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Smart Textile Systems for Loneliness Monitoring in Older
People Care: A Review of Sensing and Design Innovations

Yi Zhou, John Ratcliffe, Erika Molteni, Ashay Patel, Jingqi Liu, Nikitia Mexia, Jessica Rees,
Faith Matcham, Michela Antonelli, Anthea Tinker, Yu Shi, Sebastien Ourselin,
and Wei Liu*

Loneliness is a critical issue among older people and poses a significant risk
factor for various physical and mental health conditions. While recent wearable
technologies canmonitor behavioral and physiological changes associatedwith
loneliness, existing solutions such as accelerometers and inclinometers often
lack comfort and flexibility for long-term monitoring. Smart textile systems
offer a viable solution for continuous monitoring by integrating sensors
and conductive materials into textiles. However, there remains a critical
technological gap that no existing solution integrates multimodal textile-based
sensing specifically for loneliness detection. This review addresses that gap by
providing a comprehensive review of smart textile technologies for monitoring
loneliness in older people, highlighting sensing and design innovations
to meet the needs of older users. Key behavioral patterns and physiological
symptoms associated with loneliness are explored and suitable wearable
sensing technologies, focusing on textile-based solutions that combine
comfort, flexibility, and monitoring accuracy, are reviewed. In addition,
current advances in data collection, transmission, and analysis are examined
for smart textile systems, exploring their potential and challenges in the field
of elderly care. By identifying specific design requirements and challenges for
monitoring loneliness in older people, this review lays the foundation for future
research and development of proactive loneliness detection and intervention.

1. Introduction

Loneliness in older people is a multifaceted issue and it is influ-
enced by various social, psychological, and physical factors.[1,2]
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As people age, they may engage in fewer
social activities due to many reasons
such as reduced mobility, retirement,
or loss of loved ones, which can lead to
social isolation.[3] This sense of isolation
can exacerbate loneliness, an emotional
state distinct from just being alone.[4]

In the UK, ≈1.4 million older people
report feeling lonely, and globally, nearly
50% of people aged over 60 are at risk of
social isolation.[3] Since the COVID-19
pandemic, social isolation and loneliness
among older people have become serious
long-term problems. Studies have indi-
cated that social isolation and loneliness
are closely related to worsening physical
and mental health conditions, increas-
ing the risk of frailty and mortality.[5–7]

Chronic loneliness can lead to depres-
sion, anxiety, and cognitive decline
and it is associated with an increased
risk of cardiovascular disease, weak-
ened immune responses, and increased
mortality rates.[8,9] Additionally, loneli-
ness can affect sleep quality, exacerbate
stress, and even impair brain function.[8]

Given the impact of loneliness on the
physical and mental health of older people, it is important to de-
tect loneliness in a timely way. Many new technologies such as
fitness trackers have been developed for the continuous moni-
toring of loneliness in older people, aiming to detect symptoms
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early and prevent from further deterioration.[10] As older peo-
ple may be reluctant to express their feelings openly, it would
be helpful to develop reliable monitoring systems for proactive
detection and intervention.[11] Technologies for monitoringmen-
tal well-being have advanced considerably, particularly in the do-
main of wearable and remote sensing systems.[12–14] Tradition-
ally, mental health assessments were conducted through self-
reported questionnaires and clinical evaluations, but recent inno-
vations have introduced digital systems that can track behavioural
and physiological indicators related to well-being.[13] Wearable
devices now play a vital role in monitoring psychological states
through biosensors that can detect stress levels, heart rate vari-
ability (HRV), sleep patterns, and even subtle changes in social
behaviours. Such data are analysed to infer the mental well-being
of the individual over time.[12,15,16] While loneliness monitoring
via wearable sensing remains a conceptual and emerging appli-
cation, the behavioral and physiological correlates of loneliness
are well documented in the psychological literature.[9,17] Current
reliance on self-report methods in loneliness research introduces
recall and social desirability biases, which underscores the need
for objective and continuous sensing approaches.
Commercial sensing technologies, such as camera-based mo-

tion capture systems (applied for tracking human motions vi-
sually), accelerometers (which measure changes in accelera-
tion to monitor physical activity levels like steps), and incli-
nometers (used for monitoring human posture), have been
widely applied to monitor loneliness or social isolation in older
populations.[18–20] However, camera-based technologies often re-
quire extensive camera setups, making them not suitable for
daily monitoring and raising privacy concerns. Additionally, the
rigid nature of accelerometers and inclinometers impacts the
flexibility and comfort of wearables, reducing acceptance among
older users.[14,21] Furthermore, existing wearables often lack er-
gonomic design and fail to provide the comfort and fit required
for long-term data collection.[22] Insights from focus groups and
interviews, such as those reported by Freya et al.,[23] have high-
lighted comfort as a critical factor influencing the adoption of
wearable technologies among older people. Building on this feed-
back, textile-based smart wearables integrated with microelec-
tronics can offer a comfortable and effective solution for long-
term monitoring.
Textile-based wearable technologies embed sensors and con-

ductivematerials into the fabric, enabling clothing to detect phys-
iological markers associated with stress, emotional arousal, and
overall mental health.[16,24,25] The integration of textile with sens-
ing functionality is key to developing wearable solutions that are
both effective and user-friendly.[26] The design must prioritize
comfort, flexibility, and aesthetics, ensuring that older users are
willing to wear the garments regularly. At the same time, the em-
bedded sensors must be discreet and durable to withstand reg-
ular use and maintenance, while also providing accurate data
collection.[27] Despite advances in smart textiles for health moni-
toring, there is currently no textile-basedmultimodal sensing sys-
tem specifically developed for loneliness detection. There are in-
dividual studies that investigate the correlation between certain
behavior or physiological parameter and loneliness in older peo-
ple, but no cohesive system integrates multiple physiological and
behavioral parameters within a single textile platform. Recent
literature further confirms this research gap. A co-design study

published in 2024 noted that no existing systems have applied
smart textiles for the direct detection or systematic assessment
of loneliness, identifying only one early-stage prototype using a
textile band without loneliness-specific validation.[16,27] Addition-
ally, a scoping review analyzed over 40 000 studies and found
only 29 related to passive sensing for loneliness detection, none
of which applied textile-based systems and all were based on a
single behavioral or physiological indicator.[17] Furthermore, few
studies address the integration and importance of user centered
design in development of such garments to ensure comfort, wear-
ability and user acceptance among older people. Current review
studies on smart textile systems also solely focus on evaluating
sensing systems performance for general health monitoring and
lifestyle advice, without specifically focus on loneliness monitor-
ing in older people.[22] Therefore, there is a critical technologi-
cal gap that requires a comprehensive framework capable of in-
tegrating multiple physiological and behavioral signals through
textile-based sensing systems to support loneliness detection in
older people.
To address the research gap, this review aims to present the

current state of smart textile technologies and propose a multi-
parameter fusionmonitoring framework for loneliness. Section 2
introduces the behavioral patterns and physiological symptoms
associated with loneliness in older individuals, incorporating
findings from our previous qualitative studies.[10] Since there
are no sensing technologies have been specifically developed
for loneliness detection, this section discusses existing wearable
sensing technologies and smart textiles for monitoring symp-
toms that are directly related to loneliness. Section 3 focuses on
textile-based sensing technologies, discussing various textile sen-
sors, sensing materials, and fabrication methods for integration
into smart wearable systems. Section 4 reviews the key develop-
ments in integrated textile monitoring systems, including wear-
able sensing interfaces, signal processing and analysis, and pro-
vides key design considerations for older people. Section 5 ad-
dresses challenges and future perspectives on potential innova-
tions and research directions. Finally, Section 6 concludes the pa-
per by summarizing the findings and emphasizing their impli-
cations for older people care.

2. Wearable Technologies for Loneliness
Monitoring

Wearable sensing technology involves placing sensors directly
on the body to collect data, which is crucial for accurately mon-
itoring loneliness. In this section, we first explore the behav-
ioral patterns and physiological symptoms associated with lone-
liness in older individuals and the existing wearable sensing
technologies that have been applied to monitor these symp-
toms. Additionally, we examine the advancements in smart tex-
tiles, comparing smart textile systems with traditional wearable
technologies.

2.1. Loneliness Indicators and Wearable Sensors

Loneliness is a common mental health issue among older
individuals which significantly affect their psychiatric and
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Figure 1. Overview of wearable technologies for monitoring behavioral and physiological indicators of loneliness in older people.

physiological well-being.[5,28,29] Loneliness in older people can
be characterized by changes in behavioral patterns and physi-
ological indicators, such as reduced physical activity,[5,30] sleep
disturbances,[28] social isolation,[28,31] binge/comfort eating,[6] el-
evated blood pressure,[4] and increased average salivary corti-
sol levels.[15,32] Therefore, many existing studies have applied
wearable sensors to monitor physical activities and physiologi-
cal parameters to estimate loneliness levels in the older people.
Figure 1 is developed based on a comprehensive review of the
literature and informed by findings from qualitative interviews
conducted in our previous studies.[10,33]

One of the most prevalent correlation of loneliness in older
people is reduction in their physical activities, which often in-
volves lack of movement such as prolonged sitting or lying
down.[30] Many published studies have used smartphones (in-
cluding Global Positioning Systwem (GPS) locations) and wear-
able technologies including accelerometers or inclinometers to
collect posture data from older people to monitor activity lev-
els and subsequently estimate their loneliness levels.[17] For in-
stance, Schrempft et al.[5] used wrist-worn accelerometers on
267 older people, with an average age of 66, and applied linear
regression to analyze the association between social isolation,
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loneliness, and activity levels. They found that individuals who
were socially isolated exhibited lower overall activity counts (p =
0.003) and spent more time in sedentary behavior (𝛽 = 0.143,
p = 0.013), while engaging in less light, moderate and vigorous
physical activity throughout the day. Similarly, Kalisch et al.[19]

applied accelerometers and inclinometers on the waist and thigh
to measure overall sedentary behavior in older people, finding
that wearable accelerometers could accurately estimate daily to-
tal sedentary time.
Many older people often live alone with limited social net-

works. Social isolation or lack of social interactions is another key
indicator of loneliness.[34,35] Most studies focusing on social inter-
action monitoring have employed audio-based systems, such as
microphones to record daily conversations or video-basedmotion
capture systems (cameras) to monitor mouth movements.[18,36]

