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Abstract 

Dynamic heat storage and release in clothing is essential for maintaining thermal balance and ensuring the 

comfort, safety, and well-being of individuals in various environmental conditions. By effectively managing heat 

transfer between the body and the environment, clothing helps support the body's natural thermoregulatory 

mechanisms and enhances overall comfort and performance. Hence, this study aims to investigate how Phase 

Change Material (PCM) filled core-sheath staple fibers in ring-spun polyester yarn influences thermoregulation 

and heat storing properties of the resulting fabric. This study also involves investigating various levels of PCM 

staple fibers mass percentage (5%, 10%, 15% and 30%) within the fabric to determine the optimal amount that 

maximizes fabric's ability to regulate body temperature by absorbing, storing, and releasing heat as needed. 

The results show that fabrics contain fibers filled with PCM exhibits altered temperature profiles compared to 

fabrics without PCM, with potential delays in both heating and cooling phases due to the absorption and release 

of heat by the PCM materials. The findings show that the addition of PCM fibers to some extent up to15% to 

the fabric leads to a progressive decrease in the rate of heat absorption and release and temperature rise or 

reduction. Fabric with 15% PCM fibers content exhibits several desirable thermal properties including lowest 

thermal conductivity, highest thermal resistance, thermal effusivity and Far Infrared (FIR) Emissivity among all 

other fabrics. Fabric with 15% PCM fiber content yields a higher output than fabric with 30% PCM fiber content, 

despite having lower PCM content. In addition, the fabric results were validated by developing composite plates 

with different concentrations of PCM-filled staple fibers. Like fabric, composites with 15% PCM-filled staple 

fibers exhibited the lowest rate of heat absorption and heat loss, making them ideal for cold environments.  

Overall, this study has the potential to advance our knowledge of thermal regulation in winter clothing, leading 

to the development of next-generation fabrics with improved performance, comfort, and sustainability. 
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1. INTRODUCTION 

The The regulation of body temperature is fundamental to maintaining human health, comfort, and 

performance in diverse environmental conditions. The human body strives to sustain a narrow thermal balance 

around 37 °C through physiological mechanisms such as sweating, vasodilation, vasoconstriction, and 

shivering [1]. When exposed to heat, sweat secretion and subsequent evaporation from the skin’s surface 

dissipate excess thermal energy, while vasodilation increases blood flow near the skin to enhance heat transfer 

through radiation and conduction. Conversely, under cold stress, vasoconstriction conserves heat by limiting 

peripheral blood flow, and shivering generates metabolic heat. Disruptions to these mechanisms can lead to 

thermal discomfort and, in extreme cases, to serious conditions such as heat stroke or hypothermia [2]. Beyond 
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physiological risks, thermal discomfort also influences psychological well-being, often contributing to stress, 

irritability, and reduced cognitive performance. Clothing plays a pivotal role in supporting these 

thermoregulatory processes, offering protection against external fluctuations and improving overall thermal 

comfort [3]. 

With the increasing demands of modern lifestyles, research on textiles that can store, regulate, and manage 

heat has expanded significantly. Advanced materials and fabric technologies are now being developed to 

dynamically adapt to temperature variations and activity levels. Notably, phase change materials (PCMs), 

nanocomposites, aerogels, and biomimetic textile structures have demonstrated strong potential in enhancing 

thermal comfort [4]. Biomimetic approaches draw inspiration from natural systems such as fur, feathers, and 

plant fibers, enabling fabrics to achieve high insulation, breathability, and moisture management 

simultaneously [5]. Meanwhile, smart textiles that integrate sensors, actuators, and microcontrollers further 

expand the scope of thermal regulation by offering real-time responses to wearer needs and environmental 

changes. 

