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Abstract

Sleep is essential for maintaining health and promoting brain function and immune
strength, while insufficient sleep increases the risks of illness and early mortality.
Improving sleep quality has become a major research focus, with efforts centered on
optimizing environmental factors like mattress comfort and employing advanced
technologies such as integrated sensors for behavioral data collection. Among these,
mattress surface fabrics are attracting growing attention for their ability to
simultaneously enhance the contact environment through improved comfort and enable
real-time sleep behavior monitoring via embedded sensing technologies. However,
traditional mattress surface fabrics, typically made from commonly used synthetic
fibers that lack sustainability or natural fibers that are prone to bacterial growth, raise
significant concerns regarding environmental impact and hygiene. Poly(lactic acid)
(PLA) emerges as an ideal alternative material due to its renewable origins,
biodegradability, antibacterial properties, and excellent mechanical performance.
Despite its potential, the application of PLA in mattress surface fabrics remains

unexplored.

To address this gap, this study aims to design and fabricate a PLA-based smart mattress
surface fabric that combines enhanced comfort with integrated sleep monitoring
functionality. The research begins with producing crimped PLA filaments in four linear
densities (150D, 450D, 600D, and 900D) using the knit-de-knit technique. Through a
comprehensive evaluation of their crimped and tensile properties, optimal heat-setting
conditions of 120°C for 90 s were determined, and predictive models for these
properties were established. The optimized crimped PLA filaments exhibit excellent
crimped and tensile properties, making them highly suitable as inlaid filaments in

mattress surface fabrics.

Subsequently, crimped PLA filaments were utilized to produce PLA weft-knitted inlaid



fabrics for mattress surface applications. The effects of connection rate, stitching
pattern shape, and yarn types on the physical and comfort properties of these fabrics
were systematically investigated, along with their durability. The findings reveal that
increasing the connection rate enhances fabric air and water vapor permeabilities while
reducing thermal insulation and compression energy absorption. Stitching pattern shape
also plays a critical role, with triangular patterns promoting air permeability, hexagonal
patterns leading to greater thickness loss, and rhombic patterns absorbing more
compression energy. Additionally, fabrics made with crimped PLA inlaid filaments
exhibit superior comfort properties, reduced thickness loss, and higher compression
energy absorption. Compared to PET fabrics, these PLA fabrics display improved water
vapor permeability and comparable overall comfort, pilling, and abrasion resistance,

highlighting their potential as sustainable materials for mattress applications.

To achieve sensing functionality, this study further integrated conductive yarns into
PLA weft-knitted inlaid fabrics, developing a PLA-based textile capacitive pressure
sensor (TCPS) through the intarsia knitting technique. The improved TCPS exhibits a
sensitivity range of 1.73-0.09 kPa™! within 015 kPa, along with stable capacitive
responses under varying compressive pressures (1-15 kPa) and rates (5-20 mm/min).
Moreover, it maintains consistent performance even after five washings and 5000
compression cycles, emphasizing its durability. Building on this, a PLA smart mattress
surface fabric integrating a 4 x 4 matrix of 16 TCPS units was seamlessly fabricated.
Supported by a wireless data acquisition system, this fabric records capacitance changes
across each TCPS, enabling real-time monitoring of sleep behaviors such as getting into
and out of bed, lying flat, and lying on the side. To analyze the recorded capacitance
data, a one-dimensional convolutional neural network (I1D-CNN) was developed,
achieving 100% accuracy in classifying sleep behaviors and 80-100% accuracy in
identifying seven participants. In conclusion, this study successfully develops a
sustainable, comfortable, and intelligent PLA-based mattress surface fabric, providing

a reliable technical foundation for advanced sleep monitoring applications.
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Chapter 1

Chapter 1 Introduction

1.1 Background

Sleep is a fundamental physiological need essential for achieving optimal health [1, 2].
It plays a vital role in supporting biological functions, including the restoration of brain
energy stores, the regulation of hormone secretion, and the enhancement of immune
system performance [3, 4]. Conversely, chronic insomnia poses significant health risks,
notably increasing the likelihood of depression, inflammatory disorders, infectious
diseases, and even mortality [5, 6]. Recognizing the critical impact of sleep, recent years
have seen an increased focus on promoting sleep quality through strategies such as
environmental optimization [7, 8] and the adoption of smart monitoring technologies
[9]. These approaches have gained popularity due to their simplicity and reduced
reliance on self-discipline or complex therapeutic interventions. Mattress surface
fabrics emerge as a key solution that enhances both strategies simultaneously. They can
not only improve sleep quality by optimizing the body-mattress contact environment
[10] but also enable real-time monitoring of sleep behaviors through embedded sensing
technologies, offering valuable insights for further sleep optimization [11]. Therefore,
the development of mattress surface fabrics with enhanced comfort and monitoring

capabilities is critical for better sleep health.

Mattress surface fabrics are categorized into three primary types based on their
manufacturing techniques: woven, multilayer quilted, and knitted fabrics [12-15].
Woven fabrics, however, require a complex and time-consuming warp preparation
process, often resulting in production challenges [16]. Similarly, the fabrication of
multilayer quilted fabrics is complicated, as each layer must be produced separately and
then stitched together [14]. In contrast, weft-knitted inlaid fabrics, a multilayer fabric
produced in a single step using weft-knitted technology, have become the preferred
choice for mattress surface fabrics due to their versatile patterns, superior softness, and

high production efficiency [13, 17]. These fabrics typically consist of three layers: an
1
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upper layer, a middle layer, and a lower layer [18, 19]. The upper and lower layers can
be made from various materials, including natural and synthetic yarns [13, 20-25].
Commonly used natural fibers are prone to bacterial growth, raising hygiene concerns,
whereas conventional synthetic fibers, derived from petroleum, are non-degradable and
contribute to environmental issues. The middle layer of weft-knitted inlaid fabrics is
typically inserted with bulky textured filaments, which significantly influence the
fabric’s physical properties and overall comfort. Various techniques have been
developed to produce these textured filaments, including false-twist [26], stuffer-box,
gear crimping [27], knit-de-knit [28], and melt spinning [29-34]. Among these, the knit-
de-knit technology is notable for its economical production, adjustable crimp shapes,
and consistent crimp patterns. However, like most other techniques, the filaments
produced using this method are predominantly made from unsustainable polyethylene

terephthalate (PET) [35].

The limitations of conventional natural and synthetic fibers emphasize the need for
alternative materials that effectively balance functionality and environmental
sustainability. Poly(lactic acid) (PLA), a renewable and biodegradable polymer, offers
a promising solution. PLA is derived from 100% annually renewable sources such as
corn, cassava, sugarcane, and sugar beet, and it can be fully composted at the end of its
lifecycle [36-38]. As the only biobased and biodegradable polymer suitable for large-
scale melt-spinning into textile fibers with desirable mechanical properties, PLA
provides an attractive alternative to traditional fibers in textile applications [38, 39].
Additionally, PLA fibers exhibit low flammability, good antibacterial properties, and
weather resistance, making them particularly well-suited for mattress surface fabrics
[40-52]. However, there is a lack of research on the comfort properties of weft-knitted
inlaid fabrics made from sustainable PLA materials, which limits their widespread use
in textiles. Furthermore, no studies have been conducted on textured PLA filaments,
further restricting the potential of PLA-based mattress surface fabrics. Therefore, the

development of bulky textured PLA filaments and their integration into sustainable



Chapter 1

weft-knitted inlaid fabrics is crucial for expanding the use of PLA in mattress surface

fabrics.

Sleep monitoring is another crucial aspect of mattress surface fabric research, offering
valuable insights through the long-term tracking of human sleep behaviors. Such data
can facilitate the development of healthier sleep habits, ultimately enhancing overall
sleep quality [9]. A variety of studies have focused on smart mattress surface fabrics
designed to monitor different sleep states, such as body pressure distribution [11], sleep
posture and position [53, 54], electrocardiogram (ECG), and ballistocardiogram (BCQG)
signals [55, 56], and respiratory rate [57]. However, all of these fabrics require the
additional embedding of sensors or electrodes, making the manufacturing process more
complex, while potentially causing discomfort and requiring more maintenance [11,
53-57]. Therefore, in addition to ensuring sustainability and comfort, there is a rising
demand for more efficient and cost-effective methods to fabricate smart mattress

surface fabrics.

1.2 Objectives

In view of the above, this study aimed to enhance human sleep quality by utilizing PLA
materials to design and fabricate sustainable and comfortable mattress surface fabrics
with integrated sleep monitoring functionality. The specific objectives of this study are

as follows:

(1) To design and produce crimped PLA filaments with varying linear densities using
knit-de-knit technology, establish regression prediction models to correlate heat-setting
parameters with their crimped and tensile properties, and optimize these parameters to

achieve superior overall performance.

(2) To develop comfortable and durable PLA weft-knitted inlaid fabrics for mattress

surface, systematically investigating the effects of knitting parameters and material

3
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types on their physical, comfort, and compression performance.

(3) To manufacture PLA-based textile capacitive pressure sensor (TCPS) by integrating
conductive yarns into PLA weft-knitted inlaid fabrics through a single-step knitting
process, investigate structural parameters to achieve superior sensing performance, and
comprehensively evaluate their sensing properties and comfort to ensure durability and

suitability for long-term use in mattress surface applications.

(4) To fabricate PLA smart mattress fabrics with an integrated TCPS matrix, design
hardware, and software systems to record and analyze capacitance data during
individual sleep, and employ machine learning for precise behavior classification and

individual identification, ultimately achieving efficient wireless sleep monitoring.

With the successful completion of this study, bulky PLA filaments with superior
crimped and tensile properties will be produced, and PLA smart mattress surface fabrics
with excellent comfort and sleep monitoring capabilities will be developed. These
advancements are expected to improve individual sleep quality while promoting the use

of sustainable PLA materials in the textile industry.

1.3 Methodology

To achieve the objectives outlined in this study, a comprehensive investigation was
conducted on the development of bulky crimped PLA filaments and their application in
sustainable and comfortable mattress surface fabrics with integrated sleep monitoring
capabilities. The specific research methodology employed in this study is presented in

the flowchart shown in Figure 1.1.
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Figure 1.1 Flowchart of the overall methodology.

To produce bulky and textured PLA filaments while ensuring knittability, the
production process and properties of crimped PLA filaments using the knit-de-knit
technique were systematically investigated. PLA filaments with varying linear densities
(150D, 450D, 600D, and 900D) were initially knitted into plain fabrics and
subsequently subjected to dry heat-setting under controlled temperature (80°C to 160°C)
and time (20 s to 120 s) conditions. After heat-setting, the fabrics were unraveled to
obtain crimped PLA filaments. Standard testing methods were used to measure their
crimped properties (crimp number, crimp ratio, and crimp elastic ratio) and tensile
properties (tenacity and elongation). The significance of the relationship between heat-
setting parameters and filament properties was analyzed through a two-way analysis of
variance (ANOVA), while regression analysis was applied to establish performance
prediction models. Based on the optimized heat-setting conditions, a specialized
circular knitting machine and a de-knit winding machine were developed to enhance
the efficiency of crimped PLA filaments production. Finally, microstructural changes
and crystallinity of 150D PLA filaments under different heat-setting conditions were
examined using scanning electron microscopy (SEM) and X-ray diffraction (XRD) to

reveal the intrinsic mechanisms governing their crimped and tensile properties.

To develop sustainable, comfortable, and durable PLA weft-knitted inlaid fabrics for
5
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mattress surface applications, this study employed weft knitting techniques to fabricate
PLA fabrics and investigated the influence of structural parameters on their properties.
Optimized 450D, 600D, and 900D crimped PLA filaments were selected as middle
inlaid yarns, while 150D PLA filaments and 32 Ne PLA staple yarns were used as
surface yarns, with commercially available PET yarns included for comparison. The
fabrics were produced using a UCC548 electronic double jacquard circular knitting
machine, with key parameters such as connection rates, shapes of stitching patterns,
and types of inlaid and surface yarns carefully controlled. The resulting fabrics were
subjected to comprehensive testing to assess their physical properties and comfort
performance, including air permeability, water vapor permeability, and thermal
insulation, with the results analyzed using ANOVA statistical methods. Furthermore,
compression durability, pilling, and abrasion resistance were evaluated to validate their

suitability for practical applications.

To develop high-performance PLA-based TCPS, this study utilized the intarsia knitting
technique to integrate conductive yarns into PLA weft-knitted inlaid fabrics and
explored the effects of structural parameters on their sensing performance. The structure
and knitting parameters for the TCPS were first designed using the SDS-ONE Apex3
system and then transferred to an SVR123SP computerized flat knitting machine for
production. During this process, the conductive yarns, inlaid filaments, and the
arrangement of electrode wales and courses were precisely controlled to effectively
form various designed sensor structures. The capacitive performance of the TCPS was
evaluated under uniform compression conditions using an Instron 5566 tester and a
TH2830 LCR meter, identifying the sensor configuration with improved performance.
Based on that, the capacitive response and dynamic properties of the enhanced TCPS
were characterized under varying pressure loads, compression rates, and repeated
washing and loading cycles. Furthermore, key comfort properties, including air
permeability, water vapor permeability, thermal insulation, and compression

performance, of the selected TCPS fabric were evaluated and compared with those of
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commercial mattress surface fabrics to verify its suitability for both comfort and smart

mattress applications.

To achieve precise sleep monitoring, this study developed PLA smart mattress surface
fabrics integrated with a 4 x 4 matrix of 16 TCPS units, produced using the intarsia
knitting technique with previously improved TCPS knitting parameters. The smart
fabric was also designed using the SDS-ONE Apex3 system and fabricated on the
SVR123SP computerized flat knitting machine. Additionally, a signal acquisition
system was developed for the produced smart fabric, featuring an STM32
microcontroller as the core control unit and a PCAPO1 capacitance detection module
for real-time data collection from each TCPS unit. The collected data were wirelessly
transmitted via Bluetooth to a computer interface for visualization and analysis. Based
on this integrated platform, the capacitance data for five typical sleep behaviors in seven
volunteers were recorded and analyzed. Furthermore, a one-dimensional convolutional
neural network (1D-CNN) was applied to classify the recorded sleep behaviors and
recognize individual participants, exploring the potential of PLA-based smart mattress

surfaces for advanced sleep monitoring and personalized health management.

1.4 Research significance

The primary contribution of this study lies in the comprehensive investigation of
textured PLA filaments and their application in sustainable and comfortable mattress
surface fabrics with integrated sleep monitoring functions. Bulky crimped PLA
filaments were successfully produced using the knit-de-knit technique, and regression
models were developed to correlate heat-setting parameters with the crimped and
tensile properties of PLA filaments. This achievement not only enhances the
predictability and precise regulation of PLA material properties but also broadens the

application potential of renewable materials in high-performance textiles.

Moreover, this study successfully produced comfortable and durable PLA mattress
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surface fabrics by utilizing crimped PLA filaments. It systematically analyzed the
effects of knitting parameters and yarn types on the physical properties, comfort
performance, and durability of these fabrics, addressing a significant research gap in
the development of PLA-based functional bedding materials. The findings offer
valuable theoretical guidance and practical insights for the development of advanced

eco-friendly bedding.

Furthermore, this study successfully introduced the conductive yarn into PLA weft-
knitted inlaid fabric to produce TCPS with excellent sensing and comfort properties.
Building on this achievement, PLA smart mattress surface fabric with an integrated
TCPS matrix was further fabricated through a single-step fabrication process using
intarsia knitting technology. Supported by wireless data acquisition, real-time signal
processing, and a 1D-CNN deep learning model, the PLA smart fabric can accurately
monitor sleep behaviors and identify both behaviors and individuals. By seamlessly
combining sustainable materials with intelligent functionalities, this study represents a
meaningful advancement in the development of eco-friendly smart home products,

contributing to the realization of sustainable and intelligent innovations.

1.5 Thesis outline

Chapter 2 provides a comprehensive review of the achievements and limitations of
previous studies in relevant disciplines, offering a thorough understanding of the
research background. This review identifies key research gaps, defines the research
objectives, and highlights the significance of developing sustainable and comfortable

PLA mattress surface fabrics with integrated sleep monitoring functionality.

Chapter 3 focuses on the production of crimped PLA filaments using the knit-de-knit
technique. It details the optimization of heat-setting parameters to enhance crimped and
tensile properties and the establishment of performance prediction models based on

these parameters. Additionally, advancements in machinery for more efficient crimped
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filament production are introduced.

Chapter 4 investigates the development of PLA weft-knitted inlaid fabrics for mattress
surface applications. It explains the effects of knitting parameters and yarn types on the
physical and comfort properties of the fabrics, supported by statistical analysis.
Additionally, their compression durability, pilling resistance, and abrasion resistance
are evaluated. All properties of the PLA fabrics are compared with those of the PET

mattress surface fabrics.

Chapter 5 details the fabrication of the TCPS by integrating conductive yarns into PLA
weft-knitted fabrics through a single-step intarsia knitting process. It focuses on
investigating structural parameters to enhance the TCPS’s capacitive performance and
comprehensively evaluates its sensing behavior under varying conditions as well as

overall comfort properties.

Chapter 6 focuses on the development of PLA smart mattress surface fabrics integrated
with a TCPS matrix for sleep monitoring. It covers the design and fabrication of the
PLA smart fabric and the development of a real-time capacitance data acquisition
system, which facilitates the recording and analysis of five typical sleep behaviors from
seven volunteers. Furthermore, it introduces a 1D-CNN deep learning model to classify

these sleep behaviors and identify individual participants.

Chapter 7 summarizes the study’s conclusions, contributions, and limitations and

provides recommendations for future research.
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Chapter 2 Literature Review

2.1 Introduction

This chapter provides a comprehensive review of the literature relevant to the objectives
of this study. It begins by providing an overview of the sleep process and its promotion,
with a focus on sleep stages, the effects of sleep deprivation, and the current approaches
for improving sleep quality. Following this, attention is directed to mattress surface
fabrics, emphasizing their critical role in supporting the sleep process. This section
explores the definition, classification, fabrication, and commonly used materials for
mattress surface fabrics, as well as the limitations associated with these materials.
Additionally, the potential of poly(lactic acid) (PLA) as a sustainable and effective
alternative for mattress surface fabrics is explored. The chapter also reviews prior
studies aimed at enhancing the comfort of mattress surface fabrics and incorporating
sleep monitoring technologies into them to promote sleep quality. Finally, it concludes
by summarizing the existing literature and identifying key research gaps related to the

primary objectives of this study.

2.2 Sleep process and promotion

2.2.1 Stages of sleep

Sleep is an essential biological necessity for all humans, closely associated with various
physiological functions, including the restoration of the body, brain, and neurocognitive
systems [58]. It is classified into two distinct types: non-rapid eye movement (NREM)
sleep and rapid eye movement (REM) sleep, with NREM sleep further divided into
three stages: N1, N2, and N3 [59]. A typical night of sleep consists of four to five cycles,
each lasting approximately 90 to 110 minutes and generally progressing through the
sequence of N1, N2, N3, N2, and REM [59]. Throughout the sleep process, individuals
transition between NREM and REM multiple times. Each stage is characterized by

specific physiological changes, including variations in brain wave patterns, eye
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movements, and muscle tone, which collectively support the restoration and recovery

of the body and brain [2].

The N1 stage, the lightest stage of sleep, marks the beginning of a gradual decrease in
brain wave activity, eye movements, heart rate, and respiratory functions. This stage
typically lasts approximately 1 to 5 minutes, accounting for 5% of the total sleep
duration, and is easily disrupted by external noises [60]. Stage N2, a deeper stage of
sleep, is characterized by a continued decline in heart rate and body temperature, along
with two distinct brain activities: sleep spindles and K-complexes [60]. Sleep spindles
are brief bursts of thalamocortical activity at 11-16 Hz frequencies, lasting 0.5-3 s and
recurring every 3—6 s, and are associated with enhanced learning and memory
performance [61, 62]. K-complexes, long delta waves lasting approximately one second,
are crucial for maintaining sleep stability and supporting memory consolidation [63].
Stage N2 generally lasts 10 to 25 minutes during the first sleep cycle and gradually
extends with each subsequent cycle, ultimately constituting 45-55% of the total sleep
duration [64]. The N3 stage, also known as slow wave sleep (SWS), is the deepest stage
of NREM sleep. It is particularly difficult to awaken individuals during this stage,
which typically occurs in the first third of the night and accounts for 15-20% of the
total sleep period [65]. N3 is essential for physiological restoration, including tissue
repair and regeneration, bone and muscle growth, and immune system enhancement

[60].

The final REM stage, often described as a restless stage of sleep, is closely associated
with dreaming. During REM sleep, the individual’s eyes move rapidly beneath closed
eyelids, and the electroencephalogram (EEG) resembles that of an awake state [60].
The first REM cycle typically begins around 90 minutes after falling asleep, with
subsequent REM cycles increasing in duration, eventually comprising 20-25% of the
total sleep duration [60, 66]. A summary of the physiological changes occurring during

NREM and REM sleep stages is presented in Table 2.1.
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Table 2.1 Physiological changes during NREM and REM sleep stages [67-69]

Physiological
During NREM During REM
Process
Eye movement Slow Rapid
Vital signs Steady Fluctuating

EEG

Dream

Brain activity

Heart rate

Blood pressure

Sympathetic
nerve activity
Muscle tone
Blood flow to

the brain

Respiration

Airway

resistance

Body

temperature

Sexual arousal

Spindles, V-waves, K-complexes,
slow waves

Uncommon

Reduces from wakefulness

Slows compared to wakefulness

Reduces from wakefulness

Reduces compared to wakefulness
Similar to wakefulness

Reduces from wakefulness

Reduces from wakefulness

Rises from wakefulness

Regulated at a lower set point
compared to wakefulness; shivering

occurs at lower temperatures

Occurs occasionally

Low voltage

Frequent

Increases in motor and sensory
regions, while other regions are
compared to NREM

Rises and fluctuates compared to
NREM

Rises (up to 30%) and fluctuates
from NREM

Rises considerably compared to
wakefulness

Absent

Rises compared to NREM,
depending on the brain area
Rises and varies compared to
NREM; may show short stops in
breathing

Rises and fluctuates compared to
wakefulness

Unregulated; no shivering or
sweating; drifts towards the
temperature of the surrounding
environment

More frequent than during NREM

2.2.2 Effects of sleep deprivation

The intricate physiological processes occurring across the stages of sleep underscore its
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fundamental role in maintaining both physical and mental health. However, when the
natural progression of these stages is disrupted or sleep becomes insufficient, the
resulting deprivation can lead to profound adverse effects on overall health [1, 2]. For
healthy adults, the short-term consequences of sleep deprivation include heightened
stress levels, physical discomfort, diminished quality of life, and impairments in
memory and behavior. Over the long term, chronic sleep deprivation significantly
elevates the risk of developing severe health conditions, including obesity, depression,
cardiovascular and cerebrovascular diseases, diabetes, hypertension, kidney disease,

cancer, and even premature mortality [5, 6, 70-73].

Despite the critical role of sleep in overall health, sleep-related problems have emerged
as a growing global public health concern, partly driven by the accelerating pace of
modern life. Recent studies reveal that 65% of individuals in the United States report
experiencing sleep problems, along with 43.2% in the Netherlands [74], 31% in
Western Europe, and 23% in Japan [75]. A wide range of factors contributes to
insufficient sleep, including family responsibilities, excessive work demands,
challenges in maintaining work-life balance, mental health issues, physical activity

levels, sleep disorders, and other underlying medical conditions [73, 76].

2.2.3 Approaches to improve sleep

The importance of improving sleep quality is receiving increasing attention, with
various approaches developed to enhance sleep, including lifestyle modifications [77-
79], therapeutic interventions [80, 81], environmental optimization [7, 8], and smart
monitoring technologies [9]. Lifestyle interventions help regulate the biological clock
and promote relaxation through consistent sleep schedules [77], moderate exercise (e.g.,
deep breathing, yoga, and meditation) [78], and consuming sleep-promoting foods,
such as fresh fruits and vegetables rich in tryptophan and B vitamins [79]. Although
these methods are safe, they require sustained commitment and self-discipline, and their

effects are generally mild and vary among individuals. In contrast, therapeutic
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interventions, including psychological treatments like cognitive behavioral therapy for
insomnia (CBT-I) [80] and pharmacological aids such as benzodiazepines or melatonin
[81], are widely recognized for their effectiveness in improving sleep [82]. However,
psychological interventions require long-term commitment and professional guidance,
while prolonged use of pharmacological treatments poses risks such as dependence and

adverse side effects.

