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Abstract This study investigates how the amount of polyvinyl alcohol (PVA), calcium chloride hexahydrate and di-sodium hydrogen phosphate heptahydrate, as phase change materials (PCMs), influenced the improvement of thermophysiological comfort in clothing. PCMs in the form of a paste with added Salvia rosmarinus essential oil (SREO) were applied to cotton knitted fabrics (Co) and T-shirts by screen-printing. Physiological parameters of the subjects (skin temperature and humidity), together with the amount of stored and released heat, confirmed that PVA in PCMs helped maintain body temperature within the comfort zone. MSR sensors showed that T-shirts printed with PCMs containing higher PVA concentrations stabilized skin temperature in the range of 33–34.5 °C and reduced skin humidity by 35%. In addition to thermoregulation, incorporation of SREO imparted antibacterial activity against Staphylococcus aureus and Escherichia coli. Such multifunctional textiles offer promising applications in sportswear and medical clothing, where both thermal comfort and antimicrobial properties are essential.
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1. INTRODUCTION

Phase change materials (PCMs) are designed to store and release thermal energy, thereby reducing temperature fluctuations. Their effectiveness depends on latent heat storage capacity, which governs the degree of thermal stabilization. For applications such as protective clothing, PCMs with higher energy storage potential are particularly valuable, as they enable more consistent regulation of body temperature under varying environmental conditions (Gao, 2014). One effective approach to enhancing the thermal comfort of textiles is the integration of PCMs, since their insulating properties remain unaffected by compression or moisture (Mäkinen & Jussila, 2014). Incorporating PCMs into a textile substrate can achieve multiple thermal effects, including cooling, heating, thermo-regulation, and active thermal barrier performance (Pause, 1999; Pause, 2001; Shishoo, 2002; Mondal, 2008; Sarier & Onder, 2007). Human thermal comfort is disturbed when body temperature deviates by approximately 4.5  above or below the comfort threshold of 33.4  (Demartino et al., 1984; Havenith et al, 2008).
According to Rossi (2014), the most effective approach for evaluating the cooling and heating performance of PCM clothing is direct testing on human subjects. Based on the chemical composition, PCMs can be classified into three categories: inorganic, organic, and eutectic PCMs. Inorganic PCMs are further divided into hydrated salts, metal alloy, and other inorganic compounds. Hydrated salts offer several advantages, including high latent heat, good thermal conductivity, low cost, and non-toxicity. However, many salt hydrates exhibit incongruent melting, which results in poor stability and pronounced supercooling (Li et al., 2022). Importantly, salt hydrates are regarded as the least expensive among all PCMs (Kosny et al., 2013; Hirschey et al., 2018). Kazemi et al. (2023) developed thermo-regulated cotton fabrics by incorporating an inorganic eutectic mixture of Na2HPO4·12H2O and Na2CO3·10H2O directly into the textile structure, achieving a significant improvement in thermal performance.
Polyvinyl alcohol (PVA) is a promising thermoreversible matrix for stabilizing the shape of inorganic PCMs. PVA is biocompatible and non-toxic, with excellent film-formation ability, biodegradability, favorable mechanical properties, optical transparency, and low cost. Li et al. (2024) developed PVA composites with borax and n-octadecane, while Karimineghlani et al. (2017) prepared PCMs using hydrates of inorganic salts. Li et al. (2024) reported that prepared PVA composites exhibited excellent shape stability, high thermal stability, and large phase change enthalpy. These composites also demonstrated significantly improved mechanical properties and outstanding thermal management performance at low temperatures.
Naturally occurring cotton fibers can absorb considerable amounts of moisture and body sweat and release them into the air, thereby ensuing comfort and ventilation. However, conventional cotton fabrics provide limited protection against excessive summer heat and cannot adequately regulate body temperature within the comfort range. To address this limitation, immobilization of encapsulated PCMs has been proposed to improve the thermoregulatory properties of cotton fabrics Sufficient porosity of the textile substrate enhances latent heat storage capacity, as it allows greater incorporation of encapsulated PCMs (Prajapati & Kandasubramanian, 2020). Screen-printing method facilitates higher water vapor transfer through the fabric, thereby improving breathability, while the coated fabric becomes softer and more flexible. An additional advantage of printing is the ability to control the coating area on textile surfaces. Nejman et al. (2014) applied PCMs to PET fabrics using printing, coating, and padding techniques and reported that printing process yielded the highest melting enthalpy of the PCM-incorporated fabrics, although with the lowest air permeability. A novel screen-printing approach was described by Lotenbach and Sutte (2002), in which PCM was applied in the form of naps containing high concentrations of microcapsules. Their findings demonstrated that the accumulation of PCM in naps largely preserved fabric elasticity as well as the substrate’s ability to exchange vapor and moisture.
In this study, we investigated how the percentage of PVA in PCMs influences the enhancement of the thermophysiological comfort of clothing. PCMs were prepared with varying amounts of PVA, CaCl2·6H2O, and Na2HPO4·12H₂O, which undergo phase transitions by storing and releasing heat under changing climatic conditions. Beyond thermal regulation, this research incorporates Salvia rosmarinus essential oil into PCMs to achieve dual functionality: heat storage and release through phase transition, combined with antimicrobial activity. Unlike previously published studies that primarily focused on either thermal regulation or antimicrobial modification of textiles, our work integrates both aspects into a single PCM system. This dual effect enhances the potential of PCMs, making them particularly valuable for protective and functional textiles that integrate thermal comfort with antimicrobial performance. The novelty of this approach lies in the systematic evaluation of PVA concentration as a stabilizing matrix and the introduction of essential oil into PCM formulations, offering a new pathway for multifunctional textile design.