For example, a study by Petersen et al.[37] installed telephone
monitoring devices in the homes of 26 independent older adults
(mean age = 86) over an average period of 174 days, and found
that higher loneliness scores were significantly associated with
fewer total phone calls per day (IRR = 0.99, p < 0.05), particu-
larly fewer incoming calls (IRR = 0.98, p < 0.01). However, the
usage of these voice- and video-based detection methods raised
privacy concerns not only to the wearer but also to surround-
ing personnel.[31] There are also issues regarding the portability
of such systems which often require the wearer to carry cum-
bersome equipment that may interfere their ability to socialize
and confound the results.[31] Therefore, some researchers have
been exploring more discreet and portable wearable solutions.
For example, Ejupi et al.[16] integrated resistive stretch sensors
into wearable elastic bands to be worn on the chest and abdomen
to assess social interaction bymonitoring breathing patterns dur-
ing normal speech and respiration.
Stress and anxiety are also common symptoms in older peo-

ple suffering from loneliness.[12] These conditions can directly af-
fect physiological systems such as the cardiovascular system and
the respiratory system, leading to increased heart rate, faster and
deeper breathing, along with decreased body temperature.[38,39]

Therefore, various wearable sensors have been reported to assess
these physiological responses through non-invasive monitoring
systems. For example, Nath et al.[40] developed awristband sensor
that detects anxiety in older people by monitoring electrodermal
activity (EDA) and photoplethysmography (PPG). Their study in-
volved 41 older participants, and they trained multiple machine
learning models to classify anxious and non-anxious states. The
best-performing model, a Random Forest classifier, achieved an
accuracy improvement of 3.37% (EDA) and 6.41% (PPG) when
combining physiological signals with contextual information.
Also, in order to cope with emotions such as anxiety and

sadness, older people may engage in binge/comfort eating.[10,41]

Previous research has led to the development of dietary wear-
able monitoring system, which combines an air microphone
and photoplethysmography sensors to monitor and record eat-
ing behaviors.[42,43] Chun’s research group also proposed a dis-
creet and lightweight dietary monitoring necklace, capable of
tracking users’ eating behavior by capturing head and jawbone
movements.[44]

Moreover, sleep disturbances are often associated with loneli-
ness in older people.[17] Many factors can contribute to the de-
cline in sleep quality, particularly polypharmacy and presence of

mental health or physical health disorders.[28] Various commer-
cial wearable sleep monitoring devices have already been devel-
oped, which provide continuous and long-term sleep tracking.
For instance, the Zeo device collects EEG and electromyogram
(EMG) signals from the head to differentiate between different
stages of sleep.[45] Other research studies have used smartphone
sensors to monitor sleep patterns, with electrocardiogram (ECG)
sensors placed on the chest to track total sleep time and sleep
quality.[46,47] Additionally, some researchers have employed ac-
celerometers integrated into smartphones and smartwatches to
monitor body movements during various sleep stages and assess
sleep quality.[20,48] For example, Benson et al.[28] applied smart
watch as wrist actigraphy to monitor sleeping quality of older
people. They analyzed objective sleep metrics such as wake after
sleep onset(WASO), percent sleep, and total sleep time among
older adults and investigated their associations with loneliness
scores derived from the UCLA Loneliness Scale. Results showed
that greater loneliness was significantly associated withmore dis-
rupted sleep, as reflected by increasedWASO (𝛽 = 0.08, p = 0.02)
and lower percent sleep (𝛽 = - 0.07, p= 0.03), even after adjusting
for demographic covariates.
The existing care technologies for monitoring loneliness in

older people care have been summarized in Table 1. Most hu-
man behavior technologies for monitoring loneliness rely on
video and audio-based methods, raising concerns about privacy
and portability in everyday use.[31] Wearable devices that rely on
accelerometers and inclinometers are also widely used to track
older people’s behavioral patterns, but these rigid sensors often
lack flexibility and comfort, making them less ideal for long-term
use. Furthermore, most monitoring systems function indepen-
dently and have yet to offer multimodal approaches to loneli-
ness detection.[13,49] To address these challenges, the integration
of sensing technology directly into textiles presents a promis-
ing solution. By developing smart textile wearables embedded
with flexible sensors, it is possible to create a more comfort-
able, flexible, and unobtrusive monitoring system that can seam-
lessly track physiological and behavioral indicators of loneliness
in older people.However, several key technical challenges remain
unaddressed. First, existing systems lack robust multimodal data
fusion methods that can integrate diverse sensor signals such as
motion, respiration and heart rate to produce reliable loneliness
indicators.[50] Also, there is limited validation of long-term sta-
bility, including durability under repeated washing, signal con-
sistency over time, and usability in real-life settings. Address-
ing these issues is essential for the practical implementation of
textile-based loneliness monitoring systems.

2.2. Existing Smart Textile Wearable Applications

Textiles and clothing are ubiquitous in everyday human life.
With advancements in textile and electronic engineering, smart
textiles have become a new area of research, receiving exten-
sive attention. Smart textiles can easily interact with the hu-
man body, allowing for the monitoring of various physiological
data, such as humidity,[52] body temperature,[53] pulse rate,[24] and
movement.[26,54] Due to their softness, breathability, and biocom-
patibility, smart textiles are suitable for long-termmonitoring and
provide a comfortable experience to the users.[55] In addition,
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connectors, actuators and power sources can also be integrated
into wearable devices through various textile technologies, form-
ing a complete smart sensing wearable system.[56]

With the development of smart textiles and wearable elec-
tronics platforms, smart textile system has gained signif-
icant attention in both academic and industrial settings.
Smart textile wearable integrates multiple sensors, com-
bining advanced nanomaterials with textile technologies,
often maintaining the appearance of regular garments. This
provides a non-invasive, comfortable, and reliable moni-
toring solution, distinguishing it from traditional wearable
technologies.[22]

As discussed in Section 2.1, loneliness in older people can be
identified through changes in behavioral patterns and physio-
logical indicators. Smart textile wearable, capable of integrating
various sensors with different functionalities, has already been
widely applied in multiple health monitoring fields (Figure 2).
For example, Huang et al.[57] developed smart ECG clothing
by preparing flexible nanofiber carbon membrane electrodes
through electrospinning, which can monitor ECG and EMG sig-
nals. Mo et al.[58] used electrochemical textile sensors, produced
via electro-assisted core-spun yarn technology, sew into clothing
and enabling the analysis of health conditions through sweat
monitoring. Furthermore, commercially available smart moni-
toring garments have been developed to capture biological sig-
nals, equipped with typical software systems that analyze the
physiological information and health status of the user. For in-
stance, Hexoskin smart clothing integrates sensors into textiles
which able to offer comprehensive monitoring of cardiac, res-
piratory, sleep, and activity conditions. Their product can pro-
vide real-time insights into the user’s physiological states.[59] Al-
though Hexoskin has not yet been directly validated for loneli-
ness detection, recent studies have demonstrated its capability in
detecting physiological markers of emotional stress. In one study
involving individuals with autism spectrum disorder (ASD), Hex-
oskin was used to collect physiological signals such as heart rate
and heart rate variability during emotional stimulus exposure
and throughout daily life.[60] The collected data were then pro-
cessed using a Long Short-Term Memory algorithm to predict
behaviors associated with stress. The system demonstrated the
ability to detect stress-related changes with 70% predictive accu-
racy based on heart rate signal analysis. This approach highlights
the potential of wearable physiological monitoring systems to de-
tect stress related behavioral changes, which are also highly rele-
vant in the context of loneliness. Another example is the LifeShirt
system,which enables wireless patientmonitoring inmedical en-
vironments. Originally developed for clinical applications such as
post-operative monitoring and high-risk medical environments,
LifeShirt has demonstrated the ability to accurately record vital
signs, including respiration rate, ECG and posture over extended
periods. In early validation studies, the system achieved high
correlation coefficients (r = 0.95) with gold-standard reference
systems for respiratory and cardiac measures, indicating high
measurement reliability.[61] Advances in smart clothing technol-
ogy have also introduced haptic feedback mechanisms, allow-
ing wearable devices to provide tactile responses to users. This
integration can create intuitive user interfaces which enhance
both functionality and user engagement in health monitoring
applications.[62]

Adv. Electron. Mater. 2025, e00300 e00300 (5 of 28) © 2025 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 2. Smart textile wearables that integrates various sensors with different functions for health monitoring.

In the context of loneliness monitoring for older people,
textile-based sensors have become an ideal solution compared to
traditional wearable monitoring technologies due to their being
lightweight, flexible, and comfortable. For instance, the Lilypad
platform integrates accelerometers that can be easily sewn into
garments to identify user behavioral patterns.[63] Textile strain
sensor-based goniometers have also been widely applied to knee
flexion monitoring in various activities, aiding in the identifica-

tion of different activities.[26,64] These studies suggest that smart
textile sensors can be well integrated into clothing and provide
higher levels of comfort for the wearer.
Although numerous studies demonstrate the capabilities of

smart textile systems for physiological and activity monitoring,
few have directly explored its application in loneliness monitor-
ing for older people (Table 2). The development of smart textile
wearables for older people care must account for the specific

Table 2. Examples of the existing smart textile wearables applied in different health monitoring fields.

Categories Technology Sensor Parameter obtained Refs.