Environmental optimization strategies, which enhance sleep quality by improving the
external physical environment, are gaining increasing popularity due to their simplicity
and lower reliance on self-discipline or complex treatments. These strategies include
using blackout curtains, maintaining temperatures between 17-28°C, controlling
humidity at 40-60%, and ensuring good air quality, all of which effectively enhance
sleep depth and continuity [7]. While optimizing the overall room environment is
important, attention to individual contact experiences through a well-designed bedding
system is equally essential. Within the bedding system, the comfort of the mattress
surface fabric plays a critical role, as it is the component of the mattress in closest
contact with the human body [8]. During sleep, the body generates heat and releases
moisture through the skin as part of metabolic processes [10]. A comfortable mattress
surface fabric helps regulate the physiological skin microclimate, thereby promoting

better sleep quality.

In addition, advancements in intelligent technologies have driven the development of
smart sleep monitoring systems, which enhance sleep quality by providing scientific
feedback based on sleep parameters analysis [9]. These technologies can be classified
into direct and indirect contact methods. Direct contact methods include
polysomnography (PSG, Figures 2.1(a) and (b)) [83-85] and wearable devices such as
headbands [86], wristbands [87, 88], and smartwatches [89]. While PSG offers
comprehensive and detailed data, it is costly and uncomfortable. Although more

affordable, wearable devices require mandatory use, which can result in discomfort and
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a sense of burden. Indirect contact methods include environmental monitoring
technologies (e.g., Wi-Fi and radar) [90, 91], smartphone apps [92-94], under-mattress
sensors (e.g., piezoelectric and capacitive sensors) [95, 96], and smart mattress surface
fabrics [11, 53-57]. However, environmental monitoring technologies are easily
influenced by external factors such as light, noise, and temperature, while smartphone
apps raise privacy concerns. Under-mattress sensors, placed beneath the mattress, may
experience accuracy issues due to mattress thickness, material, and movement. In
comparison, smart mattress fabrics with embedded sensors provide more precise data,
greater convenience, and minimal interference, making them a promising and effective

solution for sleep monitoring.
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Figure 2.1 Overview of the PSG: (a) monitoring sensors; (b) typical PSG output [84].

An effective approach to enhance sleep quality involves combining multiple strategies,
particularly by simultaneously optimizing the sleep environment and incorporating
smart monitoring technologies. Mattress surface fabrics play a pivotal role in this
process, as they seamlessly integrate both aspects. An ideal mattress surface fabric
should not only provide users with exceptional comfort but also possess the ability to
monitor and deliver real-time feedback on sleep states, thereby facilitating
comprehensive regulation and enhancement of sleep quality. Furthermore, the mattress
surface fabric is an essential component of the mattress, whereas other sleep
improvement methods typically require additional devices, thus increasing complexity.

Therefore, conducting in-depth research and developing high-performance mattress
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surface fabrics is crucial for creating a comfortable and intelligent sleep environment.
The following section will review the definition, manufacturing technologies, and
common materials of mattress surface fabrics, establishing a theoretical foundation for

further research.

2.3 Mattress surface fabrics

2.3.1 Definition

As the most widely used platform for sleep, mattresses are essential in providing
individuals with adequate support and comfort, thereby reducing physical fatigue and
promoting deeper sleep. A typical mattress is multilayered, consisting of the foundation,
core layer, top layer, and surface fabric, as shown in Figures 2.2(a)—(d) [97, 98]. The
foundation provides structural support and extends the mattress’s lifespan [98], while
the core layer, which determines overall firmness and support distribution, is typically
composed of materials such as springs, latex, foam, or hybrids of these [97]. The top
layer cushions the body and distributes pressure, often made from materials like foams,
gels, wool, and cotton [20]. The surface fabric, also known as mattress ticking, topper,
or cover, is the topmost layer positioned closest to the human body. It encases and
protects the internal components of the mattress, serving as a barrier against dust, dirt,
and moisture (Figure 2.3). Additionally, it significantly contributes to the mattress’s
aesthetic appeal and overall comfort [99]. Modern mattress covers may also incorporate
materials that regulate moisture and temperature, further improving the sleep
environment. Therefore, the mattress surface fabric is one of the most crucial
components of the mattress, deserving detailed research. The choice of manufacturing
methods and materials for the surface fabric significantly impacts its comfort

performance and durability, which will be discussed in detail in the following sections.
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Figure 2.3 Functionality of mattress surface fabrics.

2.3.2 Classification and fabrication

Mattress surface fabrics are classified into three main types based on their
manufacturing techniques: woven [12, 13], quilted [14], and knitted fabrics [15].
Woven fabrics are produced by interlacing two perpendicular yarn systems, warp and
weft, on a loom, as illustrated in Figures 2.4(a) and (b). This traditional technique
provides fabrics with excellent tensile strength and dimensional stability. A notable
example is the double honeycomb woven fabric with self-stitching, depicted in Figures

2.5(a) and (b) [12]. Its structure incorporates enclosed air chambers formed by face-to-
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face honeycomb pockets, effectively trapping air and enhancing thermal comfort.
Another widely used type is the jacquard woven fabric, renowned for its intricate
patterns and luxurious aesthetics, which make it a preferred choice for high-end
mattresses (Figures 2.5(c) and (d)) [13]. However, the production of woven fabrics is
both complex and time-intensive, involving multiple preparatory steps for warp yarns,
such as winding, warping, sizing, and drawing-in, and it is prone to challenges like

machine stoppages or defects caused by warp faults [16].

Figure 2.4 Jacquard loom: (a) full view of the machine; (b) formation of woven fabric.

18



Chapter 2

Figure 2.5 Woven mattress surface fabrics: (a) face structure and warp cross-section
of a double honeycomb fabric; (b) back structure and weft cross-section of a double
honeycomb fabric [12]; (c) front side of a jacquard woven fabric; (d) back side of a

jacquard woven fabric [13].

Another widely used type of mattress surface fabric is quilted fabric. These fabrics are
constructed by stitching together multiple layers, typically consisting of a top layer, an
inner layer, and a bottom layer [14]. The top and bottom layers can comprise woven,
knitted, or nonwoven fabrics, while the middle layer generally comprises a nonwoven
fiber pad. The stitching process can be carried out using either traditional sewing
methods or advanced ultrasonic welding techniques [100]. Figures 2.6(a)—(b) and (c)—
(d) depict quilted mattress surface fabrics produced through sewing and ultrasonic
quilting, respectively. The performance of quilted fabrics primarily depends on the

selection of materials and the configuration of the inner layer, while their aesthetic
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appeal is influenced by the stitching pattern [ 14]. However, their production is relatively
complex and time-consuming due to the additional stitching processes involved.
Furthermore, the aesthetic appeal of quilted fabrics is often regarded as simplistic,

potentially failing to meet the sophisticated design expectations of consumers.

Figure 2.6 Quilted mattress surface fabrics: surface (a) and cross-section (b) images of
fabric produced by sewing; surface (c) and cross-section (d) images of fabric

produced by ultrasonic quilting.

Compared to woven and quilted fabrics, knitted mattress surface fabrics demonstrate
superior production efficiency and simplicity. The manufacturing process for knitted
fabric is faster and more economical, requiring minimal yarn preparation and producing
fabric in a single step. Knitted fabrics are classified into weft-knitted and warp-knitted
fabrics based on the direction of yarn movement during loop formation, as shown in
Figures 2.7(a) and (b) [16]. Warp-knitted fabrics are formed vertically, with each row
using a separate set of yarns on a warp knitting machine (Figures 2.8(a)—(c)) [17]. While

they exhibit excellent structural stability due to their production method, warp-knitted
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fabrics lack the extensibility and comfort of weft-knitted fabrics [101]. Consequently,
warp-knitted fabrics are not typically used as mattress surface materials but are instead
employed as cushioning components within mattresses, such as the warp-knitted spacer

fabric illustrated in Figures 2.9(a) and (b) [17].

Bearded
needles

Figure 2.8 Warp knitting machine: (a) full view of the machine; (b) yarn arrangement;

(c) formation of warp-knitted fabric.
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Figure 2.9 Warp-knitted spacer fabric: (a) surface; (b) cross-section.

In contrast, weft-knitted fabrics are formed horizontally, with each row utilizing a single
set of yarns on circular or flat knitting machines (Figures 2.10(a)—(e)) [17]. Among
these, weft-knitted inlaid fabrics are particularly popular for mattress surface
applications. These fabrics are multilayered, consisting of upper, middle, and lower
layers, all produced simultaneously in a single step on a weft knitting machine.
Additionally, their patterns can be easily modified during production through knitting
selection [15, 102]. Weft-knitted fabrics are increasingly preferred in the mattress
industry for their customizable patterns, high elasticity, exceptional softness, and
efficient production process [13, 17]. These advantages make weft-knitted inlaid fabrics
a highly suitable choice for mattress surface material design and innovation, combining
functionality with production efficiency. Therefore, the following sections will focus
on the materials commonly used in weft-knitted inlaid fabrics and their associated

limitations, providing a basis for further material optimization in this study.
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(d)

Figure 2.10 Weft-knitted machines and fabrics: (a) electronic double jacquard circular
knitting machine; (b) dial and cylinder needles; (c) computerized flat knitting
machine; (d) surface of weft-knitted inlaid fabric; (e) cross-section of weft-knitted

inlaid fabric.
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2.3.3 Materials and their limitations

The upper and lower layers of weft-knitted inlaid fabrics are manufactured from a
variety of yarns, including natural yarns (wool, silk, and cotton) [20], synthetic
filaments (PET, acrylic, nylon, and rayon) [13, 20-24], and functional filaments
(Outlast® and Coolmax®) [25]. Among these, natural yarns are widely utilized due to
their inherent comfort and environmental benefits. Wool, for instance, is highly durable
and elastic, with excellent moisture absorption and heat insulation properties, making
it effective for regulating temperature. However, it is prone to accumulating static
electricity and is susceptible to moth damage [20]. Silk provides a smooth texture and
high moisture absorbency but offers limited heat insulation. Similarly, cotton is soft and
breathable but exhibits poor elasticity, limited heat retention, and vulnerability to

mildew, bacteria, and silverfish [20].

Synthetic filaments also play a significant role in mattress fabric applications due to
their durability, cost-effectiveness, and ease of maintenance. Acrylic and polyester are
lightweight, durable, and resistant to wrinkles and microorganisms. However, their low
moisture absorption, tendency to accumulate static charge, and inability to retain heat
render them less suitable for certain climates [20]. Nylon, while strong, elastic, and
quick-drying, can feel cool and clammy due to its low absorbency [20]. Moreover, the
production of these traditional synthetic fibers relies heavily on fossil fuel resources,
and their disposal creates significant environmental challenges due to non-
biodegradability and limited recyclability [35, 103]. In contrast, rayon, a regenerated
cellulose fiber produced from natural feedstock, offers excellent moisture absorption
and softness [23, 24]. Nonetheless, it lacks heat insulation and requires chemical-
intensive production processes involving toxic substances, raising concerns regarding
human health and environmental impact. Functional fibers, such as Outlast® and
Coolmax®, provide temperature regulation and moisture wicking, respectively,
significantly enhancing fabric comfort and practicality [25]. Nevertheless, as

petroleum-based and non-degradable materials, they also contribute to environmental
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challenges.

The middle layer of weft-knitted inlaid fabrics for mattress surfaces is typically inserted
with bulky textured filaments, which are crucial in determining the comfort properties
of the fabric. These filaments can be sourced from both natural and synthetic fibers.
Natural crimped fibers, such as wool, are highly effective due to their superior bulkiness
and elasticity. However, their high cost and limited availability have driven the
development of crimped synthetic filaments, particularly those made from PET [104].
Various methods are employed to produce crimped filaments, including false-twist,
stuffer-box, gear crimping, knit-de-knit, bi-component composite spinning, and
asymmetrical quenching, as illustrated in Figures 2.11 (a)—(f) [26-34, 105]. False-twist
crimping forms crimps by twisting, heat-setting, and untwisting thermoplastic filaments
[26], while stuffer-box crimping compresses filaments into a chamber to create
sawtooth or looped crimps. Gear crimping utilizes rotating gears for crimp formation
through compression [27], and advanced methods like bi-component composite
spinning [29-32] and asymmetrical quenching [33, 34] rely on material composition
and cooling techniques to achieve crimp structures. Among these techniques, the knit-
de-knit method is notable for its simplicity and adaptability. This process involves
knitting thermoplastic filaments into fabrics, heat-setting them, and subsequently de-
knitting them to produce crimped filaments with looped shapes [28]. Compared to other
methods, knit-de-knit offers economical production, adjustable crimp shapes, and
consistent crimp patterns. However, like most others, crimped filaments produced using

this technique are predominantly made from PET.
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Figure 2.11 Methods for producing crimped yarns: (a) false-twist; (b) stuffer-box; (c)
gear; (d) knit-de-knit; (e) bi-component composite spinning; (f) asymmetrical

quenching.

Although a wide range of materials is used in mattress surface fabrics, commonly used
natural fibers are more susceptible to the growth of microorganisms, such as bacteria
and fungi, which can pose health risks. Traditional synthetic filaments, while functional
and durable, raise significant sustainability concerns due to their reliance on non-
renewable resources and non-biodegradability. These limitations highlight the necessity
for alternative materials that balance functionality with environmental sustainability. In
this context, PLA, a renewable and biodegradable polymer, emerges as a promising
solution. The following section will explore the potential of PLA as a sustainable

alternative for weft-knitted inlaid fabrics in mattress surface applications.

2.3.4 The potential of PLA for mattress surface fabrics
PLA is a polymer derived from renewable resources such as corn, cassava, sugarcane,

and sugar beet. These raw materials are converted into lactic acid through microbial
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fermentation, which is subsequently polymerized into PLA resin. This process is non-
toxic, environmentally safe, and allows the final products to biodegrade into carbon
dioxide and water [36-38]. In contrast to conventional petroleum-based polymers, PLA
is not dependent on fossil fuels, aligning with the principles of sustainable development
and the low-carbon economy. The process of converting lactic acid to poly(lactic acid)
is depicted in Figure 2.12 [106], while its complete lifecycle, from renewable resources

to biodegradable products, is illustrated in Figure 2.13 [107].
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Figure 2.12 Conversion of lactic acid to poly(lactic acid).
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PLA is the only biodegradable polymer that can be melt-spun into textile fibers on a
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large scale, making it a promising eco-friendly alternative to traditional synthetic fibers
[38, 39]. Beyond its environmental benefits, PLA demonstrates excellent mechanical
and functional properties, including high strength, thermoplasticity, flame retardancy,
antibacterial, UV resistance, and superior processability [40-42] These attributes have
enabled PLA to gain significant attention in the textile industry, with extensive research
focusing on its fibers, yarns, and fabrics [43-52]. However, despite these advancements,
the application of PLA in mattress surface fabrics has not been explored. Additionally,
limited attention has been devoted to the development of bulky textured PLA filaments,
which are critical for specific textile applications. This limitation hinders the potential
use of PLA as inlaid yarns in the middle layer of mattress surface fabrics, highlighting

the necessity for further innovation and development in this area.

2.4 Research on mattress surface fabrics

2.4.1 Enhancing comfort

The performance of mattress surface fabrics significantly influences human sleep
quality and overall health, making it a key focus of extensive research. An ideal mattress
surface fabric should provide sufficient comfort by effectively regulating the exchange
of air, heat, and moisture between the body and its surroundings [25]. The primary
comfort properties include air permeability, water vapor permeability, and thermal
insulation. Air permeability, defined as the ability of a fabric to allow air to pass through,
is essential for maintaining comfort in different climates. High air permeability
promotes air circulation around the skin, which enhances comfort in hot conditions but
can cause discomfort in colder environments by accelerating heat loss. Similarly,
adequate water vapor permeability is essential for transferring perspiration and
moisture away from the skin, helping to maintain a dry and comfortable sleep
environment [108]. Thermal insulation, which governs heat transfer, directly impacts
the body’s thermal balance and is essential for overall comfort [109]. These properties
significantly influence mattress selection and have driven research efforts to optimize

air permeability, water vapor permeability, and thermal insulation to improve sleep
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quality and maximize user comfort.

Salama et al. [12] investigated the development of a double-layer honeycomb fabric
structure featuring self-stitching through a weaving method, aimed at enhancing
thermal insulation for bed covers. Their study systematically analyzed the effects of
weft density and weft yarn count on the fabric’s physical and thermal properties. By
employing 24/2Ne yarns for both warp and weft, the researchers directly compared the
honeycomb structure and a reversible weft-backed fabric. The results demonstrated that,
under optimal conditions, the honeycomb fabric achieved up to 59% higher thermal
insulation than the reversible weft-backed fabric. However, the weaving process is quite
intricate, and the study focuses only on improving thermal insulation, neglecting other
important aspects such as fabric elasticity, hand feel, and aesthetic appeal, which are

essential for achieving a more well-rounded fabric performance.

Vlad and Cioca [110] explored the influence of raw materials and weaving patterns on
the air permeability of woven mattress surface fabrics. Their research involved creating
nine fabric samples with four distinct weave designs: plain weave, 2/2 basket, 4/4
basket, and warp rips. The fabrics were produced using blended yarns made from
polyester, cotton, organic cotton, polypropylene, viscose, and bamboo. The findings
indicated that warp rips and basket weaves demonstrated superior air permeability.
However, the study focuses solely on the air permeability, ignoring other comfort
aspects. Despite using diverse yarn types, including natural, synthetic, and functional,
each has drawbacks such as environmental concerns, low durability, or suboptimal
comfort. Additionally, the labor-intensive warping process and high production costs

limit the application of this weaving method.

Shirazi and colleagues [14] studied the functional performance of multi-layered fabrics
for mattresses, focusing on comfort-related properties such as thermal transmittance,

air permeability, fabric weight, and thickness. The study examined twelve multilayered
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fabrics, each composed of a top woven layer (satin or honeycomb weave), a middle
polyester nonwoven padding layer (single or double-layer), and a bottom nonwoven
layer, all stitched together. The results revealed significant relationships between the
structural features and functional properties: increased padding weight improved
thermal insulation but reduced air permeability; honeycomb weaves offered higher
thermal transmittance compared to satin weaves; and viscose fibers outperformed
polyester and cotton in thermal transmittance due to their less uniform cross-sections.
However, the complex manufacturing process, requiring separate production and

assembly of each layer, poses challenges for large-scale applications.

In addition to woven and multilayered quilted fabrics, weft-knitted fabrics have
attracted significant attention for mattress surface applications due to their structural
flexibility, softness, and high production efficiency. Onal and Yildirim [25] studied the
thermal comfort properties of knitted spacer fabrics incorporating functional fibers such
as Outlast® and Coolmax®. Their findings highlighted that fabric design played a
crucial role, with open-skin structures demonstrating higher thermal resistance and
water vapor permeability than closed-skin designs due to their meshed configuration
and increased thickness. Additionally, increasing the composition of Outlast® fibers
enhanced thermal absorptivity, creating a cooler sensation. Despite these advantages,
functional fibers were applied only to the front face layer of the spacer fabric, with
conventional polyester yarns used for binding and reverse layers. The study emphasized
the potential of knitted spacer fabrics for temperature regulation, but primarily as

cushioning materials rather than as soft mattress surface fabrics.

Terliksiz et al. [111] investigated the comfort properties of double jersey mattress
ticking fabrics by assessing their transfer wicking, vertical wicking, and drying rate.
The fabrics included cotton, viscose, polyester, and cotton/polyester blends. The results
indicated that hydrophilic cotton and viscose fibers exhibited superior transfer wicking,

while hydrophobic polyester fabrics demonstrated the fastest drying rates, and
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cotton/polyester blends provided the highest vertical wicking performance. In a
separate study, Terliksiz et al. [23] evaluated the thermal comfort properties of double-
layered mattress ticking fabrics made with cotton, polyester, modal, and viscose fibers
on the surface, and thick bulk continuous filaments in the middle layer. The findings
highlighted fabric thickness as the most critical factor influencing thermal resistance,
air permeability, and water vapor permeability. However, using synthetic fibers poses
environmental challenges, and the limited availability of natural fibers emphasizes the
importance of developing more sustainable and resource-efficient materials for mattress

surface fabric production.

Wan et al. [112] explored the use of polyester yarns modified with coffee carbon
particles to produce knitted mattress fabrics, focusing on their antibacterial
performance, thermal-wet comfort, pilling, and abrasion properties. The results
demonstrated that including coffee carbon particles significantly enhanced the
antimicrobial properties of the fabrics. Additionally, the microporous structure of the
activated carbon, characterized by its high specific surface area, was found to improve
the fabric’s moisture management capabilities. However, despite these benefits, the
chemical modification process involved is complex, potentially leading to increased

production costs and raising concerns about environmental pollution.

Sapanci et al. [113] investigated the development of thermo-regulating knitted mattress
fabrics using microcapsules containing phase change materials (PCMs), specifically n-
hexadecane and n-octadecane, encapsulated in gum arabic and gelatin shells. The study
compared the thermal storage and mechanical properties of these laboratory-produced
microcapsules with those of commercially available microcapsules and their blends.
The results indicated that the laboratory-produced microcapsules exhibited higher
thermal storage capacities than the commercial ones, while the blended microcapsules
demonstrated improved thermal performance and more uniform distribution.

Furthermore, the microencapsulation process enhanced the bursting strength and
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thermal comfort of the fabrics. However, challenges persist, as the performance of
PCMs may degrade after repeated washing, and the complexity and cost of the
microencapsulation process, along with environmental and health concerns, constrain

their long-term viability for textile applications.

2.4.2 Integrating sleep monitoring technologies

Sleep monitoring involves measuring and recording an individual’s sleep status and
behaviors, serving as a vital tool for identifying and addressing sleep-related issues.
With growing awareness of the negative impacts of poor sleep quality on human health,
interest in sleep monitoring technologies has risen significantly [84]. Smart mattress
surface fabrics have emerged as an innovative and popular solution in this field, gaining
attention for their indirect contact, comfort, and user-friendly features. These fabrics
monitor body pressure distribution [11], sleep posture and position [53, 54], ECG and
BCG signals [55, 56], and respiratory rate [57] by detecting changes in interface
pressure between the body and the mattress, as well as utilizing sensors and electrodes

embedded within the mattress.

Wong et al. [11] evaluated the ForeSite PT™ pressure-sensing mattress cover system,
which was specifically designed to reduce interface pressure and prevent pressure
ulcers in hospitalized patients. The system comprised a flexible sensor-embedded
mattress cover positioned beneath the bed linen and a bedside liquid crystal display
(LCD) monitor that provided real-time visual feedback on pressure distribution
(Figures 2.14(a) and (b)). By utilizing a capacitive sensor array, the system continuously
monitored interface pressure, enabling healthcare providers to identify pressure points
and receive alerts for timely patient repositioning. The study demonstrated that the
system effectively reduced interface pressure and enhanced repositioning strategies,
thereby contributing to the prevention and management of pressure ulcers. However,
its reliance on embedding sensors into a separate mattress cover introduces additional

connections and components, potentially compromising user comfort and increasing
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the complexity of the system.

Figure 2.14 The patient turn system: (a) the bedside liquid-crystal display; (b) the

flexible sensor mattress cover [11].

Pimenta et al. [53] developed an intelligent mattress cover system for continuous
monitoring of body position and movement. This system integrated eight bands of
conductive yarns into the mattress cover using conventional textile production
processes. These conductive yarns functioned as sensors, detecting body movements
and pressure changes by their changeable resistance. The bands were connected to an
electronic sensor module embedded in the mattress cover, which is responsible for
collecting, processing, and filtering the data. The processed information was
transmitted wirelessly to a remote server application for analysis and storage. This
intelligent mattress cover system demonstrated potential for applications in both home
and healthcare settings, offering real-time monitoring to assist caregivers in tracking
patient activity and immobility. Despite its effectiveness, the multi-step integration of
conductive yarn bands adds significant complexity and maintenance challenges,
emphasizing the need for a more efficient single-step manufacturing approach, such as

weft knitting technology.

