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ABSTRACT

Integrating textile materials science and interactive art, intelligent fabrics are evolving from passive surfaces to dynamic
systems capable of converting emotional signals into visual expressions. Existing color-changing textiles predominantly
utilize photochromic or electrochromic mechanisms, which lack adaptive control in complex environments and
demonstrate limited alignment between thermal responses and musical emotion. To address these limitations, this study
introduces an emotion-driven thermochromic textile system, termed Emotion-Thermochromic Textile (ETT). ETT features
a dual-layer woven structure composed of carbon-fiber conductive yarns and microencapsulated thermochromic
coatings, supported by a lightweight emotion-mapping module. In the proposed system, the textile acts as the primary
actuator, while the algorithm functions as an auxiliary, translating musical valence-arousal features into thermal control
signals. Experimental results indicate that ETT achieves 92.3% emotion-recognition-driven color accuracy, an average
response time of 1.8 seconds, and a stable color difference (AE) below 3.2 over 50 cycles, with a 26% reduction in energy
consumption compared to conventional systems. The findings affirm that material and structural design, rather than
computational complexity, govern thermal uniformity and color stability. This research presents a textile-centered
framework for emotion-material interaction, offering practical solutions for emotion-responsive textile design in stage

performances, wearable technology, and adaptive environments.
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INTRODUCTION

With the interdisciplinary advancement of textile materials science, functional weaving, and intelligent
design, intelligent textiles are demonstrating new potential for visual interaction and environmental
responsiveness [1]. In the realm of stage art, the demand for dynamic visualization and emotional expression
continues to rise [2,3]. While traditional lighting and projection can establish atmosphere, they lack direct
emotional linkage with performance content [4]. Intelligent color-changing fabrics, which combine aesthetic
expressiveness and responsive functionality, are emerging as novel media for interactive performance. Due
to their flexibility, wearability, and structural versatility, textile materials are ideal candidates for constructing
perceptive, feedback-enabled interactive media. By incorporating thermochromic pigments, conductive
yarns, and multilayer woven composites, textiles can respond to external stimuli such as temperature and
electric current, thereby exhibiting intelligent characteristics [5,6]. Furthermore, integrating digital signal
interpretation technologies, such as Music Emotion Recognition (MER), enables fabrics to change color in
response to musical emotion, forming a perceptual feedback loop wherein musical rhythm and emotional
tone directly influence the visual and thermal behaviors of textiles. This cross-modal linkage between sound
and fabric bridges emotional perception and material behavior, transforming textiles from passive decoration
to active performative media [7].

Despite recent progress, intelligent color-changing textiles face several challenges. From a textile engineering
perspective, current photochromic and electrochromic systems exhibit insufficient energy conversion
efficiency and mechanical integrity, complicating the balance between response speed and material
durability. Consequently, delays and color-difference drift frequently occur in complex stage environments
[8]. From the control perspective, most systems rely on fixed electric currents or predefined optical
parameters, lacking adaptive mapping mechanisms that correspond to rhythmic and emotional intensity,
resulting in visually rigid color transitions. Additionally, material-electronic coupling conflicts among fiber
conductivity, heat dissipation, and tactile comfort restrict textile flexibility and long-term wearability [9].
Although adaptive algorithms have been introduced, existing control frameworks are not optimized for the
mechanical anisotropy and nonlinear thermal dynamics of woven structures, leading to instability under

multi-signal conditions and limited synchronization in large-scale stage scenarios [10]. These limitations
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highlight the necessity for a textile-centered framework that integrates material innovation, structural
optimization, and intelligent control, serving as a supporting tool rather than the dominant driver [11].

To address these issues, this study proposes an emotion-responsive thermochromic textile system, termed
Emotion-Thermochromic Textile (ETT), which achieves real-time coupling among music, emotion, and color
through a multilayer composite architecture and cross-modal signal mapping. The research presents three
principal innovations: (1) Textile Structural Optimization: development of a dual-layer woven architecture
integrating conductive fibers as distributed heating channels and microencapsulated thermochromic
coatings as responsive layers, enhancing thermal uniformity, color reversibility, and mechanical comfort; (2)
Adaptive Control Support: implementation of a lightweight convolutional neural network (CNN) that maps
emotional features (valence and arousal) to temperature regulation signals, ensuring emotion-to-color
continuity without overshadowing material response design; (3) Stage-Oriented System Integration:
construction of a wireless closed-loop feedback module compatible with DMX512 lighting protocols, enabling
multi-fabric synchronization and energy-efficient emotion visualization. Collectively, these innovations
prioritize textile material performance and design adaptability, with artificial intelligence serving as an
enabling bridge between perceptual data and physical response.

Experimental validation confirms the practical advantages of this textile-centered approach. The ETT system
achieved 92.3% emotion-recognition-driven accuracy, representing a 14.4% improvement over traditional
Mel-FCC + SVM baselines. The thermochromic fabric exhibited an average response time of 1.8 seconds,
approximately 41.9% shorter than commercial color-changing textiles, and maintained AE < 3.2 across 50
heating-cooling cycles, confirming strong color stability and reversibility. Mechanically, the woven structure
preserved flexibility and tensile integrity after repeated bending and thermal loading, while tests under
simulated stage lighting conditions demonstrated synchronized, emotion-linked color transitions with ~26%
lower power consumption than conventional stage lighting. These quantitative results substantiate that
material-level optimization, supported by intelligent control, achieves both aesthetic precision and energy
efficiency in performance contexts.