Smart health Smart mask Textile humidity sensor Breathing rate [52]

Sensing knee/elbow sleeve; sensing glove Textile strain sensor Human motion [54]

Sensing shirt Textile antenna Respiration [65]

Sensory baby vest ECG, moisture and Temperature sensor Heart rate; temperature; humidity and sweat [53]

Assisted living Sensing knee sleeve Textile strain sensor Human motion [26]

Sensing elbow sleeve Textile strain sensor Human motion [64]

Sensing Vest ECG and EMG sensor ECG and EMG signals [57]

Sports and wellness 2M Smart Clothing Pressure sensor; accelerator Breathing rate; human motion [62]

Hexoskin smart garment ECG sensor; plethysmography sensor ECG; heart rate [59]

Lifeshirt Strain sensor; ECG sensor and accelerator Respiration; ECG; activity and posture [61]

Sensing vest Textile sweat sensor K+ signals in human sweat [58]

Adv. Electron. Mater. 2025, e00300 e00300 (6 of 28) © 2025 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Table 3. Textile-based sensors with different sensing element for measuring different behavioral indicators.

Sensor type Sensing material Parameter obtained Performance Relevance to loneliness monitoring Refs.

Textile capacitive sensor Nickel metal Human motions High elasticity and excellent
capacitance characteristics
under different compression
frequencies and strains

Identifies reduced physical activity, a
behavioral sign of social

withdrawal

[71]

Textile capacitive sensor Graphene Human motion and muscle
activation

Sensitivity of 0.0136 kPa−1

(under 75 kPa) and 0.0063
kPa−1 (above 75 kPa)

Tracks subtle movement changes
linking to inactivity or isolation

[72]

Textile capacitive sensor MXene Human motions High sensitivity of 1.11 under
100% sensing range, 13.02
kPa−1 under pressure of 200

kPa

Detects activity levels to identify
sedentary behavior

[73]

Textile capacitive sensor Silver Knee joint motion Fast response time and high
linearity

Track joint movement frequency,
which can reveal changes in
physical activity patterns

[66]

Textile capacitive sensor PEDOT:PSS Human activity level; body
posture

ΔC/C = 1.37 pF under average
foot pressure

Evaluates activity and posture
changes, which can correlate with

social withdrawal

[76]

Textile piezoresistive sensor Silver Human motions GF = 2.31, 70% sensing range Captures physical inactivity, a
behavioral symptom of loneliness

[91]

Textile piezoresistive sensor CNTs Human joint movement Fast response, large sensing
range (∼100%)

Detects reduced movement
frequency, linked to emotional

and social isolation

[92]

Textile piezoresistive sensor Carbon black Body posture High sensitivity of 1.25k/mm Identifies sedentary behavior or
posture changes

[93]

needs and personalized characteristics of older people. There-
fore, understanding the practical usability and reliability of smart
textile systems for loneliness monitoring in older people care
is crucial.

3. Textile-based Sensing Technologies for
Loneliness Monitoring

Although various wearable devices have been reported to mon-
itor loneliness in older people, few previous reviews have di-
rectly investigated the development and application of textile-
based sensing technologies for this purpose. Textile sensors of-
fer advantages in terms of comfort, flexibility, and integration
into daily life, making them highly suitable for long-term mon-
itoring in older people care. As discussed earlier, loneliness in
older people is mainly characterized by changes in behavioral
patterns and physiological indicators. Therefore, this section ex-
amines the critical aspects of textile-based sensing technologies
for loneliness-related behavioral and physiological monitoring.
It explores different types of textile sensors, the selection of sens-
ing materials and fabrication process, and the role of textile sub-
strates in enabling seamless integration into wearable systems.

3.1. Textile Sensors for Behavioral Monitoring

Textile-based sensors have been integrated with wearable tech-
nologies and played a prominent role in human behavior mon-
itoring. Various types of textile-based sensors have been devel-
oped for tracking human motion, with capacitive and piezoresis-
tive sensors being the most widely applied (Table 3).[66]

3.1.1. Textile Capacitive Sensors

Textile-based capacitive sensors are often applied in pressure
and tactile sensing, and operate on the principle of capac-
itance changes caused by variations in physical contact or
deformation.[67] These sensors typically consist of two electrodes
separated by a dielectric layer. External pressure causes deforma-
tion in the dielectric layer which in return affects its thickness and
the effective surface area of the electrodes, leading to changes in
capacitance.[68] This mechanism enables the detection of sensor
deformation by the human body, such as joint bending, twist-
ing or shifting any postures. Through this detection mechanism,
capacitive sensors are thus especially suitable for monitoring be-
havioral patterns. In the care of older people, where prolonged
sedentary behavior or reduced physical activity can indicate lone-
liness or social isolation, capacitive sensors offer a potential solu-
tion for continuous monitoring of these indicators.
Many studies have currently fabricated textile-based capac-

itive sensors through embedding conductive fiber into the
fabric structures or coating the fabric surface with conduc-
tive materials.[69] This integration ensures the sensors remain
lightweight, flexible, and comfortable for long-term use, allow-
ing them to be easily integrated into everyday clothing. Common
materials used for flexible textile-based capacitive sensors include
metals, carbon-based materials, and conductive polymers.[69,70]

Metallic materials are widely applied due to their excellent con-
ductivity and ductility, but their rigidity can limit their applica-
tion in wearable devices.[71] Carbon-based materials offer advan-
tages such as high electrical conductivity, large active surface ar-
eas, and high electrochemical activity, but their fabrication pro-

Adv. Electron. Mater. 2025, e00300 e00300 (7 of 28) © 2025 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 3. Examples of textile-based sensors for behavioral monitoring. a) Embedding conductive knitted fabric in polymeric composite dielectric layers
to fabricate strain and pressure sensor. b) Multimodal sensor for human motion monitoring. Reproduced with permission.[74] Copyright 2024, John
Wiley and Sons. c) Knitting conductive yarns into fabrics to fabricate textile strain sensors. d) The knitted sensor can achieve effective detection of
both strain and pressure. Reproduced with permission.[85] Copyright 2024, IEEE. e) Using in situ fibrillation method to developing textile strain sensors
for real-time human motion monitoring. f) Textile sensor can monitor various human motions, including elbow bending, knee bending, and striking.
Reproduced with permission.[86] Copyright 2024, John Wiley and Sons. g) Developing a knitted strain sensor based on TPU and graphene. h) The knitted
sensor can be integrated into a knee and elbow sleeves, enabling monitoring of interactive postures. Reproduced with permission.[26] Copyright 2024,
John Wiley and Sons.

cesses are often complex and costly.[72] Additionally, conductive
polymers have attracted the attention of researchers due to their
superior flexibility, but challenges remain in improving their sta-
bility, conductivity, and manufacturing capability for practical
applications.[73]

Textile-based capacitive sensors have been applied in various
monitoring systems to detect posture, activity transitions, and
capture subtle physiological signals linked to behavioral patterns.
For instance, Tchantchane et al.[74] proposed the development of
a capacitive textile sensor formonitoring bodymovements, using
conductive knitted fabric embedded in a polymeric composite di-
electric layer (Figure 3a). Their sensor operates in both pressure
mode and strain mode, allowing it to detect applied pressure and
fabric deformation due to bodymovements (Figure 3b). Similarly,

Yang et al.[75] developed capacitive textile sensors using silver-
plated fabric and foam pads for detecting thoracic and abdom-
inal respiration, parameters directly linked to emotional states
and stress. Some studies have demonstrated innovative fabrica-
tion techniques for integrating conductive fibers into textile sub-
strates. Takamatsu et al.[76] designed a large-scale capacitive fabric
pressure sensor for monitoring human positioning on the floor.
This sensor consisted of two layers of fabric woven with conduc-
tive polymer-coated fibers, with capacitance changes measured
between the top and bottom electrodes under applied pressure.
Flexible capacitive pressure sensors can be fabricated through

knitting or weaving techniques to retain the original textile
structure, offering improved adaptability to 3D body surfaces.
This flexibility makes them ideal for integration into wear-

Adv. Electron. Mater. 2025, e00300 e00300 (8 of 28) © 2025 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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able electronics, providing enhanced comfort and seamless
functionality. However, compared to other sensing technologies
such as piezoelectric or resistive sensors, capacitive textile sen-
sors often demonstrate lower sensitivity and aremore susceptible
tomotion artifacts in dynamic conditions. For example, in a com-
parative study, a capacitive sensor-based on carbon nanotube-
embedded compliant electrodes, exhibited a sensitivity of 0.44,
whereas the corresponding resistive sensor achieved a higher
sensitivity of 1.16.[77] While the capacitive sensor demonstrated
better linearity and repeatability over prolonged use, its signal
anti-inference capability, and response to mechanical deforma-
tion were inferior under complex motions, highlighting prac-
tical limitations for real-time human motion monitoring. Fur-
thermore, capacitive sensors tend to show performance degra-
dation after repeated mechanical deformation and washing cy-
cles. While some studies report less than 10% capacitance loss
after 3–5 washing cycles, others indicate instability in capaci-
tance baseline due to moisture absorption and dielectric layer
deformation.[78–80] Moreover, most capacitive sensors require
complex measurement equipment and often lack performance
validation under long-term usage scenarios. These limitations
need to be addressed to enable practical and effective use in real-
world scenarios, particularly for monitoring loneliness in older
people.[81]