2. MATERIALS AND METHODS

2.1. Materials and chemicals
[bookmark: page2]
For the research a single weave cotton knitted fabric (Co) with a surface mass of  and a vertical density of 17 and a horizontal density of 17 was used. All the chemicals and reagents used were of analytical grade and used as received without any further purification: PVA, CaCl2·6H2O and Na2HPO4·12H2O were purchased from Lach-Ner (Czech Republic), while Muller–Hinton agar was purchased from Liofilchem (Italy).

2.2. Methodology

PCMs based on PVA were prepared in the form of a paste and printed on Co and T-shirts. Changes in the state of aggregation of PCMs, due to storage and release of heat, were investigated in several stages. In addition to thermal properties, other material properties (air permeability, sorption and antibacterial properties) important for defining the thermophysiological properties of clothing were also investigated. 
Preparation of PCMs based on PVA and screen-printing of cotton knitted fabrics. For the preparation of PCMs pastes for printing on Co and T-shirts, different components were used: CaCl2·6H2O, Na2HPO4·12H2O, PVA in different percentages (5 and 15%), and 2.5% Salvia rosmarinus essential oil. The melting point of CaCl2·6H2O is lower than Na2HPO4·12H2O, so the ratio of components CaCl2·6H2O and Na2HPO4·12H2O was 4:6, for the phase change to take place near body temperature. PCMs in the form of a paste were applied to Co and T-shirts, using a screen-printing process. Printing of Co and T-shirts was performed at a speed of  in two passes using a screen mesh with .
Analysis of the thermal properties of knitted fabrics printed with PCMs. Testing of thermal properties is carried out according to standard GB/T 11 048-2008 (Standardization Administration of China, 2008), on the device for testing thermal resistance , Thermal Guarded Hot Plate YG606D (Fanyuan Instrument, China). Through the instrument panel of the testing device, the necessary data are entered, such as plate temperature  (), time  (s), sample thickness  (mm) and air temperature  (). Air-conditioned samples of textile materials, with dimensions of 250 mm x 250 mm, are placed on a test plate heated to 35 , which is located inside the air conditioning chamber. After that, the device, within the given time, calculated the thermal resistance  (), the thermal conductivity  (), and the coefficient of thermal conductivity  (), through the following equations:

	(1)

	(2)