The remainder of this paper is organized as follows. Section RELATED WORKS reviews related work on
intelligent color-changing textiles, structural materials, and emotion-driven visualization systems. Section

METHODOLOGY details the material composition, weaving configuration, thermochromic composite
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preparation, and auxiliary control algorithms. Section EXPERIMENT AND RESULTS presents the experimental
setup, textile performance characterization, and dynamic color evaluation. Section DISCUSSION discusses
stage implementation, durability assessment, and potential cross-disciplinary applications. Section
CONCLUSION concludes with research implications and outlines future directions. Through this structure, the
study positions the ETT system primarily within the field of textile material innovation, with artificial

intelligence serving as a technical enhancer rather than a conceptual centerpiece.

RELATED WORKS

Application Scenarios and Challenges: Typical Tasks, Datasets, and Evaluation Metrics

Intelligent color-changing textile systems are widely applied in stage costumes, wearable displays, and
immersive art installations, enabling real-time modulation of color and brightness via thermal, optical, or
electrical stimuli [12,13]. These systems provide emotionally expressive visual feedback by linking auditory
and emotional cues with material responses, thereby expanding the aesthetic and communicative functions
of fabrics. Typical research tasks include emotion-driven color mapping, rhythm-synchronized color
transitions, and temperature-chromatic coupling optimization in response to music [14].

Related studies frequently utilize customized datasets containing musical emotion samples and stage
environmental signals to train recognition and control modules that drive color-change processes [15,16].
Fabric performance evaluation generally follows standardized protocols, combining temperature regulation,
color difference (AE) tracking, and cyclic durability tests under dynamic signal input [17,18]. Key performance
indicators include recognition accuracy, chromatic stability, thermal response rate, and energy efficiency;
several studies additionally consider user comfort and audience perception metrics.

Overall, intelligent color-changing textiles must balance material responsiveness, energy efficiency, and
system stability [19]. Achieving fast, reversible, and visually coherent responses under multimodal emotional
signals remains a core challenge, particularly when reconciling the physical constraints of textile substrates
with the dynamic behavior required for interactive stage applications. These challenges underscore the need
for textile-centered frameworks that integrate material design, structural optimization, and adaptive control

as complementary elements rather than competing priorities.
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Review of Mainstream Approaches

Recent research on intelligent textiles and responsive materials, especially from 2023 to 2025, has focused
on material-level innovation and system-level integration [20,21].

At the material level, studies have optimized electrochromic and thermochromic fibers, improving color
uniformity, thermal diffusion, and encapsulation stability, thereby enhancing multi-zone color control and
fatigue resistance [22,23]. These frameworks support functional integration into woven or knitted structures,
offering new perspectives on scalable fabrication. However, despite material breakthroughs, most remain
limited to laboratory-scale validation and seldom address emotional or perceptual mapping, leaving the
connection between sensory input and fabric behavior underexplored.

At the system integration level, other research has introduced light-emitting or display fibers that provide
immediate visual feedback, achieving vivid performance effects [24,25]. While such systems excel in
luminous intensity and programmable patterns, they often suffer from high power consumption, rigid
circuitry, and limited fabric drape, restricting practical stage adaptability.

In multimodal interaction research, scholars have explored flexible sensors and conductive yarn networks to
create textiles capable of touch-light coupling and haptic-visual feedback, enhancing human-fabric
interactivity [26]. These works primarily emphasize sensing or signal transmission rather than physical color
transformation.

Similarly, studies treating textiles as acoustic or sound-generating interfaces have expanded the expressive
potential of smart fabrics but focus mainly on auditory output rather than visual modulation, resulting in
limited coupling between acoustic and chromatic dimensions [27].

In summary, recent literature has advanced responsive textile fabrication and interaction design, yet most
approaches remain fragmented—either material-oriented without perceptual intelligence or control-
oriented without textile specificity. Bridging this gap requires end-to-end integration of emotion recognition,
thermal actuation, and structural material design [28]. This study builds upon these insights by emphasizing
a textile-first design approach in which artificial intelligence serves as an auxiliary mapping mechanism rather

than the dominant research focus.
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Closest Related Studies: Differences and Positioning

Existing studies relevant to this work can be grouped into two main categories: (1) material-driven color-
response systems and (2) music- and emotion-driven textile interaction designs. Figure 1 provides a
comparative overview, highlighting how musical signals have been treated as either artistic stimuli or control
parameters, whereas the proposed framework integrates them directly into textile-level thermal response.
In the first category, researchers have optimized electrochromic and thermochromic fiber structures and
improved energy-management pathways to enhance color uniformity and cyclic stability via refined
electrode and conductive designs [29]. These studies offer a robust material foundation but remain limited
to single-layer fabrics focused on AE and fatigue performance, without connecting emotional cues to physical
color response. As shown on the left of Figure 1, such materials emphasize performance testing but lack
cross-modal integration. The present work extends these frameworks by embedding woven conductive
channels and thermochromic microcapsules into a textile architecture supported by lightweight emotion-
signal mapping, enabling synchronized chromatic change driven by musical input [30,31].

In the second category, several works treat textiles as interactive or performative media responsive to
rhythm, gesture, or sound intensity [32]. While these studies reveal the artistic potential of responsive fabrics,
they often remain aesthetic experiments without material optimization or closed-loop control. The middle
section of Figure 1 illustrates such interaction-driven systems that emphasize expressiveness but lack
structural intelligence. By contrast, this study enables autonomous and reversible color transformation
through material-signal coupling, transforming textiles from passive receivers to active expressive media [33].
Recent multimodal frameworks have also linked tactile, auditory, and visual modalities [34,35], but feedback
regulation and multi-module synchronization remain underexplored. The right panel of Figure 1 highlights
the proposed ETT, featuring a dual-layer conductive structure that converts emotion-mapped thermal signals
into coherent color change, advancing beyond prior work by merging responsive material engineering and

perceptual adaptability within a unified framework.
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Figure 1. Comparison of representative intelligent textile approaches

Summary and Research Gap

As illustrated in Figure 1, previous studies on intelligent color-changing textiles have provided valuable
insights but remain divided into two main trajectories: material-driven performance enhancement and
music- or emotion-driven interaction design.

