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Abstract 

Short-time (0 < t < 20s) heat transfer between human skin and textiles is critical to thermal perception, 

yet classical models predicting a √t surface-temperature rise often fail to capture measured behaviour 

during the first seconds after contact. This study investigates the early-time transient response of a 

fingertip in contact with various woven and knitted fabrics under a constant heat-flux step. 

Experiments were conducted in controlled environmental conditions using a fine-gauge 

thermocouple at the skin–fabric interface, with temperature recorded for 0–20 s. Laplace-domain 

analysis of the data revealed early-time power-law exponents significantly lower than 0.5 on some 

fabrics, mainly corresponding to t1/6 and sometimes to t1/4 and t1/10 behaviours in the time domain. Heat 

conduction model was applied to interpret these deviations, introducing two characteristic times: τq 

for heat flux and τT for temperature gradient. The dimensionless ratio Z = τT / τq emerged as the 

governing parameter controlling the slope of the Laplace-domain response. Model curves with 

realistic Z values reproduced the experimentally observed exponents without requiring additional 

empirical terms. The findings indicate that short-time thermal response is sensitive to textile 

structure, including thickness and porosity, and can be tuned via material design. This approach 

provides a quantitative link between fabric properties and perceived warm–cool feel, offering a 

framework for designing textiles with targeted thermal comfort characteristics. 

Keywords: dual-phase-lag; short-time transient; skin–textile interface; thermal perception of textiles; 

Laplace transform; power-law exponent; fingertips on textiles 

 

1. Introduction 

The thermal perception of textiles against the human skin plays a crucial role in determining 

consumer preference and their comfort, particularly during the initial contact of human skin with a 

fabric [1–4]. This tactile thermal interaction—often referred to as the haptic perception of 

temperature—is governed by the transient heat transfer between two heterogeneous materials: 

human skin and textile [2,5].  

The sensation experienced during this short-term contact, often within the first few seconds, 

forms the foundation of a consumer’s first impression of a textile product [4]. In many purchasing 

contexts, particularly where touch is involved (such as apparel or bedding), the way a fabric feels—

cool, warm, dry, or damp—can influence the decision to buy or not to buy [3,4]. Studies show that 

thermal comfort is one of the most important predictors of textile acceptability, also in sportswear 

and everyday clothing, where both psychological and physiological responses to temperature are 
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relevant [3, 6, 7]. This perception-related dimension encompasses thermal, tactile, and even emotional 

elements [21, 22], reflecting an individual’s response to how a fabric interacts with their body [4]. 

Fabrics’ thermal features can be measured objectively using instruments such as Kawabata 

Evaluation System KES F7 Thermo Labo [47] and subjectively using Fabric Hand Subjective 

Evaluation procedure [20]. In case of empirical studies, placing a thermocouple directly between 

fabric and skin allows for monitoring how temperature changes when a human fingertip, usually at 

a temperature around 31 °C [17] comes into contact with a cooler textile (measured in standard 

laboratory temperature conditions are 21°C) [2, 17]. This measurable transient thermal profile 

provides insights into how heat is transferred between the two materials and, by extension, how 

“cool” or “warm” the fabric may feel against the skin [17, 20,22]. 

Accurate thermal skin-fabric interface models can serve as a bridge between subjective human 

sensations and objective physical measurements, enabling the quantification of how human skin may 

thermally perceive fabrics [25]. This quantification is vital for predicting and enhancing the thermal 

comfort of textiles, ensuring that they meet the physiological needs of users. Incorporating thermal 

modelling into textile design allows engineers to predict a fabric's thermal behaviour before its 

production [25, 26]. On the fabric’s materials and construction level, factors such as raw materials, 

spinning technology of yarns, yarn density, yarns’ arrangement, chemical and mechanical finishes 

collectively impact fabrics’ thermal characteristics. Collectively, it encompasses the following 

physical parameters of fabrics: (a) thermal diffusivity (indicates how quickly fabric transfers heat; 

higher values = cooler sensation); [30] (b) thermal resistance (measures insulation or resistance to heat 

flow; higher values = warmer fabric) [31, 32]; (c) heat flux or maximum heat flux (Qmax) (indicates 

initial cool/warm feeling upon skin contact; higher Qmax = cooler touch) [33]; (d) thermal absorptivity 

(correlates with warm/cool sensation at first touch; lower value = warmer sensation) [34, 35]; (e) heat 

transfer coefficient (total rate of heat transfer through the fabric; it is used in comparative thermal 

studies and modelling) [36]; (f) specific heat capacity (measures heat required to raise temperature of 

fabric by 1°C, which is important in performance/technical textiles) [36, 37]; (g) surface temperature 

distribution (visual map of heat spread across fabric surface [23, 24]. 

