy
surface. This process is fully industrializable, eliminating the need for additional
pretreatment steps. The resulting carpet fabric exhibits promising triboelectric output
performance, achieving a maximum power density of approximately 2942 pW/m? in
contact-separation mode. Energy harvested can power small electronic devices through
simple circuit management. Furthermore, with machine learning support, the carpet
fabric is capable of behavior recognition and user identification. After training with
time-current data, it successfully classifies four behaviors-slow walking, walking,
jogging, and jumping-and identifies four different subjects. The fabric retains the
appearance and comfort of traditional textiles, is warm, cost-effective, easy to

manufacture, and demonstrates electrical stability and durability, showing significant
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potential for smart home security monitoring systems.

Chapter 4 introduces triboelectric fleecy fabrics developed using three-thread fleecy
knitting technology. Commercial yarn materials, including Ag-plated conductive yarn,
are directly transformed into triboelectric fleecy fabrics through a one-step knitting
process that is both convenient and cost-effective. This method boasts ultra-high
production efficiency, with a capacity of approximately 11.53 square meters per hour.
The resulting fleecy sensing fabric functions as a triboelectric nanogenerator, producing
electrical signals when rubbed with cotton fabrics and achieving a peak power density
of about 2446 pW/m?. Made entirely from commercially available yarns, the fabric
offers excellent flexibility, fullness, and breathability, maintaining consistent output
performance even after multiple machine wash cycles. Importantly, this fabric can be
freely cut and customized into self-powered flexible sensors for various applications,
such as insoles and carpets for sports monitoring. Enhanced by deep learning algorithms,
the fabric exhibits strong recognition capabilities, paving the way for the development
of cost-effective, comfortable, and widely applicable flexible sensors, thereby

expanding their potential for practical applications across different scenarios.

In Chapter 5, the study develops a sensing fabric based on auxetic sensing yarn. Auxetic
strain sensing yarns are prepared using circular braiding technology. Unlike previously
reported auxetic helical yarns, these yarns incorporate a highly elastic network layer,
enhancing structural stability during repeated stretching cycles. The auxetic braided
yarn demonstrates high sensitivity to strain, particularly large strains, achieving a
maximum GF of 13.15 within the 50%-60% strain range. A highly elastic fabric sensor,
seamlessly embedded with this auxetic sensing yarn, is created using knitting weft inlay
technology. It exhibits high response sensitivity in the strain range of 2% to 60%, with
a high response speed of 0.018s, and shows reliable stability in long-term stretching
cycles. The sensor is seamlessly integrated into elbow and finger sleeves, displaying

distinct resistance change responses to various joint bending activities. The sensor
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maintains comfort and aesthetics while maintaining high sensitivity, providing a

promising strategy for future wearable motion monitoring.

In conclusion, this study explores the feasibility of preparing flexible sensors using pure
textile materials and technologies. The findings indicate that industrialized fiber/yarn
materials and textile technologies, including spinning, braiding, and knitting, are well-
suited for creating flexible, comfortable, and durable fabric sensors. Advanced knitting
technology, in particular, enables variable fabric structures and complex yarn
combinations, offering unique advantages and prospects in the development of textile

Sensors.

6.1 Outlook

This study utilized a range of textile technologies, with a primary focus on knitting, to
successfully develop various pure textile flexible sensors for motion monitoring. The
results highlight the significant potential of knitting technology in the fabrication of
flexible sensors. However, the current research has certain limitations that necessitate

further investigation and development. Key areas for future exploration include:

1. Diverse knitted-cased sensing fabrics: While this study developed several sensitive
sensing fabrics, it primarily explored triboelectric and resistive mechanisms. The
potential of knitting technology for other sensing mechanisms, such as capacitive and

piezoelectric sensors, remains largely unexplored and warrants further investigation.

2. Expansion of textile raw materials: The yarn materials used in this study were
relatively limited, with conductive properties primarily derived from Ag-plated fibers.
The applicability of alternative conductive materials, such as carbon-based fibers, in
knitting technology should be further explored. Expanding the range of raw materials

will enhance the library of knitted sensors, contributing significantly to the diversified
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development of flexible sensing technologies.

3. Development of Protective Strategies: To ensure reliable performance in real-world
applications, future work must systematically evaluate the effects of key environmental
stressors, including hygrothermal variations, particulate contamination, surface fouling,
and mechanical wear. This investigation will establish optimized material design rules
and protective strategies (e.g., hydrophobic coatings, self-cleaning interfaces) that

enhance environmental resilience without compromising textile comfort.

4. Complexity in signal recognition: This study achieved basic action and user
recognition with the support of machine learning. However, real-world signal sources
are complex and often subject to interference. Achieving more accurate recognition will
require larger datasets and optimized machine learning algorithms, presenting a

promising avenue for future improvement.

5. Development of a comprehensive monitoring system: The study has yet to explore a
complete monitoring system based on knitted sensors, which would integrate sensors,
data acquisition and processing devices, data transmission modules, user interfaces, and
power management systems. Numerous challenges remain in the practical application
of these sensors, such as packaging methods and integration with other devices.
Addressing these issues is crucial for the future commercial application of sensor

fabrics.
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