Meier et al. [54] explored the use of neural networks for recognizing patient behaviors
using a smart mattress cover equipped with resistive pressure and humidity sensors
(Figure 2.15(a)). Their study introduced a machine learning-based framework (Figure

2.15(b)) capable of classifying patient states into three fundamental categories:
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unoccupied bed, calm sleep, and active movements. Although the results demonstrated
high classification accuracy (Figure 2.15(c)), the recognized behaviors are limited to
relatively simple patterns. Furthermore, the research utilized commercially available
sensors embedded in the mattress cover, without introducing advancements in fabric
design or sensor technology. This lack of hardware development hinders the potential
for improved sensor integration, while the simplicity of the machine learning

framework limits its ability to identify more complex behaviors.
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Figure 2.15 Smart mattress cover system: (a) physical setup; (b) neural network

framework; (c) classification results [54].

Peng et al. [55] designed a smart mattress capable of measuring ECG and BCG signals
through clothing, providing a comfortable and unobtrusive sleep monitoring solution.
The mattress incorporated three electrodes made of silver fiber conductive fabric,
ensuring user comfort without disturbing sleep (Figures 2.16(a) and (b)). The system
also included a signal acquisition module, a data transmission module, and a user
interface. To reduce electromagnetic interference, two equipotential shielding layers
were placed beneath the signal-sensing electrodes. Experimental results demonstrated
the system’s effectiveness in measuring ECG and BCG signals through clothing, with
high correlation values for R-R intervals (0.988) and J-J intervals (0.963) and minimal
error (Figures 2.16(c) and (d)). However, the setup of conductive fabric and
equipotential shielding layers adds design complexity, and the limited number of

electrodes may restrict the system’s ability to detect other sleep states or support more
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multifunctional applications.
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Figure 2.16 The mattress system: (a) signal-sensing electrode structure; (b) mattress

schematic; (c) scatter plot of RRI correlation; (d) scatter plot of JJI correlation [55].

Babusiak et al. [56] developed a mattress topper integrated with capacitive textile ECG
electrodes for non-contact ECG monitoring. The sensing system included eight active
and one reference electrode, all fabricated from electroconductive single jersey fabric
with a silver-coated polyamide core. These electrodes, along with a grounded electrode
to improve signal quality, were integrated into the mattress topper (Figures 2.17 (a) and
(b)). The system also contained a control unit for data acquisition, processing, and USB

transmission to a computer, with its connection to the topper shown in Figure 2.17 (¢).
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Experimental validation confirmed its effectiveness in measuring ECG signals,
highlighting its potential for non-contact cardiac monitoring. Nonetheless, the
additional embedded components increase fabrication complexity, and the durability of

the electrodes during washing remains a notable challenge.

it Power
= | Connector{12V)

shielding the

Figure 2.17 Smart mattress topper system: (a) the active ECG electrode; (b) the smart

mattress topper; (c) the control unit [56].

Cay and colleagues [57] proposed a smart mattress topper for real-time sleep behavior
and respiratory rate monitoring. This system incorporated smart textile pressure sensors
made from piezoelectric conductive materials, connected via conductive tapes. These
sensors detected subtle pressure changes, such as respiration cycles and changes in
sleeping posture. The collected data was initially stored in a comma-separated values
(CSV) file and then transmitted to a tablet application via Bluetooth for visualization
and further analysis. Despite its potential as an unobtrusive method for sleep monitoring,
using conductive tapes for sensor connections raises concerns about mechanical
durability, production complexity, and scalability, limiting its practicality for large-scale

use.
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2.5 Conclusions

This chapter presented a systematic review of the literature relevant to this study,
focusing on the sleep process and its promotion methods, the properties of mattress
surface fabrics, and the existing related research. The findings emphasize the critical
importance of sleep quality for both physiological and psychological health. Enhancing
sleep quality requires the combined use of several strategies, particularly optimizing
the sleep environment and incorporating advanced monitoring technologies. Mattress
surface fabrics are essential in this process, as they influence the body-mattress contact
environment, with comfort surface fabrics contributing to improved sleep quality.
Furthermore, by integrating sensing technologies, these fabrics enable real-time
monitoring of sleep behaviors, providing valuable insights that can further enhance

sleep quality.

Currently, multilayered weft-knitted inlaid fabrics are the predominant choice for
mattress surface fabrics, but their frequently used raw materials present significant
limitations. Commonly used natural fibers are susceptible to bacterial growth, posing
hygiene concerns, whereas traditional synthetic fibers are petroleum-based and non-
degradable, leading to environmental challenges. In contrast, PLA stands out as a
promising alternative due to its bacteriostatic properties, renewable origins, and
biodegradable nature. Despite its potential, the application of PLA in mattress surface
fabrics remains underexplored. In particular, there is a lack of research on the
development of bulky textured PLA filaments and their application in weft-knitted

inlaid fabrics to improve both sustainability and comfort.

On the other hand, while sensing technology has introduced smart monitoring to
mattress fabrics, current approaches primarily rely on the additional integration of
external sensors or electrodes. These methods involve a complex, multi-step
manufacturing process that not only increases production costs and maintenance

challenges but also potentially compromises the fabric’s overall comfort and user
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experience. To overcome these challenges, developing a smart mattress surface fabric
made from PLA materials and manufactured in a single step using weft knitting
technology presents an ideal solution. This proposed fabric would seamlessly integrate
comfort and sleep monitoring capabilities. Therefore, this study focuses on the
production and optimization of crimped PLA filaments, exploring their application in
both comfort-oriented and smart mattress surface fabrics, with the aim of providing

sustainable and effective solutions to advance intelligent sleep systems.
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Chapter 3 Fabrication of Crimped PLA Filaments

3.1 Introduction

As reviewed in Chapter 2, a critical component of weft-knitted inlaid mattress surface
fabrics is the middle layer, which is filled with inlaid filaments. The selection of these
inlaid materials is pivotal, as this layer determines the fabric’s thickness and mass per
unit area, directly influencing properties such as air permeability. Among potential
materials, crimped filaments are a preferred choice due to their excellent bulkiness,
resilience, and elasticity. These filaments are commonly produced using methods such
as false-twist [26], stuffer-box, gear crimping [27], bi-component composite spinning
[29-32], and asymmetrical quenching [33, 34]. However, these production techniques
face inherent challenges, such as inconsistent crimped morphologies, high complexity,
and cost. Moreover, the raw materials predominantly rely on petroleum-based
synthetics like PET, raising environmental concerns. In comparison, the knit-de-knit
technique offers a cost-effective and convenient approach for producing crimped
filaments with regular and uniform crimps [28]. Despite its potential, no research has

been conducted on fabricating sustainable crimped PLA filaments using this technology.

This chapter aims to develop crimped PLA filaments efficiently and economically,
achieving the desired crimped and tensile properties for application in mattress surface
fabrics. It begins by introducing the fabrication process of crimped PLA filaments using
the knit-de-knit method, including PLA material selection, knitted structure design, and
heat-setting conditions. Property evaluation methods of the crimped PLA filaments are
then described. The effects of key production parameters, including heat-setting
temperature and time, on the crimped and tensile properties of the filaments are
thoroughly analyzed with the support of statistical evaluation. The optimal heat-setting
conditions for producing crimped PLA filaments are identified, and prediction models
for various filament properties are developed. Production efficiency is further improved

by designing and fabricating knit-de-knit machines, and the resulting morphologies and
39



Chapter 3

properties of the optimized crimped PLA filaments are presented. Finally, the
micromorphology and crystallinity of 150D crimped PLA filaments under different
heat-setting conditions are analyzed to explain the variations in their crimped and
tensile properties. This comprehensive investigation provides valuable insights into the
production and performance optimization of crimped PLA filaments for advanced

textile applications.

3.2 Materials and methods

3.2.1 Materials

Four types of normal PLA filaments with linear densities of 150D, 450D, 600D, and
900D were purchased from Ruomi Technology Co., Ltd. (Qingdao, China) for the
production of crimped PLA filaments. Notably, the 450D, 600D, and 900D filaments
were formed by merging 3, 4, and 6 strands of 150D PLA filaments, respectively. Table
3.1 provides the detailed technical specifications for these PLA filaments, including
linear density measured according to ASTM D1907-01 [114] and tensile properties
(tenacity and elongation) tested in accordance with ASTM D2256 [115].

Table 3.1 Technical specifications of normal PLA filaments

Yarn Linear density (D) Tenacity (cN/tex) Elongation (%)
152.62 28.48 25.06
150D PLA
(£0.12) (£0.89) (£0.64)
458.15 19.41 24.16
450D PLA
(£ 1.45) (= 1.17) (= 0.99)
609.75 19.53 22.17
600D PLA
(£0.31) (£0.95) (£0.91)
905.18 17.83 23.07
900D PLA
(£ 1.34) (= 0.96) (= 0.99)

Note: Standard deviations are given in parentheses.

3.2.2 Fabrication

To efficiently develop crimped PLA filaments with regular and desirable crimped
40



Chapter 3

shapes, this study employed the knit-de-knit technology with normal PLA filaments as
the raw material. As shown in Figure 3.1, PLA filaments with different linear densities
were first knitted into the fabric using a circular knitting machine, with a tubular jersey
stitch chosen to allow easy unraveling. Specifically, a 24-gauge circular knitting
machine (HC21K, Wuxi Hongcheng Textile Machinery Electronic Co., Ltd.) was used
for knitting 150D PLA filaments, while a 10-gauge machine (QJF95, Hangzhou
Qianzhou Knitting Machinery Co., Ltd.) was employed for knitting 450D, 600D, and
900D filaments. The images and technical details of these PLA fabrics are presented in
Figures 3.2(a)—(d) and Table 3.2. Fabric properties, including grams per square meter
(GSM), thickness, and various densities, were measured according to ASTM D3776-
09 [116], ASTM D1777-96 [117], ASTM D3887-96 [118], respectively.

Knitted stitch Circular knitting machine Heat-setting machine

Figure 3.1 The knitting and heat-setting processes of crimped PLA filaments.

Figure 3.2 Images of knitted PLA fabric: (a) 150D PLA fabric; (b) 450D PLA fabric;
(c) 600D PLA fabric; (d) 900D PLA fabric.
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Table 3.2 Details of knitted PLA fabrics

Stitch density
GSM Thickness ] ] ] ]
Fabric code Course density Wale density ~ Stitch density
(g/m?) (mm)
(wales/cm) (courses/cm)  (loops/cm?)
) 119.86 0.57 14.17 14.17 200.88
150D PLA fabric
(+1.82) (x0.01) (+0.00) (£0.32) (+4.56)
. 199.54 0.93 7.87 9.71 76.47
450D PLA fabric
(+£2.29) (+0.02) (£ 0.00) (£0.19) (+ 1.406)
. 256.60 0.96 7.35 9.78 71.84
600D PLA fabric
(+0.98) (x0.01) (+0.19) (+0.09) (1.60)
. 34734 1.02 7.55 8.66 65.36
900D PLA fabric
(£ 1.84) (£0.01) (£0.09) (£0.00) (£0.80)

Note: Standard deviations are given in parentheses.

The PLA fabrics were then dry heat-treated to stabilize the crimped structure, using an
LTE heat-setting machine (Werner Mathis AG, Switzerland). Wet heat-setting was
avoided because PLA is susceptible to hydrolytic degradation when exposed to
moisture due to the presence of ester groups in its main chain [42]. During heat-setting,
temperature and time are the two primary factors influencing filament properties. Thus,
this study focused on optimizing and analyzing these two parameters in detail. The heat-
setting temperature was set between 80°C and 160°C, exceeding the glass transition
temperature (7g) of PLA (40-70°C) [119], but remaining below its crystalline melting
point (77,) of 167.2°C [120]. The heat-setting time was ranged from 20 to 120 s. Specific
heat-setting conditions are outlined in Table 3.3. After heat treatment, the PLA fabrics
were unraveled to obtain crimped filaments with typical knitted-loop shapes for

subsequent performance evaluation.

Table 3.3 Conditions for dry heat-setting

Jemperature
°C) 80 100 120 140 160
Time (s)
20 80°C/20 s 100°C/20 s 120°C/20 s 140°C/20 s 160°C/20 s
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40 80°C/40 s 100°C/40 s 120°C/40 s 140°C/40 s 160°C/40 s
60 80°C/60 s 100°C/60 s 120°C/60 s 140°C/60 s 160°C/60 s
90 80°C/90 s 100°C/90 s 120°C/90 s 140°C/90 s 160°C/90 s
120 80°C/120 s 100°C/120 s 120°C/120 s 140°C/120s  160°C/120 s

3.3 Property evaluation

Before performance evaluation, all samples were pre-conditioned for 24 hours under a
standard atmosphere of 20 = 2°C and 65 + 2% relative humidity, in accordance with

ISO 139 standard [121].

3.3.1 Differential scanning calorimetry

Differential scanning calorimetry (DSC) was employed to analyze the thermal
properties of PLA filaments using a DSC 8000 (PerkinElmer, USA). Each sample,
weighing between 3 to 5 mg, was initially heated from 30°C to 200°C at a heating rate
of 10°C/min and held at 200°C for 1 minute. The sample was then cooled back to 30°C
at the same rate of 10°C/min. All measurements were conducted under a nitrogen
atmosphere with a 20 mL/min flow rate to prevent oxidation or thermal degradation

during the analysis.

3.3.2 Crimped properties

The crimped properties, including crimp number, crimp ratio, and crimp elastic ratio,
were evaluated following the Chinese National Standard GB/T 14338-2008. For each
test, specimens were prepared with a relaxed length of 25 mm. A light load of 0.002
cN/dtex was initially applied, and the filament length was recorded as L¢. The total
number of crimp peaks and valleys (J4;)) within the crimped measured length (L;) of the
specimen was also recorded. The light load was subsequently replaced with a heavy
load of 0.050 cN/dtex, and the length of the filament (L ;) was measured once the tension
had equilibrated. It was removed after holding the heavy load for 30 s, and the sample
was allowed to recover for 2 minutes. The final length (L2) was then recorded under the
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light load. Each type of crimped filament was repeat tested three times.

The crimp number (J,;) refers to the total number of crimps, including both peaks and
valleys, within a 25 mm length of the filament. This property influences the friction and
cohesion between fibers. The crimp number for each specimen was calculated using

Equation (3.1) as follows:

Ji= x 25 (3.1)

where L; is the measured length of the specimen (mm), and J4; is the total number of

crimp peaks and valleys within the measured length L; of the specimen.

The crimp ratio (J;) refers to the degree of shortening in the filament after crimping. It
is defined as the ratio of the extended length gained by unfolding the crimp wave to the
original length of the filament before unfolding [122]. The crimp ratio for each

specimen was calculated using Equation (3.2) as follows:

L;-Ly
J = % 100% (3.2)
L,

where Lo and L, are the lengths of the filament under light and heavy loads, respectively

(mm).

The crimp elastic ratio (Ju) indicates the crimp stability of the filament and was

determined using Equation (3.3):

L;-L,
L;-Ly

J= x 100% (3.3)

where Lo and L; are the filament lengths under light and heavy loads, respectively (mm),
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and L, represents the filament length under a light load after removing the heavy load

and recovering for 2 minutes (mm).

3.3.3 Tensile properties

The tensile properties, including tenacity and elongation, were measured using a 5566
tensile testing machine (Instron, USA) in accordance with ASTM D2256 [115]. Each
specimen was pre-tensioned to 0.5 = 0.1 cN/tex and clamped at a gauge length of 500
+ 5 mm, with a tensile speed set to 500 mm/min. A total of 15 specimens for each

filament type were tested, and the average values were recorded.

3.3.4 Morphologies

Digital images of the samples were captured using an EOS R8 camera with an RF
35mm f/1.8 lens (Canon, Japan). The surface morphologies of the PLA filaments were
observed using an M165C microscope (Leica, Germany). Detailed microscopic surface
structures of the PLA filaments were further analyzed with a VEGA3 scanning electron
microscope (SEM) (Tescan, Czech Republic). Prior to SEM analysis, the samples were
sputter-coated with gold. During the SEM observations, the chamber pressure was

maintained below 3.0 x 107 torr, and the accelerating voltage was set to 20 kV.

3.3.5 X-ray diffraction

The X-ray diffraction (XRD) analysis was carried out using a D8 Venture X-ray
diffractometer (Bruker, Germany), which was equipped with monochromatic Cuka (A
= 1.5406 A) radiation and operated at 40 kV and 40 mA. The XRD data were collected
across a 20 range of 5-60° at a scanning rate of 5°/min. The degree of crystallinity was
assessed by deconvoluting the diffraction patterns using Origin 2019 software
(OriginLab, USA) and applying a Gaussian function to fit the resolved peaks. The
crystallinity (X.) was then calculated as the ratio of the crystalline peak area to the total

diffraction area, as shown in Equation (3.4).
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Cc

X. =
© Ag + A,

x 100% (3.4)

where X. is the degree of crystallinity, 4. represents the area of all crystalline peaks,

and A, denotes the area of all amorphous peaks.

3.3.6 Statistical analysis

Statistical analyses were conducted using the Statistical Package for the Social Sciences
(SPSS 26.0, SPSS Inc., Chicago, USA) to evaluate the effects of heat-setting
temperature and time on the crimped and tensile properties of PLA filaments. A two-
way analysis of variance (ANOVA) was performed, with statistical significance set at
a P-value < 0.05. Additionally, polynomial regression analysis was employed in SPSS

26.0 to establish the relationship between each property and the heat-setting conditions.

3.4 Results and discussion

3.4.1 DSC Analysis

The DSC curves of the 150D PLA filament are presented in Figure 3.3, illustrating the
typical thermal transitions of the material during heating and cooling. Two primary
thermal transitions are observed during the heating process. The first transition occurs
at 71.81°C, corresponding to the 7, which is close to the 7, range reported in the
literature for PLA (40-70°C) [119]. Below T, the limited molecular mobility renders
the polymer hard and brittle, hindering the formation of a stable crimped structure. Once
the temperature exceeds 7, the increased chain mobility softens the polymer,
facilitating the effective formation of the crimped structure during the heat-setting

process.

The second transition is marked by an endothermic peak at 168.88°C, indicating the 75,
of the PLA, which is closely aligned with the reported value of 167.2°C [120]. At this
stage, the crystalline structure of the PLA filaments becomes disrupted, and the

molecular chains transition into a highly elastic state. This transition significantly
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increases molecular chain mobility, softening the PLA filaments and disturbing their

internal structure, which can lead to melting and fusion on the filament surface.

During the cooling process, the DSC curve shows a significant exothermic peak at
108.13°C, indicating the rearrangement of PLA molecular chains into a crystalline
structure. This crystallization peak confirms that PLA has good crystallization potential
at 108.13°C (crystallization temperature, 7.), which is consistent with the fastest
crystallization temperature range of PLA (100°C to 110°C) reported in the previous
study [123]. The DSC analysis reveals that the 150D PLA filaments experience typical
thermal transitions, including glass transition, melting, and crystallization during
heating and cooling, reflecting the characteristic behavior of a semicrystalline polymer.
These results provide a foundation for further understanding the changes in PLA

filament properties under heat-setting conditions.

T,, = 168.88°C

Ty =71.81°C

— N}
fHeating

Heat flow endo up

Cooling J

~

T.=108.13°C

20 40 60 80 100 120 140 160 180 200

Temperature (°C)

Figure 3.3 DSC curves for the 150D PLA filament.

3.4.2 Crimped properties
The crimped properties, including crimp number, crimp ratio, and crimp elastic ratio,

of the produced PLA filaments with varying linear densities (150D, 450D, 600D, and
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900D) are evaluated. A detailed analysis of the effects of heat-setting conditions on the
crimped performance of these filaments is conducted to identify optimal heat-setting

conditions for enhancing crimped properties.

3.4.2.1 Crimp number

Figures 3.4(a)~(d) show the crimp number of various crimped PLA filaments under
different heat-setting conditions. For the 150D PLA filament (Figure 3.4(a)), the crimp
number gradually increases with rising heat-setting temperatures and times, reaching a
peak of 37 crimps/25 mm at 120°C for 120 s. After this point, the crimp number
stabilizes, maintaining the same value at higher temperatures (140°C and 160°C) under
the same duration of 120 s. This is because, while 80°C and 100°C exceed the T, of
PLA (71.81°C), they remain below its 7. (108.13°C), limiting molecular mobility and
resulting in an unstable crimped structure with a lower crimp number. As the
temperature rises to 120°C, surpassing the 7., enhanced molecular activity promotes
the formation of ordered crystalline structures, stabilizing the filament’s crimped
structure and increasing the crimp number. Furthermore, extended heat-setting time
allows for greater molecular rearrangement and crystallization, contributing to this

stable crimped configuration.

A similar trend is observed for the 450D, 600D, and 900D PLA filaments (Figures
3.4(b)—(d)), with maximum crimp numbers of 14 crimps/25 mm, 13 crimps/25 mm, and
12 crimps/25 mm, respectively. These crimp numbers are significantly lower than those
of the 150D filaments, primarily due to differences in the knitting machines used. The
150D PLA filaments were knitted on a 24-gauge circular knitting machine, which has
more needles per unit length, making it suitable for finer filaments and producing a
denser fabric that unknits into yarns with more crimps. In contrast, the coarser PLA
filaments (450D to 900D) can be knitted only on a lower-gauge (10-gauge) machine,
resulting in looser fabric structures and fewer crimps. Moreover, differences in crimp

numbers are noted among the 450D, 600D, and 900D PLA filaments, despite identical
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knitting and heat-setting conditions, which can be attributed to variations in filament
linear density. The finer 450D filament has a higher crimp number due to its smaller
diameter, which allows for more uniform force distribution during knitting and a better
response to heat during heat-setting, making the crimped structure easier to stabilize

and maintain.

As shown in Table 3.4, the two-way ANOVA confirms that both heat-setting
temperature and time significantly affect the crimped properties of PLA filaments (all
P <0.001). The regression models for predicting crimp numbers across different PLA
filaments are presented in Table 3.5, with R? values ranging from 0.837 to 0.932,
indicating a strong fit. The analysis of crimp numbers suggests that higher heat-setting
temperatures (120°C or above) and longer durations (over 60 s) promote the formation
of filaments with greater crimp numbers.

()
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Figure 3.4 Effect of the dry heat-treated temperature and time on the crimp number of

crimped PLA filaments: (a) 150D; (b) 450D; (c) 600D; (d) 900D.
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Table 3.4 Two-way ANOVA results for the crimp number of PLA filaments

Dependent Sum of Mean P
Source df F value
variable squares square value*
Temperature 40.564 4 10.141 97.993 <0.001
150D
Time 21.627 4 5.407 52.247 <0.001
Temperature 14.378 4 3.595 42.526 <0.001
450D
Time 3.536 4 0.884 10.459 <0.001
Temperature 9.629 4 2.407 12.575 <0.001
600D
Time 8.634 4 2158 11.276 <0.001
Temperature 4.692 4 1.173 7.413 0.001
900D
Time 10.446 4 2612 16.505 <0.001

* P values in bold indicate significance at < 0.05.

Table 3.5 Regression models and R? values for filament crimp number

Filament code Equations R’

150D PLA £,(x) = 24.295 + 0.085x; + 0.062x, — 2.101 X 10 5x,x, 0.932
450D PLA £,(xX) = 3.747 + 0.097x; + 0.043x, — 9.54 x 10™5x,x,  0.875
600D PLA f£1(x) = 5.336 + 0.053x; + 0.054x, — 8.149 X 10 5x;x,  0.837
900D PLA £,(x) = 4.623 + 0.057x; + 0.059x, 0.881

Note: x; represents the heat-setting temperature (°C), x, represents the heat-setting time (s), and f(x)

denotes the predicted crimp number for each PLA filament.

3.4.2.2 Crimp ratio

The crimp ratio reflects the degree of crimp formation and is closely related to the crimp
number and the amplitude of the crimped filament. Figures 3.5(a)—(d) illustrate the
trends in the crimp ratio of crimped PLA filaments under different heat-setting
conditions. The results indicate an increase in the crimp ratio with rising heat-setting
temperature and time. This relationship is strongly supported by the statistical analysis
in Table 3.6, where all P-values are below 0.001. Additionally, the high R? values
(0.938-0.979) in the regression models in Table 3.7 demonstrate a reliable predictive

ability for the relationship between heat-setting conditions and crimp ratio.
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The crimp ratio of 150D PLA filaments gradually increases from 42.48% at 80°C and
20 sto 51.77% at 160°C and 120 s. In comparison, the crimp ratios of 450D, 600D, and
900D PLA filaments rise steadily from approximately 8% to around 25.5% as heat-
setting temperature and time increase. Although the crimp ratios of coarser filaments
are lower than those of the 150D PLA filaments, their overall increase is more
pronounced. This indicates that coarser filaments require higher heat-setting
temperatures and longer times to achieve sufficient molecular chain mobility and
uniform crystallization, thereby resulting in a more stable crimped structure. Figures
3.5(a)(d) also demonstrate that the crimp ratio increases most rapidly at heat-setting
temperatures between 120°C and 140°C and durations of 40 to 90 s. Once the
temperature reaches 160°C and the time extends to 120 s, the crimp ratio increase
begins to level off, suggesting that further increases in temperature and time have
minimal effect. Based on these results, a heat-setting temperature of at least 120°C and
a time of 90 s or more are recommended to achieve excellent crimp effects across

different PLA filament types.
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Figure 3.5 Effect of the dry heat-treated temperature and time on the crimp ratio of

crimped PLA filaments: (a) 150D; (b) 450D; (c) 600D; (d) 900D.