In the development of functional textiles, modelling heat and mass transfer properties is crucial 

for ensuring that garments provide adequate insulation and breathability [37, 38, 39]. Furthermore, 

as textiles evolve into smart and functional materials, understanding heat transfer mechanisms 

becomes increasingly important. Advanced thermoregulatory textiles, designed to manipulate heat 

transport, storage, rely on precise thermal models to function effectively, drifting towards personal 

thermal management, which is a holistic approach to offering thermal comfort to humans wearing 

clothing [37, 41, 42]. These models inform the development of fibres and fabrics that can adapt to 

environmental conditions, providing personalized thermal management without the need for 

external energy sources. By accurately modelling heat transfer dynamics, prior to the mass 

production of clothing, especially during the initial contact between fabric and skin, manufacturers 

can optimize the first impression of textiles. It would lead to improved marketability and user 

experience [37, 38, 42, 43]. However, mathematical modelling of this thermal behaviour, without 

mass transportation, encompasses both the human skin and textiles, and is not straightforward. 

Traditional approaches based on classical Fourier heat conduction theory assume that heat 

propagates with infinite speed and follows a predictable square-root time dependency (T ∝ √t), at 

least for short times. However, during the first seconds after contact, the coupled skin–textile system 

consists of at least two heterogeneous media (skin tissue with blood perfusion, and textile fibers with 

entrapped air), which often causes deviations from the √t prediction. 

While this may be suitable for homogeneous solids observed in longer periods of time, it is 

insufficient for porous, dual-phase materials like textiles or biological systems such as skin, 

particularly during short-time transients [8,9]. 

To overcome these limitations, researchers have turned to the Dual Phase Lag (DPL) [44, 45] 

approach, which incorporates two independent time delays: 

(a) τq, the lag of heat flux in response to a temperature gradient [44], and 

(b) τT, the lag of the temperature gradient in response to a heat flux [10]. 
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This model is suitable for materials like woven or knitted fabrics that exhibit both solid (fibres) 

and pores (air) phases, as well as for biological materials like human skin, where tissue and blood 

flow create internal thermal lags [2,10,11]. These systems often display anomalous conduction 

behaviour where the temperature follows a power-law dependency T ∝ tα, with α ≠ 0.5—highlighting 

the inadequacy of classical models for short-duration events. 

The goal of this study is to: (a) apply the dual-phase approach to model the results and extract 

meaningful parameters in the initial short period of contact (0-20 s); (b) experimentally capture the 

short-time temperature profiles using a precise thermocouple setup; (c) analyse differences across a 

variety of textile structures. 

Through this investigation, the study aims to build a bridge between objective thermal 

measurements and subjective comfort perception, offering a tool for the design of thermal 

characteristics of textiles, including high-performance materials, wearables, and next-generation 

smart materials. 

2. Theoretical Approach 

To establish a baseline, one considers the classical heat conduction in a semi-infinite solid 

subjected to a constant heat flux step at the free surface. The boundary condition for a constant heat 

flux per unit area applied at x = 0 is: 

 

                    − 𝑘 𝜕𝑇

𝜕𝑥
|
𝑥=0

= 𝑝0 𝑢(𝑡),                                    (1) 

 

where u(t) is the unit step function and p0 is the applied heat flux amplitude. 