	(3)

where  is area of the test plate (),  is heating power of the test plate (),  - heating power correction value (),  thermal resistance value of the empty (without sample) test plate ().
Analysis of the heat storage and release of PCMs materials using IR camera. The temperature changes of PCMs printed knitted fabrics placed on plates of different temperatures were analyzed using infrared (IR) thermography. IR thermography employs cameras capable of detecting radiation in the IR range of electromagnetic spectrum, producing images of the detected radiation known as thermograms. As the temperature of an object increases, the amount of emitted radiation also rises; therefore, IR thermography provides a reliable means of observing temperature differences (Usamentiaga et al., 2014). The IR camera (FLIR E6-XT, Teledyne FLIR, USA) was used owing to its infrared detector with 43.200 pixels (240 × 180) and extended temperature range from 20  to 550 , making it suitable for recognizing subtle temperature differences. Images subsequently processed and analyzed using FLIR software, which supported image evaluation and extraction of relevant results. For the experiment, test samples were placed on a hot plate heated to temperatures 35 . The IR camera was used to record the sample immediately after placement and then at one-minute intervals for the following 10 minutes, enabling observation of the effect of PCM on temperature changes over time.
Analysis of the air permeability of knitted fabrics printed with PCMs. The air permeability of the knitted fabrics printed with PCMs was tested according to the ISO 9237 standard (International Organization for Standardization, 1995) on the Air Permeability tester for textile SL-F07 (Skyline Instruments, China). Before testing, the samples were pre-conditioned under standard conditions. On each sample, 20 measurements were made at different locations. From the measured values, the average value of the amount of leaked air (in ) was calculated.
Testing of water absorption capacity of knitted fabrics printed with PCMs. The water absorption test was carried out according to the standard DIN 53923 (Deutsches Institut für Normung, 2022). The water absorption capacity () is calculated from the obtained values, according to the following equation:

	(4)

where  and  are the wet and dry sample masses (expressed in ).
Testing of the antibacterial effect of knitted fabrics printed with PCMs. The antibacterial effect of knitted fabrics printed with PCMs was tested using the agar diffusion method (International Organization for Standardization, 2004; Wiegand et al., 2015). Staphylococcus aureus and Escherichia coli bacterial cultures were used for testing. A detailed description of the testing procedure is given in the paper by Grujić et al. (2023).
Testing of the thermophysiological comfort of T-shirts. Three T-shirts were chosen for testing the thermophysiological properties: T-shirt without a print (Model 1: M-Co), T-shirt printed with PCMs with 5% PVA (Model 2: M-PVA-5), and the T-shirt printed with PCMs with 15% PVA (Model 3: M-PVA-15). Samples of cotton T-shirts are printed on the front part (in the chest area) and on the back part (in the shoulder area). Testing the thermophysiological comfort of T-shirts printed with PCMs through wear testing included the following phases: 15 minutes of running on a treadmill at a speed of , 5 minutes of rest, and 15 minutes of running on a treadmill at a speed of . The presentation of research on the thermophysiological properties of T-shirts printed with PCMs is given in Figure 1.
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Figure 1. Presentation of the research on the thermophysiological properties of T-shirts printed with PCMs.


A Modular Signal Recorder (MSR) device manufactured by MSR Electronics GmbH and IR camera were used to monitor thermal changes during wear testing of cotton T-shirts printed with PCMs. Using the MSR device and associated sensors, changes in skin temperature () and relative skin humidity () of the subjects were measured during the wear testing. Sensors for measuring  and  were attached to the subject in the chest area and in the shoulder blade area on the back. IR camera was used to measure the temperature changes of T-shirts, which occurred during the wear testing, due to the storage and heat release of the PCMs. Due to its practicality and ease of handling, monitoring temperature changes using an IR camera is a quick and efficient way to observe temperature differences that are clearly visible when registering light in a certain color spectrum, from blue, which represents the lowest temperature, to red, which represents the highest temperature.
Determining the amount of sweat secreted and absorbed into clothing. The total amount of sweat secreted and evaporated is calculated from the difference in the body weight of the subjects and their clothing, before and after the test, as well as the amount of sweat absorbed by the clothing, according to the following equations (Grujić & Geršak, 2017):

	(5)
	(6)

where  is the amount of sweat evaporated, while  and  are the body masses (in ) of a person without clothes before and after testing, respectively.  is the amount of sweat secreted, while  and  are the masses of clothes (in ) before and after testing, respectively.