Table 3.6 Two-way ANOVA results for the crimp ratio of PLA filaments

Dependent Sum of Mean P
Source df F value

variable squares square value*
Temperature 100.867 4 25.217 65.107 <0.001

150D Time 63.001 4 15.750 40.665 <0.001
Temperature 298.688 4 74.672 123.222 < 0.001

420D Time 245.206 4 61.301 101.158 < 0.001
Temperature 255.643 4 63.911 101.017  <0.001

o0oD Time 239.267 4 59.817 94.546 <0.001
Temperature 293.463 4 73.366 96.481 <0.001

200D Time 288.836 4 72.209 94.960 <0.001

* P values in bold indicate significance at < 0.05.
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Table 3.7 Regression models and R? values for filament crimp ratio

Filament code Equations R?

150D PLA fo(x) = 28.930 + 0.192x; + 0.054x, — 0.001x? 0.938
450D PLA fo(x) = —26.234 + 0.511x; + 0.231x, — 0.002x# — 0.001x2 0.979
600D PLA f7(x) = —21.494 + 0.448x; + 0.177x, — 0.001x# — 0.001x2 0.977
900D PLA fo(x) = —26.032 + 0.491x; + 0.219x, — 0.002x# — 0.001x2 0.975

Note: x; represents the heat-setting temperature (°C), x> represents the heat-setting time (s), and f{x)

denotes the predicted crimp ratio for each PLA filament.

3.4.2.3 Crimp elastic ratio

The crimp elastic ratio reflects the stability of the filament’s crimped structure, with
higher values indicating better recovery of the crimped morphology. Figures 3.6(a)—(d)
present the crimp elastic ratios of PLA filaments, showing a clear increase in all samples
as heat-setting temperature and time rise (P < 0.001, Table 3.8). Specifically, the crimp
elastic ratio of 150D PLA filaments rises from 74.02% at 80°C and 20 s to 86.12% at
160°C and 120 s (Figure 3.6(a)). Under identical heat-setting conditions, the crimp
elastic ratios of the 450D, 600D, and 900D PLA filaments increase from around 78%
t0 90.04%, 92.42%, and 93.13%, respectively (Figures 3.6(b)—(d)). This increase stems
from higher temperatures and extended durations, which enhance molecular movement

and rearrangement, leading to a stable crystalline structure and improved crimp stability.

Although the crimp elastic ratios of all PLA filaments are similar at 80°C and 20 s, the
crimp elastic ratios of the 450D, 600D, and 900D filaments eventually exceed 90% as
heat-setting temperature and time increase, whereas the 150D PLA filaments reach only
86.12%. This trend differs from those observed in crimp number and crimp ratio and
may be related to the variations in filament structure. The 450D, 600D, and 900D
filaments are composed of multiple 150D filaments, and this combined structure helps
to distribute stress more evenly under external forces. The mutual support and
interlocking between the individual filaments effectively reduce stress concentration

and protect the crimped structure from damage. Consequently, the 450D, 600D, and
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900D PLA filaments exhibit higher crimp elastic ratios.

The regression models in Table 3.9, with R? values exceeding 0.95 for all PLA filaments,
demonstrate a strong predictive relationship between the crimp elastic ratio and the
heat-setting parameters. Similar to the crimp ratio, the most rapid increase in the crimp
elastic ratio for all PLA filaments occurs under heat-setting conditions of 120°C to
140°C and 40 to 90 s. Therefore, it is also recommended to maintain a heat-setting

temperature at 120°C or above, with a minimum heat-setting time of 90 s.
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Figure 3.6 Effect of the dry heat-treated temperature and time on the crimp elastic

ratio of crimped PLA filaments: (a) 150D; (b) 450D; (c) 600D; (d) 900D.

Table 3.8 Two-way ANOVA results for the crimp elastic ratio of PLA filaments

Dependent Sum of Mean P

Source df F value
variable squares square value*
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Temperature 76.937 4 19.234 11.679 <0.001
150D Time 112.374 4 28.094 17.058 <0.001
Temperature 150.907 4 37.727 34.681 <0.001
450D Time 97.920 4 24480 22.504 <0.001
Temperature 143.246 4 35811 37.185 <0.001
000D Time 132.825 4 33.206 34.480 <0.001
Temperature 111.612 4 27.903 18.917 <0.001
700D Time 163.330 4 40.833 27.683 <0.001

* P values in bold indicate significance at < 0.05.

Table 3.9 Regression models and R? values for filament crimp elastic ratio

Filament code Equations R’

fo(x) = 53.654 + 0.282x; + 0.247x, — 0.001x7 — 0.001x2

150D PLA 0.964
—0.001x;x,

450D PLA fio(x) =55.178 + 0.331x; + 0.173x, — 0.001xZ — 0.001x;x, 0.951

600D PLA f11(x) = 63.942 + 0.176x; + 0.212x, — 0.001x? 0.956

fi2(x) = 67.008 + 0.104x, + 0.275x, + 7.036 x 10~5x2
900D PLA 0.955
—0.001x2 — 0.001x,x,

Note: x; represents the heat-setting temperature (°C), x, represents the heat-setting time (s), and f(x)

denotes the predicted crimp elastic ratio for each PLA filament.

3.4.3 Tensile properties

Tensile properties, particularly tenacity and elongation at break, are essential for
evaluating the resistance of yarns to external forces during processing and end-use
[124]. These parameters directly affect textile processability and durability, making
them critical for determining optimal heat-setting conditions. Therefore, this study also
conducts a comprehensive analysis to investigate the impact of varying heat-setting

conditions on the tensile performance of PLA filaments.

3.4.3.1 Tenacity
Figures 3.7(a)—(d) show the breaking tenacity of different crimped PLA filaments. The

results reveal a notable decrease in the breaking tenacity of PLA filaments after heat
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treatment, consistent with prior findings that heat-setting typically reduces yarn tenacity
[125]. Statistical analysis further confirms a strong correlation between heat-setting
conditions and filament tenacity (Table 3.10, all P < 0.001). This reduction in tenacity
becomes especially evident at higher temperatures (140°C and 160°C) and extended
times (90 s and 120 s). This likely results from the increased susceptibility of molecular
chains to slippage and breakage under these conditions, disrupting their continuity and
stability. Consequently, the tenacity, which relies on molecular chain integrity, shows a

significant decrease.

Specifically, the tenacity of the 150D PLA filament gradually decreases from 21.73
cN/tex at 80°C for 20 s to 18.52 cN/tex at 160°C for 120 s (Figure 3.7(a)). Similarly,
the tenacity of the 450D PLA filament drops from 17.88 to 12.21 cN/tex (Figure 3.7(b)),
while the tenacity of the 600D PLA filament declines from 19.25 to 11.96 cN/tex
(Figure 3.7(c)). The 900D PLA filament exhibits the most significant decline, from
16.78 t0 9.36 cN/tex (Figure 3.7(d)). Notably, the tenacity of the 450D, 600D, and 900D
PLA filaments is consistently lower than that of the 150D PLA filaments. The primary
reason for this phenomenon may be that thicker yarns contain more PLA fibers,
increasing the possibility of defects within the fibers. Consequently, these thicker yarns
are more prone to early break at weak points under higher tensile stresses, leading to a

more significant reduction in tenacity.

The tenacity regression models in Table 3.11 demonstrate strong predictive accuracy
for PLA filaments, with R? values ranging from 0.932 to 0.953. Although heat-setting
promotes the formation of the PLA filament’s crimped structure, excessively high
temperatures (over 140°C or 160°C) and prolonged times (120 s) can damage the
internal fiber structure, resulting in decreased yarn tenacity. To achieve an optimal
balance between crimped properties and tenacity, a heat-setting temperature of 120°C

and a duration of 90 s is suitable for PLA filaments.

56



Chapter 3

(a) (b)
[ 18°c  77]100°C 1200 001400 [ 160°C [ 80°C |~ 7]100°C 1200 S00140°c [ 160°C

25+

0k {II I 1{’1 pl
—_ # % N [
# N N 7
2
i 15+
z 2
£ /
®
St
[

5t

¥ %\ 2N )

40 60 60 120
Time (s Time (s)
(c) (s)
1secc  270weec [eec D000 1400c [ 160°C ] 1200 D000 1400c [ 160°C
20
} 16 I

~16F I I { T
¥ Vetm - oy 1
S 1 } ; 1/
> A 7\ Sl Y
St 7 N / A 7\
£ Z N\ z /
o 'a A
g S 8k
2 8| )
B =

4+ 4

0 i’ N LA 194 |\ 0

20 40 60 60
Time (s) Time (s)

Figure 3.7 Effect of the dry heat-treated temperature and time on the tenacity of

crimped PLA filaments: (a) 150D; (b) 450D; (c) 600D; (d) 900D.

Table 3.10 Two-way ANOVA results for the tenacity of PLA filaments

Dependent Sum of Mean P
Source df F value

variable squares square value*
Temperature 7.189 4 1.797 33.600 <0.001

150D Time 4.088 4 1.022 19.109 <0.001
Temperature 35.809 4 8.952 49.329 <0.001

420D Time 10.961 4 2740 15.100 <0.001
Temperature 43.275 4 10.819 55.200 <0.001

600D Time 28.684 4 7.171 36.589 <0.001
Temperature 48.883 4 12.221 30.147 <0.001

200D Time 70.565 4 17.641 43.518 <0.001

* P values in bold indicate significance at < 0.05.

Table 3.11 Regression models and R? values for filament tenacity

Filament code Equations R?
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fia(x) = 19.543 + 0.047x; — 0.003x, + 9.235 X 10~ 6x2
150D PLA 0.940
- 8184’ X 10_5xle

fia(x) = 10.493 + 0.159x; — 0.026x, — 0.001x2
450D PLA 0.932
— 6492 X 10™%x, x,
600D PLA fis(x) = 25.673 — 0.064x; — 0.11x, + 2.036 X 10~5xZ  0.953

900D PLA fie(x) = 25.063 — 0.073x; — 0.118x, + 6.929 x 105x2  0.939

Note: x; represents the heat-setting temperature (°C), x> represents the heat-setting time (s), and f{x)

denotes the predicted tenacity for each PLA filament.

3.4.3.2 Elongation

The elongation at break serves as another key indicator for evaluating a yarn’s ductility
and resistance to deformation. Figures 3.8(a)—(d) show the effect of heat-setting
conditions on the elongation at the break of PLA filaments. The results indicate a
significant increase in elongation as both heat-setting temperature and time rise (Table
3.12, all P <0.001). This increase is due to the greater energy absorbed by the PLA
molecular chains under elevated heat-setting conditions, which enhances molecular
chain relaxation and mobility. Furthermore, elongation at break clearly declines as the
linear density of the PLA filaments increases. This trend is driven by the same factors
that cause the reduction in yarn tenacity. During stretching, breakage typically occurs
first in the filament’s weakest or defective regions, while elongation in other regions
remains relatively limited. Filaments with higher linear densities (450-900D) contain
more individual fibers, increasing the likelihood of defects, which ultimately results in

reduced elongation at break.

Table 3.13 shows that the R? values of the elongation regression models for all PLA
filaments range from 0.944 to 0.963, indicating a high degree of model fit. The
elongation at break of PLA filaments increases significantly when the heat-setting
temperature and time reach 140°C and 60 s, respectively. However, excessive
elongation may cause permanent deformation in products made from crimped PLA

filaments during manufacturing and use. This deformation negatively impacts their
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performance, such as reduced dimensional stability. Based on the analysis of elongation
and other properties, the heat-setting conditions for crimped PLA filaments in

subsequent studies are set at 120°C for 90 s to achieve optimal crimped and tensile

properties.
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Figure 3.8 Effect of the dry heat-treated temperature and time on the elongation of

crimped PLA filaments: (a) 150D; (b) 450D; (c) 600D; (d) 900D.

Table 3.12 Two-way ANOVA results for the elongation of PLA filaments

Dependent Sum of Mean P
Source df F value
variable squares square value*
Temperature 410.293 4 102.573 91.098 <0.001
150D
Time 208.720 4  52.180 46.342 <0.001
Temperature 425.102 4 106.276 108.381 < 0.001
450D
Time 64.799 4 16.200 16.521 <0.001
600D Temperature 157.385 4 39.346 21.740 <0.001
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Time 73.278 4 18.320 10.122 <0.001

Temperature 83.512 4 20.878 53.740 <0.001
900D

Time 50.344 4 12.586 32.396 <0.001

* P values in bold indicate significance at < 0.05.

Table 3.13 Regression models and R? values for filament elongation

Filament code Equations R?

150D PLA fi7(x) = 2.523 4 0.243x; + 0.184x, — 0.001x2 0.963

fia(x) = —2.923 + 0.369x; + 0.042x, — 0.001x?
450D PLA 0.963
—0.001x2 + 0.001x;x,

600D PLA fio(x) = 20.560 + 0.001x; — 0.014x, + 0.001x,x, 0.944

900D PLA fao(x) = 20.139 — 0.004x, + 0.026x, 0.956

Note: x; represents the heat-setting temperature (°C), x> represents the heat-setting time (s), and f{x)

denotes the predicted elongation for each PLA filament.

3.4.4 Production process optimization

Although heat-setting facilitates the stable formation of the crimped structure in PLA
filaments, it also impacts their tensile properties. To achieve a balance between crimped
and tensile properties, the optimal heat-setting parameters were determined to be 120°C
for 90 s, based on the previous analysis. Following this, the study further optimized the
production process for crimped PLA filaments by designing and manufacturing a small
circular knitting machine with a heating device and a de-knit winding machine (Figures
3.9(a) and (b)). The small circular knitting machine (Figure 3.9(a)) is equipped with
two 19 cm heating tubes, enabling adjustable heat-setting temperatures ranging from
30°C to 200°C, which allows for immediate heat treatment of the fabric after knitting.
The heat-setting time is controlled by adjusting the winding speed of the fabric. The de-
knit winding machine (Figure 3.9(b)) is specifically designed for the de-knitting and
winding processes, consisting primarily of feeding rollers, yarn guide wheels, and
winding bobbins. During operation, the crimped filaments are unraveled from the heat-
treated fabric under controlled tension from the feeding rollers and then wound in a

spiral pattern onto the bobbin surface. To preserve the crimped structure of the PLA
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filaments, the feeding roller speed is set higher than the winding bobbin speed. These
custom-designed machines simplify the production process, enhancing the efficiency

of crimped filament manufacturing while ensuring the stability of the crimped structure.

() /T (b)

| | /

"' - Filament

Bobbin

I © Guide wheel °
a1 W
. Roller !

Knitted fabric ’

Heat-setting
tubes

® =
Knitted fabric

Figure 3.9 The designed machines: (a) circular knitting machine; (b) de-knit winding

machine.

Figures 3.10(a)—(h) display digital photos of bobbins for four types of crimped PLA
filaments produced under optimal heat-setting conditions, along with microscopic
images of each filament type. All PLA filaments exhibit regular and uniform knitted
loop crimps, confirming the effectiveness of the optimized fabrication process and
improvements to the equipment. Table 3.14 summarizes the properties of these crimped
PLA filaments, demonstrating an optimal balance between crimped and tensile

performance.
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Figure 3.10 The digital photos of bobbins and corresponding microscopic images of
the crimped PLA filaments produced under optimal dry heat-setting conditions: (a)

and (e) 150D; (b) and (f) 450D; (e) and (g) 600D; (d) and (h) 900D.

Table 3.14 Properties of crimped PLA filaments produced under optimal dry heat-

setting conditions

Crimp number  Crimp Crimp elastic  Tenacity Elongation
Filaments

(/25mm) ratio (%)  ratio (%) (cN/tex) (%)
150D crimped 35.67 50.24 85.22 20.53 34.91
PLA filament (= 1.25) (=0.59) (x0.71) (x1.16) (£ 0.90)
450D crimped 12.67 25.10 89.78 16.30 31.76
PLA filament (+0.47) (x0.07) (£ 0.86) (= 1.15) (£ 0.83)
600D crimped 12.67 24.22 90.44 14.61 27.93
PLA filament (+0.47) (£0.31) (£ 0.56) (x0.78) (*1.12)
900D crimped 12.00 24.03 90.29 11.28 26.40
PLA filament (+0.82) (£ 0.09) (£ 0.60) (£ 0.30) (x0.62)

Note: Standard deviations are given in parentheses.

3.4.5 Micromorphology and crystallization analysis
Understanding the microstructural changes in crimped PLA filaments is essential to

comprehensively analyze their macroscopic property variations [126]. This study
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analyzes the micromorphology and crystallinity of 150D PLA filaments subjected to
various heat-setting conditions. The 150D filaments were selected as representative
samples, as the 450D, 600D, and 900D filaments are composed of multiple strands of
150D filaments, all of which have similar fundamental structures and molecular
arrangements. Analyzing property changes in 150D filaments establishes a foundation

for understanding the behavior of higher-denier PLA filaments during heat-setting.

3.4.5.1 Micromorphology

The longitudinal morphologies of 150D crimped PLA filaments, treated under various
heat-setting conditions, were observed by SEM, as shown in Figures 3.11(a)—(y). At
lower temperatures (80°C and 100°C), the filament surfaces appear smooth, with no
significant morphological changes observed (Figures 3.11(a)—(j)). Even as the
temperature rises to 120°C, the PLA filament surfaces maintain a smooth morphology
(Figures 3.11(k)—(0)), suggesting that temperatures at or below 120°C have only

minimal impact on the filament surface.

As the temperature rises to 140°C, the filament surfaces begin to show deformation,
with partial bulging and sticking observed (Figures 3.11(p)—(t)), likely due to the
enhanced mobility of PLA molecular chains. The surface deformation intensifies at
160°C, particularly at heat-setting times of 90 and 120 s, where significant melting and
adhesion further compromise the filament’s morphological integrity. This behavior can
be attributed to the substantial increase in molecular chain mobility at temperatures
approaching the 7,, of PLA (168.88°C), which destabilizes the surface structure and
induces partial melting. Micromorphological analysis confirms that excessive heat-
setting temperatures (140°C and 160°C) should be avoided, as they severely disrupt the

microstructure of PLA filaments, leading to a direct reduction in their tensile properties.
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Figure 3.11 The longitudinal morphologies of 150D crimped PLA filaments under
different heat-setting conditions: (a)—(e) 80 <C for 20-120 s; (f)—(j) 100 <C for 20-120
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3.4.5.2 Crystallization

The XRD patterns of 150D crimped PLA filaments subjected to various heat-setting
conditions are presented in Figures 3.12(a)—(e), with crystallinity displayed in Figure
3.12(f). The primary diffraction peaks (26) of PLA appear at 14.9°, 16.5°, and 18.9°,
closely matching previously reported values for PLA at 14.8°, 16.5-16.8°, and 19.02—
19.1° [123, 127-129], which correspond to the (010), (200/110), and (203) planes,
respectively. The results indicate that at lower heat-setting temperatures (80°C and
100°C), the diffraction peaks of 150D crimped PLA filaments exhibit relatively weak
intensities, with the (010) peak nearly undetectable and a low degree of crystallinity

observed in Figure 3.12(f). As the heat-setting temperature and time increase, these
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diffraction peaks become more intense and sharper, corresponding to a significant rise
in crystallinity. The increased crystallinity results from the added thermal energy, which
enhances molecular mobility and facilitates structural reorganization. During thermal
stretching and heat-setting in the spinning process, the crystallization time is relatively
short, leaving some molecular chains frozen in an unstable, non-equilibrium state.
When the PLA filaments are reheated, these frozen chain segments start to thaw,
enhancing molecular chain mobility. This increased activity allows the chains to
rearrange and form more ordered structures within the amorphous regions, thereby

raising the degree of crystallinity [130].

The fastest crystallization rate for PLA is reported within the temperature range of 100—
130°C [131], consistent with our observation of the steepest increase in crystallinity at
120°C (Figure 3.12(f)), above its 7. of 108.13°C. However, when the heat-setting time
at 120°C is extended to 120 s, the diffraction peak intensities begin to decline. This
reduction becomes even more pronounced at 140°C and 160°C with longer heat-setting
times. This reduction likely results from excessive molecular mobility at elevated
temperatures, which disrupts the crystal structure and induces partial melting,
especially as the temperature nears the 7, of PLA (168.88°C) and heat-setting time
extends. XRD analysis suggests that a heat-setting condition of 120°C for 90 s is
appropriate for achieving a stable crystalline phase in PLA filaments, whereas
excessively high temperatures and prolonged times negatively impact the crystal
structure, reducing crystallinity and potentially compromising the filament’s

mechanical properties.
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Figure 3.12 The XRD patterns and crystallinity of 150D crimped PLA filaments
treated with different heat-setting conditions: (a) 80<C; (b) 100<TC; (c) 120C; (d)
140C; (e) 160°C; (f) crystallinity.

3.5 Conclusions

This chapter successfully developed crimped PLA filaments with varying linear
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densities (150D, 450D, 600D, and 900D) using the knit-de-knit technique, achieving
desirable crimped and tensile properties. Based on the experimental results and analysis,

the following key conclusions are drawn:

(1) The crimp number, crimp ratio, and crimp elastic ratio of PLA filaments show
significant increases with higher heat-setting temperatures and longer durations, as
confirmed by two-way ANOVA. Regression models demonstrate strong correlations
(R? values ranging from 0.837 to 0.979), indicating high accuracy. A minimum heat-
setting temperature of 120°C and a duration of 90 s are required to achieve an optimal

crimped structure.

(2) Increasing heat-setting temperatures and durations lead to decreased breaking
tenacity and increased elongation at break in crimped PLA filaments. The regression
models for these tensile properties show R? values ranging from 0.932 to 0.963, also
confirming strong correlations. Conditions exceeding 140°C or 90 s result in
significantly reduced tenacity and increased elongation, affecting durability and
stability. Heat-setting at 120°C for 90 s is determined as the optimal condition for

balancing crimped and tensile properties.

(3) A small circular knitting machine equipped with heating tubes and a winding device
has been developed to enhance production efficiency while preserving the crimped
structure, enabling the mass production of high-quality crimped PLA filaments.
Filaments produced under optimal conditions exhibit excellent crimped shapes and

performance, making them ideal for mattress surface fabric applications.

(4) SEM analysis of 150D crimped PLA filaments shows that temperatures between
80°C and 120°C have little effect on the filament surface, while temperatures above
140°C cause surface deformation, worsening at 160°C. Crystallinity analysis further

supports these findings, showing that heat-setting at 80—120°C enhances crystallinity,
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while temperatures of 140-160°C reduce it, disrupting the crystalline structure and
impairing filament mechanical properties. A heat-setting condition of 120°C for 90 s is

optimal for stable crystallinity, consistent with the identified optimal heat-setting

conditions.
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Chapter 4 Design and Fabrication of PLA Weft-Knitted

Inlaid Fabric

4.1 Introduction

As mentioned in Chapter 2, mattress surface fabrics, being the closest layer to the
human body, are crucial for maintaining physiological balance and providing
comfortable support, directly influencing sleep quality. Key comfort properties, such as
air permeability, water vapor permeability, and thermal insulation, are vital indicators
for assessing their functionality. An ideal mattress surface fabric should facilitate a
balance of air, heat, and moisture transfer between the body and the surrounding
environment [25]. Although several studies have investigated the comfort enhancement
of mattress surface fabrics, most rely on PET fibers, posing significant environmental
concerns [13, 21, 22, 103]. Currently, no research focuses exclusively on the use of
PLA yarns for mattress surface fabric production, particularly weft-knitted inlaid

fabrics inserted with crimped PLA filaments.