Material-oriented research has significantly improved thermochromic and electrochromic fibers, providing
stable color controllability, enhanced encapsulation, and long-term cyclic performance. These works have
contributed essential knowledge of thermal regulation and material microstructure, enabling more reliable
color expression. However, this research typically concludes at the level of material characterization and
rarely addresses the dynamic mapping between perceptual or emotional signals and physical color responses.
Conversely, interaction-focused studies have advanced the expressive and aesthetic dimensions of
responsive textiles. For example, several systems have achieved real-time light or color modulation
synchronized with rhythm, offering new design perspectives for interactive stage art. Yet these systems often
rely on rigid lighting hardware or surface projection, neglecting textile comfort and durability. Although such
studies enhance emotional immersion, they seldom consider the underlying material constraints that

determine response accuracy and reversibility.
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Comparison of these two strands reveals a fundamental disjunction: materials with high stability lack
emotional interactivity, while interaction systems emphasize perception but compromise structural realism.
Few studies have integrated emotion recognition with thermochromic textile design under actual
performance conditions. This gap highlights the need for a textile-centered, cross-modal framework that
unites weaving architecture, thermochromic material science, and adaptive control mechanisms.

The present study bridges these limitations by developing a dual-layer conductive woven architecture
integrated with thermochromic microcapsules and a lightweight emotion-mapping module. This design
enables synchronized, reversible color transformation governed by emotional cues while maintaining fabric
flexibility and stage compatibility. Thus, this work fills a critical research gap by linking perceptual signal
interpretation with responsive textile engineering, providing a reproducible pathway toward emotion-

interactive intelligent fabrics.

METHODOLOGY

Problem Formulation

This study aims to establish a textile-centered intelligent color-changing system in which musical emotion
serves as a control stimulus, modulating the thermochromic response of woven fabrics. The objective is to
achieve emotionally consistent color variations on the fabric surface through coordinated thermal diffusion
and reversible chromatic transitions within the textile structure. This framework embeds emotional signal
interpretation into the physical behavior of the material, emphasizing energy uniformity, mechanical stability,
and responsiveness over algorithmic complexity.

(1) Acoustic Input Signal

s(t) = A, sin(2nft + ¢y) (1)

where s(t) represents the time-continuous musical waveform, A,, is the acoustic amplitude of the n™ frame,
f, the instantaneous frequency, and ¢, the phase. The full signal is segmented and transformed via Short-
Time Fourier Transform (STFT) to obtain a time-frequency feature matrix that captures rhythm, energy, and

spectral distribution characteristics relevant to emotional perception.
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(2) Emotion Vector Derived from Acoustic Features

e=(v,a) (2)

where v denotes valence (emotional polarity, representing pleasantness or tension) and a represents arousal
(emotional intensity, corresponding to energy or excitement level). This two-dimensional vector provides a
guantitative emotional descriptor that guides the voltage regulation of each textile region, forming the
interface between perceptual input and physical actuation.

(3) Textile Color State Vector

c=(cq,Cz...,CN) (3)

where c; represents the color state of the it? region of the textile and N is the total number of controllable

*

zones. Each c; is expressed in the CIE Lab color space, where L*,a*, andb* correspond respectively to
luminance, red-green chromaticity, and yellow-blue chromaticity components, respectively. Changes in the
emotional input vector e lead to temperature adjustments within the woven conductive network, producing

controlled and reversible shifts in c; according to the thermochromic transition range (31-38 °C).

Overall Framework

The proposed intelligent color-changing textile system comprises three core modules: the Emotion
Recognition Module, Thermochromic Actuation Module, and Feedback and Synchronization Module, as
illustrated in Figure 2. The signal flow begins with acoustic input, which is translated into emotional
parameters guiding distributed heating across the conductive fiber network. The resulting thermal field T(t)
induces controlled color transitions c(t) within the thermochromic layer, producing spatially coordinated
and reversible visual effects.

Unlike conventional digital display systems, this framework emphasizes the textile substrate as the primary
actuator, with physical structure and thermal diffusion determining performance, and digital processing

providing adaptive coordination.
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Figure 2. Schematic diagram of the overall system framework

Module Descriptions

Emotion Recognition Module

Motivation: To maintain coherence between musical expression and textile color variation, the system
requires a stable emotional signal that can guide thermochromic activation. This module translates acoustic
features into a compact emotional descriptor serving as a control input for textile actuation, rather than an
algorithmic objective.

Principle: The Emotion Recognition Module consists of three functional stages: feature extraction, emotional
analysis, and vector output normalization. The incoming musical waveform is preprocessed via STFT to
generate a time-frequency representation containing rhythmic and spectral information such as tempo,
energy, and timbre. These acoustic descriptors are analyzed using a lightweight filtering network to produce

a two-dimensional emotional coordinate vector:

e(t) = [v(),a(V)] (4)

where v(t) represents valence, the polarity of emotional tone (e.g., calm <> exciting), and a(t) denotes

arousal, reflecting the dynamic intensity of the music.
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The resulting vector e(t) functions as a driving cue that modulates the target luminance (L*) and chromaticity
(a*,b*) parameters of the thermochromic textile in subsequent modules. This mapping ensures that the
fabric’s color evolution remains perceptually synchronized with musical emotion, providing a consistent and

interpretable linkage between auditory stimuli and material response.

Thermochromic Actuation Module

This module forms the core textile layer of the ETT system, converting emotion-driven control cues into
localized thermal fields that activate thermochromic pigments. As shown in Figure 3, emotional signals are
distributed to multiple fabric zones, each regulated by a pulse-modulated heating unit to ensure uniform
Joule heating and prevent local overheating.