3.1.2. Textile Piezoresistive Sensors

Textile piezoresistive sensors detect changes in electrical resis-
tance within conductive structures when subjected to strain or
pressure. When strain/pressure is applied, the geometry of the
conductive network within textiles changes, leading to alterations
in the conductive pathways and the resistance.[82] The conduc-
tive structures are typically fabricated by incorporating conduc-
tive materials such as metallic or carbon-based materials into
yarns or fabric surfaces.[83] For instance, the textile research lab of
Thuringia–Vogtland successfully developed conductive threads
by coating Nylon 66 with silver, which were seamlessly inte-
grated into fabrics to create wearable strain sensors.[84] Similarly,
companies like Elektrisola Feindraht AG in Switzerland produce
metal monofilaments, including copper, aluminum, and silver,
which can be blended into yarns and directly woven or knitted
into fabrics to fabricate strain sensors.[84] Aigner et al.[85] used
a Dubied knitting machine to knit various metal and carbon-
based yarns into textile strain sensors, achieving effective detec-
tion of both strain and pressure with improved sensitivity and
consistency. (Figure 3c,d). While metallic materials offer signif-
icant benefits, such as high electrical conductivity and excellent
integration flexibility, their cost particularly for precious metals
like gold and silver poses a challenge for large-scale production.
In recent years, many carbon-based materials such as carbon

black, carbon nanotubes (CNTs) and graphene, have been widely
applied in manufacturing wearable sensors due to their excel-
lent chemical stability and cost-effectiveness. For instance, Chai
et al.[86] applied a novel continuous in situ fibrillation method to
integrate CNTs into woven fabric, developing textile strain sen-
sors for real-time human motion monitoring (Figure 3e). The
CNT coating not only improved the fabric’s mechanical proper-
ties but also imparted excellent electrical conductivity. Their pro-

posed sensor demonstrates fast response times and outstanding
stability, making it effective in monitoring a variety of human
motions, including elbow bending, knee bending, and striking
(Figure 3f). Zhou et al.[26] developed a knitted strain sensor based
on thermoplastic polyurethane (TPU) and graphene, which can
measure large body motions with high sensitivity and durability
(Figure 3g). Their sensor can be easily integrated into a knee and
elbow sleeve, enabling precise monitoring of interactive postures
(Figure 3h).
For loneliness monitoring, piezoresistive textile sensors can

play a critical role in monitoring physical parameters associ-
ated with behavioral patterns. These sensors can detect a broad
range of human motions, from large-scale human activities to
subtle motor signals.[54,87] Beyond motion monitoring, piezore-
sistive textile sensors have been extensively applied in captur-
ing subtle physiological signals, such as respiration and heart-
beats. Zhou et al.[54] created a piezoresistive textile strain sensor
based on graphene nanoplatelets (GNPs) to monitor abdominal
respiration and carotid pulse waves. Since loneliness has been
linked to altered physical activity patterns, irregular breathing,
and elevated HRV, integrating piezoresistive sensors into smart
clothing provides an opportunity to continuously monitor these
indicators.[88–90] The data obtained can offer valuable insights into
behavioral and physiological changes, enabling early detection of
loneliness and timely interventions in older people care.

3.2. Textile Sensors for Physiological Monitoring

With advancements in material science, numerous textile-based
sensors have been developed to gather health data by analyz-
ing physiological parameters such as electrical signals, mechan-
ical signals, chemical signals from sweat, and body temperature
(Table 4).

3.2.1. Textile Electrodes

Textile electrodes can conduct electrical currents while maintain-
ing the inherent flexibility and comfort of textiles, therefore have
be integrated into garments or accessories for monitoring physi-
ological signals such as ECG and EMG.[94] These electrodes can
be embedded into clothing using techniques like weaving, knit-
ting, felting, or embroidery. Alternatively, they can be fabricated
by applying conductive coatings directly onto fabrics or garments,
ensuring optimal skin contact for signal acquisition.[95,96]

The most common application of textile electrodes is ECG
monitoring, which measures the electrical activity of the heart
through the skin surface. Each heartbeat generates ionic move-
ment across the myocardium, creating an electrical gradient.[97]

Textile ECG monitoring systems typically consist of multiple
textile electrodes to capture comprehensive cardiac signals.[98]

For example, Li et al.[99] developed a textile-integrated multi-
electrode system using a spray-coated liquid metal nanoparti-
cles suspension, which demonstrates high sensitivity and accu-
racy in detecting various ECG features (Figure 4a). Their results
demonstrate comparable performance to commercial wet elec-
trodes while improving comfort and wearability (Figure 4b). Silva
et al.[100] applied stainless steel yarns in various knitted struc-
tures to fabricate textile electrodes, which were further integrated

Adv. Electron. Mater. 2025, e00300 e00300 (9 of 28) © 2025 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 4. Textile electrodes for physiologicalmonitoring. a) Spray-coating textile using liquidmetal nanoparticles suspension to develop amulti-electrode
system. b) Textile-integrated system for detecting various ECG features. Reproduced with permission.[99] Copyright 2022, John Wiley and Sons. c)
Developing textile electrodes by dyeing commercial textiles with an aqueous graphene ink stabilized by silk sericin. d) Integrating sensor into wearables
for hand gesture monitoring. Reproduced with permission.[106] Copyright 2022, John Wiley and Sons. e) Coating textiles with silver and carbon paste to
produce EMG electrodes f) Textile electrodes system for analyzing muscle activation. Reproduced with permission.[107] Copyright 2020, MDPI.

into swimwear and successfully detected ECG signals underwa-
ter. In addition to metallic yarns, carbon-based materials such as
CNTs, carbon nanofibers, and graphite coatings have also been
employed in the development of textile electrodes. For instance,
Lee et al.[101] fabricated textile electrodes using a single-walled
carbon nanotube/silver nanowire-treated polyurethane nanoweb
and validated their performance against conventional silver chlo-
ride electrodes. Their textile electrodes demonstrated compara-
ble ECG monitoring capabilities during human testing. Further-
more, some studies have highlighted that the yarn materials and
textile structuresmay affect the performance of textile electrodes.
Beckmann et al.[102] evaluated eight different knitted and woven
structures and found that woven structures can improve the con-
tact impedance of textile electrodes. Despite these advancements,
there are still significant challenges in translating textile elec-
trodes into commercial ECG monitoring systems. Challenges
such as poor electrical contact between electrodes and the skin

and the degradation of electrodes’ electrical properties during
washing or prolongedwear remain largely unresolved.[96] Further
efforts are required to improve textile structures and conductive
coatings and advance the development of reliable textile-based
ECG monitoring systems.
Textile electrodes have been extensively applied in EMG mon-

itoring to record the electrical activity of muscles during con-
traction and relaxation cycles, facilitating the analysis of muscle
fatigue or stress levels.[103,104] Similar to ECG textile electrodes,
EMG textile electrodes often require multiple units to compre-
hensivelymonitormuscle activity. For instance, Taelman et al.[105]

embroidered conductive yarn into a shirt to work as EMG elec-
trodes for muscle stress analysis, providing users with insights
intomuscle activity and stress states. Additionally, EMGelectrode
can also be fabricated through conductive coating and screen-
printings. Liang et al.[106] developed textile electrodes by dyeing
commercial textiles with an aqueous graphene ink stabilized by
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silk sericin (Figure 4c). Their work demonstrated high conduc-
tivity and biocompatibility, enabling reliable collection of both
mechanical and myoelectrical signals, which makes them suit-
able to be integrated into wearables for hand gesture monitor-
ing (Figure 4d). Research has also indicated that the pressure ex-
erted by garments integrated with textile electrodes significantly
affects their performance. Kim et al.[107] fabricated circular bipo-
lar EMG electrodes on leg sleeves using carbon and silver pastes
and tested various garment pressures (Figure 4e,f). Their find-
ings suggested that a minimum pressure of 10 mmHg is neces-
sary for textile electrodes to achieve performance comparable to
commercial electrodes.
In the context of loneliness monitoring, textile electrodes have

shown significant potential in monitoring physiological parame-
ters associated with emotional and psychological states, such as
HRV and other ECG-derivedmeasures. Thesemetrics are key in-
dicators of stress, emotional arousal, and mental health.[108] For
example, irregular heart patterns or reduced HRV can indicate
emotional distress or social withdrawal, enabling early detection
of loneliness-related conditions. Recent clinical evidence further
supports the relationship between HRV and loneliness. In a con-
trolled study involving 316 healthy women aged 18–28, chronic
loneliness was found to significantly predict lower resting heart
rate variability (HRV), even after controlling for age, BMI, respi-
ration, depression, anxiety, and perceived stress.[109] Specifically,
higher levels of chronic loneliness were associated with signif-
icantly reduced parasympathetic activity, as indicated by lower
high-frequency HRV (𝛽 = –0.15, p = 0.006). This blunted au-
tonomic response is considered a risk factor for cardiovascular
disease and emotional dysregulation. The study protocol was ap-
proved by the local ethics board, further highlighting the clinical
validity and reliability of these findings.

3.2.2. Textile Optoelectronic Sensors

Optoelectronic sensors mainly rely on light-based mechanisms
to detect physiological signals by analyzing changes in light ab-
sorption, reflection, or transmittance after being in contact with
the human body. These changes are often caused by variations
in blood flow, tissue properties, or mechanical deformation.[110]

Typically, optoelectronic sensors consist of a light source, a pho-
todetector, and an optical fiber. The light source emits a beam
of light that interacts with the target area, while the photodetec-
tor captures the modulated light signals after they have passed
through, reflected, or scattered from the tissue.[111] This setup al-
lows precise detection of physiological parameters such as blood
oxygen saturation, heart rate, and breathing rate, which are criti-
cal for assessing emotional states and stress levels.[110,112,113]

