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Abstract

:

Thermal sensation prediction models can help to evaluate complex thermal environments and guide the environment conditioning strategy. However, most existing models are established basing on the thermal status of the entire human body or local body parts, failing to reflect thermal sensation generating mechanism or micro-scale (centimeter-scale) thermal sensation. This study put forward a new thermal sensation predicting approach by coupling the skin heat transfer and the thermoreceptor impulse signals. The micro-scale thermal sensitivity data under steady stimuli were applied to bridging the objective heat transfer model and the subjective sensation model. The model contains a one-dimensional skin heat transfer equation and three sensation-generating equations: the thermoreceptor impulse equation, the psychosensory intensity equation, and the thermal sensation equation. The dimension of the skin heat transfer equation was determined through a skin temperature diffusion experiment, and the coefficients of the static/dynamic impulse in the thermoreceptor impulse equation and the thermal sensation equation were obtained through polynomial fitting using thermal sensitivity data. The validated mean absolute percentage error (MAPE) was 0.08 and 0.1 under cooling and heating stimuli, respectively. This new model can predict thermal sensation on the centimeter scale and be applied under different boundary conditions. In the future, the new model can be further developed by testing dynamic stimuli and other boundary conditions so that it can be applied to more complex thermal exposures.
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1. Introduction


Nowadays, people tend to have high demands on thermally comfortable environments. To meet this requirement, researchers have constructed thermal sensation models to predict and evaluate an occupant’s thermal comfort status, so that the optimal thermal environment combinations could be determined. In the classic prediction method, thermal sensation or thermal comfort is generally estimated based on the thermal status of the human body or local body parts. Fanger [1] firstly introduced six parameters, namely, air temperature, relative humidity, air velocity, mean radiant temperature, clothing insulation, and metabolic rate, to paraphrase the heat balance equation, that is the classic PMV (predicted mean vote) model. However, the PMV model and its derivatives are not accurate when applied in spatially ununiform and temporally unsteady thermal conditions due to complex physiological and psychological parameters. For the prediction for dynamic thermal sensation and comfort, based on the multi-node thermoregulation model by Stolwijk and Hardy [2], Fiala [3] incorporated the controlled passive system and controlling active system model of the human body to construct the comfort prediction model. Modified models, with a 65-node thermoregulation model and a radiation model by Tanabe [4], and the model constructed by UCB [5] made further improvements. However, these models were constructed mainly by exploring the potential influencing factors of thermal sensation (skin temperature, clothing insulation, etc.) and obtaining thermal sensation directly through simple regression. They failed to reflect the mechanism of how thermal sensation is generated. Thus, there can be great discrepancies between their predictive results and actual thermal sensation, especially under complex thermal exposures [6,7,8]. Additionally, these models were constructed on a whole-body or local-body-part scale, while the model at micro-scale, i.e., the centimeter scale, is lacking. The micro-scale thermal sensation data can be beneficial for the development of personal comfort system (PCS) devices which can provide cooling or heating directly to the small spots on the skin, and for guiding the controlling temperature of PCS devices that still remains unanswered [9,10].



When the skin is exposed to external thermal stimuli, the temperature signal transfers from the skin surface to a thermoreceptor beneath the surface, and the thermoreceptor releases an impulse through nerve fibers to the central nervous system, thus generating thermal sensation [11]. This is the mechanism of the generation of thermal sensation, which can be paraphrased as the process of ‘external thermal stimuli–temperature change at thermoreceptor–thermoreceptor impulse–thermal sensation’. Based on this process, thermal sensation can be determined by thermoreceptor temperature and impulse, so the form of the model constructed under this mechanism will not change under different conditions. To date, few models have been constructed based on the full thermal sensation generation process, while there are some research studies on how humans respond to external stimuli based on the partial process. For the process ‘external thermal stimuli–temperature change at thermoreceptor’, researchers have constructed skin heat transfer models. Pennes [12] firstly proposed the BHTE (bioheat transfer equation) to calculate the temperature distribution within the skin layers. considering the skin as an integral consisting of three parts: cells, blood vessels (vascular region), and the extravascular region. To simplify the blood diffusion in BHTE, Vafai [13] overlooked the boundary between the vascular and extravascular region, and proposed the skin structure as a two-part porous medium structure. Based on the porous medium model, Khaled and Vafai [14] investigated the transport application in porous tissue, and Xuan and Roetzel [15] explored the heat transfer between the blood and peripheral tissue using a two-energy equation. Both the BHTE and porous medium model consider the skin as the mono-layer structure, while the real skin is composed of different layers with different thermophysical properties. To simulate heat transfer within the skin precisely, Mahjoob and Vafai [16,17] firstly explored the analytical solution for the tissue and blood temperature profiles and heat transfer correlations to develop the BHTE in a dual-layer skin structure and a multi-layer skin structure. Researchers further explored the multi-layer model in transient heat transfer [18], and extended the model to a two-dimensional [19] or three-dimensional model [20].