This chapter aims to develop sustainable, comfortable, and durable weft-knitted inlaid
fabrics made entirely from PLA materials and to evaluate the effects of structural
parameters on their performance. PLA weft-knitted inlaid fabrics are produced using
thicker 450D, 600D, and 900D crimped PLA filaments, optimized in Chapter 3, to
achieve greater fabric thickness for mattress surface applications, with commercially
available PET filaments included for comparison. The chapter begins by detailing the
raw materials, production processes, testing procedures, and statistical analysis
methods for the weft-knitted inlaid fabrics. It then analyzes the effects of structural
parameters, including connection rates and shapes of stitching patterns, as well as inlaid
and surface yarn types, on the physical properties, comfort, and compression
performance of the PLA fabrics. Additionally, the pilling and abrasion resistance of the
fabrics are evaluated. Finally, the chapter summarizes the findings, recommends
structural parameters for producing PLA weft-knitted inlaid fabrics, and highlights their
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commercialization potential as mattress surface materials.

4.2 Materials and methods

4.2.1 Materials

The developed multilayer PLA weft-knitted inlaid fabric structure consists of an upper
layer, a middle layer, and a lower layer (Figure 4.1). These layers are connected using
a portion of the yarn in the lower layer as the connecting yarn, with the weft-knitted
technique enabling their simultaneous knitting and connection in a single step. The
upper layer was fabricated using white 150D PLA filaments, while blue 150D PLA
filaments were used for the lower layer and the connecting yarns. Further details are
provided in Table 4.1. For comparative analysis, 32Ne PLA staple yarns (Table 4.2) and
150D PET filaments (Table 4.1) were also used as surface yarns for these layers. To
ensure sufficient thickness suitable for mattress surfaces, crimped 450D, 600D, and
900D PLA filaments were used as inlaid yarns in the middle layer. These crimped PLA
filaments were produced in Chapter 3 under the optimal heat-setting conditions (120°C
for 90 s), and their crimped and tensile properties are listed in Table 3.14. Additionally,
600D textured PET filaments, commonly used as inlaid yarns in commercial weft-
knitted inlaid fabrics, were also utilized in this study for comparison (Table 4.1). All
PLA filaments were sourced from Ruomi Technology Co., Ltd. (Qingdao, China), while
the PLA staple yarn and PET filaments were supplied by Smartwin International Group
Co., Ltd. (Quanzhou, China).

~~— Connecting
Ay ‘ filament

Lower layer
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Figure 4.1 The schematic illustration of the fabric structure.

Table 4.1 Technical details of filaments

Filament type Linear density (D) Tenacity (cN/tex) Elongation (%)
152.62 28.48 25.06
White 150D PLA filament
(x0.12) (£0.89) (£0.64)
149.85 21.50 23.72
Blue 150D PLA filament
(£1.10) (£0.97) (£0.63)
148.51 30.79 14.33
150D PET
(£0.40) (= 1.82) (= 1.25)
610.99 38.79 33.52
600D textured PET
(£0.89) (£1.02) (£2.32)

Note: Standard deviations are given in parentheses.

Table 4.2 Technical details of PLA staple yarn

Yarn count  Tenacity Elongation Unevenness Hairiness Twist
vam (Ne) (cN/tex) (%) (%) (H) (per inch)
PLA staple 31.62 13.85 6.71 6.96 4.75 19.80
yarn (£0.14) (£0.50) (£0.38) (£0.05) (£0.18) (£0.39)

Note: Standard deviations are given in parentheses.

4.2.2 Fabric production

Adjusting the distribution of connecting yarns in the upper layer generates different
connection loops, which result in distinct stitching patterns on the fabric surface. As
shown in Figure 4.2, five distinct stitching patterns (A, B, C, D, and E) were designed
with regular repeat units to systematically investigate the relationship between stitching
patterns and fabric properties. Table 4.3 presents the specifications of these patterns,
including the repeat unit size (wales x courses), the total number of connection loops
per unit, and the connection rate, which is defined as the ratio of connection loops to
the total number of loops within a repeat unit. Patterns A, B, and C share a rhombic
layout but differ in connection rate, whereas patterns D and E feature triangular and

hexagonal shapes, respectively, with connection rates similar to that of pattern B.
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Figure 4.2 Designed stitching patterns of weft-knitted inlaid fabrics: (a) pattern A; (b)

pattern B; (c) pattern C; (d) pattern D; (e) pattern E.

Table 4.3 Details of the designed stitching patterns

Pattern Repeat unit Connection loops per ~ Connection rate
code (wales x courses) unit (%)

A 31 x60 118 6.34

B 21 x40 98 9.29

C 15 %28 54 12.86

D 42 x 42 164 9.30

E 34 x 20 63 9.26

As shown in Figures 4.3(a)—(c), pattern B is used as an example to demonstrate the
knitting process. The pattern (Figure 4.3(a)) was first created using an Autopaint
software and then transferred to a UCC548 22-gauge electronic double jacquard
circular knitting machine (Terrot, Germany) for production (Figure 4.3(b)). Each
knitting cycle included two knitting courses: one with loop connection (course A) and
one without loop connection (course B). As shown in Figure 4.3(c), six feeders were
required to complete each knitting cycle. During the process for each knitting cycle,

inlaid PLA filaments were inserted between the cylinder and dial needles by the first
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and fourth feeders without forming loops, while surface yarns were fed to the cylinder
needles, dial needles, or both by the second, third, fifth, and sixth feeders to create face
loops, back loops, or both, respectively. The connection between the upper and lower
fabric layers was achieved by simultaneously forming face and back loops at the second
feeder, using specific cylinder needles selected based on the designed pattern.
Consistent knitting conditions, including yarn input tension, fabric take-down tension,
and cam settings, were maintained for all fabrics in this study. A total of 12 weft-knitted
inlaid fabrics were fabricated, differing in connection rates, pattern shapes, inlaid
filaments, and surface yarns. For clarity, each fabric is labeled using a format “Pattern-
Denier and type of inlaid filament” (e.g., A-600C, B-450N, B-600C-S, B-600T-P), as
detailed in Table 4.4. In this notation, A/B/C/D/E indicate the pattern shape, the number
(e.g., 600/450) refers to the denier of the inlaid filament, and C/N/T represent crimped
PLA, normal PLA, and textured PET, respectively. The suffix “-S” or “-P” denotes that
the default 150D PLA surface filament is replaced with staple PLA yarn or PET filament.

Actual images of the produced fabrics are shown in Figures 4.4(a)—(1).
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Figure 4.3 The knitting process of weft-knitted inlaid fabric: (a) the designed stitching
pattern B; (b) the circular knitting machine used; (c) the knitting process for a knitting

cycle.

Table 4.4 Production details of weft-knitted inlaid fabrics

Sample Knitted  Yarn used for the upper and lower

Yarn used for the middle layer
code pattern  layers*
A-600C A White and blue 150D PLA filaments 600D crimped PLA filament
B-600C B White and blue 150D PLA filaments 600D crimped PLA filament
C-600C C White and blue 150D PLA filaments 600D crimped PLA filament
D-600C D White and blue 150D PLA filaments 600D crimped PLA filament
E-600C E White and blue 150D PLA filaments 600D crimped PLA filament
B-450C B White and blue 150D PLA filaments 450D crimped PLA filament
B-900C B White and blue 150D PLA filaments 900D crimped PLA filament
B-450N B White and blue 150D PLA filaments 450D normal PLA filament
B-600N B White and blue 150D PLA filaments 600D normal PLA filament
B-900N B White and blue 150D PLA filaments 900D normal PLA filament
B-600C-S B White 32Ne PLA staple yarn 600D crimped PLA filament
B-600T-P B White 150D PET filament 600D textured PET filament

*D (denier) and Ne (English cotton count) are linear density units commonly used for filament and

staple yarns, respectively. 32Ne is approximately 166D, which is close to 150D.
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Figure 4.4 The upper layer, lower layer, and cross-section of fabricated weft-knitted

inlaid fabrics: (a) fabric A-600C; (b) fabric B-600C; (c) fabric C-600C; (d) fabric D-

600C; (e) fabric E-600C; (f) fabric B-450C; (g) fabric B-900C; (h) fabric B-450N; (i)
fabric B-600N; (j) fabric B-900N; (k) fabric B-600C-S; (1) fabric B-600T-P.

4.3 Property evaluation

After fabrication, all fabric specimens underwent an initial washing and drying process
according to the ISO 6330 standard [132]. This procedure removes water-soluble
impurities and reduces dimensional instability in the fabrics. Before measurements, all
samples were conditioned for 24 hours under standard atmospheric conditions

(20£2°C and 65 + 2% relative humidity).
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4.3.1 Physical properties

The fabric morphology was analyzed using an M165C optical microscope (Leica,
Germany). The fabric’s grams per square meter (GSM) were measured using a BX 300
electronic balance (Shimadzu, Japan) in accordance with ASTM D3776-09 [116].
Thickness measurements were obtained using an RMES thickness tester, following the
guidelines of ASTM D1777-96 [117]. Stitch density was assessed by counting the wales
and courses per unit length on the upper fabric layer, using a counting glass and
adhering to ASTM D3887-96 [118]. To ensure accuracy, three measurements were

performed at separate locations on each sample, with the results averaged.

4.3.2 Air permeability

Air permeability was evaluated using the KES-F8-AP1 Air Permeability Tester
(Kawabata, Japan). During testing, the instrument delivered a constant airflow to the
fabric sample by moving a plunger and cylinder piston. Air was either drawn from the
atmosphere or released through the specimen, with the resulting pressure measured and
recorded as the fabric’s air resistance (kPa-s/m). Each test was conducted on a 12 cm X

12 cm fabric sample, with five samples prepared for each fabric type to ensure reliability.

4.3.3 Water vapor permeability

The water vapor permeability was measured following British Standard 7209 using an
M261 Water Vapor Permeability Tester (SDL Atlas, USA). In each test, 46 cm® of water
was placed in an open dish with an 83 mm inner diameter. The sample holder, fabric
sample, and cover ring were sequentially placed over the dish, and the assembly was
sealed with adhesive tape. Each prepared dish was then placed on a turntable rotating
at 2 rpm for 24 hours. The dish was weighed before and after testing to calculate the
water vapor transmission rate (WVTR, g/(m?-24 h)) using Equation (4.1). Three
specimens were tested per fabric, and the average and standard deviation were reported.

my

mgo —
WVTR = ——

y (4.1)
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wd?
A= (T) X 10_6

where mo and m; are the weight of the dish with the water and fabric sample at the
beginning and after 24 h of the test (g), 4 denotes the test area (m?), and d is the inner

diameter of the test dish (83 mm).

4.3.4 Thermal insulation

The thermal insulation of the weft-knitted inlaid fabrics was assessed using the keeping
warmth ratio, measured with the KES-F7 Thermo Labo II (Kawabata, Japan). During
each test, fabric samples were placed on a 100 cm? heated plate, maintained at 10°C
above the ambient room temperature. A controlled wind flow at a steady velocity of 30
cm/s was applied to the sample surface. Heat loss through the fabric was recorded and
used to calculate the keeping warmth ratio based on Equation (4.2). Each measurement

was tested five times to ensure accuracy and repeatability.
= 0 x 100 2
a 4.2)

where a represents the keeping warmth ratio of the fabric (%), W denotes the heat loss

with the fabric, and W) represents the heat loss without the fabric.

4.3.5 Compression durability

Compression durability was assessed by subjecting the fabrics to 1000 continuous
compression cycles. These tests were performed on a 5566 tensile testing machine
(Instron, USA) in compressive mode, as illustrated in Figure 4.5(a). A compression
platen with a diameter of 5 cm and a 19.63 cm? area (Figure 4.4(b)) was used for testing,
with specimen dimensions matching the platen area. The loading and unloading speeds
were set to 15.0 mm/min, with the compressive stress gradually increasing to a fixed
value of 6 kPa. This maximum stress level was selected based on findings from a

mattress pressure distribution study, which identified optimal comfort pressure ranges.
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For males, back, waist, and hip pressures ranged from 5.1-5.5 kPa, 4.1-4.5 kPa, and
5.4-9.4 kPa, respectively, while for females, the corresponding ranges were 4.1-6.4

kPa, 3.1-3.6 kPa, and 5.2-8.2 kPa [133].

Figure 4.5 The Instron 5566 testing machine: (a) the primary testing components; (b)

the compression platen.

Prior to testing, the initial fabric thickness (7) was measured under a light pressure of
4 gf/cm?. Then, the fabric thickness after » compression cycles (7)) was recorded.
Thickness loss (77) was calculated as the difference between the initial thickness and
the thickness after 7 cycles and was used to evaluate the compression durability of the

fabrics. It was determined using Equation (4.3):

~T
x 100 (4.3)

where Ty represents the initial fabric thickness (mm), 7, denotes the fabric thickness

after » cycles (mm), and 77 represents the thickness loss after » cycles (%).
Additionally, the energy absorbed during compression (E,, kgf-mm) was calculated

from the compression stress—strain curves recorded during the loading process. The

calculation was performed using the following equation:
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Tn
E, = f PdT (4.4)

To

where 7} is the initial fabric thickness (mm), 7, is the fabric thickness at maximum

pressure during compression (mm), and P is the applied compressive pressure (kPa).

4.3.6 Pilling and abrasion resistance tests

The pilling resistance of the fabrics was evaluated with a M235 Martindale Tester (SDL
Atlas, USA) following ASTM D4970/D4970M [134]. The fabric specimen was cut into
a 38-mm diameter circle and placed in a holder along with a 3-mm polyurethane foam
disk. After 7000 pilling cycles, the tested fabrics were evaluated in a viewing cabinet
and graded by comparison with visual standards on a scale of 5 to 1, where 5 indicates

no pilling and 1 indicates very severe pilling.

The abrasion resistance of the fabrics was assessed in accordance with ASTM D4966-
22 [135] using the same M235 Martindale Tester (SDL Atlas, USA). As in the pilling
resistance test, fabric specimens were prepared by cutting 38-mm diameter circles and
placing them in holders with a 3-mm polyurethane foam disk. Unlike the pilling
resistance test, an additional pressure of 9 + 0.2 kPa was applied to each assembled
holder during the abrasion test. The abrasion resistance was determined by recording
the number of cycles at which a hole appeared in the fabric. Three specimens were
prepared for each type of fabric and tested in triplicate for pilling and abrasion

resistance.

4.3.7 Statistical analysis

Statistical analysis was conducted using SPSS version 26.0 (IBM Corp., USA).
Analysis of variance (ANOVA) was employed to evaluate the relationship between the
structural parameters and the physical and comfort properties of the weft-knitted inlaid
fabrics. A significance level of 0.05 was used for all analyses. Sample B-600T-P,
fabricated entirely with PET filaments, was excluded from the statistical analysis to
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ensure consistency in material comparisons.

4.4 Results and discussion

4.4.1 Physical properties

Figures 4.6(a)—(h) present the course and wale densities, GSM, and thickness of the
washed PLA weft-knitted inlaid fabrics, with Table 4.5 summarizing the corresponding
ANOVA results. The findings indicate that varying the connection rate, stitching pattern,
inlaid, and surface yarns significantly influences the physical properties of PLA weft-
knitted inlaid fabrics. Such variations in physical properties are crucial because they

directly influence the functional performance of the fabrics.
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Figure 4.6. Effects of fabric structural parameters and yarn types on course density,

wale density, GSM, and thickness: (a) and (b) effect of connection rate (Pattern A:
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6.34%, B: 9.29%, C: 12.86%); (c) and (d) effect of stitching pattern shape (Pattern B:
rhombus, D: triangle, E: hexagon); (e) and (f) effect of inlaid yarn type and linear
density (C = crimped PLA, N = normal PLA); (g) and (h) effect of surface yarn type
(S = PLA staple, P = PET filament).

Table 4.5 ANOVA results for physical properties of weft-knitted inlaid fabrics

Connection Stitching Inlaid Surface
Property Statistic
rate pattern filament yarn
Course F value 34.455 5.609 23.957 88.200
density Pvalue* 0.001 0.042 <0.001 0.001
Fvalue  25.857 0.167 19.800 49.000
Wale density
P value*  0.001 0.850 <0.001 0.002
Fvalue  283.404 3.701 20.442 6.584
GSM
Pvalue* <0.001 0.090 <0.001 0.062
F value 62.644 4.179 5.799 1.013
Thickness
Pvalue* <0.001 0.042 0.001 0.344

*P values in bold indicate significance at < 0.05.

As shown in Figure 4.6(a), the course and wale densities of PLA weft-knitted inlaid
fabrics increase as the connection rate decreases (P = 0.001 for both). This trend is
closely associated with the structural recovery behavior of the crimped PLA filaments
in the middle layer. During knitting, these filaments are elongated and temporarily
straightened due to production tension. Once the fabrics are removed from the machine
and subjected to post-treatment processes such as washing, the inlaid filaments
gradually recover their original crimped morphology, resulting in filament shortening
and overall fabric shrinkage. In fabrics with lower connection rates, such as A-600C
(6.34%), the layer connections are looser, allowing the crimped filaments to retract
more freely and fully recover their crimped configuration. This enhanced recovery
promotes fabric shrinkage, thereby contributing to higher course and wale densities. In
addition, the shrinkage compacts the fiber structure, increasing fiber packing density

and volume occupancy, which in turn leads to higher GSM and thickness (Figure 4.6(b),
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both P < 0.001). Conversely, higher connection rates, as seen in fabric C-600C
(12.86%), strengthen interlayer bonding, restricting filament retraction and limiting
crimp recovery. As a result, these fabrics exhibit reduced shrinkage and, consequently,

lower stitch density, GSM, and thickness.

For a similar connection rate, different stitching patterns lead to significant variation in
fabric course density (P = 0.042), whereas no significant difference is observed in wale
density (P = 0.850), as illustrated in Figure 4.6(c). Among the tested samples, fabric E-
600C with a hexagonal stitching pattern exhibits the highest course density, followed
by the rhombic pattern (B-600C), whereas the triangular pattern (D-600C) shows the
lowest. These differences are attributed to the distinct distribution of connection loops
in each pattern. The hexagonal (Figure 4.2(e)) and rhombic (Figure 4.2(b)) patterns
have symmetrical and uniformly distributed connection loops, which facilitate more
consistent shrinkage of the fabric layers with the inlaid filaments, thereby increasing
course density. In contrast, the triangular pattern (Figure 4.2(d)) concentrates its
connection loops along the bottom edge, where densely arranged junctions hinder
filament shrinkage, leading to reduced course density. This structural constraint also
contributes to a similar trend in fabric thickness, with fabric D-600C exhibiting the
lowest thickness (Figure 4.6(d), P = 0.042). However, the stitching pattern design does

not have a statistically significant effect on GSM (P = 0.09).

The effect of inlaid filaments on course and wale densities is demonstrated in Figure
4.6(e). Fabrics knitted with crimped PLA filaments exhibit higher surface fabric
densities than those with non-crimped PLA filaments (both P <0.001). This difference
arises from the shrinkage of crimped PLA filaments, which reduces the overall fabric
dimensions and increases fabric density. The shrinkage of these filaments also enhances
fabric GSM and thickness (Figure 4.6(f), P < 0.001 and = 0.001, respectively). In
addition, inlaid filaments with higher linear density further increase GSM and thickness,

as expected, since thicker filaments increase the number of fibers per unit area.
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On the other hand, as shown in Figure 4.6(g), the surface yarn type significantly
influences the fabric’s course and wale densities (P =0.001 and 0.002). Fabric B-600C,
which employs PLA filament as the surface yarn, exhibits higher surface densities,
likely due to the filament’s tighter structure and lower linear density compared to PLA
staple yarn, which together promote denser fabric formation during knitting. B-600C
also shows slightly higher GSM and thickness (Figure 4.6(h)), although these
differences are not statistically significant (P = 0.062 and 0.344). Compared with B-
600T-P, which uses PET filament of the same linear density, B-600C displays higher
surface density and GSM but lower thickness. This may be attributed to the greater
shrinkage of crimped PLA filaments, which increases surface density and GSM,

whereas smaller interlayer gaps in PLA fabrics contribute to reduced thickness.

4.4.2 Air permeability

Air permeability is a crucial factor in assessing fabric comfort, as it reflects the fabric’s
capacity to regulate gas exchange between the body and the surrounding environment.
It can be quantified by air resistance (kPa s/m), with lower air resistance indicating
greater air permeability. Enhanced air permeability enables the skin to breathe more
effectively, thereby reducing the sensation of heat and moisture accumulation. Figures
4.7(d)—(d) and Table 4.6 present the air resistance results and the corresponding

statistical analysis for the PLA weft-knitted inlaid fabrics.
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Figure 4.7 Effects of fabric structural parameters and yarn types on air resistance: (a)
effect of connection rate (Pattern A: 6.34%, B: 9.29%, C: 12.86%); (b) effect of
stitching pattern shape (Pattern B: rhombus, D: triangle, E: hexagon); (c) effect of
inlaid yarn type and linear density (C = crimped PLA, N = normal PLA); (d) effect of
surface yarn type (S = PLA staple, P = PET filament).

Table 4.6 ANOVA results for air resistance of weft-knitted inlaid fabrics

Property Statistic  Connection rate ~ Stitching pattern Inlaid filament Surface yarn

Fvalue 13.041 19.643 524.505 6.859
P value* 0.001 <0.001 <0.001 0.031

Air resistance

*P values in bold indicate significance at < 0.05.

Figure 4.7(a) shows that fabric A-600C, with a lower connection rate of 6.34%, exhibits
significantly higher air resistance (P = 0.001), indicating reduced air permeability. This

increase in air resistance is likely due to the greater shrinkage of crimped PLA filaments
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in such patterns, which increases the surface density, GSM, and thickness of the fabric,
thereby restricting airflow. As illustrated in Figure 4.7(b), the stitching pattern also
significantly influences air permeability (P < 0.001). Fabric E-600C, with a hexagonal
pattern, displays the highest air resistance and therefore the lowest air permeability.
This is likely caused by its higher course density and thickness, along with smaller
inter-yarn gaps and more restricted airflow channels. In comparison, the rhombic
stitching pattern (B-600C) results in moderate structural tightness and air resistance.
The triangular pattern (D-600C), which has the lowest course density and thickness,
creates larger surface micropores and inter-yarn gaps, allowing air to pass through more

easily and resulting in the lowest air resistance and highest air permeability.

The type of inlaid filament significantly affects the fabric’s air resistance, as illustrated
in Figure 4.7(c) (P < 0.001). Higher air resistance is observed with increasing linear
density of the inlaid filaments, as it raises the number of fibers per unit area, thereby
obstructing airflow. Fabrics inlaid with crimped filaments exhibit lower air resistance
than those with non-crimped filaments, likely due to the bulky morphology of crimped
filaments, which enhances internal porosity and improves air permeability. Figure 4.7(d)
further illustrates that fabric B-600C-S, knitted with PLA staple yarns, demonstrates
higher air resistance than B-600C, made with PLA filaments (P = 0.031). This variation
arises from structural differences between the two yarn types. Staple yarns, composed
of short fibers twisted together, possess surface hairiness that impedes airflow, whereas
filament yarns, made of smooth and continuous long fibers, facilitate better air passage.
Moreover, the air resistance of PLA fabrics is comparable to that of fabrics made with
PET yarns, indicating minimal differences in air permeability between the two

materials.

4.4.3 Water vapor permeability

Water vapor permeability measures a fabric’s ability to release perspiration in the form
of water vapor from the skin to the environment, with higher permeability enhancing
comfort by allowing moisture to evaporate more efficiently. This property is typically
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assessed using WVTR, where higher values indicate superior water vapor permeability.

The WVTR results for PLA weft-knitted inlaid fabrics, along with the ANOVA analysis,

are presented in Figures 4.8(a)—(d) and Table 4.7, respectively.
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Figure 4.8 Effects of fabric structural parameters and yarn types on WVTR: (a) effect

of connection rate (Pattern A: 6.34%, B: 9.29%, C: 12.86%); (b) effect of stitching

pattern shape (Pattern B: rhombus, D: triangle, E: hexagon); (c) effect of inlaid yarn

type and linear density (C = crimped PLA, N = normal PLA); (d) effect of surface

yarn type (S = PLA staple, P = PET filament).