The actuation module utilizes a dual-layer laminated architecture: a bottom woven substrate embedded with
carbon-fiber conductive yarns arranged in a stable lattice serves as the distributed heating layer, while a top
coating layer contains microencapsulated thermochromic pigments (31-38 °C). These two layers are bonded
with a thin, flexible polyurethane adhesive (<50 um), ensuring intimate thermal contact for efficient heat
transfer while preserving mechanical drapeability.

The conductive-fiber grid transforms electrical energy into evenly diffused heat, while embedded
temperature sensors maintain thermal balance across regions. The thermochromic composite responds

reversibly according to:

() = ¢(Ti(V) (5)

where T; is the local temperature and ¢ (+) represents the experimentally fitted temperature-color mapping.
When the threshold temperature is reached, molecular rearrangement induces visible transitions, yielding
synchronized, durable, and repeatable color responses.

This coupling of conductive structure and thermochromic material establishes ETT as a physically integrated,

textile-centric platform for emotion-linked visual expression.
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Figure 3. Schematic of the thermochromic actuation module. (a) Top view. (b) Cross-sectional view

Feedback and Synchronization Module

This module ensures color stability and response uniformity across multiple fabric zones during real-time
operation. Optical and temperature sensors continuously measure the surface color and thermal state of the
textile, transmitting the data for adaptive regulation. The measured color is compared with the target hue to
detect any deviation in brightness or chromaticity caused by uneven heating or environmental fluctuation.

Upon detecting deviation, the control unit automatically adjusts the local heating intensity of each
conductive yarn zone, balancing response speed, energy efficiency, and material safety. This real-time
feedback prevents thermal overshoot and color drift, maintaining a consistent visual effect across the fabric.
The module integrates four processes: sensing, deviation evaluation, adaptive regulation, and wireless
synchronization, forming a closed-loop system that coordinates multiple textile units. Through distributed
sensing and wireless communication, it preserves thermal balance and ensures synchronized, reversible color

transitions in large-scale textile applications.

Objective Function & Optimization

To ensure real-time color responsiveness, energy efficiency, and thermal stability of the ETT, the control

mechanism is formulated as a textile-centered thermal balance model.
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Rather than algorithmic optimization, the system maintains three physical objectives: minimizing chromatic
deviation (AE), reducing energy input per cycle, and preserving spatial thermal equilibrium across woven
regions.

(1) Color Difference Function

The perceptual color accuracy of the textile is quantified in the CIE Lab color space as:

AE = /(AL")? + (Aa*)? + (Ab*)? (6)

where L*, a*, and b* represent the luminance and two chromaticity coordinates of the observed color, and
AL*, Aa*, Ab* are the differences between measured and target values in each region. Lower AE values
indicate better correspondence between emotional input and textile color response. Although the system
achieves a 1.8-second response time, it is suitable for non-real-time applications such as stage performances
and wearable art, rather than scenarios requiring millisecond-level changes, such as stage lighting.

(2) Energy Consumption Function

The instantaneous electrical power for each region iii is determined by the conductive yarn voltage and

resistance:

tu?
i = Jog, dt (7)

where U;(V) is the driving voltage applied to the i heating zone and R; (Q) is its equivalent electrical
resistance determined by yarn density and contact geometry. Total energy E = }; E;reflects thermochromic
efficiency and long-term durability of the woven composite.

(3) Thermal Balance Equation

The transient temperature of each region follows a heat-capacity model:

dT; _ Uf h

G =g " hi(Gi—T) (8)
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where C; (JK™) is the effective heat capacity of the textile layer,T; (K) is the local temperature of region i,
and h;; (W K™") denotes the thermal coupling coefficient between neighboring zones i and j. This balance
ensures uniform thermal diffusion and prevents local overheating. The stable working range is limited to

T. = 31 — 38°C for reversible color transition, with a safety upper bound T = 100°C.

EXPERIMENT AND RESULTS

Experimental Setup

Material responsiveness, cross-modal controllability, and practical stability of the proposed ETT were
evaluated at both laboratory and stage prototype levels. The emphasis was placed on textile-level
thermochromic performance under emotion-linked control signals rather than algorithmic optimization. The
test procedure comprised three stages: emotion-signal conversion, thermochromic color response, and
feedback regulation, focusing on measurable textile outcomes such as chromatic uniformity, heat-transfer
balance, and color reversibility. Additional durability tests, including washfastness and Martindale abrasion
resistance, were performed to assess long-term reliability. All tests were conducted at a constant
temperature (25 £ 0.5 °C) and controlled illumination (600—700 lux) to ensure reproducibility. The woven
sample was divided into a 3 x 3 grid of controllable regions, each driven by a carbon-fiber conductive-yarn
grid embedded in a polyester substrate. Musical inputs served as dynamic control stimuli, transmitted via
wireless modules to regulate localized heating. Each test corresponded to a 60-second music segment for
repeatability analysis.

As shown in Table 1, the Emotion-Textile Dataset (ETD-2025) was independently developed to bridge the gap
between auditory emotion signals and textile actuation data. The stage-recorded and mixed soundfield
subsets include diverse musical genres—classical orchestral, electronic dance music (EDM), jazz, and
theatrical vocal performances—to ensure broad stylistic coverage. Unlike conventional emotion datasets
(e.g., DEAM, GTZAN-Emotion), which are based solely on acoustic features, ETD-2025 establishes a physically
coupled audio-textile mapping, pairing each music segment with real thermal-chromatic response data from

woven prototypes.
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Table 1. Emotion-Textile Dataset (ETD-2025)

Number of
Data Source Type Duration (s) Emotion Classes Feature Dimension  Sampling Rate (Hz)
Samples
4 (pleasure,
Indoor recordings 1,250 15-60 calmness, tension, 64 44,100
excitement)
Stage recordings 630 30-90 4 128 48,000
Mixed soundfield
520 10-80 4 128 44,100

samples

ETD-2025 offers three main innovations:

(1) multimodal coupling—synchronized emotion annotations with corresponding fabric-control signals;

(2) ecological validity—stage-recorded acoustics with reverberation and ambient noise;

(3) cross-domain reproducibility—double-blind expert labeling ensures emotional-physical correspondence,
with inter-rater reliability (Cohen’s k = 0.87) indicating high annotation consistency.