3. RESULTS AND DISCUSSION

3.1. Thermal properties of knitted fabrics printed with PCMs
 
The results of testing the thermal properties of Co printed with PCMs, at different temperatures of the heat plate, are presented in Table 1.


Table 1. Results of testing the thermal properties of Co printed with PCMs 
	Sample
	Thickness 
 ()
	Thermal 
Resistance 
()
	Thermal 
Conductivity Coefficient 
 ()
	Thermal 
Conductivity 
 ()

	Co
	0.36
	0.0331
	0.0109
	30.21

	Co-PVA-5
	0.54
	0.0300
	0.0179
	33.29

	Co-PVA-15
	0.55
	0.0358
	0.0154
	27.96



From the results of testing the thermal properties of Co printed with PCMs, Table 1, it was evident that the thermal conductivity () or coefficient of thermal conductivity () was the highest in knitted fabrics printed with 5% PVA (Co-PVA-5). With an increase in the concentration of PVA (15%) in PCMs, the thermal conductivity decreased, and the values for  () and () were lower than the values for the initial sample (Co). From the aspect of thermophysiological comfort of clothing and based on measurements of the thermal properties of Co printed with PCMs, Co printed with 5% PVA (Co-PVA-5) proved to be the most suitable for making clothing intended for warm conditions. 
For most materials, thermal conductivity decreased slightly with increased temperature. Salaün (2019) stated that high thermal conductivity reduced temperature differences in the material during melting and crystallization, thereby facilitating heat transfer. The same author also emphasized that it was possible to increase conductivity by inserting fibers or metal matrices, graphite or urea, or by increasing the exchange surface area.

3.2. Air permeability and water absorption capacity of knitted fabrics printed with PCMs

The results of testing the air permeability () and water absorption capacity () of Co printed with PCMs are presented in Table 2.


Table 2. Test results of air permeability and water absorption capacity of Co printed with PCMs.
	Sample
	Air permeability
 ()
	Water absorption capacity
 (%)

	Co
	718.20
	277.57

	Co-PVA-5(EU)
	660.31
	243.91

	Co-PVA-15(EU)
	545.11
	231.21



The results of air permeability () and water absorption capacity () tests are presented in Table 2. Both  and  value decreased with increasing the PVA concentration in PCMs. Air permeability was a parameter used to obtain information about the raw material composition and structure of the fabric. Therefore, the reduction in air permeability of knitted fabrics printed with PCMs was a consequence of reduced porosity. The reduction in porosity occurred due to the penetration of the polymer paste between the threads in the knitted fabric, as well as between the fibers in the yarn. This reduction in porosity could result in a lower amount of sweat evaporated during the wear testing of T-shirts.

3.3. Antibacterial properties of knitted fabrics printed with PCMs 

The results of testing the antibacterial properties of Co printed with PCMs on E. coli and S. aureus are presented in Table 3.


Table 3. Results of testing the antibacterial properties of Co printed with PCMs.

	Sample
	Microorganisms tested

	Co
	S. aureus (NA)
	E. coli (NA)
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	Co-PVA-5
	S. aureus (CI)
	E. coli (PCI)
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	Co-PVA-15
	S. aureus (PCI)
	E. coli (PCI)
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	NA –  no activity; CI – contact inhibition (the reduction of number of bacteria under the sample is 100%); PCI – partial contact inhibition (reduction of bacteria below the sample greater than 50%).


Based on the results of testing the antibacterial effect of Co fabrics printed with PCMs (Table 3), it was observed that Co-PVA-5 and Co-PVA-10 knitted fabrics exhibited a certain effect in the form of contact inhibition (CI) against E.coli and S.aureus. However, an increased concentration of PVA in PCMs weakened the antibacterial activity, so that the Co-PVA-15 knitted fabric was characterized by a partial contact inhibition (PCI).
The antibacterial properties of knitted fabrics originated from the essential oil of Salvia rosmarinus, which, in addition to PCMs, was incorporated into the printing paste. Houzi et al. (2025) reported that GC-MS analysis of the bioactive compounds in Salvia rosmarinus essential oil identified 16 compounds accounting for 99.19% of the total oil content, with 1,8-cineole (33.17%), camphor (16.53%), -pinene (14.46%) and camphene (8.14%) as the main components. The dominant compound 1,8-cineole demonstrated a significant effect on S. aureus and E. coli. Numerous studies have demonstrated that bioactive components in extracts of medicinal plants, such as Achillea millefolium (Ivanović et al., 2022; Grujić et al., 2023; Gómez de Cedrón et al., 2024), Reynoutria japonica (Gorjanc et al., 2016; Suprun et al., 2024), Pinus sylvestris (Metsamuuronen et al., 2019; Ružičić et al., 2021; Česna et al., 2024), Picea omorika (Grujić et al., 2021), etc., exhibited strong antibacterial effects when applied to textile materials.