Table 4.7 ANOVA results for WVTR of weft-knitted inlaid fabrics

Property Statistic =~ Connection rate

Stitching pattern Inlaid filament Surface yarn

Fvalue 6.526
P value* 0.031

WVTR

0.956
0.436

4.384 41.589
0.017 0.003

*P values in bold indicate significance at < 0.05.
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As illustrated in Figure 4.8(a), the fabric with a higher connection rate (C-600C)
exhibits slightly increased WVTR values (P = 0.031), indicating superior water vapor
permeability. This enhancement can be attributed to the fabric’s lower surface density,
which increases surface porosity and facilitates more efficient vapor diffusion. Owing
to their lower GSM and reduced thickness, high-connection fabrics tend to have fewer
fiber-to-fiber contact points, which further reduces resistance to vapor migration. In
contrast, the densely packed fibers in the lower-connection fabric A-600C obstruct
continuous inter-fiber pathways for vapor transmission, thereby reducing WVTR
values. Although variations in WVTR are observed among fabrics with different
stitching patterns (Figure 4.8(b)), these differences are not statistically significant (P =
0.436), suggesting that the stitching patterns with identical connection rates selected in

this study have minimal impact on water vapor permeability.

Reducing the linear density of the inlaid filaments or incorporating crimped filaments
significantly improves the WVTR values of the fabric (P = 0.017), as shown in Figure
4.8(c). Inlaid filaments with lower linear density and a crimped structure create larger
inter-fiber spaces in the fabric (B-450C), thereby reducing resistance to water vapor
transmission and facilitating its diffusion. The surface yarn type also has a notable
impact on WVTR values (Figure 4.8(d), P = 0.003). Fabric with PLA staple yarns on
the surface (B-600C-S) exhibits slightly lower WVTR values compared to that with
PLA filaments (B-600C). This variation likely results from the surface hairiness of
staple yarns, which hinders water vapor transfer between fibers. Moreover, PLA fabrics
demonstrate slightly higher WVTR values than PET fabrics, potentially due to the

bulky and porous structure formed by crimped PLA filaments.

4.4.4 Thermal insulation

Thermal insulation is another key parameter in evaluating fabric comfort and can be
represented by the keeping warmth ratio. A higher keeping warmth ratio indicates a
greater ability of the fabric to resist heat transfer and retain warmth. Figures 4.9(a)—(d)
display the keeping warmth ratio results for various fabric samples, while Table 4.8
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provides the related statistical analyses.
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Figure 4.9 Effects of fabric structural parameters and yarn types on keeping warmth
ratio: (a) effect of connection rate (Pattern A: 6.34%, B: 9.29%, C: 12.86%); (b) effect
of stitching pattern shape (Pattern B: rhombus, D: triangle, E: hexagon); (c) effect of
inlaid yarn type and linear density (C = crimped PLA, N = normal PLA); (d) effect of
surface yarn type (S = PLA staple, P = PET filament).

Table 4.8 ANOVA results for keeping warmth ratio of weft-knitted inlaid fabrics

Connection Stitching Inlaid Surface
Property Statistic

rate pattern filament yarn
Keeping F value 23.206 3.047 16.087 0.500
warmth ratio P value* 0.002 0.122 <0.001 0.519

*P values in bold indicate significance at < 0.05.

As shown in Figure 4.9(a), fabric A-600C with a low connection rate exhibits
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significantly higher warmth retention (P = 0.002). This is likely due to the enhanced
crimp recovery of the inlaid filaments, which increases the fabric’s bulkiness and
thickness. The resulting structure traps more still air within the fabric, which plays a
critical role in enhancing thermal insulation, as air has a lower thermal conductivity
than fibers [136]. This increased air retention further reduces the fabric’s thermal
conductivity, slowing heat transfer and improving overall insulation performance. In
contrast, differences in keeping warmth ratio among fabrics with various stitching
patterns do not reach statistical significance (P = 0.122), despite some variation
observed in Figure 4.9(b). This result is consistent with the findings for water vapor
permeability, indicating that the chosen stitching patterns with the same connection rate

are not a major determinant of fabric thermal insulation.

Additionally, increasing the linear density of the inlaid filaments or using crimped
filaments significantly enhances the keeping warmth ratio of the fabrics (Figure 4.9(c),
P <0.001). Filaments with higher linear density increase the GSM and thickness of the
fabric, effectively reducing heat transfer. The bulky structure of crimped filaments
further improves thermal insulation by creating additional air-retention areas within the
fabric. Although no statistically significant difference is observed (P = 0.519), fabric
B-600C-S, with a surface layer knitted from PLA staple yarns, exhibits a slightly higher
keeping warmth ratio than B-600C, which is knitted from PLA filaments (Figure 4.9(d)).
This slight variation may be related to the surface hairiness of PLA staple yarns, which
could obstruct heat transfer. While the hairiness of staple yarns negatively affects air
and water vapor permeabilities of the fabric, it may contribute positively to thermal
insulation. However, further investigation is necessary to validate this observation.
Moreover, the similarity in keeping warmth ratio between PLA and PET fabrics

suggests that these fiber types have comparable thermal insulation properties.

4.4.5 Compression durability
The compression durability test evaluates the ability of fabrics to recover from
deformation after repeated compression, reflecting their performance and longevity in
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daily use. The fabricated weft-knitted inlaid fabrics were subjected to 1000 cycles of
compression, and their compression stress—strain curves are presented in Figures

4.10(2)(1).

The results reveal that all weft-knitted inlaid fabrics follow a similar trend over 1000
compression cycles. During the first cycle, the stress values are relatively high,
reflecting the fabrics’ strong resistance to initial compression. With increasing cycles,
the stress—strain curves gradually shift to the right, indicating an increase in
compression strain under the same applied force. This shift is particularly pronounced
during the first 10 cycles, which can be explained by structural adjustments within the
fabric, including fiber rearrangement, rapid pore compression, and stress relaxation
effects. By the 50th cycle, the stress—strain curves gradually stabilize, suggesting that
the internal structural adjustments are nearly complete, and the fabrics’ compression
behavior is approaching equilibrium. Notably, even the PET weft-knitted inlaid fabric
(B-600T-P), manufactured using commercialized methods (Figure 4.10(1)), exhibits the
same trend, highlighting that this initial structural adjustment is an inherent and

unavoidable characteristic of weft-knitted inlaid fabrics under repeated compression.
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Figure 4.10 Compression stress—strain curves of weft-knitted inlaid fabrics: (a) fabric

A-600C; (b) fabric B-600C; (c) fabric C-600C; (d) fabric D-600C; (e) fabric E-600C;

() fabric B-450C; (g) fabric B-900C; (h) fabric B-450N; (i) fabric B-600N; (j) fabric
B-900N; (k) fabric B-600C-S; (1) fabric B-600T-P.

To further investigate the impact of compression on the dimensional stability of fabrics,
thickness loss was evaluated, as presented in Figures 4.11(a)—(d). Overall, all fabrics
exhibit significant thickness loss during the first compression cycle, with losses ranging
from 7.74% to 12.5%. After the 10th compression, the thickness loss gradually
stabilizes, with a range of 3.75% to 11.46% between the 10th and 1000th cycles.
Thickness loss also varies considerably among fabrics. As depicted in Figure 4.11(a),
fabric A-600C with a lower connection rate exhibits greater thickness loss, likely due
to its looser structure, which is more prone to deformation under compression. Figure
4.11(b) demonstrates that thickness loss does not consistently correlate with the

uniformity of connection loop distribution among different stitching patterns,
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suggesting that selected stitching patterns have a limited effect on thickness loss.

A notable difference is observed between fabrics with crimped and non-crimped inlaid
filaments (Figure 4.11(c)). Fabrics with non-crimped filaments exhibit greater thickness
loss, likely because the absence of a bulky structure makes these yarns more susceptible
to slippage and collapse under compression, leading to plastic deformation. In contrast,
the bulky morphology of crimped filaments provides cushioning, mitigates structural
deformation, and facilitates partial recovery after compression, thereby reducing
thickness loss. Additionally, Figure 4.11(d) reveals that fabric B-600C-S made with
PLA staple yarns exhibits greater thickness loss, possibly due to the hairiness of staple
yarns and the looser arrangement of fibers within the fabric. Furthermore, PLA weft-
knitted inlaid fabrics show higher overall thickness loss than PET fabric (B-600T-P),
likely stemming from differences in raw material properties and internal fabric structure.
However, this higher thickness loss may offer PLA fabrics a potential advantage in

terms of enhanced softness and comfort.
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Figure 4.11 Effects of fabric structural parameters and yarn types on thickness loss:
(a) effect of connection rate (Pattern A: 6.34%, B: 9.29%, C: 12.86%); (b) effect of
stitching pattern shape (Pattern B: rhombus, D: triangle, E: hexagon); (c) effect of
inlaid yarn type and linear density (C = crimped PLA, N = normal PLA); (d) effect of
surface yarn type (S = PLA staple, P = PET filament).

The energy absorbed by the weft-knitted inlaid fabrics during compression was also
evaluated, with the results presented in Figures 4.12(a)—(d). At the initial compression
stage, fabrics exhibit higher energy absorption due to substantial structural
rearrangement within the fabric, which requires greater energy and causes noticeable
deformation. As the number of compression cycles increases, the decline in energy
absorption becomes less pronounced, indicating a gradual stabilization of the fabric
structure. Figure 4.12(a) reveals that fabric C-600C, with a high connection rate,
absorbs the least energy. This is likely because its tightly arranged and structurally
stable internal fibers undergo less deformation during compression, resulting in lower
resistance and reduced energy absorption. Figure 4.12(b) shows no significant trends in
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energy absorption among fabrics with different stitching patterns, consistent with the
thickness loss results. This suggests that selected stitching patterns also play a minimal

role in determining energy absorption.

In contrast, Figure 4.12(c) highlights that fabrics using crimped inlaid filaments absorb
more energy, which increases with the linear density of the inlaid yarns as well. The
bulky structure of crimped filaments increases fabric elasticity and compression
resistance, thereby elevating the energy absorption. Additionally, higher linear density
filaments increase fabric thickness and fiber contact points, enhancing friction and
internal resistance during compression, thus improving energy absorption. Finally,
Figure 4.12(d) shows that the energy absorption varies with fabric material, with the
PET fabric (B-600T-P) absorbing the most, followed by the PLA filament fabric (B-
600C), and the PLA staple yarn fabric (B-600C-S) absorbing the least. The high
stiffness and compression resistance of B-600T-P contribute to its greater energy
absorption, whereas the looser structure of B-600C-S results in lower absorption. B-

600C exhibits intermediate behavior.
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Figure 4.12 Effects of fabric structural parameters and yarn types on energy
absorption: (a) effect of connection rate (Pattern A: 6.34%, B: 9.29%, C: 12.86%); (b)
effect of stitching pattern shape (Pattern B: rhombus, D: triangle, E: hexagon); (c)
effect of inlaid yarn type and linear density (C = crimped PLA, N = normal PLA); (d)
effect of surface yarn type (S = PLA staple, P = PET filament).

4.4.6 Pilling and abrasion resistance

Pilling and abrasion resistance are key indicators of a mattress surface fabric’s
durability and functionality. Superior pilling resistance ensures a smooth and hairball-
free surface, while high abrasion resistance allows the fabric to endure repeated friction
with minimal damage. As shown in Table 4.9, all tested fabrics achieve pilling ratings
of 3—4 or higher, even after 7,000 rubs, demonstrating their ability to maintain a high-
quality appearance under regular use. The PLA weft-knitted inlaid fabrics also exhibit
excellent abrasion resistance, withstanding more than 10,000 rubs before visible
damage occurs. These results confirm the durability of PLA fabrics and their ability to
meet pilling and abrasion resistance requirements for long-term use. Furthermore, the
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findings indicate that the pure PLA weft-knitted inlaid fabrics developed in this study
exhibit pilling and abrasion resistance comparable to those of PET weft-knitted inlaid

fabrics, reinforcing their suitability for commercial applications.

Table 4.9 The pilling degree and abrasion resistance cycles of weft-knitted inlaid

fabrics

Fabric code  Pilling degree ~ Abrasion resistance cycles

A-600C 4 11767 £ 170
B-600C 4 11417 £103
C-600C 4 10787 + 147
D-600C 4 11500 £ 216
E-600C 34 10533 + 249
B-450C 34 10367 + 125
B-900C 4 12033 +205
B-450N 4 11500 +£374
B-600N 34 11167 + 330
B-900N 4 11233 £ 205
B-600C-S 4 11833 £262
B-600T-P 4 11400 £ 163

4.5 Conclusions

This chapter fabricated PLA weft-knitted inlaid fabrics using crimped PLA filaments
developed in Chapter 3. The effects of fabric structural parameters and yarn types on
fabric physical properties, comfort, compression, pilling, and abrasion resistance were
analyzed and compared to those of PET-based weft-knitted inlaid fabrics, leading to the

following conclusions:

(1) Higher connection rates decrease fabric surface density, GSM, and thickness, which
in turn enhances air and water vapor permeabilities but reduces thermal insulation.
These fabrics also exhibit lower thickness loss and absorb less compression energy

during cyclic compression.
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(2) Stitching pattern shape influences fabric properties, with the hexagonal pattern (E-
600C) exhibiting the highest course density and thickness, the triangular pattern (D-
600C) showing the opposite, and the rhombic pattern (B-600C) falling in between. The
triangular pattern provides the best air permeability, while the hexagonal pattern
experiences greater thickness loss, and the rhombic pattern absorbs more compression

energy.

(3) Fabrics inlaid with crimped PLA filaments exhibit higher surface density, GSM, and
thickness, and provide better air permeability, water vapor permeability, and thermal
insulation compared to those with non-crimped filaments. Additionally, fabrics with
crimped filaments show less thickness loss and absorb more energy during cyclic

compression.

(4) Fabric surfaces made with PLA filament demonstrate higher surface density, better
air and water vapor permeabilities, less thickness loss, and greater energy absorption
than staple yarn fabrics. Compared to PET fabrics, they offer higher surface density and
GSM but lower thickness, improved water vapor permeability, comparable air
permeability and thermal insulation, greater thickness loss, and reduced energy

absorption.

(5) Pilling and abrasion resistance tests show that all weft-knitted inlaid fabrics achieve
a pilling grade of at least 3—4 after 7,000 rubs, with abrasion resistance exceeding

10,000 cycles.

In summary, structural parameters significantly influence the performance of PLA weft-
knitted inlaid fabrics. The incorporation of crimped PLA filaments significantly
enhances fabric comfort and compression properties. To further improve air and water
vapor permeabilities and compression stability, stitching patterns with higher
connection rates and connection loops designed to limit crimped filament shrinkage,
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and PLA filament surface yarns are recommended. Conversely, for improved thermal
insulation, stitching patterns with lower connection rates and connection loops that
allow crimped filaments to fully shrink, along with PLA staple surface yarns, are more
suitable. The pure PLA weft-knitted inlaid fabrics produced in this study exhibit
excellent physical properties, comfort, and durability comparable to those of PET
fabrics, confirming their suitability and potential for mattress surface applications.
Building on this, the next chapter will explore the development of PLA sensors based

on weft-knitted inlaid fabrics, expanding their applications in smart sleep monitoring.
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Chapter 5 Development of PLA Textile Capacitive Pressure

Sensor

5.1 Introduction

The previous chapter demonstrated the suitability of pure PLA weft-knitted inlaid
fabrics, produced with crimped PLA filaments on an electronic double jacquard circular
knitting machine, as effective materials for mattress surface applications. These fabrics
exhibit physical properties, comfort, and durability comparable to those made from
commercially available PET yarns. However, driven by advancements in smart home
and health monitoring technologies, mattress surface fabrics are no longer limited to
providing basic comfort and durability but are increasingly expected to integrate
intelligent functionalities for real-time sleep monitoring. Previous research has
explored sleep monitoring applications in mattress surface fabrics, including body
pressure distribution [11], sleep posture and position [53, 54], electrocardiogram (ECQG)
and ballistocardiogram (BCG) signals [55, 56], and respiratory rate [57]. Despite these
advancements, most such fabrics are produced by embedding sensors or electrodes
through additional connection processes, which can compromise comfort and require
more maintenance. In contrast, knitting technology offers a more efficient approach by
directly integrating conductive yarns during fabric production. This single-step
manufacturing process simplifies the manufacturing of smart mattress surface fabrics,

making it a promising method for their development.

The objective of this chapter is to develop a textile capacitive pressure sensor (TCPS)
based on PLA weft-knitted inlaid fabrics by integrating conductive yarns and utilizing
intarsia knitting technology on a Shima Seiki computerized flat-knitting machine. It is
noteworthy that the knitting machine used in this chapter differs from the one employed
in the previous chapter; however, the PLA-based TCPS maintains the same PLA weft-
knitted inlaid structure as before. The computerized flat knitting machine was selected
for its advanced features, including the versatile fabric design system, precise single-
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needle selection mechanism, and easily motion-controlled yarn carriers. These
capabilities enable the accurate integration of conductive yarns into designated regions
and facilitate the simultaneous fabrication of various conductive and non-conductive
areas, thereby enhancing structural precision and productivity. Using the computerized
flat-knitting machine, this chapter systematically investigates the effects of conductive
yarns, inlaid filaments, and arrangements of electrode wales and courses on the sensing
performance of the TCPS to achieve enhanced functionality. The improved TCPS is
evaluated for its capacitive response and dynamic properties under varying pressure
loads, compression rates, and repeated washing and loading cycles. Furthermore, the
air permeability, water vapor permeability, thermal insulation, and compression
properties of the TCPS fabric are measured and compared with those of commercial

PET mattress fabrics, validating its potential as a smart mattress material.

5.2 Fabrication and working principle of the TCPS

5.2.1 Materials

Crimped PLA filaments with linear densities of 450D, 600D, and 900D were produced
in Chapter 3 under the optimal heat-setting conditions, and their properties are provided
in Table 3.14. White and yellow 150D PLA filaments, purchased from Ruomi
Technology Co., Ltd. (Qingdao, China), are described in detail in Table 5.1. Silver-
coated nylon conductive yarns with linear densities of 280D, 350D, and 400D were
procured from Shengxin Special Rope Co., Ltd. (Dongguan, China), and their
specifications are listed in Table 5.2. For comparative analysis, five types of
commercial mattress surface fabrics were obtained from Tianye Jacquard Co., Ltd.

(Hangzhou, China).

Table 5.1 Technical details of 150D PLA filaments

Filament type Linear density (D) Tenacity (cN/tex) Elongation (%)
152.62 28.48 25.06
White 150D PLA filament
(x0.12) (+0.89) (£ 0.64)
Yellow 150D PLA filament 149.77 18.22 19.21
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(+0.85) (£ 1.66) (+3.28)

Note: Standard deviations are given in parentheses.

Table 5.2 Technical details of silver-coated nylon conductive yarns

Filament type Diameter (mm) Resistance (/cm)
280D conductive yarn 0.152-0.163 24-3.0
350D conductive yarn 0.172-0.181 1.4-1.6
400D conductive yarn 0.212-0.232 1.2-1.4

5.2.2 Structure and fabrication

As shown in Figure 5.1(a), the TCPS refers specifically to the grey sensing region,
which is entirely textile-based and features a multilayer ‘sandwich’ structure
comprising an upper, middle, and lower layers. In this region, conductive yarns are
employed in the upper and lower surface layers to form a pair of parallel electrodes,
while bulky PLA filaments are inlaid between them to serve as a compressible dielectric
spacer that also separates the electrodes. When external pressure is applied, the
electrode spacing decreases, resulting in a change in capacitance that allows the fabric
to convert mechanical pressure into an electrical signal. The TCPS unit is seamlessly
integrated with the surrounding yellow and white non-sensing regions, collectively
forming a multilayer TCPS fabric. Within this fabric, the non-sensing regions share the
TCPS middle layer, which increases the overall bulkiness of the fabric. In contrast to
the TCPS, conventional PLA filaments are used in the upper and lower layers of the
non-sensing regions, forming a jacquard pattern and structurally connecting the fabric

layers.

The TCPS fabric was first designed using an SDS-ONE Apex3 system based on a weft-
knitted inlaid fabric structure, and then knitted on a 14-gauge SVR123SP computerized
flat-knitting machine (Shima Seiki, Japan) in a single step (Figure 5.1(b)). During
knitting, one silver-coated nylon conductive yarn (Figure 5.1(c)) and three 150D PLA

filaments in yellow (Figure 5.1(d)) and white (Figure 5.1(e)) were alternately knitted to
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form the sensing and non-sensing surface layers, respectively. This precise arrangement
of yarns was achieved by employing the intarsia knitting technique, which allows
distinct functional regions to be accurately created within each course [137]. After each
surface layer row, the middle layer was formed by inlaying two crimped PLA filaments
(Fig. 1(f)) between the upper and lower layers without loop formation. Once the sensing
region was fully knitted, the conductive yarns were guided to the fabric edge by the
yarn carrier, allowing direct connection to the measurement instrument. Consequently,
the entire TCPS fabric requires no additional assembly or chemical treatment, owing to
the precise single-needle selection and motion-controlled yarn carriers of the knitting
system. To investigate the effects of key structural factors, including the linear density
of conductive yarns, the linear density of inlaid filaments, and the arrangement of
electrode wales (m) and courses (n) within the sensing region, seven distinct TCPS
fabrics were fabricated. The production details are provided in Table 5.3, the actual
sample images are shown in Figures 5.2(a)—(g), and their corresponding technical

specifications are summarized in Table 5.4.

(2)  Upper layer (b)

I\t LA |
I Sensing region

vy (TCPS)

Lower layer

Upper electrode

500 pm 500 pm

Lower electrode

Figure 5.1 Structure and fabrication of the TCPS fabric: (a) schematic diagram of the
entire TCPS fabric and a magnified cross-section of the integrated TCPS; (b) the

designed pattern and computerized flat-knitting machine used for fabrication; (c)
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silver-coated nylon conductive yarn; (d) yellow PLA filament; (e) white PLA

filament; (f) crimped PLA filament.

Table 5.3 Production details of TCPS fabrics

Fabric code Conductive yarn

Inlaid filament

Electrode wales and courses

in the sensing region (m x n)

1 2 x 280D
2 x 350D
2 x 400D
2 x 400D
2 x 400D
2 x 400D
2 x 400D

~N O »n bW

2 x 600D crimped PLA
2 x 600D crimped PLA
2 x 600D crimped PLA
2 x 450D crimped PLA
2 x 900D crimped PLA
2 x 450D crimped PLA
2 x 450D crimped PLA

34 x 36
34 x 36
34 x 36
34 x 36
34 x 36
30 x40
40 % 30

Figure 5.2 The upper and lower layers of TCPS fabrics: (a) fabric 1; (b) fabric 2; (c)
fabric 3; (d) fabric 4; (e) fabric 5; (f) fabric 6; (g) fabric 7.
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Table 5.4 Technical specifications of TCPS fabrics

Fabric density Actual area of

Fabric GSM Thickness

code Course density Wale density  Stitch density (@) (tam) the electrodes
(wales/cm) (courses/cm)  (loops/cm?) (cm?)

. 7.35 8.14 59.78 548.81 3.42 19.79
(+0.19) (+0.19) (+1.47) (+£24.88) (+£0.08) (+0.12)
7.61 8.40 63.91 557.12 3.40 19.56

2 (£0.19) (£0.19) (*1.47) (£6.55) (£0.09) (+0.12)
7.68 8.14 62.36 542.34 3.40 19.68

’ (£0.28) (#0.37) (+0.51) (+15.23) (+£0.10) (£0.09)

A 7.41 8.53 63.24 519.91 3.02 19.56
(£0.09) (£0.19) *1.21) (£3.34)  (£0.04) (+0.19)
7.87 8.27 65.10 697.77 4.20 19.43

: (0.00) (#0.00) (+0.00) (£8.79) (£0.09) (£0.11)
7.55 8.33 62.88 516.25 3.03 20.32

6 (+0.09) (+0.09) (+0.73) (£447) (£0.06) (+0.20)

7 7.55 8.27 62.39 517.65 2.98 18.90
(+0.09) (= 0.00) (*0.77) (£1.45) (£0.05)  (£0.07)

Note: Standard deviations are given in parentheses.

5.2.3 Modeling and working principle of the TCPS

The TCPS is designed to convert external mechanical pressure into measurable
electrical signals by employing a fixed-area parallel-plate capacitor structure. Based on
the fundamental principle of parallel-plate capacitance [138], the theoretical
capacitance C (F) of the TCPS is determined primarily by its geometric parameters and
the dielectric properties of the materials used, as mathematically described by Equation

(5.1) [139]:

£-EA
= A
¢ =" (5.1)

where ¢ is the relative static permittivity of the dielectric layer (dimensionless), &o
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denotes the vacuum permittivity (8.85 x10°'2 F/m) [140], 4 is the effective electrode

area (m?), and d is the thickness of the dielectric layer (m).