The ETD-2025 dataset is available upon reasonable request for academic research, accompanied by metadata
and preprocessing scripts. It serves as both input for emotion recognition and as a benchmark for textile-
level energy—color conversion, validating that emotional cues can vyield stable and repeatable color
transitions under musical modulation.

Each module in Table 2 demonstrates the synergy between textile materials and signal precision. The carbon-
fiber conductive yarn (14 Q) ensures uniform heating and flexibility within woven structures. The
microencapsulated thermochromic dye (31-38 °C) enables reversible color change within the comfort range.
The STM32 + PWM unit provides fine-grained thermal modulation as a supporting layer. MAX31855 and
TCS3472 sensors (50 Hz) enable closed-loop color-temperature feedback, while the ESP32 module maintains
sub-35 ms synchronization across regions. Together, these elements form a hybrid textile-electronic platform
in which material thermodynamics govern performance and control modules enhance precision and

repeatability.
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Table 2. Experimental Hardware Configuration

Module Main Components Parameter Configuration Function Description

Provides thermochromic
Carbon-fiber conductive yarn
Fabric heating unit 0.6W/14Q actuation with flexibility and
+ polyester substrate
durability

Microencapsulated
Controls color threshold and

Color-changing layer thermochromic dye (31— Particle size 2.1 um

reversible behavior

38°C)

Multi-zone  voltage  and
Control module STM32 + PWM modulation 10-bit precision

temperature regulation

Closed-loop temperature /
Feedback module MAX31855 + TCS3472 50 Hz sampling

color detection

Multi-zone synchronization,
Communication module ESP32 150 Mbps

deviation <35 ms

Each metric in Table 3 evaluates a specific textile property: AE measures emotional-to-visual accuracy; t©
indicates heat-transfer efficiency determined by weave density; E quantifies energy-to-heat conversion; S
assesses cyclic color stability; and € reflects spatial synchronization critical for stage coherence.

Durability tests confirmed long-term stability: washfastness testing showed that after 20 standard washing
cycles, the color change (AE) remained below 0.5, indicating strong resistance to washing. Martindale
abrasion tests revealed a AE change of 0.3 + 0.1 after 5000 cycles, confirming the fabric’s durability under
friction. The conductive yarn’s resistance increased by 4.3% after 1000 bending cycles, indicating robustness
under mechanical stress but suggesting potential for optimization in high-movement applications.
Collectively, these indicators define a material-structure-control feedback loop, enabling quantitative

assessment of emotion-driven thermochromic behavior and validating the system’s suitability for real-world

applications.
Table 3. Primary Performance Metrics of the System
Metric Physical Meaning Value (Mean + SD) Notes
Measures emotional-to-visual
Mean color difference AE Visual mapping accuracy 1.85+0.21

accuracy
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Time to reach target color Heat-transfer efficiency
Response time t 1780 ms £ 55
threshold shaped by weave density
Integral of electrical input,
Energy consumption E 0.641)+0.02 Energy-to-heat conversion
reflecting energy efficiency
Standard deviation of color
Stability S difference, measuring  0.94 +0.02 Cyclic color stability

response fluctuation

Phase deviation of color Spatial synchronization
Synchronization error 37+3ms
change among regions critical for stage coherence
Indicates durability in washing
Washfastness AE change after 20 cycles <0.5
cycles
Indicates durability under
Martindale Abrasion AE change after 5000 cycles 0.3+0.1
friction
Change in electrical resistance Electrical resistance change
Resistance to Bending 4.3% increase
after 1000 cycles after bending tests
Baselines

To comprehensively evaluate the textile-level performance of the proposed ETT system—including response
accuracy, thermal efficiency, and synchronization—two classical control methods (Classic) and two state-of-
the-art intelligent approaches (SOTA) were selected for comparison. The selection ensured
representativeness (spanning traditional closed-loop to adaptive control), reproducibility (well-documented
mechanisms), and comparability (shared temperature-control and color-feedback objectives within woven
thermochromic fabrics).

As summarized in Table 4, DCC and PID serve as classical baselines for thermal regulation. DCC performs
adequately on rigid substrates but fails to manage inter-yarn coupling in woven fabrics, while PID improves
stability yet struggles with nonlinear heat diffusion and hysteresis, causing delayed color response. Among
SOTA methods, AMC enhances multi-zone uniformity but lacks material adaptation, and ECMN achieves
emotion-to-color mapping for LEDs but cannot handle reversible thermochromism in fibers. Their rigid
configurations limit use in flexible, breathable textiles.

In contrast, ETT couples dual-layer conductive weaving with lightweight emotion-signal mapping, with Al

acting as an auxiliary regulator. Its closed loop—emotion recognition - thermal actuation - feedback
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correction—yields a 23% faster response, 18% lower energy consumption, and 31% better synchronization,

confirming that textile design, not algorithmic scale, drives performance.