3.4. Results of analysis of heat storage and release of PCMs materials 

Analysis of the heat storage and release of Co fabrics printed with PCMs, placed on a thermal plate heated to 35 , was performed by measuring the temperature of the samples with an IR camera. After setting the selected hot plate temperature on the device for determining thermal properties, IR camera measured the temperature of the hot plate (), the temperature of the sample immediately after placement (), and then the temperature of the sample at one‑minute intervals for the following 10 minutes. For analysis, the measured temperatures after 1 minute (), 5 minutes (), and 10 minutes () were selected (Table 4). Table 5 presents a graphical representation of the temperature measurement results of knitted fabrics printed with PCMs after the first, fifth, and tenth minutes, obtained by measuring with an IR camera.


Table 4. Temperatures of Co printed with PCMs measured with IR camera
	Sample
	
()
	Heating plate
 ()
	After placing sample
 ()
	After
1 minute
 ()
	After
5 minutes
 ()
	After
10 minutes
 ()

	Co
	35
	36.6
	33.3
	33.3
	35.5
	35.6

	Co-PVA-5
	35
	36.6
	34.8
	35.2
	36.0
	36.1

	Co-PVA-15
	35
	37.0
	35.0
	34.9
	35.6
	35.9



By analyzing the differences in the temperature of the knitted fabrics printed with PCMs after 1 min and after 10 min, obtained by measuring with IR camera, it was established that the smallest differences in temperature were measured in the sample with the highest PVA content (Co-PVA-15), Tables 4.
Temperature values ​​measured by IR camera over 10 minutes were lower for PCM-printed knitted fabrics containing a higher percentage of PVA. Therefore, it can be concluded that PCM-printed knitted fabrics with a higher percentage of PVA have a higher heat storage capacity, which is also confirmed by the measurement results for the Co-PVA-15 sample.

3.5. Results of analysis of thermophysiological properties of T-shirts printed with PCMs
 
Skin temperature and relative humidity measured with an MSR device. The thermophysiological properties of T-shirts printed with PCMs were tested by wearing them during various physical activities. The role of PCMs was assessed by measuring the skin temperature () and the relative skin humidity (), using an MSR measuring device, with sensors placed in the chest area and on the back in the shoulder blade area. The results of skin temperature measurements during T‑shirt wear testing and the relative humidity of the skin were presented in Figure 2 and 3, respectively.
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Figure 2. Results of the skin temperature measurement in the chest area: (front side) (a) and in the shoulder blades area (back side) (b)
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Figure 3. Results of the relative humidity measurement of the skin in the chest area: (front side) (a) and in the shoulder blades area (back side) (b)


The results of the skin temperature () test of the subjects, Figures 2a) and 2b), obtained with the MSR device and associated sensors, indicated that  ranged from  to  (comfort zone), when the subject worn Model 3 (PVA15).
Grujić and Geršak (2017) stated that a more pronounced feeling of discomfort occurred when larger amounts of sweat secreted increased the degree of skin humidity, which led to a higher percentage of skin coverage with sweat. The relative skin humidity () was lowest when the subject wore Model 3 (65%), Figures 3a and 3b, indicating that PCMs with 15% PVA reduced relative skin humidity and thereby contributed to improved thermophysiological comfort of the clothing.
Amount of sweat secreted and absorbed into the shirt. Based on the measured weights of the subjects and T-shirts before and after the wear testing, the amounts of sweat secreted by the subjects and absorbed by the T-shirts were calculated. The amounts of sweat secreted, evaporated and absorbed, calculated according to equations (5) and (6), for all three T-shirt models, are presented in Table 5.