The relative static permittivity &- depends on the intrinsic properties and volume
fractions of the materials within the dielectric layer. In this study, the dielectric layer of
the TCPS is composed of air and crimped PLA filaments. To evaluate ¢, it is necessary
to quantify the volume fractions of these two components between the capacitor
electrodes. This requires first calculating the total dielectric volume V' (m?) between the

electrodes:

V=Ad (5.2)

The total dielectric volume ¥V can be further decomposed into the volumes occupied by

air (Vr, m®) and crimped PLA filaments (Vpr4, m®), as described in Equation (5.3):

V= Vair + VPLA (53)

The corresponding volume fractions of each component can then be expressed as

follows:

Vera _ Vpra

v T Ad S
Vair _ Ad — VPLA
T 1d (5.5)

Therefore, the effective relative permittivity ¢ of this two-phase dielectric layer is
calculated as a volume-weighted average of the permittivities of air and crimped PLA

filaments, as shown in Equation (5.6):
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£ = Vair & VPLA £
r V air V PLA
Vbra VbrLa€pLa
=(1- ﬂ)gair + VYRR (5.6)

where 4 1s the relative static permittivity of air (= 1) [138], and epr4 represents the

relative static permittivity of PLA, typically ranging from 2.7 to 3.1 [141].
Given g4 = 1, Equation (5.6) simplifies to:

VpLa
& =1+ E(EPLA -1 (5.7)

Finally, by substituting & (from Equation (5.7)) into Equation (5.1), the theoretical

capacitance C of the TCPS is derived as:

&4 Vpra
C =7 1+W(EPLA_1) (58)
where g is the vacuum permittivity (8.85x107'2 F/m), 4 represents the effective
electrode area (m?), d denotes the dielectric thickness (m), Vp.4 is the volume occupied

by crimped PLA filaments in the dielectric layer (m?), and epr4 is the relative static

permittivity of PLA (2.7-3.1).

Equation (5.8) shows that the capacitance C of the TCPS primarily depends on three
geometric parameters: the effective electrode area A4, the dielectric thickness d, and the
volume of crimped PLA filaments in the dielectric layer Vpr4. During fabrication, key
knitting parameters such as cam setting, yarn feeding tension, and take-down tension
were fixed based on preliminary trials. Consequently, 4 is mainly influenced by the
arrangement of electrode wales (m) and courses (n) in the sensing region. Additionally,
the linear density of the conductive yarn also influences A, as variations in yarn

diameter affect loop tightness and thereby the effective electrode area. Under the same
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knitting conditions, both d and Vpr4 are primarily determined by the linear density of
the crimped PLA filaments. Therefore, these three structural factors, including the
arrangement of electrode wales and courses, the linear density of conductive yarns, and
the linear density of crimped PLA filaments, were systematically varied in Section 5.2.2
to fabricate seven TCPS fabrics and analyze their individual effects on TCPS sensing

performance.

Equation (5.8) also indicates that, for a TCPS with fixed electrode area and material
composition, capacitance variations primarily arise from changes in the dielectric layer
thickness under applied pressure. As illustrated in Figure 5.3, the application of external
pressure reduces the distance between the two capacitor plates. This reduction not only
modifies the dielectric layer thickness but also alters its effective permittivity. The
combined effect of these changes leads to measurable variations in capacitance,

forming the basis of the TCPS’s fundamental pressure-sensing mechanism.

d<dy C>Co

| ' . ' Pressure

i \7%(‘\ \?"‘\h ‘_-LC

B W plpd o, T

L
T

Figure 5.3 Working principle of the TCPS.

5.3 Property evaluation

5.3.1 Physical properties

The physical properties of the fabric were tested using the same methods described in
Chapter 4, subsection 4.3.1. The morphology of the fabric was observed on an M165C
optical microscope (Leica, Germany). The grams per square meter (GSM) of the fabric
was determined using a BX 300 electronic balance (Shimadzu, Japan) following the
ASTM D3776-09 standard [116]. Fabric thickness was measured by an RMES

thickness tester in accordance with ASTM D1777-96 [117]. Prior to testing, all fabric
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samples were conditioned for 24 hours under standard atmospheric conditions of

20+ 2°C and 65 £ 2% relative humidity.

5.3.2 Sensing performance

5.3.2.1 Measurement setup

The sensing performance of the TCPS was characterized by measuring its capacitance
during the compression process. As shown in Figure 5.4, the compression was
conducted using a 5566 tensile testing machine (Instron, USA), while the capacitance
was monitored and recorded in real-time with a TH2830 LCR meter (Tonghui, China).
The two electrodes of the sensor were connected to the LCR meter using copper wires,

ensuring accurate data acquisition throughout the testing process.

Loading Unloading

Figure 5.4 Experimental setup for measuring the capacitance of the TCPS during

compression.

5.3.2.2 Sensitivity

The sensitivity of the TCPS was determined by gradually increasing the pressure to 15
kPa at a constant compression rate of 10 mm/min. For a capacitive sensor, sensitivity
is typically defined as the ratio of the relative capacitance change to the change in

applied pressure, as expressed in Equation (5.9) [142].

AC  C—C,
Co Co
S = —_—=
AP~ AP

(5.9)
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where S represents the sensitivity of the capacitive sensor (kPa™), 4C/Cy is denotes the
relative capacitance change (dimensionless), 4C is the capacitance change (pF), Cp and
C are the capacitance values before and after pressure loading (pF), respectively, and

AP is the applied pressure (kPa).

5.3.2.3 Different compression conditions

The sensing performance of the TCPS under varying compression conditions was
evaluated by analyzing the effects of applied pressures and compression rates on its
capacitance response. Incremental pressures of 1, 3, 6,9, 12, and 15 kPa were applied
at a constant rate of 10 mm/min, while for the compression rate analysis, the pressure
was gradually increased to 15 kPa at rates of 5, 10, 15, and 20 mm/min. The capacitance
response during these compression processes was monitored in real-time using the

TH2830 LCR meter (Tonghui, China).

5.3.2.4 Washing test

To assess the washing durability of the TCPS, the sensor was subjected to five repetitive
washing cycles following the ISO 6330:2021 standard [132]. The specimens were
weighed, and 100% cotton ballast was added to achieve a total load mass of 2.0 kg.
These materials were then placed in a Type B washing machine filled with 72 £ 4 L
water at a temperature of 41 + 3°C. A detergent mass of 66 = 1 g of 1993 AATCC
standard reference detergent with optical brightener was also added. The washing
procedure followed the delicate cycle, as specified in the standard. After washing, the
specimens were dried using the drying procedure F (tumble dry) at 60°C. The
capacitance response of the specimens was subsequently measured after the first, third,
and fifth washing cycles under a gradually applied pressure of up to 15 kPa at a constant

rate of 10 mm/min.

5.3.2.5 Response and recovery times
The response and recovery times of the TCPS are critical parameters for minimizing
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delays in practical applications [143]. To evaluate the electrical response of the TCPS,
a 330 g weight with a contact area of 30.25 cm? (corresponding to a pressure of 1.07
kPa) was applied to the sensor surface, instead of using the Instron 5566 instrument for
compression. The response time during loading and the recovery time during unloading

were recorded to assess the sensor’s dynamic performance.

5.3.2.6 Repeatability

The repeatability of a sensor assesses its reliability in consistently reproducing
capacitance responses under identical pressure conditions. For the TCPS, repeatability
was evaluated by applying cyclic loading at a constant pressure of 15 kPa and recording

the capacitance response over 5000 loading and unloading cycles.

5.3.3 Comfort properties

The comfort properties of the fabric, including thermal insulation, air permeability,
water vapor permeability, and compression performance, were systematically evaluated.
Thermal insulation, air permeability, and water vapor permeability were measured
using the KES-F7 Thermo Labo II (Kawabata, Japan), KES-FB-AP1 Air Permeability
Tester (Kawabata, Japan), and the M261 Water Vapor Permeability Tester (SDL Atlas,
USA), respectively, following the methods detailed in Sections 4.3.4, 4.3.2, and 4.3.3
of Chapter 4. Compression properties were assessed using the KES-FB3-A
Compression Tester (Kawabata, Japan), in accordance with the guidelines provided by
Kato Tech Co., Ltd. The compression area corresponded to the circular pressing plate
of the tester, with an area of 2 cm?, and the maximum applied pressure was 100 gf/cm?.
Test specimens were prepared with dimensions of 20 cm x 20 cm, and each sample was

tested three times.

5.4 Results and discussion

5.4.1 Effect of structural parameters

To improve the sensing performance of the TCPS, seven TCPS fabrics were fabricated
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with different conductive yarns, inlaid filaments, and arrangements of electrode wales
(m) and courses (n) (Figure 5.5(a)). Their capacitance change ratios (4C/Cy) were
compared under same compression conditions to investigate the influence of these three

factors. The resulting AC/Cy values are presented in Figures 5.5(b)—(d).
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Figure 5.5 4C/Co of TCPS under single compression: (a) schematic diagram of the
TCPS; (b) effect of conductive yarns; (c) effect of inlaid filaments; (d) effect of

electrode wales (m) and courses (n).

Figure 5.5(b) shows that the 4C/Cy of the TCPS increases significantly as the linear
density of the conductive yarns rises from 280D to 400D. This enhancement is
attributed to the more compact electrode structure formed by the thicker conductive
yarns (e.g., 400D), which reduces the inter-yarn gaps compared to finer yarns.

Consequently, the effective electrode area is expanded, thereby enhancing the
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capacitive performance of the TCPS. Additionally, thicker conductive yarns exhibit
lower electrical resistance (Table 5.2), which reduces the equivalent series resistance
and improves electrode conductivity, further contributing to the enhanced TCPS
performance. Conversely, Figure 5.5(c) reveals an inverse relationship between 4C/Co
and the linear density of crimped PLA filaments. Specifically, TCPS incorporating
thinner crimped PLA filaments (e.g., 450D) exhibit higher AC/Cy values. This
improvement results from the reduced fabric thickness achieved by thinner crimped
PLA filaments, leading to decreased electrode separation and enhanced capacitive

sensitivity.

Furthermore, Figure 5.5(d) indicates that AC/Cp is notably influenced by the
arrangement of electrode wales (m) and courses (n). Among the tested combinations,
the 30 x 40 (m x n) arrangement achieves the highest 4C/Cy, followed by 34 x 36, while
40 x 30 exhibits the lowest value. Although the total number of electrode loops remains
approximately constant across arrangements, variations in electrode area account for
the observed differences. As shown in Table 5.4, the electrode areas for the 34 x 36, 30
x 40 and 40 x 30 arrangements are 19.56 cm?, 20.32 cm? and 18.90 cm?, respectively.
Since a larger electrode area enhances sensing performance, the 30 x 40 arrangement
achieves the highest 4C/Cy. Further analysis reveals that electrode area increases with
more courses and decreases with additional wales due to vertical knitting tension, which
elongates fabric loops more vertically than horizontally. Therefore, with a fixed number
of loops, fewer wales combined with more courses effectively enlarge the electrode
area, thereby enhancing capacitive sensing performance. Based on these findings, the
TCPS integrated into fabric 6, employing 400D conductive yarn, 450D crimped PLA
filament, and an electrode arrangement of 30 wales and 40 courses, exhibits the highest

AC/Cp and is selected for further evaluation of its sensing performance.

5.4.2 Sensing performance of the TCPS
5.4.2.1 Sensitivity
The sensing performance of the selected TCPS (fabric 6) was further evaluated,
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beginning with a sensitivity analysis. Figure 5.6 illustrates the relationship between
AC/Cy and the applied compressive pressure, where the slope of the curve corresponds

to the sensor's sensitivity.
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Figure 5.6 Sensitivity of the TCPS across different compressive pressure ranges.

The sensitivity varies across different pressure ranges, which can be explained by the
structural deformation of the sensor. In the initial low-stress range (0-0.2 kPa), the
TCPS exhibits a high sensitivity of 1.73 kPa™!. This high sensitivity arises from the large
gaps between fibers in the sensor’s initial state, which allow the TCPS to compress
easily, significantly reducing the electrode spacing and increasing capacitance. In the
intermediate stress range (0.2-2.9 kPa), the sensitivity decreases to 0.34 kPa’,
primarily due to the progressive densification of the TCPS structure. As the stress
increases, further deformation becomes more challenging, resulting in a slower rate of
capacitance change. In the high-stress range (2.9-15 kPa), the sensitivity further
decreases to 0.09 kPa’l. At this stage, the structure of the TCPS approaches its
compressive limit, leading to reduced sensitivity. Despite the decrease in sensitivity at
higher pressures, the TCPS maintains a reliable and predictable response across all

pressure ranges. Moreover, the sensitivity of the TCPS in this study surpasses that of
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previously reported textile-based pressure sensors, which exhibited sensitivities of

0.025 kPa![144] and 0.045-0.022 kPa™' [142].

5.4.2.2 Influence of compression conditions

Figures 5.7(a) and (b) illustrate the sensing response of the TCPS under varying
compression conditions. In Figure 5.7(a), 4C/Cy exhibits a gradual increase with rising
pressure. This behavior results from the compression of the electrodes and dielectric
layer within the TCPS, which reduces the electrode spacing and consequently increases
the capacitance. Such a consistent response to pressure highlights the sensor’s potential
for precise pressure monitoring applications. Similarly, Figure 5.7(b) shows that the
TCPS maintains stable capacitance responses across different compression rates, with
consistent signal profiles observed in all cases. This stability suggests that the
compression rate has minimal influence on capacitance changes, emphasizing the

sensor’s robustness and adaptability to dynamic operating conditions.
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Figure 5.7 AC/Cy of the TCPS under different compression conditions: (a) varying
compressive pressures (1, 3, 6, 9, 12, and 15 kPa); (b) varying compression rates (5,

10, 15, and 20 mm/min).

5.4.2.3 Influence of washing cycles
Figure 5.8 illustrates the capacitance response of the TCPS under different washing

cycles. The results demonstrate that the sensing performance of the fabric remains
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stable, with no significant degradation observed even after five washing cycles. This
stability indicates that the structural integrity and functionality of the capacitive sensor
are well-preserved, despite the friction and deformation experienced during repeated

washing.
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Figure 5.8 4C/Cy of the TCPS after different washing cycles.

5.4.2.4 Response and recovery times

Response time refers to the duration a sensor requires to produce a stable output signal
after the application of instantaneous pressure, while recovery time is the period needed
for the sensor to return to its baseline state after the pressure is removed. As shown in
Figure 5.9, under a vertical pressure of 1.07 kPa, the TCPS exhibits a response time of
approximately 130 ms during loading and a recovery time of about 90 ms during
unloading. The sharp increase and decrease in capacitance observed during these
processes emphasize the sensor’s ability to rapidly and effectively respond to pressure

changes.
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Figure 5.9 Response and recovery times of the TCPS under a vertical pressure of 1.07

5.4.2.5 Repeatability

kPa.

Figure 5.10 presents the capacitance variation of the TCPS during cyclic compression

at 15 kPa. The results show that 4C/Cy remains stable over 5000 compression cycles,

demonstrating the TCPS’s stability and durability. The capacitance response curves

around 250, 2500, and 4700 cycles exhibit distinct, sharp peaks with nearly identical

shapes, further validating the TCPS’s reliability. This consistent behavior underscores

the TCPS’s ability to maintain accurate and stable signal output during prolonged cyclic

use, highlighting its suitability for long-term applications.
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Figure 5.10 Repeatability of the TCPS over 5000 compression cycles.

5.4.3 Comfort performance of the TCPS

In addition to the sensing performance, the comfort performance of the entire TCPS
fabric 6, fabricated with the structural parameters selected in Section 5.4.1, was
systematically evaluated and compared with five commercially available mattress
surface fabrics (Figures 5.11(a)—(e)). The physical properties of all tested fabrics are

listed in Table 5.5, and their comfort properties are presented in Figures 5.12(a)—(e).

119



Chapter 5

(a) Upper layer Lower layer Cross section

(b) Upper layer

I
(c) Upper layer

5 mm

I
(d) Upper layer Low il Cross section

5 mm

Figure 5.11 Morphology of commercial mattress surface fabric for comparison: (a)

fabric a; (b) fabric b; (c) fabric c; (d) fabric d; (e) fabric e.

Table 5.5 Physical properties of the TCPS fabric and commercial mattress surface

fabrics

Physical property TCPS fabric ~ Fabrica  Fabricb  Fabricc  Fabricd  Fabrice

516.25 330.59 362.29 422.29 486.42 588.43
GSM (g/m?)

(x4.47) (+2.80) (£1.84) (£4.22) (£5.15) (+4.84)

3.03 2.10 2.25 2.14 2.52 2.90
Thickness (mm)

(£ 0.006) (x0.03) (x0.03) (£0.03) (£0.06) (£0.08)

Note: Standard deviations are given in parentheses.
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Figure 5.12 Comparison of comfort properties between the TCPS fabric and

commercial mattress surface fabrics (fabrics a—e): (a) keeping warmth ratio; (b) air

resistance; (c) water vapor transmission rate (WVTR); (d) compressional linearity

(LC); (e) compressional energy (WC); (f) compressional recoverability (RC).

Figure 5.12(a) shows that the keeping warmth ratio of the TCPS fabric reaches 64.47%,
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significantly higher than that of all the commercial mattress surface fabrics, which
range from 32.97% to 52.75%. This superior thermal insulation is attributed to its high
GSM (516.25 g/m?) and greatest thickness (3.03 mm) (Table 5.5), effectively reducing
heat loss. Despite its large GSM and thickness, the TCPS fabric also demonstrates
excellent air permeability, with an air resistance of 0.07 kPa-s/m, as shown in Figure
5.12(b). This exceptional air permeability is likely due to the use of crimped PLA
filaments in the middle layer of the TCPS fabric, which increases the fabric’s porosity
and significantly enhances airflow. Furthermore, Figure 5.12(c) shows that the TCPS
fabric achieves a water vapor transmission rate (WVTR) of 1118.17 g/(m?-24 h),
comparable to commercial fabrics (1108.93-1212.43 g/(m?-24 h)), indicating its

adequate water vapor permeability.

The compression properties of these fabrics, including compressional linearity (LC),
compressional energy (WC), and compressional recoverability (RC), are presented in
Figures 5.12(d)—(f), respectively. LC represents the linearity of the compression-
thickness curve, with lower LC values signifying greater softness as the material
compresses more easily under light loads. WC denotes the energy required for
compressive deformation under a specific pressure and serves as an indicator of
bulkiness, where higher WC values suggest a bulkier fabric. RC evaluates the fabric’s
ability to recover its original thickness after compression, with RC values closer to 100
indicating better recoverability [145]. The results suggest that the TCPS fabric
demonstrates a lower LC, the highest WC, and the lowest RC compared to other
mattress surface fabrics. These findings suggest that the TCPS fabric is softer and

bulkier but exhibits relatively poor recovery after compressive deformation.

5.5 Conclusions

In this chapter, the TCPS was successfully developed by incorporating conductive yarns
into PLA weft-knitted inlaid fabrics using the intarsia knitting technique. The effects of

conductive yarns, inlaid filaments, and arrangements of electrode wales (m) and courses
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(n) on the TCPS’s sensing performance were systematically investigated. The findings
reveal that the TCPS fabricated with 400D conductive yarns, 450D crimped PLA
filaments, and an electrode arrangement of 30 wales and 40 courses achieves the highest
AC/Cy. The improved TCPS demonstrates sensitivities of 1.73 kPa!, 0.34 kPa!, and
0.09 kPa! across the pressure ranges of 0-0.2 kPa, 0.2-2.9 kPa, and 2.9-15 kPa,
respectively. It exhibits a stable capacitive response under various compressive
pressures (1-15 kPa) and compression rates (5-20 mm/min). Additionally, the TCPS
retains consistent sensing performance after five washing cycles, with response and
recovery times of 130 ms and 90 ms, respectively, at a load of 1.07 kPa. The TCPS also
demonstrates outstanding durability, maintaining stable performance over 5000

compression cycles.

Compared to commercially available mattress surface fabrics, the TCPS fabric
demonstrates significantly better overall comfort performance, characterized by
superior thermal insulation, air permeability, water vapor permeability, softness, and
bulkiness, despite its slightly weaker compression recovery. Building on these
advantages, the improved TCPS fabricated in this chapter will be utilized to produce a
smart mattress surface fabric, further expanding its potential applications in intelligent

sleep monitoring.
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Chapter 6 Development of PLA Smart Mattress Surface

Fabrics for Real-Time Sleep Monitoring

6.1 Introduction

The previous chapter highlighted the successful development of textile capacitive
pressure sensors (TCPS) based on PLA weft-knitted inlaid fabrics, demonstrating their
suitability for mattress surface applications due to their excellent sensing performance,
durability, and comfort. However, single-point or limited-area sensing is inadequate for
capturing the complexities of sleep behaviors and distinguishing individual
characteristics. To address these limitations, it is essential to expand sensor coverage
and integrate advanced data acquisition systems with machine learning algorithms,
enabling more precise recording and analysis of sleep behaviors while achieving

accurate individual recognition.

Building on this foundation, this chapter explores the development of sustainable and
comfortable PLA mattress surface fabrics equipped with a TCPS array for advanced
sleep monitoring, employing single-step intarsia knitting technology. The study focuses
on integrating a 4 x 4 matrix of 16 TCPS units into PLA weft-knitted inlaid fabrics and
designing a wireless capacitance data acquisition system to enable real-time
measurement of capacitance distributions induced by human body pressure changes.
Using this integrated platform, five typical sleep behaviors, including getting into and
out of bed, lying flat, lying on the left side, and lying on the right side, are recorded
across seven volunteers. Furthermore, a deep learning model is applied for multi-task
analysis of the capacitance data, aiming to achieve accurate classification of sleep

behaviors and reliable individual recognition.

6.2 Design and fabrication

As shown in Figure 6.1(a), the primary stress regions of the human body during sleep
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are concentrated in the shoulders, elbows, hip bones, and heels. These regions generate
a specific pressure distribution on the mattress surface fabric, which can be reflected as
capacitance values by the TCPS developed in previous chapters, enabling real-time
monitoring of the sleep state. However, a single TCPS is insufficient to capture the
complex and dynamic pressure distributions associated with various sleep behaviors,
such as getting into and out of bed, or different sleeping positions, including supine and
lateral positions. To address this challenge, a smart weft-knitted inlaid fabric consisting
of four sensing regions was designed using the SDS-ONE Apex 3 system
(Figure 6.1(b)). Each region contains four sensors, forming a 4 x 4 matrix of 16 TCPS
units. This design enables localized monitoring of capacitance variations induced by
body pressure, thereby providing essential foundational data for the subsequent

recognition of sleep behaviors and postures.

During knitting, all TCPS units of the smart fabric were fabricated according to the
sensor parameters selected in Section 5.4.1. Specifically, each TCPS employed a 400D
conductive yarn to create parallel electrodes consisting of 30 wales and 40 courses, and
inlaid two 450D crimped PLA filaments to form the dielectric. The surface and middle
layers of the non-sensing regions were knitted with three 150D yellow or white PLA
filaments and two 450D crimped PLA filaments, respectively. The entire smart mattress
surface fabric was also fabricated in a single step using the intarsia knitting technique
on the 14-gauge SVR123SP flat-knitting machine (Shima Seiki, Japan) used in Chapter
5, as illustrated in Figure 6.1(c). Details of the knitting process and yarn specifications
are provided in Section 5.2. Figure 6.1(d) shows the final 0.7 %X 1.5 m fabric, in which
16 gray sensing regions are seamlessly integrated into the surrounding yellow and white
non-sensing regions. After knitting, the excess conductive yarns of each TCPS at the
fabric edges were organized and connected to DuPont wires using conductive tape. The
insulating tape was then applied to secure the connections, preparing the fabric for

subsequent testing and signal acquisition.
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Figure 6.1 Design and fabrication of the PLA smart mattress surface fabric: (a) key

stress regions; (b) fabric design; (c) computerized flat-knitting machine used; (d)

produced fabric with 16 integrated TCPS units.