Among these innovations, PCMs have emerged as a particularly promising solution due to their ability to 

absorb, store, and release large amounts of latent heat during phase transitions. By melting and solidifying at 

defined temperatures, PCMs buffer fluctuations in the thermal environment, thereby maintaining a stable 

microclimate around the body [6]. This property makes PCM-based textiles suitable for a wide range of 

applications, from sportswear and outdoor clothing to protective gear and healthcare textiles. Various methods 

have been developed to incorporate PCMs into textiles, including surface coating, lamination, fiber spinning, 

and microencapsulation. Microencapsulation is especially prevalent in commercial applications, as it enables 

the controlled release of latent heat while protecting the PCM core from leakage and degradation [7]. However, 

challenges remain, including added bulk, reduced fabric aesthetics, high production costs, limited laundering 

durability, and environmental concerns associated with chemical encapsulation techniques [8,9]. 

Recent research has shifted towards embedding PCMs directly into fibers to improve durability and ease of 

integration with conventional textile processes. PCM-filled staple fibers, in particular, represent an innovative 

direction, as they can be blended with standard fibers during spinning to create yarns with inherent thermal 

regulation properties. Such yarns can subsequently be woven or knitted into fabrics, offering scalable and 

durable solutions for thermoregulating garments. Despite their potential, limited studies have addressed PCM 

integration into ring-spun yarns and the resulting fabric properties. Bridging this research gap could lead to 

significant advancements in thermoregulating apparel, contributing not only to wearer comfort and health but 

also to energy-efficient clothing systems aligned with sustainability goals. 

2. EXPERIMENTAL MEHODS 

Two types of staple fibers were used to produce ring-spun yarns: PCM-filled core/sheath polyester staple fibers 

(1.8D × 38 mm from Zhejiang Anshun Pettechs Fibre Co., Ltd., China), and commercial polyester staple fibers 

(14D × 38 mm, SFX Brand, China). Ring-spun yarns with a linear density of 18s Ne (35 Tex) were developed 

in different blend ratios of PCM fibers with polyester: 0%, 8%, 16%, 25%, and 50%. Fiber blends were prepared 

and carded using a Mesdan Lab 337A laboratory carding machine to obtain slivers (26.5 ktex). The carded 

slivers were drawn using a Mesdan Mini Stirolab 3371 with a draft ratio of 4.45, doubled, and redrawn to 

produce a final sliver count of 0.23 Ne (2.28 ktex). The drawn slivers were spun into yarn using a Mesdan Ring 

Lab 3108A at 750 TPM, with a preliminary draft of 1.16 and a total draft of 10.0. Five woven fabrics were 

produced using the developed yarns as weft on a sample weaving loom (Evergreen II, CCI Tech Inc., Taiwan). 

The warp beam was prepared from commercially available polyester yarn using a SW550 mini warping 

machine (CCI Tech Inc.). The specific fiber blending ratios, yarn specifications, and corresponding fabric 

construction parameters are summarized in Table 1. A schematic representation of the sample development 

procedure is illustrated in Figure 1. 



October 15 - 17, 2025, Brno, Czech Republic, EU 

 

 

3. CHARACTERIZATION OF MATERIALS 

The morphology of PCM-filled staple fibers was examined using scanning electron microscopy (SEM). Thermal 

behavior of both the fibers and the developed ring-spun yarns with varying PCM content was analyzed using 

differential scanning calorimetry (DSC). Mechanical properties of the yarns, including tensile strength and 

breaking elongation, were assessed according to ASTM D2256 using a Gester Universal Tensile Strength 

Tester. Dynamic heat storage and release under IR lamp exposure were measured by placing fabric samples 

on Styrofoam boards and exposing them to a 150 W IR lamp positioned 30 cm above the samples, alternating 

between two-minute on–off cycles. Thermal imaging captured temperature changes to quantify heat 

accumulation and release rates. Similarly, heat storage and release were monitored in an oven by attaching 

calibrated i-Buttons to samples exposed to a controlled temperature cycle from 25 °C to 40 °C. Thermal 

conductivity and resistance were determined using a Heat Flow Meter (HFM-25, Thermtest Instruments) by 

measuring steady-state heat flux through the fabric. Thermal effusivity was assessed using a TPS-EFF meter 

(Thermtest Instruments) following ASTM D7984, while thermal emissivity was measured with a HOTECH 

EMS302M instrument in the far-infrared range (5–14 μm) at 20 ± 0.5 °C.  