For the process ‘temperature change at thermoreceptor–thermoreceptor impulse–thermal sensation’, Hensel [21] discovered that a thermoreceptor converts the temperature signal into an impulse signal. In a steady-state condition, the thermoreceptor only releases a static impulse, while in a transient condition, the thermoreceptor releases a static and a dynamic impulse at the same time. The magnitude of the static impulse depends on the temperature at the thermoreceptor, and that of the dynamic impulse depends on the change in thermoreceptor temperature. Based on the impulse property of the thermoreceptor, Ring and de Dear [22] discovered that the integral of a cold or warm receptor impulse frequency was proportional to PSI (psychosensory intensity), and constructed the thermoreceptor impulse model for the prediction of PSI. Researchers further validated the model under sinusoidal stimuli [23], and compared it with other prediction models [24].



To quantify the skin temperature and thermal sensation at micro-scale, thermal sensitivity, defined as the thermal sensation change caused by a certain thermal stimulus [25], has been used to describe the perception of small regional parts to surrounding thermal environments. Donaldson [26] figured the distribution of cold and heat spots on the back of the left and right hand. Luo [27] mapped the high-density thermal sensitivity of the human body, and explored the variance among different body parts and gender. Our previous studies [28,29] also obtained the thermal sensitivity data of the hand, arm, and face, and discovered the effect of the initial thermal states, stimulus intensity, and stimulating time on its distribution.



This study further developed Hensel’s ‘temperature change at thermoreceptor–thermoreceptor impulse–thermal sensation’ model by coupling skin heat transfer and the thermoreceptor impulse model. The micro-scale thermal sensitivity data obtained from our previous studies [28,29] were applied to bridging the objective heat transfer model and the subjective sensation model. By doing this, the new model can reflect the full process of the mechanism of how thermal sensation was generated, and predict micro-scale (centimeter-scale) thermal sensation.



The framework of the new model and its comparison with classic thermal sensation prediction models are shown in Figure 1. This paper will firstly construct the model and obtain the unknown coefficients in the model, and then it will discuss its accuracy, potential application, and limitations.




2. Methods


The flowchart of the construction of the model is shown in Figure 2. The coupling model includes a skin heat transfer model and a thermoreceptor impulse model. The skin heat transfer model is used to calculate the temperature at the thermoreceptor, and the thermoreceptor impulse model is used to calculate thermal sensation based on thermoreceptor temperature. The dataset for the construction of the model came from the thermal sensation and thermal sensitivity data obtained in the experiments of our previous studies [28,29].



2.1. Construction of Skin Heat Transfer Model


Based on the heat balance within the skin, Pennes suggested the BHTE to reflect the heat transfer in each layer of the skin. Since the thermoreceptor is far away from the blood vessel, the equation could overlook the heat from blood flow and metabolism [30]. Thus, the original skin heat transfer equation is described as Equation (1).


  λ (     ∂   2     T   s k     ∂   x   2     +     ∂   2     T   s k     ∂   y   2     +     ∂   2     T   s k     ∂   z   2     ) = c ρ (   ∂   T   s k     ∂ t   )  



(1)




where λ is the thermal conductivity (W/m/K). c is the heat capacity (J/kg/K). ρ is density (g/cm3). t is time (s). Tsk is the skin temperature at a certain layer (K). x, y, and z represent the length in a certain direction in three dimensions (m). The original equation considers the heat transfer in three dimensions, while under the short-period stimulation of 10 s [28], the heat transfer in some dimensions may not be so evident. To verify the dimension of the skin heat transfer equation, this paper carried out the skin temperature diffusion experiment to explore the extent of heat transfer after the stimulation in three dimensions.