In wearable applications, optical fibers, such as Fiber Bragg
Grating (FBG) filaments can be integrated into textiles using
techniques such as weaving, stitching, and adhesive coatings to
create sensors that maintain flexibility and comfort. For instance,
Lo Presti et al.[114] developed an FBG sensor encapsulated in
Dragon Skin silicone rubber, which was then stitched into an
elastic chest band for simultaneously monitoring of respiration
and heart rate. They also investigated the effects of environmen-
tal conditions (temperature, humidity, and washing) on the sen-
sor, confirming its capability for physiological monitoring in real-

world applications. Due to their immunity to electromagnetic in-
terference, optoelectronic sensors have been explored for clini-
cal medical monitoring. Filosa et al.[115] developed a respiration
monitoring system using a wearable chest device embedded with
FBG sensors and an inertial unit (Figure 5a). Applying long–short
term memory based network, their proposed sensor system can
accurately measure and predict respiratory flow, achieving a high
correlation coefficient (r = 0.9) and low root mean square error
even under dynamic conditions (Figure 5b). Similarly, Nedoma
et al.[116] created an FBG textile sensor encapsulated in biocom-
patible polydimethylsiloxane (PDMS), which could be stitched
onto elastic bands formonitoring ballistocardiography (BCG) sig-
nals, respiration, and heart rate under MRI (Figure 5c,d). Addi-
tionally, textile optoelectronic sensors based on thermoplastic sil-
icon fibers have been reported. Due to their high flexibility and
low stiffness, these sensors can be easily stitched into clothing
for breathing monitoring under various application conditions
(Figure 5e,f).[117] Beyond physiological monitoring, textile opto-
electronic sensors are widely used for monitoring human joint
flexion and posture. For example, Stupar et al.[118] integrated op-
tical fiber sensors into knee sleeves to estimate knee flexion, and
Li et al.[119] developed a smart elbow sleeve based on optical fiber
sensors to assist physical therapists in assessing patients’ perfor-
mance by monitoring elbow and wrist joint angles.
The multifunctionality of textile optoelectronic sensors ex-

tends to their application in monitoring subtle physiological sig-
nals that are directly linked to loneliness and emotional distress.
Signals such as HRV, oxygen saturation, and breathing provide
valuable insights into an individual’s emotional state and over-
all well-being.[120] These parameters are essential for detecting
early signs of loneliness, which often manifest through elevated
stress levels or changes in physiological patterns. For example,
a comparative study on older participants demonstrated that im-
provements in oxygen saturation (from 96.4% ± 1.39 to 97.05%
± 1.19) and reduced breath rate (from ≈21 to ≈19 breaths per
minute) were significantly associated with reductions in stress
and depression levels after a three-month relaxation and breath-
ing intervention.[50] These findings support the potential role
of oxygen saturation and respiratory parameters as quantifiable
markers for emotional state monitoring, particularly in older
adults at risk of loneliness. However, the application of optoelec-
tronic sensors in wearable systems faces several challenges. The
brittleness and limited strain resistance of optical fibers are prone
to durability issues, particularly under physical forces or repeated
movements.[121] Furthermore, optoelectronic sensors face chal-
lenges in ensuring accurate signal capture under dynamic con-
ditions, such as daylight interference when walking and other
activities, and. Addressing these limitations through innovations
in fiber materials and real-time noise reduction algorithms could
enhance the feasibility of using optoelectronic sensors in long-
term health monitoring applications for older people.

3.2.3. Textile Thermoelectric Sensors

Thermoelectric sensors are designed to monitor temperature
variations. These sensors typically operate based on the prin-
ciple of the Seebeck effect, where a temperature gradient
across thermoelectric materials induces a voltage, enabling the
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Figure 5. Textile optoelectronic sensors for physiological monitoring. a) Developing a respiration monitoring system using a wearable chest device
embedded with FBG sensors and an inertial unit. b) Sensor system for monitoring respiratory flow. Reproduced with permission.[115] Copyright 2022,
Elsevier. c) Stitching PDMS encapsulated FBG sensor on an elastic band for monitoring BCG signals, respiration and heart rate. d) The performance
of FBG sensing system under MRI. Reproduced with permission.[116] Copyright 2018, MDPI. e) Stitching thermoplastic silicon fibers into clothing for
breathing monitoring. f) Sensing clothing can detect breathing under various activities. Reproduced with permission.[117] Copyright 2023, John Wiley
and Sons.

measurement of thermal changes.[122] This functionality makes
them valuable for wearable applications where changes in skin
temperature can provide insights in assessing stress and emo-
tional arousal.
Textile-based thermoelectric sensors are commonly fabricated

using flexible thermoelectric materials, allowing for seamless in-
tegration into fabrics. For instance, Lugoda et al.[123] developed a
wearable temperature sensor by incorporating conductive poly-
mer composite yarns. They integrated gold (Au) onto a 1 mm
wide polyimide flexible substrate, which was then wrapped with
polyester yarns to create a temperature sensing yarn. Their sen-
sor can be seamlessly embedded into an armband and demon-
strates high sensitivity to temperature variations, with a response
time of less than 10 s, making it capable of long-term physiolog-
ical monitoring applications. Additionally, Zhao et al.[124] intro-

duced an all-textile temperature sensor using natural cotton fab-
ric and temperature-sensitive polypyrrole in a sandwiched struc-
ture (Figure 6a). The sensor demonstrated excellent linearity and
a sensitivity of 1.1% K−1 over a temperature range of 30–80 °C,
with good stability and repeatability. Their sensor also exhibits
multimodal sensing capabilities, including pressure and proxim-
ity detection, making it suitable for comprehensive health mon-
itoring applications (Figure 6b). As wearable sensors need to
cope with the challenges of daily care, such as exposure to wash-
ing, researchers have developed a wearable temperature sens-
ing systemwith encapsulation using thermoplastic polyurethane
and a washable encapsulant to protect sensor from mechan-
ical and chemical stresses (Figure 6c).[125] Except for metallic
materials, carbon-based materials like reduced graphene oxide
(rGO), and CNTs have been applied to develop flexible textile
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Figure 6. Textile thermoelectric sensors for physiological monitoring. a) Developing all-textile temperature sensor using natural cotton fabric and
temperature-sensitive polypyrrole in a sandwiched structure. b) Sensing Performance of sensor over a temperature range of 30–80 °C. Reproduced
with permission.[124] Copyright 2023, John Wiley and Sons. c) Integrating textile sensor with TPU encapsulation for real-time temperature monitoring.
Reproduced with permission.[125] Copyright 2020, Springer Nature. d) Coating rGO and CNTs with nonwoven fabrics to develop wearable temperature
sensor. Reproduced with permission.[126] Copyright 2022, Elsevier. e) Hybrid thermoelectric sensor for temperature and pulse rate detection. Repro-
duced with permission.[127] Copyright 2023, Elsevier. f) Printing rGO/polyurethane woven fabrics for skin temperature monitoring. Reproduced with
permission.[128] Copyright 2019, American Chemistry Society.

temperature sensors. Wang et al.[126] utilized a mechanical ul-
trasonic method to integrate rGO and CNTs into melt-blown
polybutylene terephthalate nonwoven fabrics to develop wearable
temperature sensors (Figure 6d). The conductive rGO and CNTs
can be adhered firmly to the nonwoven fabric surface, result-
ing in sensor with high sensitivity (–0.737% °C−1) and linear-
ity (R2 = 0.98). Additionally, hybrid thermoelectric sensors have
been proposed in recent studies, combining temperature sens-
ing with other functions such as pressure or motion detection
(Figure 6e). Thesemultifunctional sensors enhance the effective-
ness of wearable systems by enabling simultaneous monitoring
of multiple physiological and behavior parameters.[127] However,
textile-based thermoelectric sensors still face challenges in per-
formance under dynamic conditions. For example, the electrical

output of temperature sensors may be affected by strain induced
by body movements. To address this, Trung et al.[128] developed
a stretchable temperature sensor by geometrically engineering
self-standing stretchable fibers composed of rGO/polyurethane
composites, effectively decreasing strain-induced interference
(Figure 6f). Moreover, heat transfer through textiles may not al-
ways align with rapid physiological changes, and environmen-
tal factors, such as environmental temperature and humidity,
can also impact the accuracy and reliability of these sensors.[122]

Therefore, more effort is needed to address the impact of fabric
thermal conductivity and environmental challenges on the sen-
sitivity and response time of the sensor.
Monitoring skin temperature is a valuable component in

assessing loneliness, as variations in skin temperature can
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reflect changes in emotional and psychological states. Stud-
ies have shown that social exclusion or feelings of loneliness
can lead to a decrease in skin temperature, which may be due
to reduced blood flow resulting from autonomic nervous sys-
tem responses.[129] In one experimental study using the Cyber-
ball paradigm, participants who were socially excluded exhib-
ited a drop in fingertip temperature up to 0.378 °C lower than
their baseline. While socially included participants maintained
or slightly increased their temperature.[130] This temperature de-
cline became more pronounced over time, suggesting a physi-
ological “cold response” to social disconnection. These findings
provide evidence that skin temperature not only correlates with
subjective emotional states but may serve as an early and quan-
tifiable physiological marker of perceived social isolation. By inte-
grating textile thermoelectric sensors into wearable systems, con-
tinuous monitoring of skin temperature becomes feasible, pro-
viding real-time data that can be analyzed to identify patterns in-
dicative of loneliness.

3.2.4. Textile Electrochemical Sensors

Textile electrochemical sensors are designed to detect chem-
ical or biological substances by combining conductive fibers
or functionalized textile materials with electrochemical sensing
elements.[131] Their sensing mechanism is mainly based on elec-
trochemical reactions between target analytes and the sensor
surface, resulting in changes of electrical signals such as cur-
rent, voltage, or resistance.[132] Many textile electrochemical sen-
sors have been reported to identify a range of chemical sub-
stances, from ions (e.g., Na+, H+, Ca2 +, NH+

4 ) to hormones like
cortisol and adrenaline, allowing for real-time and non-invasive
monitoring.[15,133]