Table 1 Particulars of used fibers & developed yarns and fabrics 

 
Sample 
Name 

Fibers 
Lab Development 

Spun Yarn 
Woven Fabric 

Fibers Weight Ratio in 
Final Fabric 

PCM 
(1.8Dx38mm) 

Polyester (PES) 
(1.5Dx38mm) 

(PCM:PES) - 
18sNe/35 Tex 

Warp  Weft  
PCM Fibers: Polyester 

Fibers 

PCM 0 0 100 0:100 

Polyester 
Yarn - 167D 
(50 Threads 

per Inch -
EPI) 

Lab 
Developed - 

18sNe 
(50Threads 
Per Inch - 

PPI) 

0:100 

PCM 5 8 92 8:92 5:95 

PCM 10 16 84 16:84 10:90 

PCM 15 25 75 25:75 15:85 

PCM 30 50 50 50:50 30:70 

 

Figure 1 Yarns and fabrics preparation process and developed samples 

4. RESULTS AND DISCUSSIONS 

Microscopic images (Figure 2a) confirmed the morphology of PCM-filled sheath/core fibers. The PET sheath 

appeared smooth and continuous, ensuring protection against PCM leakage, while the PCM was uniformly 
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dispersed in the core, enabling consistent thermal behavior across fibers and yarns. The DSC thermogram of 

PCM-filled polyester core/sheath fibers (Figure 2b) shows distinct thermal transitions corresponding to the 

extracted PCM. A low-temperature transition at –40.85 °C is attributed to the crystallization of PCM, while the 

main endothermic peak between 14.70 °C and 29.54 °C (ΔH = 5.57 J/g) represents the primary PCM melting, 

providing effective latent heat storage in the human comfort range. A secondary transition between 44.13 °C 

and 62.26 °C (ΔH = 2.06 J/g) indicates additional phase-change behavior, contributing to extended thermal 

regulation. The polyester component exhibits a sharp melting peak at 138.96–142.60 °C (ΔH = 12.52 J/g), 

confirming the thermal stability of the fiber matrix. Overall, the DSC results confirm that PCM incorporation 

enables heat absorption and release in the skin temperature range while maintaining the structural stability of 

the polyester carrier. 

DSC thermograms (Table 2) revealed no melting peak in yarns made of pure polyester. In contrast, PCM-

containing fibers and yarns showed clear melting transitions at the PCM phase-change temperature. The latent 

heat of fusion increased proportionally with PCM content, confirming enhanced heat storage capacity. While 

the PCM melting temperature remained stable, additional peaks at high PCM levels suggested combined 

effects from the polyester sheath and supporting polymers, reflecting complex thermal interactions in the 

composite. Yarn mechanical testing showed negligible strength loss at low PCM contents (≤16%). At 30% 

PCM, tenacity dropped by ~6%, and at 50% PCM the reduction reached ~13%, indicating that excessive PCM 

negatively impacts yarn strength. High variability (>15%) in results highlights the need for optimization of fiber 

blending and spinning parameters to stabilize yarn quality. 