The apparatus and test spots of the experiment are shown in Figure 3. A shows the stimulation equipment (accuracy of ±0.1 °C, temperature adjustment between 0 °C and 50 °C, NTE-2A, Physitemp Instruments Inc., Hawthorne, NJ, USA), with its temperature controller (left) and stimulating probe (right). The area of the probe was 1.54 cm2 with a diameter of 1.4 cm. B shows the infrared camera (accuracy of ±3 °C, temperature measurement between 0 °C and 400 °C, FLIR ONE Pro, Teledyne FLIR, Wilsonville, OR, USA). C shows the distribution of test spots. The test spots were the dorsum of the hand, the forearm, the upper arm, and the left side of the face. They were the spots with high sensitivity in our previous study [28], and as the center of three body parts, respectively, they could represent the thermal response of each body part. During the experiment, after the subject adapted to the experimental condition, the researcher firstly set the probe temperature to the reference temperature of 32 °C, which could cause local sensation close to 0 [28], conducted neutral stimulation on one test spot for 1 min, and then photographed the temperature distribution around one test spot with the infrared camera. Secondly, the researcher set the probe temperature to −5 °C from the reference temperature to conduct cooling stimulation for 1 min, and then photographed the temperature distribution at the same spot. After the cooling stimulation of all test spots, the researcher conducted heating stimulation following the same process. The infrared photos before and after the stimulation and the skin temperature data were processed to obtain the diffusivity in three dimensions.



The results are shown in Figure 4 and Figure 5. The infrared photos in Figure 4 show the temperature distribution before and after the cooling or heating stimulation of four test spots. It can be concluded that after stimulation, the temperature at the stimulated area would change evidently, while the stimulation hardly diffused to the surrounding area. After cooling stimulation, the skin area with a temperature change would diffuse with an increase in diameter of 0.05 cm, that is, with a diffusivity of 1.039, and after heating stimulation, the area would diffuse with an increase in diameter of 0.04 cm, that is, with a diffusivity of 1.026. Compared with the transverse temperature diffusion on the skin surface, the longitudinal diffusion along with the skin depth could reach the core of the skin, that is, at least 0.54 cm from the skin surface, as shown in Figure 5. Since the transverse diffusivity was only 10% of the longitudinal one, the skin heat transfer model could be considered as a one-dimensional model in the longitudinal direction.



Based on the experimental conclusion, the skin heat transfer equation of this study could be described as Equation (2).
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where x represents the depth from the skin surface (m).



To ensure the boundary condition of the skin heat transfer equation, the skin structure model was constructed as shown in Figure 6. The idealized skin structure consists of three parts: epidermis, dermis, and hypodermis [31]. The thermophysical properties of each part are shown in Table 1 [32,33]. Therefore, the depth from the skin surface to the skin core is 5.4 mm. The cold thermoreceptors are mainly distributed at a depth of 0.2 mm and the warm thermoreceptors are at a depth of 0.5 mm [21].



This model uses the third-type boundary condition at the skin surface. The boundary condition is described as Equation (3).
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where Ta is the temperature of stimulation (K). kc is the heat transfer coefficient between the stimulation probe and the skin surface (W/m2/K), and it can be calculated using Equation (4) [33].


    k   c   = 1.25   λ   c       ∆ a   c       ε   c       (     P   c       H   c     )   0.95    



(4)




where λc is the harmonic mean thermal conductivity (W/m/K). Δac is the average surface asperity slope of the contact interface (rad). εc is the average surface roughness of the contact interface (μm). The three parameters were calculated using Equations (5)–(7). The subscript 1 and 2 represent the parameters of the stimulation probe and skin surface, respectively. Pc is the contact pressure (kPa). Hc is the microhardness of the contact material (MPa). The data of the parameters of the stimulation probe and skin surface are listed in Table 2 [33].
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At the skin core, the model uses the first-type boundary condition. The core temperatures of the hand, arm, and face are shown in Table 3 [34].