6.3 Development of capacitance data acquisition system

To enable the simultaneous capacitance measurement of all 16 TCPS units while
enhancing convenience and real-time performance, this study designed a dynamic
capacitance data acquisition system, with the measurement flowchart presented in
Figure 6.2(a). Compared to the TH2830 LCR meter employed in Chapter 5, the
proposed system is more compact and can measure multiple capacitance channels
simultaneously. By eliminating cumbersome cable connections, it enhances usability,

making it particularly well-suited for real-time sleep monitoring applications.
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The system utilizes an STM32F103ZET6 microcontroller unit (MCU) as the core
control unit. It is powered by a 5V portable lithium battery, with the AMS1117-3.3
voltage regulator converting the voltage to a stable 3.3V low-voltage supply for the
MCU, capacitance detection module, and Bluetooth module. The capacitance detection
module integrates the PCap01-AD chip, which can connect up to 7 capacitive sensors
and 1 reference sensor (Figure 6.2(b)). However, a single PCap0O1-AD chip is
insufficient to meet the requirement of simultaneously measuring 16 TCPS units. To
address this, three PCap01-AD chips were employed to form a distributed capacitance
detection module, where capacitance values are measured using the single-ended
grounding mode and transmitted to the MCU through the Serial Peripheral Interface

(SPI), enabling synchronized multi-channel data acquisition.

To facilitate real-time data transmission, the BT11 Bluetooth Module communicates
with the MCU through the Universal Asynchronous Receiver-Transmitter (UART)
interface, wirelessly transmitting capacitance data to the host computer for remote
monitoring and recording. The system’s hardware implementation is illustrated in
Figure 6.2(c). For effective data visualization, two Qt-based interfaces were developed:
a graph-based interface plotting capacitance curves for all TCPS units and a grid-based
interface displaying real-time capacitance for the TCPS matrix (Figure 6.2(d)). This
comprehensive system enables users to monitor dynamic changes in capacitance values
across all sensors in real-time, providing accurate and efficient data support for

subsequent sleep posture recognition and behavioral analysis.
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Figure 6.2 Illustration of the capacitance data acquisition system: (a) measurement

flowchart; (b) diagram of the PCap01-AD chip; (c) hardware module; (d)

visualization interfaces.

6.4 Sleep behavior data collection

Sleep behavior data were collected from seven volunteers using the PLA smart mattress
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surface fabric integrated with a capacitance data acquisition system. Before
participating, all volunteers provided informed consent in accordance with ethical
research guidelines. Following predefined instructions, each participant performed a
series of prescribed sleep states, including getting into bed, lying flat (supine position),
lying on the left side (left lateral position), lying on the right side (right lateral position),
and getting out of bed. In this process, participants were instructed to remain quiet and
maintain a relaxed posture, with each sleep state repeated at least 10 times.
Simultaneously, the capacitance data acquisition system continuously recorded real-
time capacitance data generated by the PLA smart mattress surface fabric. These data
were wirelessly transmitted to a host computer for visualization and storage. Ultimately,
350 valid samples were collected, each containing more than 2,000 capacitance data
points. The resulting dataset serves as the foundation for training and validating a multi-

task learning model for sleep behavior analysis and individual identification.

6.5 Sleep behavior analysis through deep learning

A one-dimensional convolutional neural network (1D-CNN) was developed to classify
sleep behaviors and identify individuals based on capacitance data collected from the
PLA smart mattress surface fabric. As illustrated in Figure 6.3, the 1D-CNN
architecture primarily consists of an input layer, three 1D convolutional layers, three

average pooling layers, two fully connected layers, and two output layers.

For model training and validation, the collected dataset of 350 samples, consisting of
multivariate time-series data with dimensions 16 x 2000, was divided into 70% for
training and 30% for testing using stratified sampling. The 16 channels correspond to
capacitance signals from different sensors, and 2000 denotes the number of data points
recorded within a specific time interval. The first convolutional layer applies 24 filters
(kernel size: 101, padding: 50) to produce outputs of size 24 x 2000. Batch
normalization is then applied to stabilize training, followed by a rectified linear unit

(ReLU) activation function to introduce non-linearity. A dropout layer (rate = 0.5) is
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incorporated to prevent overfitting. To reduce the temporal resolution, an average

pooling layer (kernel size: 4) reduces the output size to 24 x 500.

The second convolutional layer applies 16 filters (kernel size: 5, padding: 2), further
refining the extracted features and producing outputs of size 16 x 500. Similar to the
first layer, batch normalization, ReL.U activation, and a dropout layer (rate = 0.5) are
applied. An average pooling layer (kernel size: 4) subsequently reduces the output size
to 16 x 125. The third convolutional layer utilizes 8 filters (kernel size: 3, padding: 1)
to produce outputs of size 8 x 125. As before, batch normalization, ReLU activation,
and a dropout layer (rate = 0.5) are applied. Finally, an average pooling layer (kernel

size: 5) reduces the temporal resolution to 8 x 25.

The flattened feature vector, comprising 200 elements (8 x 25), is fed into two fully
connected layers. The first fully connected layer, containing 5 neurons, classifies sleep
behaviors, while the second layer, containing 7 neurons, identifies individual
participants. The shared convolutional layers efficiently extract general features, while
the task-specific fully connected layers optimize classification performance for each
objective, allowing this 1D-CNN architecture to effectively address the dual tasks of

sleep behavior analysis and individual identification.
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Figure 6.3 Architecture of the 1D-CNN model for sleep behavior analysis and

individual identification.

6.6 Results and discussion

6.6.1 Getting into bed

Figure 6.4(a) shows a schematic diagram of a volunteer preparing to get into bed, while
Figures 6.4(b)—(h) display typical capacitance heat maps for seven volunteers,
illustrating their dynamic pressure distribution during the getting-into-bed process.
These heat maps were generated using data collected from the 16 TCPS units embedded
in the PLA smart mattress surface fabric. These sensors are numbered sequentially from
1 to 16, corresponding to the sensor numbers in the TCPS matrix shown in Figure 6.1(b),
and are arranged from bottom to top in the heat maps. Red regions indicate relatively
high capacitance values, corresponding to areas of greater pressure, whereas blue

regions represent relatively low capacitance values, reflecting areas of lighter pressure.

The results indicate that during the initial stage of getting into bed, the capacitance
values of most sensors remain at low levels, predominantly in the blue or light blue
regions, reflecting minimal or no contact between the subject and the mattress surface.
As the volunteer gradually contacts the mattress, the capacitance values of specific
sensors, such as TCPS 6, 9, and 10, increase sharply before decreasing, marked by the
appearance of small white or red regions. This pattern suggests that these areas
experience significant transient pressure, likely corresponding to a temporary stress
point at the buttocks. As the volunteer continues to move and adjust their posture, the
capacitance values of sensors located in the central region of the mattress surface fabric,
including TCPS 2, 3, 6, 7, 10, and 11, progressively increase. These values reach their
peak when the volunteer is entirely lying down, stabilizing in light red or red regions,

which indicate sustained pressure in these areas.

Although the overall trend in capacitance changes of the sensors is consistent,
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individual differences in movement patterns, rhythm, and body weight lead to
variations in the timing and magnitude of the capacitance values. This time-series
capacitance data not only provides a detailed representation of the getting-into-bed
process but also offers valuable insights for individual identification by capturing the

unique behavioral and physical characteristics of each volunteer.
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6.6.2 Getting out of bed

The schematic in Figure 6.5(a) illustrates a volunteer preparing to get out of bed, while
Figures 6.5(b)—(h) present capacitance heat maps of seven volunteers, revealing the
dynamic pressure distribution throughout this process. The heat maps show that during
the initial stage, certain sensors maintain medium-to-high capacitance values
(represented by light red or red regions), closely associated with the subject’s pre-
existing sleeping positions. As the volunteers gradually raise their bodies and move off
the mattress, the regions of high capacitance progressively shrink and transition to
lower values (depicted in blue or light blue regions), reflecting the redistribution of
pressure. During this transition, specific sensors (e.g., TCPS 6, 7, and 10) exhibit
temporary increases in capacitance, likely resulting from the transient force exerted by
the volunteers’ arms or legs to support their movement away from the mattress surface.
Following this, the capacitance values of these sensors decrease rapidly and stabilize at

low levels, indicating that the body has completely left the mattress.

Similar to the getting-into-bed process, variations in capacitance values across different
sensors are observed among individuals. These differences stem from variations in the
manner, speed, and pressure distribution during the process of getting out of bed.
Despite these individual differences, the overall trend consistently demonstrates a
transition from higher or medium capacitance values to lower values, effectively
characterizing the getting-out-of-bed process. These findings provide valuable data for
developing more accurate models for sleep behavior analysis and individual

identification.
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6.6.3 Lying flat

Following the systematic analysis of capacitance changes during the dynamic processes
of getting into and out of bed, this section focuses on the relatively static lying-flat
posture, as illustrated in Figure 6.6(a). As depicted in Figures 6.6(b)—(h), the
capacitance values recorded in the lying-flat position across different subjects exhibit
higher stability and a more distinct gradient across the sensors. High-capacitance
regions (red or light red areas) are primarily concentrated in the central sensors (e.g.,
TCPS 6, 7, 10, and 11), corresponding to the main pressure areas of the back, buttocks,
and legs. For some participants, sensors along the mattress edges (e.g., TCPS 2, 3, 14,
and 15) also display higher capacitance values, likely associated with contact from the
head or feet. These capacitance values remain consistent over time, indicating that
participants maintained a relatively stable sleep posture throughout the lying-flat

Process.

While the highest capacitance values are generally concentrated in the mattress’s central
region, notable variations are observed in the heat maps among different participants.
These differences are primarily attributed to individual factors, such as body shape and
preferred sleeping posture. Overall, these results demonstrate the characteristic
capacitance distribution of the lying-flat posture while illustrating the individualized

variations inherent to different subjects.
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6.6.4 Lying on the left

Figures 6.7(a)—(h) present the schematic diagram of the lying-left posture alongside the
capacitance heat maps of seven volunteers in this position. Compared to the lying-flat
posture, the capacitance distribution in the lying-left posture demonstrates a marked
asymmetry. High-capacitance regions are primarily concentrated in sensors located on
the left side of the mattress surface fabric, such as TCPS 3, 7, and 11. These sensors
correspond to the main pressure points where the body contacts the mattress, including
the left shoulder, arm, and hip. In contrast, sensors on the right side (e.g., TCPS 1, 5, 9,
and 13) show comparatively lower capacitance values, indicating minimal stress in
these regions during the lying-left posture. This evident asymmetry provides a crucial

basis for accurately classifying sleeping positions.

Furthermore, the capacitance distributions among different volunteers in the lying-left
posture exhibit noticeable variations. For instance, the high-capacitance regions for the
subject in Figure 6.7(b) primarily emerge at TCPS 3 and 11, which may suggest that
only limited body parts, such as the left shoulder and hip, are in contact with the sensor-
covered areas of the mattress surface fabric. In contrast, the subject in Figure 6.7(g)
displays a more dispersed distribution of high-capacitance regions, covering TCPS 3,
7, 8, and 11. This pattern may indicate a more extended lying-left posture, where
multiple body parts make contact with the sensor-covered areas. These differences
reflect variations in sleeping habits and interactions with the sensor array, providing

critical data for the development of personalized identification models.
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Figure 6.7 Dynamic capacitance variation during the left-side-lying process: (a)

schematic of a volunteer lying on the left side; (b)—(h) heat maps for volunteers 1-7.

139



Chapter 6

6.6.5 Lying on the right

The visualization of the lying-right posture and capacitance heat maps recorded from
seven volunteers is provided in Figures 6.8(a)—(h). Similar to the lying-left posture, the
capacitance distribution in the lying-right posture exhibits significant asymmetry.
Specifically, sensors on the right side of the mattress surface fabric (e.g., TCPS 2, 6,
and 10) display higher capacitance values (red or light red), likely due to concentrated
pressure from the right shoulder and hip. Conversely, sensors on the left side (e.g.,
TCPS 4, 8, 12, and 16) generally record lower capacitance values (blue or light blue),
suggesting minimal pressure in this region. The capacitance distribution in the lying-
right posture also demonstrates noticeable individual variations. For instance, some
subjects show fewer high-capacitance regions with larger values (Figures 6.8(e) and
(f)), while others display more extensive high-capacitance regions with smaller values
(Figures 6.8(c) and (h)). These differences may result from variations in physical
dimensions, unique adjustments to the lying-right posture, and the extent of contact

with the mattress surface.

Overall, the lying-right posture features a distinct asymmetric pressure distribution,
similar to the lying-left posture, but with high capacitance values concentrated on the
right side, complementing the left-side distribution of the lying-left posture. Combining
these results with capacitance data from actions like getting into and out of bed, lying
flat, and lying on the left side can improve the understanding of sleep behaviors and
support the precise identification of sleeping postures and individuals. It is worth
emphasizing that this approach, in addition to the five described sleep behaviors, can

also monitor and identify other sleep states, such as rolling over to either side.

140



Chapter 6

(b)

Sensors

WA N2 O

>

400 800 1200 1600 2000
Data Points

(d)

Sensors
o 0k
—_-INWEAENDAIXRLOD=NWEND
=) = ~ ~ o*® *® o
() 0 [—] n —] N (]

0 400 800 1200 1600 2000 0 400 800 1200 1600 2000
Data Points Data Points
(e) 120 §9)
110
100
£ £
S 9 90 2
= 8 e
@ 7 @
6 80
5
4 70
3
26 = 60
1L :
0 400 800 1200 1600 2000 0 400 800 1200 1600 2000
Data Points Data Points
16 16
(g) 15 (h) 15
14 14
13 13
12 12
11 11
210 £10
29 29
5 8 5 8
v 7 v 7
6 6
5 5
4 4
3 3
2 2
1 1
0 400 800 1200 1600 2000 0 400 800 1200 1600 2000
Data Points Data Points

Figure 6.8 Dynamic capacitance variation during the right-side-lying process: (a)

schematic of a volunteer lying on the right side; (b)-(h) heat maps for volunteers 1-7.
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6.6.6 1D-CNN for sleep behavior and individual recognition

The classification of five sleep behaviors and the individual recognition of seven
volunteers are accomplished using the 1D-CNN model shown in Figure 6.3. This model
efficiently extracts shared features through a common convolutional layer and performs
the dual tasks of classifying the five sleep behaviors and recognizing the seven

volunteers via two separate fully connected layers.

Figure 6.9(a) illustrates the training curves of the 1D-CNN model for classifying the
five sleep behaviors, including the combined loss function and the accuracy curve. As
training progresses, the loss value steadily decreases, reflecting effective convergence,
while the accuracy rapidly improves and stabilizes. The classification results, shown in
Figure 6.9(b), demonstrate that the model achieves 100% accuracy across all five
behaviors: (1) getting into bed, (2) getting out of bed, (3) lying flat, (4) lying on the left
side, and (5) lying on the right side. These results highlight that the distinct differences
in capacitance distributions provide reliable input features for the 1D-CNN model.
Dynamic behaviors, such as getting into (1) and out of (2) the bed, are characterized by
significant temporal variations in capacitance, enabling the model to classify them with
high accuracy. Similarly, static postures, including lying flat (3), lying on the left side
(4), and lying on the right side (5), display unique and stable capacitance values,
facilitating precise recognition. Overall, the 1D-CNN model’s outstanding performance
underscores the effectiveness of combining capacitive sensing data with deep learning

techniques and demonstrates its robustness in classifying sleep behaviors.

The training curves for the seven-class individual recognition task are shown in Figure
6.9(c). The combined loss curve is identical to that in Figure 6.9(a), reflecting the same
optimization process. However, the accuracy curve improves more slowly compared to
the five-class task, highlighting the increased complexity of the seven-class task. The
classification results, presented in Figure 6.9(d), indicate that most volunteers (numbers
3 to 7) achieve 100% accuracy, while volunteers 1 and 2 experience some degree of
misclassification. This confusion likely arises from similarities in their physical
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dimensions and sleeping habits, which lead to highly similar capacitance distributions
and reduce the model’s discriminative ability during feature extraction. Despite these
challenges, the overall accuracy of the seven-class model exceeds 80%, demonstrating

its effectiveness in individual recognition tasks.
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Figure 6.9 Training performance and classification results of the 1D-CNN model: (a)
training curve for five-behavior classification; (b) confusion matrix for five-behavior
classification; (c) training curve for seven-individual classification; (d) confusion

matrix for seven-individual classification.

6.7 Conclusions

This chapter successfully developed a PLA-based smart mattress surface fabric
integrated with a 4 x 4 matrix of 16 TCPS and a wireless capacitance measurement
system, enabling non-invasive, real-time monitoring of sleep behaviors. Building on
this integrated platform, five typical sleep behaviors were systematically analyzed

across seven volunteers. Dynamic behaviors, such as getting into and out of bed,
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demonstrate pronounced temporal characteristics, with pressure transitions from low to
high or high to low effectively illustrating the interaction between the human body and
the mattress. Static postures exhibit stable capacitance signals with distinct spatial
distributions: high-capacitance regions are primarily concentrated in central sensors for
lying flat, in left-side sensors for lying on the left side, and in right-side sensors for
lying on the right side. While these behaviors share common characteristics, notable

individual differences are also observed among participants.

A 1D-CNN deep learning model was employed to classify recorded sleep behaviors
and identify individuals based on the acquired capacitance data. The model achieves
100% accuracy in classifying the five targeted sleep behaviors. Additionally, the seven-
class individual recognition model exceeds 80% accuracy, with most volunteers
(numbers 3 to 7) achieving 100%. Misclassifications for some participants (numbers 1
and 2), likely due to similarities in physical dimensions and sleep habits, highlight the
need for larger datasets and optimized model architecture to enhance robustness.
Overall, these results underscore the potential of PLA-based, eco-friendly smart
mattress surface fabrics for diverse applications in sleep monitoring and personalized

health management.
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Chapter 7 Conclusions and Future Work

7.1 Conclusions

This study has focused on developing sustainable and comfortable PLA mattress
surface fabrics with integrated sleep monitoring functionalities, including the
production of crimped PLA filaments, PLA weft-knitted inlaid fabrics, PLA-based
TCPS, and PLA smart mattress surface fabrics. The main conclusions of this study are

as follows:

7.1.1 Fabrication of crimped PLA filaments

Crimped PLA filaments have been successfully prepared using knit-de-knit technology,
with an emphasis on the effects of heat-setting temperature and time on filament
properties. Systematic experiments and analysis have determined the optimal
production conditions: a heat-setting temperature of 120°C and a duration of 90 s.
Under these conditions, the crimped filaments exhibit excellent crimped and tensile
properties, meeting the requirements for mattress surface fabric applications. To
improve production efficiency and quality, a small circular knitting machine equipped
with an integrated heating tube and a winding device have been developed. This
innovation facilitates the efficient and continuous production of crimped PLA filaments
while maintaining their crimped structure. The superior performance of the resulting

PLA filaments establishes them as an ideal raw material for mattress surface fabrics.

7.1.2 Fabrication of PLA weft-knitted inlaid fabric

Pure PLA weft-knitted inlaid fabrics incorporating crimped PLA filaments have been
designed, fabricated, and evaluated in terms of their physical properties, comfort, and
durability across various structural parameters. Results indicate that increasing the
connection rate enhances air and water vapor permeability but reduces thermal
insulation and energy absorption, highlighting the importance of structural design. The

impact of stitching patterns is also notable: the triangular pattern improves air
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permeability, the hexagonal pattern results in thickness loss, and the rhombic pattern
absorbs more compression energy, providing diverse options for different applications.
Crimped PLA filaments improve overall comfort and compression performance
compared to non-crimped filaments. Additionally, fabric surfaces made with PLA
filaments show better air and water vapor permeabilities, lower thickness loss, and
greater energy absorption than those made with staple yarns. Compared to PET fabrics,
PLA fabrics exhibit improved water vapor permeability, comparable air permeability,
thermal insulation, and pilling and abrasion resistance, confirming their potential as
sustainable mattress materials. These findings support the further development of PLA-

based capacitive sensors and their applications in intelligent sleep monitoring systems.

7.1.3 Development of PLA-based TCPS

A TCPS based on PLA weft-knitted inlaid fabric has been successfully developed by
integrating conductive yarns, meeting the sensitivity, reliability, and comfort
requirements for smart mattress applications. Fabricated with 400D conductive yarns,
450D crimped PLA filaments, and an electrode arrangement of 30 wales and 40 courses,
the TCPS achieves the highest AC/Cy and exhibits sensitivities of 1.73, 0.34, and 0.09
kPa! across pressure ranges of 0-0.2, 0.2-2.9, and 2.9-15 kPa, respectively. The
improved TCPS maintains consistent performance under compressive pressures of 1—
15 kPa and rates of 5-20 mm/min, as well as after five washing cycles and 5000
compression cycles, with response and recovery times of 130 ms and 90 ms at 1.07 kPa.
Additionally, it demonstrates superior comfort properties, including thermal insulation,
air permeability, and water vapor permeability, compared to those of commercial
mattress surface fabrics, despite exhibiting slightly lower compression recovery. These
findings highlight the TCPS’s suitability for advancing intelligent sleep monitoring

technologies.

7.1.4 Development of PLA smart mattress surface fabrics
A PLA smart mattress surface fabric seamlessly integrating a 4 x 4 matrix of 16 TCPS
units has been successfully developed using intarsia knitting technology. Combined
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with a wireless capacitance data acquisition system, this fabric allows precise
measurement of capacitance distributions, thereby enabling real-time monitoring of
sleep behaviors. It effectively captures capacitance changes during dynamic behaviors
(e.g., getting in and out of bed) and static postures (e.g., lying flat, lying on the left, and
lying on the right), with heat maps validating its high sensitivity and resolution. A 1D-
CNN deep learning model has been employed to classify these five typical sleep
behaviors, achieving 100% accuracy for both dynamic and static behaviors.
Furthermore, the model has been applied to identify seven individual volunteers, with
most participants achieving 100% accuracy, while two participants recorded accuracies
of 80% and 86.7%, respectively, demonstrating the model’s overall robustness and
reliability. This study confirms that intarsia knitting enables the seamless integration of
the TCPS into sustainable and comfortable PLA fabrics, providing a reliable platform

for real-time sleep behavior monitoring and individual recognition.

7.2 Limitations and future research directions

Despite the substantial progress achieved in developing sustainable, comfortable, and
sleep-monitoring-integrated PLA smart mattress surface fabrics, several limitations and

challenges remain that warrant further investigation and optimization.

7.2.1 Optimization of materials and structures

The production of crimped PLA filaments primarily relies on heat-setting processes.
Future research could apply other advanced microstructural characterization techniques,
such as fiber orientation analysis, to further investigate the relationship between fiber
properties and heat-setting parameters, thereby enhancing filament performance.
Furthermore, designing more diverse and intricate jacquard patterns could enhance both
the aesthetic appeal and structural complexity of PLA weft-knitted inlaid fabrics,

thereby broadening the range of potential applications for these materials.
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7.2.2 Enhancing sensitivity and monitoring precision

The sensitivity of the PLA-based TCPS developed in this study can still be improved.
Future research could explore the use of materials with higher conductivity and
optimize other knitting parameters to enhance sensing accuracy and response speed.
Additionally, increasing the number of TCPS units in PLA smart mattress fabrics would
enable more precise sleep monitoring by identifying intricate pressure patterns and
minor body motions, thereby providing a more comprehensive assessment of sleep

behavior.

7.2.3 Algorithm optimization and system portability

Although the developed 1D-CNN deep learning model achieves 100% accuracy in
classifying five typical sleep behaviors, it faces challenges in accurately identifying
individual sleepers. This highlights the necessity of optimizing the model architecture
and expanding the training dataset to enhance its effectiveness in individual recognition.
Additionally, developing a lightweight, portable data acquisition system integrated with
smartphone applications for data visualization and management could greatly enhance
user experience and convenience, thereby promoting broader adoption of this sleep

monitoring technology.

7.2.4 Durability and practicality enhancement

This study primarily focuses on evaluating the feasibility of PLA smart mattress surface
fabrics for short-term sleep monitoring. Future research should include long-term
testing under multi-cycle and varied environmental conditions to assess the durability
and performance of the PLA smart fabrics in practical applications. Furthermore,
optimizing the integration between conductive yarns and the data acquisition system is
crucial to ensuring reliability during routine cleaning and prolonged use. These
advancements will contribute to establishing the robustness and practicality of the

system for everyday use.

By continuously exploring and improving the aforementioned research directions, the
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overall comfort and sensing performance of PLA smart mattress surface fabrics are
expected to be further enhanced. These improvements will not only broaden their
potential application areas but also contribute to the development of sustainable and

comfortable solutions for intelligent monitoring systems.
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