This can be expressed in terms of the standard semi-infinite solution [13][14]: 

 

        𝑇(0, 𝑡) =
2𝑝0

𝑘
√

𝑎𝑡 

𝜋
 =  

𝑝0√𝑡

√𝜋𝑘𝑐𝑣

                      (2) 

 

where a = k/cv is the thermal diffusivity, k is the thermal conductivity, cv is the specific heat capacity, 

and p0 is the power per unit area applied at the free surface. The result (2) shows the well-known 

square-root dependence on time, T∝ √t predicted by classical Fourier heat conduction. One will find 

cv = ϱ cp, where ϱ is the density and cp the specific heat capacity per unit mass. The relation T ∝ √t is 

also valid for bodies with different geometries, but only for sufficiently short periods. The relation (2) 

is also used in specialised equipment to measure the product kcv of solid materials.  

If a heat pulse is used as the heat source, the temperature behaviour turns out to be: 

                                                      𝑇~ 
1

√𝑡
                                                                      (3) 

(3) can be easily found by taking the time derivative of (2). The reason for the widespread use of the 

√t relationship is that it is an exact analytical solution for a half-infinite medium. The time-dependent 

heat transfer equation in the one-dimensional case reads:  

                                                    𝑘
𝜕2𝑇

𝜕𝑥2
=  𝑐𝑣

𝜕𝑇

𝜕𝑡
                                                                (4) 

The fundamental solution of (4) is in the form: 

 

                                                  𝑇 ~ 
1

√𝑡
 𝑒𝑥𝑝 [−

𝑐𝑣𝑥2

4𝑘𝑡
]                                                     (5) 

 

(4) is known as the diffusion equation. (5) is the solution for a single heat pulse in space and time: i.e., 

in the origin x = y = z = 0 and t=0. (5) is known as the fundamental solution or the Green’s function of 

(4). In the origin (x=0), a temperature decay of the form T∝ 1/√t is found. If a power step is applied 

instead of a pulse, integrating T∝ 1/√t response with respect to time yields T∝ √t. 

As a consequence, the √t has been considered as a fundamental law. Any time a √t behaviour is 

observed, the conclusion is that one is dealing with a time-dependent heat conduction problem or, 

more generally, with a diffusion phenomenon. 
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Over the last two decades, several experimental studies have concluded that the √t behaviour 

no longer has its universal value. Instead, a tα relationship was measured where α≠1/2. These 

experimental observations were mainly found in porous and amorphous materials. In porous 

materials, two phases are involved, and the heat transfer equation (6) has to be adequately modified 

to reflect the dual-phase phenomenon. Experiments have been done in sand [10] and, assembly of 

small (100 µm diameter) copper spheres [15]. 

In other studies [15, 16], mathematical analysis is based on fractal geometry of the percolation 

network, i.e., how the heat-conducting paths in the material are connected. A tα relation could be 

proved where α depends on the fractal dimension of the structure. An overview of these topics – 

especially, macroscale heat transfer- was provided by Tzou [10]. These macroscale phenomena are 

only observed for sufficiently short periods, and after longer periods, all materials follow the √t, 

indicating that the classical heat transfer equation can be used for modelling.  

Any textile woven fabric is considered a porous, non-homogeneous object. Not only the empty 

spaces in between the yarns, but also the yarns being composed of many fibres create spaces filled 

with air, hence the dual phase approach (textiles and air). A fingertip is also a dual-phase material 

due to different properties of the tissues composing the fingertip, such as epidermis, dermis, 

hypodermis (solid), and blood (liquid). 

The initial experimental approach presenting the transient temperature between a fingertip and 

a fabric was published previously [17]. The goal of this research was to learn how textiles feel when 

they are in contact with the human body. These kinds of feelings are very subjective and difficult to 

quantify. Therefore, one has chosen to measure the temperature variation at the interface between a 

textile fabric and a human finger. A temperature can be measured with sufficient accuracy, and this 

contact temperature can also be associated with the feeling (perception) of a piece of textile. After 

touching a fabric for too long, the initial sensation dissipates. Therefore, transient temperature 

measurements have been done. 

In the present paper, the short-time measurements (0 < t < 20s) are studied.  