 

Figure 2 SEM of staple fiber and DSc of PCM  

Table 2 Summary of Multiple Melting peaks and related Heat Capacity obtained from DSc Curves 

Samples 

1st Peak 2nd Peak 3rd Peak 4th Peak 

Tm 
(oC) 

ΔH (J/g) Tm (oC) ΔH (J/g) 
Tm 
(oC) 

ΔH 
(J/g) 

Tm 
(oC) 

ΔH 
(J/g) 

Yarn – 0% PCM Fibers  - -  61.27 9.722 -   - 254.79 55.2 

Yarn – 8% PCM Fibers 20.06 0.1956 64.26 7.304 -   - 254.43 51.13 

Yarn – 16% PCM Fibers 22.11 0.7191 65.11 6.6  -  - 254.56 48.98 

Yarn – 25% PCM Fibers 22.47 1.715 71.05 8.018 -  -  253.5 45.9 

Yarn – 50% PCM Fibers 23.55 6.728 85.45 3.03  - -  251.57 41.77 

100% PCM Fibers 24.01 15.36 83.48 7.944 140.27 1.794 245.8 27.45 
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Figure 3 Physical and Thermal Properties of Fabrics 

Fabric properties (Figure 3a) showed ~10% variation in GSM and 4–7% changes in thickness with PCM 

addition. These differences, though modest, affect weight and bulkiness and were considered when comparing 

thermal behavior. Dynamic heat storage/release under IR exposure (Figure 3b) demonstrated that PCM-



October 15 - 17, 2025, Brno, Czech Republic, EU 

 

 

containing fabrics delayed heating and cooling cycles compared to reference fabrics. Fabrics with 15% PCM 

fibers exhibited the most efficient performance, with a 17% reduction in heating rate and a 13% reduction in 

cooling rate. Beyond this level, additional PCM produced diminishing returns, likely due to reduced fabric 

breathability and flexibility. Oven experiments (Figure 3c) further confirmed that 15% PCM content optimally 

balanced heat absorption and release. At this level, fabrics showed slower temperature rise during heating 

and a 28% reduction in heat loss during cooling.  

Fabrics with lower PCM (5–10%) showed limited improvement, while higher contents (30%) did not outperform 

the 15% level, emphasizing the importance of controlled PCM addition. Thermal conductivity and resistance 

results (Figures 3d and 3e) indicated minimal change at low PCM levels, but at 15% PCM, conductivity 

decreased by 14% and resistance increased by 17%, improving insulation. At 30% PCM, these effects 

plateaued, showing no further advantage. Thermal effusivity (Figure 3f) decreased slightly at 5–10% PCM, 

making fabrics feel warmer, while a notable 10% increase at 15% PCM improved heat exchange and cooling 

sensation. Increasing PCM further (30%) produced smaller gains. Thermal emissivity (Figure 3g) was reduced 

at 5–10% PCM but enhanced significantly (+11%) at 15%, enabling better infrared radiation emission and 

improved thermal comfort. Higher contents again provided limited additional benefit. Overall, results across 

morphology, thermal, and mechanical testing consistently identified ~15% PCM fiber content as the optimal 

level. At this concentration, fabrics achieved significant improvements in dynamic thermal regulation, 

conductivity, resistance, effusivity, and emissivity, while maintaining acceptable yarn strength and fabric 

integrity. 

5. CONCLUSION 

This work demonstrated the development of thermoregulatory fabrics using polyester yarns blended with PCM-

filled core–sheath staple fibers. Incorporating PCM significantly modified the thermal response of fabrics by 

delaying heating and cooling cycles through latent heat absorption and release. Systematic variation of PCM 

concentration revealed that fabrics with ~15% PCM fibers provided the best balance of thermal performance 

and mechanical stability. These fabrics showed the lowest thermal conductivity, highest resistance, improved 

effusivity, and enhanced FIR emissivity, while remaining processable with no major spinning difficulties. In 

contrast, higher PCM contents (>30%) offered diminishing thermal benefits, introduced processing challenges, 

and reduced yarn strength. The findings confirm that moderate PCM addition is optimal for designing heat-

storing textiles, ensuring efficient material use while maximizing functionality. Such fabrics are particularly 

promising for cold-weather clothing, protective apparel, and insulation applications. Future research should 

focus on enhancing durability during laundering and exploring hybrid systems for multifunctional textile 

solutions. 
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