The development of textile electrochemical sensors focuses on
incorporating conductive materials into fabrics to maintain flex-
ibility and durability. Specific recognition elements, such as en-
zymes or antibodies, are often applied to the textile surface to
achieve selective interaction with target analytes.[134] For exam-
ple, For example, Zhou et al.[135] used a spin-coating method to
coat cotton fabric with methyl orange and bromocresol green as
pH indicators, along with glucose oxidase and horseradish per-
oxidase for glucose detection, developing a textile-based sweat
sensor capable of simultaneously detecting pH and glucose
(Figure 7a). The sensor demonstrated accurate and stable perfor-
mance, offering a practical solution for non-invasive health mon-
itoring through sweat analysis. Similarly, He et al.[136] applied dig-
ital laser writing to develop a flexible carbon-based sweat sensor
using a silk fabric as the substrate, which can detect glucose, lac-
tate, ascorbic acid, uric acid,Na+, and K+. Their proposed sensor
exhibited high sensitivity, long-term stability, and excellent selec-
tivity, highlighting potential for personalized healthcare applica-
tions (Figure 7b). In addition, many research works have been
conducted to enhance the wearability of textile electrochemical
sensors due to the characteristics of textiles being light, breath-
able and comfortable. For instance, Khosravi et al.[137] introduced
a flexible enzymatic electrochemical glucose sensor using screen-
printing technology on textile substrates. Their glucose biosen-
sor showed a linear response within the 20–1000 μM range with
high sensitivity (18.41 μA mM−1 cm−2, R2 = 0.996), making it

ideal for diabetes management. The ability to integrate these
sensors seamlessly into existing garments, such as socks, pants,
and gloves, enhances their effectiveness for comprehensive sweat
monitoring (Figure 7c). Similarly, Mugo et al.[134] developed a
wearable textile-based electrochemical sensor to monitor corti-
sol levels in human sweat. The sensor was fabricated on a flexi-
ble cotton textile substrate coated with a conductive nanoporous
carbon nanotube/cellulose nanocrystal composite, polyaniline,
and a selective cortisol-imprinted poly(glycidylmethacrylate-co-
ethylene glycol dimethacrylate) decorated with gold nanoparti-
cles. This design offers a flexible, cost-effective, and scalable wear-
able monitoring solution. Sekar et al.[138] further demonstrated
the potential of functionalized electrochemical fibers by incorpo-
rating Fe2O3 into conductive carbon yarn. The Fe2O3 modifica-
tion facilitated the immobilization of cortisol-specific antibodies
via 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and
N-Hydroxysuccinimide (NHS) chemistry. The resulting yarn sen-
sors exhibited excellent linearity (R2 = 0.998) with a detection
limit of 0.005 fg mL−1, enabling highly sensitive detection of
cortisol in sweat to analyze stress hormone levels (Figure 7d).
Additionally, recent research has focused on chemical sensing
mechanisms integrated into wearable systems for detecting en-
vironmental biomarkers. For instance, Zhang et al.[139] intro-
duced a highly sensitiveNO2 gas sensor using a ternary hierarchi-
cal nanocomposite, which exhibited fast response and recovery
at room temperature, along with high selectivity and long-term
stability. Although primarily intended for gas detection, such
nanocomposite strategies offer promising insights into enhanc-
ing sensor reliability and responsiveness in textile-based wear-
able applications.
In the context of loneliness monitoring, textile electrochemi-

cal sensors can be crucial in assessing physiological parameters
linked to stress and emotional well-being.[134] For example, ele-
vated cortisol levels in sweat are indicative of increased stress,
which is closely associated with loneliness. Cortisol plays an
important role in metabolic regulation, electrolyte balance, and
blood pressure control, all of which influence cognitive processes
such as memory, sleep patterns, and emotional stability.[140] A
study in healthy older adults found that loneliness was signifi-
cantly associated with higher bedtime cortisol levels (𝛽 = 0.366,
p = 0.001), and that this elevated cortisol partially mediated
the relationship between loneliness and poorer cognitive perfor-
mance, particularly in attention, executive function and verbal
memory.[141] Therefore, cortisol is considered a key biomarker for
psychosocial stress, anxiety, depression, and mental health. Tra-
ditional methods for cortisol detection require invasive sampling
of blood or urine, which are not suitable for real-time analysis.[142]

Textile electrochemical sweat sensors offer a convenient, com-
fortable, and non-invasive solution for personalized health and
physiological monitoring, providing timely insights into stress
and emotional states that may be linked to loneliness. Despite
these advancements, textile electrochemical sensors for sweat
monitoring face challenges that limit their widespread applica-
tion. A key limitation is that most sweat monitoring sensors are
often disposable in design, and their detection capabilities satu-
rate over time, leading to reduced lifespan and sensitivity and hin-
dering long-term use.[143] Additionally, the stability of enzymes or
antibodies used as recognition elements will degrade under pro-
longed exposure to environmental factors such as temperature,
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Figure 7. Textile electrochemical sensors for physiological monitoring. a) Spin-coating cotton fabrics with methyl orange, bromocresol green, glucose
oxidase and horseradish peroxidase for pH and glucose detection. Reproduced with permission.[135] Copyright 2024, John Wiley and Sons. b) Using
digital laser writing to produce sweat sensor for monitoring acid, uric acid, Na+, and K+. Reproduced with permission.[136] Copyright 2019, American
Association for the Advancement of Science. c) Inkjet printing silver and graphene on polyimide substrate for cortisol detection. Reproduced with
permission.[137] Copyright 2023, MDPI. d) Coating carbon-based yarn using Fe2O3 for monitoring cortisol in sweat. Reproduced with permission.[138]

Copyright 2019, Springer Nature.

humidity, and pH fluctuations, affecting measurement accuracy
and reproducibility.[144] Further research is needed to enhance
sensor design, focusing on improving stability and reliability for
real-world applications.

4. Integrated Wearable Monitoring System

4.1. Wearable Sensing Interface

The final component of a wearable monitoring system is the
sensing wearable interface, which connects the data collected by
the sensors to external systems for analysis and real-time mon-
itoring. This interface typically includes circuit connection, mi-
crocontrollers and wireless communication modules that trans-

mit data to cloud-based platforms or mobile devices for further
processing.[151]

The design of wearable interfaces needs to consider user-
friendliness and unobtrusiveness, allowing older users to
interact with the system seamlessly. Recent advancements in
circuit conductive technologies, such as conductive fibers, yarns,
and fabrics, have made it possible to create more integrated and
flexible interfaces.[152] Studies have reported on the development
of scalable conductive yarns that combine fine steel with cotton
fiber, which can be easily sewn or woven into garments for
connecting textile sensors or micro-sensors.[153–155] Researchers
at MIT have proposed a method using embroidery techniques to
create circuit connections within smart sensing garments. Em-
broidery patterns can be designed via CAD software, enabling the
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development of flexible circuit connection and sensing
surfaces.[156] Guo et al.[157] also introduced a novel encoded
sewing methodology that allows programmable deformation
and actuation in textile-based systems through seam constraint
design. This approach enables the construction of highly in-
tegrated and mechanically adaptive wearable platforms, which
could improve comfort and customization in smart clothing
applications. Additionally, printing technologies such as screen
printing or inkjet printing using conductive inks enable elec-
tronic components to be directly printed onto textiles, offering
both flexibility and aesthetic appeal. For example, Guo et al.[158]

applied a printing technique of liquid metal circuit onto ther-
mal transfer paper, which can then be transferred onto textile
substrates for sensor integration.
In terms of microcontrollers and wireless communication

modules suitable for integration into smart wearable systems,
many commercial technologies have been developed including
ESP32 and Arduino Nano 33 BLE, which offer low-power op-
eration and built-in wireless communication. These microcon-
trollers support Bluetooth Low Energy (BLE) andWi-Fi, enabling
efficient data transfer to mobile devices or cloud-based systems
for real-time monitoring.[159] Additionally, Near Field Communi-
cation (NFC) technology can be used for short-range communica-
tion, allowing data to be quickly accessed by healthcare providers
when they are in close distance. The compact size and low energy
requirements of these modules make them ideal for unobtrusive
integration into smart clothing, keeping the garment’s comfort
and wearability.[160]

Energy efficiency is a potential consideration for wearable
sensing systems, as it reduces the need for frequent recharg-
ing, thereby enhancing usability for older people. For example,
Yu et al.[161] have developed yarns that can generate power from
body movements and knitted into everyday clothing like socks
and shirts. Additionally, printing techniques can be applied to
integrate active inks into garments, enabling the collection of ki-
netic energy as an alternative to traditional chargingmethods.[162]

These technologies offer a flexible and convenient self-sustaining
power source, allowing continuous data collection without the
need for regular battery replacement.

4.2. Signal Processing and Analysis

The implementation of wearable systems requires not only a ro-
bust sensing interface to coordinate sensors, power supply, and
data transmission but also effective data processing and analysis
to translate complex sensor outputs into meaningful insights.
As previously discussed, wearable monitoring technology col-

lects physiological signals andmotion data from the human body
through sensing systems. During the data collection process,
the signals obtained may be affected by artifacts such as motion
interference or environmental noise, therefore requiring initial
noise reduction to remove extra signal disturbances.[25] Noise re-
duction algorithms have been widely applied to improve mea-
surement accuracy. These algorithms often rely on filtering tech-
niques or signal decomposition methods that confine the sig-
nal’s frequency within a target bandwidth, thereby excluding un-
wanted frequencies.[163] For instance, since subtle physiological
signals like PPG and ECG may easily be affected by motion in-

terference, adaptive filters have been developed to enable accu-
rate monitoring even during movement.[164] Zou et al.[165] devel-
oped an algorithm combining noise-assistedmultivariate empiri-
cal mode decomposition (NAMEMD) andmultiset canonical cor-
relation analysis (MCCA) to improve the accuracy of heartbeat
monitoring using textile-based sensors. Additionally, as some
physiological signals may be quite weak, wearable monitoring
systems can also employ integrated amplifiers to facilitate more
effective analysis.[166]

With advancements in wearable technology, the integration
of machine learning algorithms has offered transformative ap-
proaches to analyzing loneliness among older people (Table 5).
One of the most widely used machine learning methods is su-
pervised learning, which involves training models on labeled
datasets to predict outcomes or classify data into categories.[167]

Currently, much research has employed supervised learning to
analyze and predict physiological parameters and activity pat-
terns in the older people, thereby identifying loneliness or so-
cial isolation. For example, Dawadi et al.[168] used support vec-
tor regression (SVR), linear regression (LR), and random forest
regression (RFR) models to analyze relationships between older
people’s daily activity data in the home and their actual physi-
cal health status, predicting health scores. This approach is par-
ticularly useful for identifying loneliness or social isolation in
older people, as it enables automated health monitoring to pro-
vide real-time assessments for healthcare providers. Supervised
learning is also commonly applied to classification tasks. Re-
searchers have explored the efficacy of techniques such as Naïve
Bayes (NB),[169] K-nearest neighbors (KNN),[170] and support vec-
tor machines (SVM)[36,63,171] for classifying biological signals and
activities, making them applicable to loneliness monitoring in
older people care. Among these models, SVM is widely used for
posture and activity classification due to its ease of training and
high accuracy in wearable sensor data analysis. Tsang et al.[63]

applied an SVM model to classify accelerometer and gyroscope
data collected from older people, achieving an impressive accu-
racy of up to 99.8% in indoor activity monitoring. This high level
of accuracy can be attributed to the well-controlled experimen-
tal conditions applied in the study. As this study focuses on a
limited indoor activity and excludes outdoor and unpredictable
movements which can avoid reducing accuracy in real-world set-
tings. Additionally, it is important to note that the training time
of SVMmodelsmay significantly rise when the feature space and
dataset size increase.[172]

Deep learning, a subset of machine learning, exhibits ex-
ceptional capabilities for processing and interpreting complex
datasets compared to traditional machine learning methods.
For example, Convolutional neural networks (CNNs) have been
widely applied for activity and posture recognition due to their
outstanding learning ability. Gochoo et al.[173] applied CNNs to
classify activity data in older people, achieving an accuracy of
99.3% in daily activity classification. However, their study was
only conducted on one older resident under home monitor-
ing setting. This setup minimized variability caused by differ-
ing participant behaviors and living environments. Additionally,
wearable sensors typically output time-series data, and CNNs
are highly effective in capturing spatial features from these sig-
nals. However, due to their lack of memory capabilities, CNNs
may struggle with accurately recognizing continuous dynamic
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Table 5.Monitoring sensors with related machine learning algorithms for physiological and behavior monitoring.