3. Experimental Results 

The experimental data for the modelling and analysis were obtained from the previous research 

[17]. In that research, a fabric was put on a piece of foam (thickness 2cm) to provide sufficient thermal 

insulation. Also, in that initial research, only three types of fabrics were tested ((∆) knit 100% angora; 

(○) woven 65% linen + 35% cotton; woven 70% wool + 20 % linen + 10 % cotton). The data from the 

short-time transient thermal behaviour measured for these three fabrics were used in the current 

study. In addition, the short-time transient thermal behaviour for five other fabrics was examined, 

and the collected data served the modelling in this current research. Figure 1 shows an experimental 

setup with a right-hand index fingertip of a 35-year-old female placed on a thermocouple connected 

with the voltmeter that registers online changes of the temperature of the interface between a fabric 

placed on an isolating foam and a fingertip. A thin nickel-chromium thermocouple was put on the 

fabric to record the temperature variation. This thermocouple generates a voltage of 36.8 µV/°C. Next, 

the finger was placed on the thermocouple in such a way that the thermocouple junction was just in 

the middle of the fingertip. The thermocouple junction was a small sphere with a diameter of 0.5 mm. 

Hence, it can be assumed that its size will not disturb the measurements. Once the finger made contact 

with the fabric, the temperature was recorded with an electronic voltage meter with a high input 

impedance of 10 MΩ. The temperature readout was done every second. The starting time t=0 was 

exactly the moment the finger made contact with the fabric. 
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Figure 1. Fingertip in contact with a fabric. 

Figure 2 presents a typical, theoretical temperature plot versus time when a fingertip is in contact 

with a piece of fabric, as presented in Figure 1. The temperature rises to about 15 s – 20 s followed by 

a continuous decrease.  

 

Figure 2. Transient temperature between a fingertip contacting a fabric. T (°C) denotes the temperature rise 

above the initial value. 

Note that the temperature rises until t ≈ 15 s, then decreases continuously. The decrease occurs 

because, after about 15 s, a large portion of the fingertip’s heat capacity has been used, causing the 

fingertip’s temperature to drop, as shown in Figure 2. However, in our experiments, we are focusing 

on the short-time behaviour, i.e., t<15 s. 

Eight different woven and knit fabrics have been used in the experiment: woven 65% linen and 

35% cotton fabric (○), woven coarse linen (●), woven chenille fabric thin polyester(×), Outlast® 

chenille fabric polyester (∇), 100% angora knitted fabric (∆), plain knitted fabric polyester in ecru 

colour (◊), plain knitted fabric cotton in beige colour (⁕), and woven fabric chenille thick (+). The only 

criterion for fabric selection was their thickness, which was in the range from 0.75 mm ((◊), (∆), (⁕), 

through 0.90 mm ((○), (∇)), to 1.25 mm (●), (+), (×)). 

The measurements were performed for each fabric separately. The results of the measurements 

are presented in Figure 3. The character of the curves in Figure 3 resembles the curve from Figure 2.  

To detect any kind of DPL, it is mandatory to present all results in a double logarithmic plot, as 

presented in Figure 3.  
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Figure 3. Transient temperature of a fingertip in contact with different kinds of fabrics. T (°C) denotes the 

temperature rise above the initial value. 

 

The first observations are the remarkable differences between the different fabrics. Temperatures 

vary between 2°C and 10°C. A second observation is that fittings can be made of the shape tα. Most 

frequently, t1/6 is observed. Note that all values of the exponent α can be explained using the dual 

phase model, which will be explained further on in this paper.  

Two curves can be fitted to t1/2 in the very beginning, followed by t1/6 for larger values of time 

(woven coarse linen and green knitted fabric). This behaviour is also observed experimentally in 

several other cases [10]. First, a diffusion t1/2 followed by a dual phase transient, and then once again, 

a diffusion is observed and described in the literature. 

 

3. Mathematical Analysis – The Dual Phase Lag (DPL) Model 

To provide a theoretical explanation for the observed phenomena, one proposes applying the DPL 

model, which offers a physically grounded explanation. In many textbooks dealing with heat 

transfer, one finds the Fourier law (the one-dimensional case):  
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                                                  𝑞 =  −𝑘
𝜕𝑇

𝜕𝑥
                                                                       (6) 

 

where q denotes the heat flux and T the temperature distribution. Conservation of energy is expressed 

by: 

                                                     
𝜕𝑞

𝜕𝑥
=  − 𝑐𝑣

𝜕𝑇

𝜕𝑡
                                                                 (7) 

 

where cv is the specific heat capacity. The combination of (6) and (7) yields: 

                                                      𝑘
𝜕2𝑇

𝜕𝑥2
=  𝑐𝑣

𝜕𝑇

𝜕𝑡
                                                                 (8) 

 

(8) is known as the diffusion equation. As pointed out, the diffusion equation can explain the 

exponent ½, but not the other values observed experimentally. 