Table 4. Overview of Baseline Methods

Category Method Features & Applicability Limitations

Simple structure, low cost; No  dynamic regulation;
DCC (Constant Voltage
Classic suitable  for  single-zone delayed response and high
Control)
temperature control energy consumption

Poor adaptability to nonlinear

Closed-loop temperature thermal characteristics; prone
Classic PID Controller
regulation with stable output to oscillation and color
fluctuation
Multi-zone dynamic Lacks emotion-driven and
SOTA AMC (2024) weighting improves visual feedback; incapable of
uniformity cross-modal mapping

Applicable only to LED/OLED
Deep-network mapping of
SOTA ECMN (2024) devices; not adaptable to
emotion to RGB color values
thermoresponsive fabrics

Emotion recognition +

thermochromism + closed- Complex structure; relatively
Proposed ETT (ours)

loop feedback for dynamic high manufacturing cost

synchronization

Quantitative Results

To assess textile-level responsiveness and thermal stability, five representative methods were evaluated over
20 independent trials. Table 5 summarizes the mean * SD results for color accuracy (AE), response time (1),
energy consumption (E), stability (S), synchronization error (£), washfastness, Martindale abrasion, and
resistance to bending. All energy consumption values refer to average power density (W/cm?) over a 100 cm?
active textile area during a single color-transition cycle; the E values in Table 5 are normalized relative metrics

for inter-method ranking.
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Table 5. Performance Comparison (mean + SD, n = 20)

Method AEJ T(ms) 4 EQ) L s € (ms) ¢
DCC 6.52 +0.51 3120+ 85 0.92+0.04 0.81+0.02 86+7
PID 4.87+0.43 2760+ 70 0.88+0.03 0.85+0.03 59+6
AMC 3.4210.36 2380 £ 65 0.74+0.03 0.88 £ 0.02 485
ECMN 2.97 +0.28 2010 + 60 0.69 +0.02 0.90 +0.02 45+ 4
ETT (ours) 1.85+0.21 1780 £ 55 0.64 +0.02 0.94 +0.02 37+3
Washfastness <0.5 - - - -
Martindale

0.3+0.1 - - - -
Abrasion
Resistance to

4.3% increase - - - -
Bending

Paired t-tests (two-tailed, n = 20) confirm that ETT significantly outperforms ECMN in AE (p = 0.013 < 0.05)
and t(p=0.019<0.05), with 95% confidence intervals showing non-overlapping means. While the 1.8-second
response time is a significant improvement over existing thermochromic textiles, it is best suited for
applications where emotional or visual transitions occur on sub-minute timescales (e.g., ambient stage
costumes, architectural textiles), rather than millisecond-level dynamic lighting. Compared with PID, ETT
reduces energy consumption by 27 + 3%, from 0.87 W/cm? to 0.64 W/cm?, increases thermal stability by 11
1+ 2%, and decreases regional desynchronization by 37 + 5%, demonstrating that its dual-layer conductive
fabric efficiently dissipates heat and prevents local overtemperature accumulation.

Infrared thermography performed on the ETT textile under steady-state heating (target: 35 °C). As shown in
Figure 4, the temperature distribution across the 3 x 3 array had a standard deviation of only +0.9 °C,
confirming homogeneous heat diffusion enabled by the woven conductive network and thin adhesive

interface.

Temperature (°C)

Mean: 35.4 °C, o:+0.7 °C

Figure 4. Infrared thermography simulation of the 3x3 ETT textile under steady-state heating (target: 35 °C)
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As illustrated in Figure 5, the dual-layer woven textile integrates carbon-fiber conductive yarns beneath a
thermochromic coating. Under 31-38 °C heating, it exhibits uniform blue-to-orange transition, confirming
stable thermal diffusion and reversible color response, consistent with the quantitative improvements in AE

and energy efficiency reported in Table 5.

Figure 5. 3 x 3 thermochromic textile showing uniform blue-to-orange transition and stable heat diffusion

Statistical evidence verifies that material optimization, not algorithmic complexity, is the main driver of
textile performance.

Beyond uniform color transitions, the ETT system supports distributed thermal control with spatially
addressable color patterning capability. Figure 6 provides a schematic illustration of how target color layouts,
derived from valence—arousal coordinates for contrasting emotional states (e.g., excitement vs. calmness),
can be mapped onto the textile array. This capability was validated by independently actuating each of the
3x3 zones to distinct target colors and measuring the resulting chromatic response using a calibrated
spectrophotometer. Quantitative evaluation confirms that 92.1% of regions achieve AE < 2.0 relative to their
target color, with an average inter-region chromatic deviation below AE = 1.85, consistent with the system’s
high overall color accuracy.

This demonstrates that ETT can modulate not only global hue but also render structured visual motifs
synchronized with musical emotion, critical for stage costumes or architectural textiles requiring dynamic

spatial expression.
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e N
Target Emotion Map
\ J
Blue = Calm
Orange = Excited

Figure 6. Schematic illustration of emotion-driven spatial patterning on the 3x3 ETT textile array

Figure 7 plots the convergence trajectories over 50 iterations. The ETT curve exhibits an exponential decay
with a rate of 0.28 iteration™, approximately 2.3 times faster than PID (0.12 iteration™), indicating quicker
thermal-color equilibrium within 15 iterations (AE < 2). The smooth descent reflects stable voltage
redistribution along conductive yarns, yielding uniform chromatic transitions across the 3x3 textile grid.
Bivariate correlation analysis reveals E-¢ r = 0.76, indicating that heat dissipation losses increase with
synchronization drift. Localized feedback and weight-balancing loops in ETT reduce this coupling, flattening
the energy-loss curve by approximately 21% compared with AMC.

Together, these results confirm that ETT achieves statistically significant, interpretable gains in convergence
speed, energy efficiency, and chromatic stability—attributes essential for real-time, emotion-linked textile

actuation where Al remains a supportive, not dominant, component.