Sensor Algorithm Output Performance Refs.

Textile strain sensor NAMEMD+MCCA Detection of heartbeat rate Standard variation = 2.47 [165]

Motion sensors; light sensors SVR; LR; RFR Detection of daily activities in home 95% accuracy [168]

Bioimpedance sensor NB Biometrics 98% accuracy [169]

Accelerometer KNN Detection of human motion 90% accuracy in walking and falling; 80%
accuracy in climbing up/down stairs

[170]

Accelerometer; gyroscope SVM Detection of indoor activities 99.8% accuracy [63]

Ultrasonic sensor SVM Detection of human motion 81 - 90% accuracy [171]

Passive infrared sensor CNN Detection of daily activities 99.36% accuracy [173]

Motion sensor; temperature
sensor; door sensor

RNN Detection of daily activities 91.7% accuracy [174]

Passive infrared sensor LSTM/GRU Detection of daily activities NA [175]

ECG sensor CNN/LSTM Detection of stress levels 98.99% accuracy [176]

activity signals. To address this problem, many sequential mod-
els, such as recurrent neural networks (RNNs)[174] and long short-
term memory (LSTM) networks[175] have been developed to in-
corporate temporal information without the need formanual fea-
ture extraction. Despite their effectiveness, training thesemodels
may require substantial data and time. To address these limita-
tions, Bharathi Vidhya et al.[176] proposed a CNN+LSTM neural
network, which combines the advantages of different recognition
algorithms and achieved a classification accuracy of 98.3% for
mental stress levels.
As previously discussed, while machine learning algorithms

demonstrate great promise in the context of wearable sensing
and lonelinessmonitoring, their performance remains highly de-
pendent on experimental conditions. In real-world applications,
it is important to recognize their limitations and potential sources
of error. Many of the high-accuracy results reported in earlier
studies were obtained under controlled conditions with small
and homogeneous participant groups, which may limit their
generalizability to diverse and practical settings. Factors such as
user variability, inconsistent sensor placement and environmen-
tal noise can introduce significant errors during data collection,
thereby reducing the reliability of model predictions.[177,178] Re-
cent study has proposed probabilistic models to address motion
artifacts caused by body movement in smart clothing.[179] Their
findings show that sensors embedded in loose-fitting garments
can achieve higher accuracy of motion recognition at 76.5% ±
0.9 than rigidly attached sensors at 73.8% ± 0.9. This suggests a
promising solution for data collection in uncontrolled practical
environments, where user variability and movement dynamics
pose significant challenges to traditional wearable sensing con-
figurations. In addition to algorithmic limitations, the reliabil-
ity of certain sensing technologies such as electrochemical sweat
sensors also poses challenges in real-world use, especially among
low-activity older adults. These users may generate insufficient
sweat volumes during daily activities, leading to signal dropout
or reduced temporal resolution in physiological monitoring.[180]

Moreover, variations in skin hydration, ambient temperature,
and clothing pressure can affect sweat composition and sensor
contact, further complicating consistent data acquisition. To ad-
dress this challenge, Sowmyalakshmi et al.[181] developed a novel
Class Imbalance Data Handling approach combined with an Op-

timal Deep Belief Network, which has demonstrated effective-
ness in managing class imbalance in healthcare datasets. Fur-
thermore, given that loneliness lacks a single measurable phys-
iological marker, future systems can incorporate ground truth
validation through psychosocial assessments such as the UCLA
Loneliness Scale, enabling meaningful alignment between sen-
sor outputs and users’ emotional experiences.[17]

4.3. Design Considerations

The design of smart textile systems for loneliness monitoring in
older people must address several critical factors to ensure the
product is both effective and acceptable to users. These factors in-
clude comfort and wearability, aesthetics and emotional impact,
as well as durability and maintenance. Each of these elements
plays an important role in the overall success of the garment, as
older usersmay bemore sensitive to discomfort, have unique aes-
thetic preferences, and require solutions that are easy for after-
care.[14,182] The design requirements presented in Figure 8 are
grounded in findings from our previous qualitative co-design
workshops with older people.[23,27] These workshops specifically
explored user perspectives and requirements on smart textile sys-
tems for loneliness monitoring.

4.3.1. Comfort and Wearability

Comfort is one of the most essential considerations when de-
signing smart wearables for older people. Previous studies have
shown that smart textile systems are generally more accepted
by users compared to traditional rigid wearable devices due to
their outstanding comfort and unobtrusiveness. For example,
Baskan et al.[183] found that users rated smart T-shirt significantly
higher in comfort and willingness to wear in public compared to
accessory-based chest band. Similarly, In our co-design sessions,
older participants explicitly expressed a preference for smart tex-
tile systems over traditional wearables. They viewed garments as
a natural extension of the body, as opposed to medical devices
that draw attention to their health conditions.[23]

Insights from our previous focus group studies have high-
lighted the important role of comfort in ensuring long-term
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Figure 8. Design requirements of the smart textile wearables for loneliness monitoring in older people care.

wearing adoption, emphasizing the importance of selecting
breathable, lightweight, and non-restrictive materials.[23] Gar-
ments with less design consideration may cause discomfort,
which result in users being unwilling to wear the clothing con-
sistently, thereby compromising the effectiveness of the loneli-
ness monitoring system.[184] Additionally, wearability needs to
be addressed during design process as it involves flexibility of
putting on and taking off the clothing, particularly for individu-
als with limited mobility or dexterity. Older patients with limited
dexterity might not be able to put on such clothing without ex-
ternal help.[185] Also, the placement of sensors is important to
comfort. As previous studies have stated, the upper body (includ-
ing the torso and arms) may be considered the most comfortable
and least intrusive location for sensor placement.[23,160] This en-
sures that users can carry out daily activities without feeling re-
stricted by the garment, making it suitable for continuous, long-
term monitoring.
In smart clothing development, textiles design can play a vital

role in achieving comfort and wearability. Textile used in wear-
able sensors and smart clothing typically require stretchability
and recovery properties, making them suitable for close-fitting
wear to enable accurate body signal collection.[26] For example,
natural fibers such as silk, cotton and wool can offer breatha-
bility and softness. Synthetic fibers like polyester provide dura-
bility, stretchability and chemical stability.[186–189] Blended mate-
rials combining natural and synthetic fibers have shown great
potential in achieving a balance between elasticity, flexibility,
and sensor performance, making them ideal for smart clothing
applications.[190] For example, Souri et al.[154] found that the use

of blended yarns can enhance the performance of textile strain
sensors, achieving a balance between sensor sensitivity and ma-
terial elasticity, demonstrating the promise of blended yarns in
developing textile sensors for smart clothing applications. Addi-
tionally, textile structures such as knitted fabrics are known for
their outstanding elasticity and comfort, and they are particularly
suitable for wearable applications requiring high resilience and
adaptability.[191]

4.3.2. Aesthetics and Emotional Impact

Aesthetics play a significant role in the user acceptance of smart
wearables. Clothing is tied to self-expression and identity.[190] If
the design of the garment is perceived as medical or unattractive,
users may feel stigmatized and negatively affect their emotional
well-being.[192] Therefore, it is essential to create designs that
are both functional and visually appealing, keeping a balance be-
tween fashion design and engineering. Our previous Co-design
and focus group studies with older adults revealed a strong pref-
erence for non-medicalized, emotionally supportive design fea-
tures. Participants explicitly rejected sterile aesthetics and harsh
color cues, describing traditional monitoring wearables as “cold,”
“surgical,” and “not pretty.” One participant compared the visual
appearance to “everything was black, black, or black,” highlight-
ing the emotional disengagement triggered bymonochrome clin-
ical design. Based on this feedback, participants recommended
avoiding red or warning-like indicators and instead using sooth-
ing color fabrics to promote warmth, dignity and discretion in
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social contexts.[23,27] Designing aesthetically pleasing smart wear-
ables can help older people feel more comfortable wearing the
garments in social settings, reducing the likelihood of isolation
caused by feelings of embarrassment or stigma. Research has
shown that clothing designed with attention to aesthetic qualities
can enhance the emotional engagement of older people, encour-
aging greater adoption of wearable technologies.[14,182] Research
has also indicated that loneliness can be a maladaptive or nega-
tively orientated emotional state in which the individual is unduly
focused on their loneliness,[193,194] therefore it may be important
to avoid reminding users of their loneliness through aesthetic de-
sign that cannot act as a negative prompt.