 

In the dual phase approach, the Fourier law (6) is replaced by: 

 

                                        𝑞(𝑥, 𝑡 + 𝜏𝑞) =  −𝑘
𝑇(𝑥, 𝑡 + 𝜏𝑇)

𝜕𝑥
                                              (9) 

The equation (7), expressing the conservation of energy, remains unchanged: 

                                                                                                            
𝜕𝑞

𝜕𝑥
=

 − 𝑐𝑣
𝜕𝑇

𝜕𝑡
                                                                  (10) 

Note that two delay times τq and τT have been inserted in (9). Using a Taylor series expansion, 

(7) is replaced by: 

                                                                             𝑞(𝑥, 𝑡) +  𝜏𝑞

𝜕𝑞(𝑥, 𝑡)

𝜕𝑡

=  −𝑘
𝜕𝑇(𝑥, 𝑡)

𝜕𝑥
− 𝑘𝜏𝑇

𝜕2𝑇(𝑥, 𝑡)

𝜕𝑥𝜕𝑡
                            (11) 

And (11) is converted to: 

            
𝜕𝑞

𝜕𝑥
+ 𝜏𝑞

𝜕2𝑞

𝜕𝑥𝜕𝑡
= −𝑘

𝜕2𝑇(𝑥, 𝑡)

𝜕𝑥2
−  𝑘 𝜏𝑇

𝜕3𝑇(𝑥, 𝑡)

𝜕𝑥2𝜕𝑡
                                          (12) 

 

which gives rise to the following equation for the temperature distribution after inserting (10): 

 

                             𝑘 [
𝜕2𝑇

𝜕𝑥2
+ 𝜏𝑞

𝜕3𝑇

𝜕𝑥2𝜕𝑡
] = 𝑐𝑣 [

𝜕𝑇

𝜕𝑡
+ 𝜏𝑇

𝜕2𝑇

𝜕𝑡2
]                                      (13) 

 

The above equation has to be solved with the boundary condition: 

 

                                              −𝑘 [
𝜕𝑇

𝜕𝑥
]

𝑥=0
= 𝑢(𝑡)                                                           (14) 

 

where u(t) denotes the unit step function.  

 

Next, equation (13) is to convert the time-dependent terms to the Laplace domain: 

                                       𝑘(1 + 𝑠𝜏𝑞)
𝑑2𝑇

𝑑𝑥2
=  𝑐𝑣𝑠(1 + 𝑠𝜏𝑇)𝑇                                           (15) 

 

or: 

                                         
𝑑2𝑇

𝑑𝑥2
− 

𝑐𝑣

𝑘
 
𝑠(1 + 𝑠𝜏𝑇)

(1 + 𝑠𝜏𝑞)
𝑇 = 0                                                  (16) 
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where s is the Laplace variable. The boundary condition (14) in the Laplace domain is: 

                                                                                                                        −𝑘 [
𝜕𝑇

𝜕𝑥
]

𝑥=0

=  
1

𝑠
                                                           (17) 

Finally, the solution is given by: 

 

                                      𝑇(𝑥) =  
1

𝑠√𝑘𝑐𝑣

√
(1 + 𝑠𝜏𝑞)

𝑠(1 + 𝑠𝜏𝑇)
  𝑒𝑥𝑝 [−√

𝑐𝑣

𝑘
 
𝑠(1 + 𝑠𝜏𝑇)

(1 + 𝑠𝜏𝑞)
 𝑥]                       (18) 

 

and with boundary x=0 one receives: 

 

                                                             𝑇(𝑥 = 0) =  
1

𝑠√𝑘𝑐𝑣

√
(1 + 𝑠𝜏𝑞)

𝑠(1 + 𝑠𝜏𝑇)
                                            (19) 

 

The relevant literature notes that the analytical inversion of equation (19) into the time domain 

is not possible. 