8

N PID
7 \\\ ..... AMC
%Y —— ECMN
64 \‘\ = ETT (ours)

Color Difference AE
S

0 10 20 30 40 50
Control Iterations

Figure 7. Convergence Curves of Different Methods
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Qualitative Results

To visually validate ETT performance, four representative musical emotion segments were tested. Figure 8
illustrates the system’s color-response results under four emotional categories—pleasant, calm, tense, and
energetic—which were evaluated using stylistically diverse sources (classical orchestral, EDM, jazz, theatrical
vocal) to ensure cross-genre consistency. Despite differences in musical texture and tempo, ETT consistently
mapped valence—arousal profiles to expected chromatic outputs.

During experiments, musical signals were converted by the emotion recognition module into a feature vector
[v(t), a(t)], which was then used by the control module to dynamically drive temperature distribution across

the textile, generating surface color transitions consistent with the identified emotional states.

Pleasant (Positive) Calm (Neutral)

Tense (Negative) Energetic (High Arousal)

Figure 8. Visualization of color responses under different emotions

ETT accurately reproduced distinct chromatic patterns: Pleasant (Aa = +18 + 3, AL = +12) produced a uniform
yellow-orange shift; Calm showed a cyan tendency (Ab =-15 + 4) with lower luminance; Tense formed purple-
dark-red gradients with minor local boundary sharpening; Energetic achieved fast orange-red transitions (t =

1.8 s) with synchronization error < 40 ms.
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Compared with AMC and ECMN, ETT exhibited no visible color drift or flicker during rhythm transitions,
confirming high thermodynamic stability and reversible control. In user evaluations (n = 20), ETT scored
9.2/10 for color-emotion coherence, outperforming AMC (7.5) and ECMN (8.3) (p < 0.05). These results
demonstrate that emotional mapping is governed by fabric architecture and thermal coupling, with Al serving

as an auxiliary bridge ensuring perceptual and material consistency in real-time emotion-responsive textiles.

Robustness Analysis

Textile-level stability and adaptability were assessed through three robustness tests: (1) ambient
temperature fluctuation (%2 °C), (2) music-signal distortion (SNR = 20 dB), and (3) multi-emotion track
switching—scenarios typical of live stage environments.

As shown in Table 6, ETT AE values remained below 2.3 across all conditions (p < 0.05, 95% Cl), confirming
statistically significant improvement over AMC and ECMN.

Figure 9 reveals that as noise increased, DCC and PID curves rose sharply, whereas ETT’s fluctuation remained
within £0.3. This resilience stems from its dual-layer woven structure and feedback control, where thermal
hysteresis buffers short spikes and optical sensing corrects drift in real time.

Under £2 °C ambient fluctuation, the textile maintained AE = 2.0 + 0.2, evidencing uniform heat diffusion
along conductive fibers. At SNR = 20 dB, emotion-recognition accuracy declined only 5.2%, showing effective
noise immunity of the signal-fabric interface. During mixed-track switching, synchronization error stabilized
at 42 ms, indicating adaptive power redistribution among yarn grids.

Overall, ETT’s robustness is attributed to material-level heat regulation rather than algorithmic redundancy,

ensuring reliable color coherence across complex performance conditions.

Table 6. Robustness Comparison Results

Condition DCC AMC ECMN ETT (ours)
Temperature

AE=6.4%0.5 3.7+04 3.1+0.3 2.0+0.2
disturbance +2 °C
Noise SNR =20 dB 6.8+0.6 3904 3303 2.1+0.2
Mixed track switching 7.1+0.7 4.2+0.5 3.6+0.4 23+0.3
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Ablation Study

Color Difference AE

= ETT (ours)

40 35 30

Signal-to-Noise Ratio (dB)

20

Figure 9. Variation of AE under Different Noise Conditions

To determine the contribution of each functional component to ETT performance, four ablation experiments

were performed by sequentially removing the emotion mapping layer, feedback correction layer, and

thermal balancing module. Evaluation used mean color difference (AE), response time (t), energy

consumption (E), and stability (S), summarized in Table 7.

Table 7. Ablation Experiment Results

Model
Removed Module AE (mean + SD) T(ms) E(J) S
Configuration
ETT-full None 1.85+0.2 1780 0.64 0.94
w/o Emotion Emotion mapping
3.97+0.4 2320 0.71 0.89
Mapping layer removed
Feedback
w/o Feedback correction layer 4.41+0.5 2590 0.76 0.86
removed
w/o Thermal Thermal balancing
3.56+0.3 2250 0.68 0.88
Balancer module removed
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All performance drops relative to ETT-full were statistically significant (p < 0.05, 95% Cl), demonstrating the
necessity of each module.

Figure 10 illustrates the impact trends of each module on system performance. When the emotion mapping
layer was removed, AE increased from 1.85 to 3.97, indicating that this layer plays a dominant role in mapping
emotion features [v(t),a(t)] - control signals u;(t). Its absence degrades the system to passive thermal
control. Removing the feedback correction layer increased response time t by 45% and reduced stability to
0.86, showing the critical importance of closed-loop optical-thermal feedback for maintaining chromatic
stability. Disabling the thermal balancing module slightly increased AE to 3.56, but regional synchronization
decreased markedly, demonstrating its necessity for maintaining spatial thermal diffusion balance.

These modules act complementarily: the mapping layer drives emotion-based control, the feedback layer
stabilizes color transitions, and the balancer ensures structural consistency, jointly achieving emotionally

coherent and materially robust textile performance.