2.2. Construction of Thermoreceptor Impulse Model


Based on the thermoreceptor impulse theory by Hensel [21], Ring and de Dear [22] explored the mathematical relationship between the thermoreceptor impulse and thermal sensation. Under the external thermal stimulation, the thermoreceptor releases both a static and a dynamic impulse. Thus, the total impulse is described as Equation (8).
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where R is the total thermoreceptor impulse (HZ). Trec is the temperature at the thermoreceptor (K). Ks is the static coefficient, and Kd is the dynamic coefficient. According to existing research [23], Ks is related to the initial thermoreceptor temperature before stimulation, and Kd is related to stimulus intensity and the change rate of stimulus intensity. Since the dataset for the steady model was obtained in the experiment with only one type of stimulus intensity (−5 °C under cooling stimulation and 5 °C under heating stimulation) and only one type of initial stimulation temperature (32 °C), Ks and Kd of the steady model were both constants. To reflect the difference of thermal sensory intensity at different body parts, the equation should multiply the thermal sensitivity as the areal summation factor [35]. The micro-scale thermal sensitivity in the dataset can also reflect the thermal response of micro-scale test spots. Thus, the total impulse equation of the steady model can be described as Equation (9).
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where TS is the thermal sensitivity of each test spot (1/K). C1 and C2 are constants representing Ks and Kd, respectively.



The PSI is calculated by integrating the total impulse for the first 20 s of stimulation, and thermal sensation is proportional to PSI [36]. The correlation can be described as Equations (10) and (11), where TSV is the thermal sensation vote, and C3 is the constant coefficient. Thus, the thermoreceptor impulse model is the combination of Equations (9)–(11). To obtain the coefficients C1, C2, and C3, the training set of the thermal sensation and thermal sensitivity data will be used to train the model.
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2.3. Dataset for the Model Construction


The data of thermal sensation and thermal sensitivity for the construction of the model under steady stimulation were obtained from the experiment on the hand, arm, and face [29]. A total of 50 subjects (25 male, 25 female) were invited to participate in the experiments under thermally neutral conditions. They were healthy college students, about 20 years old, living in Shanghai for more than 3 months before the experiment. To ensure that the body surface area of the male and female subjects could match to avoid its influence on the thermal sensation votes [37], the weights and heights of the subjects were filtered using Equation (12), where A is the body surface area (m2), H is the height (m), and m is the weight (kg).


  A = 0.202   m   0.425     H   0.725    



(12)







During the experiment, 57 test spots of the hand, 25 test spots of the arm, and 25 test spots of the face were stimulated, firstly under a reference temperature of 32 °C, that is, the temperature producing a thermal sensation vote of 0, and then under a cooling stimulation of 27 °C (−5 °C from the reference) or a heating stimulation of 37 °C (+5 °C from the reference). In the meantime, the subjects recorded thermal sensation before and after the stimulation at the test spot, and the researcher recorded the change in skin temperature of the test spot. Thermal sensitivity was calculated as the change in thermal sensation vote divided by the change in skin temperature. The bar charts of the thermal sensation and thermal sensitivity of the hand, arm, and face are shown in Figure 7. A total of 80% of the data were used for the training set, and 20% were used for the test set.




2.4. Data Processing


The thermal sensation predicting process of this model is shown in the flowchart in Figure 8. This paper analyzed the skin temperature distribution under stimulation through the calculation of the skin heat transfer model, obtained the unknown coefficients of the thermoreceptor impulse equations to construct the complete skin heat transfer coupling model based on the training set, and validated the model based on the test set. MATLAB (R2020b, The MathWorks, Inc., Natick, MA, USA) and Python were used for the construction and validation of the model. In our programming, the initial skin temperature of each test spot was input to simulate the temperature distribution within the skin, and then the stimulating temperature was input to simulate how temperature changes in 20 s at each depth of the skin using the finite difference method.