 

Figure 4. Step response using the DPL model with Z = 0.05 vs. the Laplace variable s. In the middle part, a slope

−7/6 is observed corresponding to t1/6 in the time domain. 

 

 However, such an inversion is not necessary. The theory can be verified entirely within the 

Laplace domain, which will largely simplify the mathematical analysis. To explain the slope (−1/6) 

observed in Figure 3, it is sufficient to consider the following Laplace transform.  

 

                                             ℒ[𝑡1/6] =  Γ (
7

6
) 𝑠−7/6                                                     (20) 

 

where: Γ is the Euler Gamma function. Note that Γ(7/6) = 0.928. It will be sufficient to make a plot of 

the following function: 
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1

𝑠
 
√

1 + 𝑠

𝑠 (1 +  
𝜏𝑇

𝜏𝑞
𝑠)

  =  
1

𝑠
√

1 + 𝑠

𝑠(1 +  𝑍𝑠)
                                                    (21) 

 

Where: Z = τT / τq appears to be the dominating parameter according to Tzou [10]. For very small 

values of s (or t→∞) and also for s being very large (or t→0), the function (21) can be approximated 

by 1/s3/2, which corresponds to √t in the time domain. 

Figure 4 shows a plot of the function (19) for the value Z = τT / τq = 0.05. A double logarithmic 

plot was used for clarity. It turns out that in the interval 1 < s < 10, the plot can be very well fitted to 

a slope -7/6 or t1/6 in the time domain. It has been shown that the experimental results can be well 

explained using the dual-phase model for conduction heat transfer.  

Other slopes can be explained similarly. 

For high and low values of s—corresponding, respectively, to low and high values of time t—

the plot in Figure 4 exhibits a slope of −3/2, which is characteristic of a diffusion process proportional 

to √t. Experimentally, the √t behaviour was not observed at short times, as measurements commenced 

at 1 s. For a purely diffusive process, the penetration depth d can be estimated using the following 

empirical relationship [18]:  

 

                                                𝑑 =  √
4 𝑡 𝑘

𝑐𝑣

                                                                 (22) 

 

Using typical data for textile fabrics: k = 0.1 W/mK and cv =2 MJ/m3 K, one obtains after t = 10s that 

d = 1.4mm, smaller than the thickness of the fabric. In other words, the heat did not reach the back 

side of the fabric. In other words, the thicknesses of the fabrics, all more than 2mm, is not relevant to 

explain the experiments. 

 

4. Two fingertips Making Contact 

 

While the presented experiment and the theoretical approach (modelling) focus on two different 

materials: fingertip and textile fabrics, a thermal contact behaviour between two fingertips was 

examined as a reference for this study. Figure 3 demonstrates that the type of fabric influences the 

transient temperature behaviour. To assess whether the experiments might have been significantly 

affected by fingertip contact, the same experiment was repeated using two fingertips in contact with 

a thermocouple junction. The results, presented in Figure 5, show that the experimental data in this 

case could be fitted to t1/10. Notably, the exponent 1/10 is smaller than all exponent values observed in 

Figure 3. This suggests that the influence of the fingertip is less significant than that of the fabric itself. 

For the sake of completeness, a similar analysis as before has been carried out with the results 

shown in Figure 5. First, one needs to evaluate the Laplace transform of t1/10: 

 

                                         ℒ [𝑡
1

10
 ] =  Γ (

11

10
) 𝑠−11/10                                                    (23) 

 

 

Figure 6 shows a plot of the function (24) for a value Z = τT / τq = 0.01. It turns out that in the 

interval 0.5 < log(s) < 1.5, the plot can be very well fitted to a slope -11/10, which is equivalent to a 

function t1/10 in the time domain. At the same time, it has been proven that human tissues can be 

modelled using the dual-phase model. 

This statement holds for the short-time measurements. For larger values of the time, the classical 

diffusion theory can still be applied. 
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1

𝑠
 √

1 + 𝑠

𝑠(1 + 𝑍𝑠)
                                                                 (24) 

 

 

 

Figure 5. Transient temperature of two fingers making contact. A slope t1/10 is clearly visible. 