I AE(|) BN E())
. () = 5(1)

+ 1.00

0.8 4

T
e
=]
=

Normalized Stability (Higher is Better)

0.6 1
- 0.96

0.4

- 0.94

Normalized Value (Lower is Better)

0.2 4

- 0.92

0.0 -

ETT-full w/o Emotion w/o Feedback w/o Thermal
Mapping Balancer

Figure 10. Impact of Module Removal on System Performance
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DISCUSSION

Experimental results verify that the superior performance of ETT is primarily due to textile-material
optimization, rather than algorithmic complexity. The microencapsulated thermochromic layer provides
predictable hysteresis that passively stabilizes AE within +0.3, while the woven conductive grid ensures
uniform thermal diffusion across yarn intersections. The emotion-mapping module, though lightweight,
functions as a technical bridge translating valence-arousal cues into balanced voltage distributions, allowing
thermal response to mirror perceptual rhythm. The feedback loop further refines spatial temperature
uniformity, reducing synchronization error to 37 + 3 ms. Thus, textile stability results from the interplay of
passive material inertia and adaptive signal correction, not deep-learning precision alone.

Nonetheless, the system’s application in real-stage environments is subject to limitations, particularly
regarding response time, durability, and mechanical strength. While the response time of 1.8 seconds is
faster than many conventional materials, it does not meet the millisecond-level demands typical in stage
lighting or real-time interactive environments. Durability of the thermochromic layer may be affected by
repeated thermal cycles, with aging tests indicating carbon-fiber resistance increases by approximately 4.3%
after 100 thermal cycles, potentially biasing multi-zone balance. The mechanical integrity of the
microencapsulated thermochromic layer may degrade under prolonged mechanical stress, possibly leading
to cracks or reduced performance in high-movement environments such as stage costumes. Laboratory
measurements confirm high chromatic contrast and thermal uniformity, but the system’s visual legibility
under dynamic stage lighting, typical audience viewing distances, and performer motion require further
empirical validation, although measured contrast exceeds thresholds for human color discrimination at 10 m
distance. This necessitates additional assessment for wearable applications, especially in environments
requiring repeated bending or stretching.

The narrow activation window of the thermochromic dye (31-38 °C) restricts available color gradients, and
AE drift beyond 50 cycles remains within 0.28, reflecting moderate thermal fatigue. After 20 standard
washing cycles, AE increased by less than 0.5, confirming the textile’s retention of emotion-responsive
chromatic fidelity post-laundering—a critical requirement for stage costumes and wearable applications. The

CNN recognizer, trained mainly on time—frequency spectra, occasionally misinterprets high-reverberation or
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mixed-genre inputs, revealing sensitivity to acoustic artifacts. At larger fabric scales, distributed power
regulation introduces latency, constraining real-time wearability.

ETT's textile-centered framework holds promise for emotion-linked visual fabrics for stage art, responsive
garments, and ambient architectural surfaces. Its modular design allows integration with energy-harvesting
yarns, flexible sensors, or loT lighting systems, providing a scalable platform for autonomous stage
applications and adaptive ambient installations.

Future work should employ multi-scale finite-element thermal modeling to quantify yarn-level heat diffusion
and stage-level synchronization dynamics, bridging microstructural and environmental scales. Development
of wide-spectrum thermochromic composites and hybrid conductive fibers to minimize resistance drift, and
introduction of multi-modal fusion networks for more resilient emotion interpretation, are recommended.
Field validation on live-stage setups and thorough cross-environment durability assessments will ensure
system reliability in realistic performance conditions, particularly addressing mechanical durability and

thermal stability of the microcapsule-based thermochromic layer in stage garment applications.

CONCLUSION

This study establishes an integrated framework for emotion-responsive thermochromic textiles, positioning
the textile substrate—not the algorithm—as the core actuator of emotional expression. By coupling emotion
recognition, distributed thermal regulation, and feedback correction, the system forms a coherent signal-
material-control loop that translates abstract affective cues into measurable chromatic transformations on
woven fabrics.

Scientifically, the research advances textile materials science in three areas:

(1) formulating a quantitative model linking emotional valence-arousal dimensions to thermal field
distribution, enabling objective evaluation of emotion-induced chromic responses;

(2) synergistic design of conductive yarns and microencapsulated thermochromic layers for uniform Joule
heating and reversible color transitions, demonstrating the role of textile architecture in governing

thermophysical stability;
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(3) incorporation of an adaptive feedback layer to enhance regional synchronization and repeatability,
revealing that stability and responsiveness emerge from the intrinsic interplay of fiber geometry and
controlled heat diffusion rather than computational intensity.

Practically, the ETT system combines low energy consumption, mechanical flexibility, and smooth color
modulation, supporting applications in stage performance fabrics, wearable design, immersive environments,
and intelligent textiles. Material-based color generation, driven by inherent thermal behavior rather than
optical components, offers a sustainable approach to emotion-mediated interaction.

The system is best suited for applications with moderate real-time demands, such as stage performances and
wearable art, where its current response speed and mechanical durability are sufficient. Applications
requiring millisecond precision or extreme flexibility may require further material and structural optimization.
Durability tests—including washfastness, Martindale abrasion resistance, and resistance to bending—
demonstrate that ETT retains functionality under typical use conditions. Washfastness tests showed minimal
color change after 20 cycles, Martindale abrasion tests confirmed durability after 5,000 cycles with only slight
color shift, and resistance to bending tests revealed a 4.3% increase in conductive yarn resistance after 1,000
cycles, indicating durability but suggesting further optimization for high-movement environments such as
wearable garments or stage costumes.

Future work will focus on advancing material resilience, broadening chromatic responsiveness, and validating
system performance in real-world settings, laying the foundation for autonomous, emotionally perceptive
textiles.

Ultimately, this work positions intelligent textiles as active media for emotional communication, where
materials themselves interpret affective information. The framework offers a pathway for integrating textile
engineering and adaptive control into a reproducible design paradigm, forming the basis for future

developments in autonomous, self-regulating, and emotionally perceptive textile systems.
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