4.3.3. Durability and Maintenance

Durability and ease ofmaintenance need to be included for deter-
mining whether smart wearables is suitable for older users.[185]

In our previous user study, participants have highlighted the im-
portance of smart clothing that can withstand daily wear and tear,
including frequent washing, while maintaining the functional-
ity of the integrated sensors and electronics.[23] Many older peo-
ple may find complex instructions challenging, so the wearables
need to be designed for easy after-care and keep long-term relia-
bility without requiring frequent maintenance.[27]

In terms of long-term usability, one of the key technical
challenges for smart clothing is maintaining the sensing per-
formance and reliability of integrated textile sensors after re-
peated washing and everyday mechanical stress. Traditional con-
ductive materials and electronic components are often suscep-
tible to degradation caused by washing detergents, moisture
exposure and friction.[113] To address these issues, recent re-
search has explored various strategies, including the use of wa-
terproof or stretchable polymer encapsulation, as well as pre-
treatment and post-treatment techniques to retain sensor’s con-
ductivity and mechanical properties after multiple washing cy-
cles. For example, Sanchez-Botero et al.[78] developed a textile-
based capacitive strain sensor that was integrated into garment
for human motion detection. Their sensor was constructed
from breathable fabric layers and encapsulated using a ther-
moplastic fabric adhesive, demonstrating up to 90% strain and
high breathability, while maintaining consistent performance
after three washing cycles. Kim et al.[195] proposed a wash-
able polyester fibre coated with PEDOT:PSS, which exhibited
outstanding electrical conductivity after four washing and dry
cleaning cycles. Additionally, Zhang et al.[196] has focused on
the development of self-protective and reproducible textile sen-
sors. They applied a hierarchical construction technology in-
tegrating carbon nanotube networks, a combined polypyrrole-
polydopamine-perfluorodecyltrlethoxysilane polymer layer and
textile substrates. Their sensor can retain stable sensing perfor-
mance under daily wear and tear, showing great potential in long-
term monitoring of human behaviors under real-world settings.
Design of textiles can further enhance durability and weara-

bility of smart clothing. For example, woven fabrics which are
constructed through the interlacing of warp and weft yarns can
provide structural stability and wash resistance when applied
for everyday clothing. However, they typically lack stretchability
leading to poor adaptability to the human body.[155] Knitted fab-

rics with their looped structures can offer superior elasticity and
comfort, making them particularly suitable for the development
of smart clothing. Moreover, many researchers have developed
knitted textile sensors which can maintain functionality after re-
peated washing. This further demonstrate the potential of knitted
fabrics for long-term use in wearable technologies.[54,197]

5. Challenges and Opportunities

While this review has explored the technological and design ad-
vancements in the development of smart textile wearables for
older people care, several technical challenges and potential op-
portunities remain for seamlessly incorporating such wearables
into the daily lives of older people.

5.1. Multimodal Wearable Sensing System

As discussed previously, combining clothing with sensing moni-
toring for older people requires the construction of an integrated
wearable sensing system. Various sensors need to be incorpo-
rated into a single wearable system to capture different physio-
logical and behavioral parameters, in order to accurately monitor
loneliness in older users. One of the main challenges is reliably
collecting data in real time from multiple sensors, particularly
when dealing with different data streams from different types
of sensors. Cross-sensor signal interference can significantly de-
grade data accuracy, especially when sensors operate at over-
lapping frequencies or when signal synchronization is not well
managed.[198] Advanced sensor fusion algorithms and synchro-
nized sampling strategies are needed to reduce redundancy and
avoid conflict between signal sources. In addition, environmen-
tal noise such as motion artifacts, ambient temperature variation
and fabric movement poses a challenge to reliable signal cap-
ture in daily-life settings.[177,178] Future systemsmust incorporate
robust filtering techniques and adaptive denoising methods to
suppress such noise, ensuring that physiological signals remain
valid across different usage conditions. Furthermore, a critical
technical bottleneck in multidimensional index integration lies
in differentiating loneliness from other overlapping psychologi-
cal states such as anxiety, stress or depression, which may man-
ifest similar physiological patterns such as elevated heart rate or
reduced heart rate variability.[199] Without appropriate data fusion
strategies, it remains difficult to differentiate loneliness-specific
physiological markers from general emotional arousal. Future
research should investigate feature-level fusion approaches and
context-aware machine learning models capable of learning sub-
tle temporal andmultimodal distinctions across emotional states.
For example, integrating ECG, skin temperature and respiratory
data with behavioral cues like reduced social interaction or seden-
tary patterns may enhance specificity in loneliness detection.
A complete wearable monitoring system requires a control

unit to coordinate data collection, transmission, and storage.
Wireless data transmission and connectivity are essential for
wearable systems in older people care to minimize restrictions
on users’ movements and minimise the risk of falls. Currently,
wireless communication technologies widely used in smart cloth-
ing, such as Bluetooth and WIFI, present several challenges,
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particularly regarding data quality, sampling rate, and transmis-
sion range. Data loss or delays can result in inaccurate or in-
complete monitoring, potentially leading to misinterpretations
of the user’s health status. Furthermore, the limited transmis-
sion range of Bluetooth andWIFI could restrict mobility for older
users, especially in larger living spaces or when the user is away
from home.
Effective loneliness monitoring requires long-term data collec-

tion to observe behavioural and physiological trends over time.
However, storing large amount of data on a wearable device is
impractical due to storage capacity constraints. Offloading data to
cloud storage or local servers is a potential solution, but it raises
privacy and data security concerns, as well as challenges in ensur-
ing stable connectivity for continuous data upload. More effort is
needed in addressing the complexities of multimodal sensor in-
tegration, data transmission, and storage solutions in wearable
monitoring systems.

5.2. Mobile Health Cloud System

To enable continuous and effective data management and anal-
ysis, future study can integrate mobile health cloud platforms
into wearable sensing systems. By using smartphones and cloud-
based systems, data collected by smart clothing can be transmit-
ted, stored, and analyzed in real time. This enhances the acces-
sibility and continuity of health monitoring systems, providing
caregivers and healthcare providers with valuable insights into
the mental health and well-being of older people.
Within the mobile health cloud system, data flows from smart

wearables to mobile devices and then transmits to cloud storage
for real-time analysis and long-term monitoring. The main com-
ponents of this system include smart clothing software, mobile
application, and health cloud software. The smart clothing soft-
ware is responsible for data collection and initial processing, en-
suring that raw data from different sensors is converted into a
legible format before transmission. Basic filtering techniques can
be implemented to reduce noise from environmental factors to
optimize data accuracy for transmission. The mobile application
acts as a bridge between smart clothing and the cloud system. It
collects data from smart clothing via Bluetooth orWi-Fi, allowing
users and healthcare providers to view real-time health metrics
and alerts. The app also can provide personalized service such
as sending reminders for regular wear and maintenance of the
smart clothing to ensure consistentmonitoring. The health cloud
software can detect and manage behavior patterns over time and
identify signs of loneliness or social isolation. The cloud plat-
form’s ability to store large datasets enables long-term trend anal-
ysis and more accurate health predictions. This further provide
healthcare workers with alerts to potential risks.
One of the main challenges for a reliable mobile health cloud

system is maintaining a seamless data stream from the wear-
able device to the mobile app and subsequently to the cloud. This
continuous flow of data may face connectivity issues and delays,
particularly in areas with limited internet access. This may inter-
rupt real-time monitoring and data transmission, delaying crit-
ical health alerts to caregivers. Furthermore, transmitting sen-
sitive health data over the internet requires robust data protec-
tion and security strategies to ensure privacy and compliance

with health information regulations.[200] Recent research has in-
vestigated encryption techniques, anonymization protocols and
blockchain-based solutions to enhance the privacy and security
of patient data.[201,202] For example, Das et al.[203] developed a se-
cure cloud computing algorithm using multi-party computation
and homomorphic encryption, enabling data processing with-
out exposing raw data. Fareed et al.[204] also proposed a privacy-
preserving E-healthcare system based on role-based access con-
trol (RBAC) and intelligent multi-factor authentication, ensur-
ing that only authorized users can access patient data while im-
proving risk tolerance, scalability and adaptability. In addition,
privacy-preserving machine learning methods such as federated
learning allowAImodels to be trained directly on devices without
transferring sensitive data to the servers.[177] Furthermore, smart
healthcare systems increasingly align with global data protection
standards such as the Health Insurance Portability and Account-
ability Act (HIPAA) and ISO/IEC 27001, which offer frameworks
for managing data confidentiality, integrity and availability.[205]

These strategies can be particularly important for older people,
as they may be more vulnerable to data misuse and express con-
cerns about surveillance and data tracking. Therefore, integrat-
ing secure data processing mechanisms and privacy-aware sys-
tem architectures is essential for building trust and promoting
the adoption of such technologies among older people.

6. Conclusion

This paper presents a comprehensive review of smart textile
technologies for loneliness monitoring in older people, focusing
sensing and design innovations to monitor and prevent further
development of loneliness. The review highlights the critical re-
search gap in the lack of textile-based sensing systems specifically
designed for loneliness detection. While existing wearable tech-
nologies canmonitor individual physiological parameters related
to stress or activity, none have been designed to capture the com-
plex, multidimensional nature of loneliness through a unified,
multimodal sensing system.
By integrating advanced sensing technologies with user-

centered design principles, smart textile systems present a
promising solution for addressing the mental and emotional
well-being of older people. Various types of sensors, sensing
materials, and fabrication methods were examined to evaluate
their effectiveness of accurate loneliness monitoring. Also, we
explored the integration of these sensors into complete wear-
able systems, with a focus on circuit connection, data acquisition
and analysis.Moreover, design considerations including comfort,
aesthetics and durability were discussed to ensure user compli-
ance and long-term wearability.
While current advancements demonstrate the potential of

smart textile wearables to transform older people care, signifi-
cant challenges still remain. These include the need for reliable
multimodal sensor integration, which goes beyond hardware
embedding to include synchronized data acquisition, signal-
level fusion and context-aware analysis algorithms that can dis-
tinguish loneliness-specific biosignals from other psychological
states such as stress or depression. Achieving this integrationwill
require interdisciplinary collaboration between materials scien-
tists, wearable electronics engineers, clinical psychologists and
data scientists. Additionally, future research should establish
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standardized physiological markers for loneliness, develop ro-
bust sensor fusion frameworks, and validate system performance
in real-life long-term use scenarios. Integrating these technical
and user-centered pathways into a comprehensive framework
can enable smart textile system to become a valuable tool for
improving the quality of life and emotional well-being of older
people.
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