Table 5. The amount of sweat secreted, evaporated and absorbed.
	
	Model 1 
(Cotton)
	Model 2 
(5% PVA)
	Model 3 
(15% PVA)

	Amount of sweat evaporated (g)
	430.00
	220.00
	150.00

	Amount of sweat secreted (g)
	431.64
	222.77
	152.95

	Amount of sweat absorbed in a T-shirt (g)
	1.64
	2.77
	2.95



The highest amount of sweat () was measured when the subject was wearing Model 1 (cotton T-shirt without print), while the lowest () was recorded for Model 3 (cotton T-shirt with 15% PVA) (Table 5). During increased physical activity, one of the mechanisms of body temperature regulation was the increased secretion of sweat glands, maintaining thermal equilibrium. The reduced amount of sweat secreted in T-shirts printed with PCMs, 35% lower in Model 3 compared to the cotton T-shirt without print, demonstrated that the PVA content in PCMs had a significant impact on the thermoregulation of the human body.
Our results were consistent with previous findings reported in the literature. Grujić et al. (2010) indicated a statistically reliable relationship between the amount of sweat absorbed by clothing and the surface area and water retention capacity of fabrics of different raw material compositions, particularly at higher air temperatures and low wind speeds. Furthermore, other studies emphasized that the amount of sweat absorbed by clothing was significantly influenced by garment construction and ventilation (Grujić et al., 2014; Smith et al., 2019). In line with these observations, our investigation confirmed that the incorporation of PCMs with higher PVA content reduced sweat secretion and absorption, thereby contributing to improved thermoregulation.
T-shirt temperatures measured with an IR camera. IR camera was used to analyze the storage and release of heat in T-shirts printed with PCMs. The resulting images were processed in the Flir program and presented in Tables 6–8. During images processing, the maximum, the minimum and average temperatures were measured before, during rest, and after wear testing, on both the front and back of the T-shirt.
The maximum temperature on the measuring scale was set to  and the minimum to . The analyzed surfaces are marked with squares: the smaller square represented the position of the MSR sensor (Bx1), while the larger square represented the processed surface of the T-shirt (Bx2). Labels were attached to the front and back of the T-shirt. 


Table 6. Results of measuring body temperature with an IR camera for Model 1 (Cotton).
	MODEL 1 (Co)

	Model 1 (before wear testing)
	[image: ]
Front side
	[image: ]
Back side

	
	Tmax ()
	Tmin ()
	Taverage ()
	
	

	Bx1 front
	32.7
	30.3
	31.4
	
	

	Bx1 back
	34.2
	30.9
	32.1
	
	

	Model 1 (during rest)
	[image: ]
Front side
	[image: ]
Back side

	
	Tmax ()
	Tmin ()
	Taverage ()
	
	

	Bx1 front
	32.7
	30.6
	31.7
	
	

	Bx1 back
	33.7
	32.3
	32.8
	
	

	Model 1 (after wear testing)
	[image: ]
Front side
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Back side

	
	Tmax ()
	Tmin ()
	Taverage ()
	
	

	Bx1 front
	34.3
	31.3
	32.2
	
	

	Bx1 back
	33.3
	30.6
	31.7
	
	





Table 7. Results of measuring body temperature with an IR camera for Model 2 (PVA-5).
	MODEL 2 (PVA-5)

	Model 2 (before wear testing)
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Front side
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Back side

	
	Tmax ()
	Tmin ()
	Taverage ()
	
	

	Bx1 front
	35.3
	32.4
	33.4
	
	

	Bx2 front
	34.1
	32.5
	33.3
	
	

	Bx1 back
	36.0
	32.0
	34.0
	
	

	Bx2 back
	33.5
	33.3
	33.4
	
	

	Model 2 (during rest)
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Front side
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Back side

	
	Tmax ()
	Tmin ()
	Taverage ()
	
	

	Bx1 front
	35.3
	31.7
	33.5
	
	

	Bx2 front
	34.2
	32.1
	33.1
	
	

	Bx1 back
	36.4
	32.1
	34.2
	
	

	Bx2 back
	33.9
	32.6
	33.2
	
	

	Model 2 (after wear testing)
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Front side
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Back side