 

 

Figure 6. Step response using the DPL model with Z = 0.01 vs. the Laplace variable s. In the middle part a slope 

−11/10 is observed, corresponding exactly to t1/10 in the time domain. 

4. Discussion 

The present findings align with our earlier work on the subjective and objective assessment of 

thermal haptic perception of textiles [17], in which knitted wool fabrics with higher contact thermal 

resistance and lower initial heat flux were consistently rated as “warm” or “very warm” by a human 

subjects, whereas smoother linen–cotton fabrics with higher initial heat flux were perceived as 

“neutral” to “cool.” In the current study, fabrics exhibiting smaller DPL exponents (α ≈ 1/6) 

demonstrated slower initial heat transfer, corresponding to the “warm” category in the previously 
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published subjective assessments of selected fabrics. Conversely, fabrics with larger α values, 

indicating faster heat transfer to the textile, correlate with the “cooler” sensations previously 

reported. This consistency across independent experimental approaches supports the hypothesis that 

early-time transient temperature behaviour—quantified here through DPL analysis—can serve as a 

predictive indicator of perceived thermal comfort. 

The slope values obtained from the DPL fits (t1/6, t1/4, t1/10) can be interpreted as indicators of how 

quickly heat travels through the combined skin–fabric system. Smaller exponents, such as t1/6, 

correspond to slower initial heat transfer, which occurs when the contact thermal resistance is high 

due to greater air content in the fabric structure or a more discontinuous fibre–skin contact. In 

physical terms, the heat pathways are more tortuous and the solid–solid contact area is reduced, 

limiting the rate at which thermal energy leaves the fingertip. Fabrics with such behaviour typically 

correspond to “warm” sensations, as confirmed in our earlier study on subjective thermal haptic 

perception, where knitted wool fabrics with lower initial heat flux were rated as warm or very warm. 

Larger exponents, approaching t1/2, indicate faster initial heat transfer through more continuous 

conductive pathways in smoother, denser fabrics, which draw heat away from the skin rapidly and 

produce a cooler sensation. This correspondence between measured short-time transient behaviour 

and reported warm–cool feeling suggests that the DPL parameters can be used as quantitative 

predictors of thermal comfort perception. 

5. Conclusions 

A short-time temperature measurements (0–20 s) between the fingertip’s skin and a fabric 

interface showed significant deviations from the classical √t transient predicted by Fourier’s law, 

confirming that standard diffusion models are insufficient for modelling the contact of textiles with 

human skin. 

The DPL model successfully captured the observed phenomenon, with fitted exponents ranging 

from t1/6 to t1/4 for fabrics and t1/10 for fingertip–fingertip contact, which reflects the combined effects 

of fibre/yarn/fabric/ and air trapped in textile structures and heterogeneity of the fingertip (skin 

tissue, fat, bones, and the blood). 

The Laplace domain approach allowed straightforward slope analysis without complex time-

domain inversions, making it a practical tool for experimental–theoretical comparison. 

The findings provide a quantitative basis for linking physical measurements to subjective 

thermal perception, enabling the design of textiles with tailored warm–cool sensations for 

applications from apparel to technical wear. 
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Abbreviations 

The following parameters, their abbreviations, and typical units of these parameters are used in this manuscript: 

q  Heat flux [W·m⁻²] 

T  Temperature [K or °C]; experimental temperatures are reported in degrees Celsius 

(°C), but theoretical equations use Kelvin (K) for absolute values.  

k  Thermal conductivity [W·m⁻¹·K⁻¹] 

cv  Volumetric heat capacity [J·m⁻³·K⁻¹] 
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ρ  Density [kg·m⁻³] 

cp  Specific heat capacity at constant pressure [J·kg⁻¹·K⁻¹] 

a Thermal diffusivity, a = k / cv [m²·s⁻¹] 

τq Phase lag of the heat flux [s] 

τT Phase lag of the temperature gradient [s] 

Z Dimensionless ratio of phase lags, Z = τT / τq [–] 

p₀  Applied heat flux amplitude [W·m⁻²] 

u(t) Unit step function [–] 

δ(t)  Thermal penetration depth [m] 

s  Laplace variable [s⁻¹] 
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