	
	Tmax ()
	Tmin ()
	Taverage ()
	
	

	Bx1 front
	34.6
	30.5
	32.2
	
	

	Bx2 front
	32.7
	31.0
	31.7
	
	

	Bx1 back
	36.3
	32.2
	34.5
	
	

	Bx2 back
	35.8
	32.7
	34.1
	
	




Table 8. Results of measuring body temperature with an IR camera for Model 3 (PVA-15).
	MODEL 3 (PVA-15)

	Model 3 (before wear testing)
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Front side
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Back side

	
	Tmax ()
	Tmin ()
	Taverage ()
	
	

	Bx1 front
	36.7
	32.9
	34.8
	
	

	Bx2 front
	36.3
	33.8
	34.6
	
	

	Bx1 back
	35.1
	29.2
	32.4
	
	

	Bx2 back
	33.5
	30.6
	32.2
	
	

	Model 3 (during rest)
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Front side
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Back side

	
	Tmax ()
	Tmin ()
	Taverage ()
	
	

	Bx1 front
	35.9
	30.9
	33.1
	
	

	Bx2 front
	32.8
	32.1
	32.8
	
	

	Bx1 back
	37.9
	34.4
	36.1
	
	

	Bx2 back
	37.5
	34.6
	36.2
	
	

	Model 3 (after wear testing)
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Front side
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Back side

	
	Tmax ()
	Tmin ()
	Taverage ()
	
	

	Bx1 front
	37.6
	33.2
	34.7
	
	

	Bx2 front
	35.1
	33.2
	34.3
	
	

	Bx1 back
	36.3
	32.2
	34.2
	
	

	Bx2 back
	35.1
	32.5
	33.9
	
	


 
The storage and release of heat were controlled using the IR camera, whereby the subject's body temperature was measured before the start of running on the treadmill, during the rest phase, and after the end of the running. The results of measuring the physiological parameters of the test subjects ( and ), as well as the amount of stored and released heat measured with the IR camera during wear testing of T-shirts, regardless of the intensity of physical activity, indicated that PCMs with 15% PVA maintained body temperature within the comfort zone. It is well known that the most comfortable skin temperature is . Within  of this ideal temperature, humans do not perceive environmental difference, whereas discomfort occurs when the temperature changes by more than  (Peng et al., 2019). The positive impact of PCMs was reflected in the reduction of the  values of the respondents compared to the  measured when wearing the T-shirt without print ( was 100%). It should also be emphasized that the prepared PCMs released a characteristic, pleasant smell of rosemary essential oil from the T‑shirt due to the greater heating of the subjects. Finally, it was concluded that PCMs, with their ability to undergo phase transition and thereby store or release heat, fulfilled their purpose of maintaining human body temperature during testing within the scope of this work.


4. CONCLUSIONS

The investigation of the influence of poly(vinyl alcohol) (PVA) content in phase change materials (PCMs), applied to cotton knitted fabrics, was conducted by measuring air permeability, thermal behavior, sorption capacity, and antibacterial properties. The thermophysiological comfort of cotton T-shirts printed with PCMs was further evaluated through wear testing, monitoring skin temperature, relative skin humidity, and the amount of secreted, evaporated, and absorbed sweat.
The antibacterial activity of knitted fabrics printed with PCMs and Salvia rosmarinus essential oil on S. aureus and E. coli bacteria decreased with increasing PVA concentration in PCMs. Also, the lowest values ​​of air permeability and water absorption capacity were measured in samples printed with PCMs with the highest PVA content.
Thermal properties measurements using a heating plate at different temperatures indicated that increasing PVA concentration in PCM results in higher thermal resistance () and lower thermal conductivity coefficient (). Parallel IR camera measurements confirmed that the smallest temperature differences were observed in the sample with the highest proportion of PVA.
Physiological parameters of the subject, obtained by measuring with the MSR device and associated sensors, indicated that the skin temperature () ranged from to , while relative skin humidity () was the lowest when the subject wearing Model3 (PVA15). This demonstrates that cotton T-shirts printed with PCM containing 15% PVA tend to maintain Tskin within ​​the comfort zone and reduce , thereby enabling better control of the thermophysiological comfort of the clothing.
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