3. Results


3.1. Skin Temperature Distribution after Stimulation


The average skin temperature distribution after the steady cooling and heating stimulation is shown in Figure 9. The depth of 0 mm is the skin surface, and the depth of 5.4 mm is the skin core. The core temperature was the average of the hand, arm, and face at 36.1 °C. Since the skin heat transfer model was a one-dimensional model, the temperature remained the same at the same skin layer, and changed only with the depth. After cooling stimulation, the average skin surface temperature was 31.5 °C, and increased with the depth almost linearly to the core temperature. After heating stimulation, the average skin temperature at the surface was 35 °C, and firstly decreased to the lowest point at the depth of 1.9 mm, then increased to the core temperature. This may be because in a stimulation lasting only 20 s, the temperature within the skin was not sufficiently heated to the stable state as the linear distribution, and the heating rate of the skin layers near the heat source (stimulating probe at the skin surface and blood flow at the skin core) was higher than the ones far from the heat source.




3.2. Thermoreceptor Temperature Change with Time


The change in thermoreceptor temperature with time under cooling and heating stimulation is shown in Figure 10. The left part of the figure shows the temperature of the cold receptor, and the right part shows that of the warmth receptor. Before the stimulation, since the cold receptor was located at a shallower depth than the warmth receptor, the initial cold receptor temperature was 32 °C, slightly lower than the warmth receptor which was 32.2 °C. During stimulation, the cold receptor temperature decreased gradually, then remained stable after 15 s from the beginning of stimulation, while the warmth receptor temperature continued to increase throughout the stimulation. This may also be because of the insufficient heating during the short-time stimulation, lasting only 20 s.




3.3. Fitting of the Model


To obtain the unknown coefficients C1, C2, and C3 to complete the steady thermoreceptor impulse model, the training set of thermal sensation and thermal sensitivity data and the simulated thermoreceptor temperature data from the skin heat transfer model were used for nonlinear polynomial fitting. The fitting results are shown in Figure 11. The fitting curves were represented by the cold and warm sensation calculated by the fitted skin heat transfer coupling model based on the training set. For cooling stimulation, the coefficients C1, C2, and C3 were −3, −12.6, and 0.0499, respectively, and for heating stimulation, they were 2.4, 6.7, and 0.0466, respectively. The determination coefficient (R2) of the model under cooling stimulation was 0.85, and under heating stimulation it was 0.88, indicating a good fitting result.




3.4. Validation of the Model


To explore the accuracy of the skin heat transfer model, the test set of the data was used to validate the steady and dynamic model. The validation results are shown in Figure 12. Each type of stimulation took 20% of the experimental data as the test set. The test thermal sensitivity data were applied to calculate the predictive thermal sensation, and the test thermal sensation data were applied for the comparison between the predictive and real thermal sensation. As shown in the figure, the MAPE (mean absolute percentage error) was 0.03 under cooling stimulation, and 0.05 under heating stimulation. Thus, the model could be considered to be accurate in predicting thermal sensation under steady and dynamic stimulation.





4. Discussion


4.1. Potential Application


The skin heat transfer coupling model constructed in this study can be applied to the micro-scale thermal sensation prediction under different complex exposures. The existing thermal sensation prediction models are mostly constructed using regression under only one type of exposure, e.g., a room with air conditioning. Therefore, when there are various exposures, e.g., an air-conditioned room with a fan, the influencing factors for thermal sensation change and the regression functions are unavailable. However, the model in this study can be applied in different thermal conditions, since its input only contains initial skin temperature and external stimulating temperature. Additionally, it can be applied to the development of small-scale personal comfort system (PCS) devices. Such devices can be worn by the user to regulate skin temperature in the small areas where they are worn, like wrist-bands and neck-worn fans for smaller scales [38,39], to improve thermal comfort. By using this model, the user can better regulate the stimulating temperature of the device to enhance micro-scale satisfaction.




4.2. Limitations


This paper constructed a skin heat transfer model and a thermoreceptor impulse model, and validated their performance in thermal sensation prediction under steady stimuli. However, whether the skin temperature simulated by the skin heat transfer model and the impulse simulated by the thermoreceptor impulse model were accurate is unknown. To validate either of the two models, the data of the real temperature within the skin and the real impulse released by the thermoreceptor were required, but the current apparatus for these measurements was unavailable. Additionally, this study only considered steady and contact stimuli without considering dynamic changing-temperature stimuli or non-contact stimuli such as the radiative and convective stimuli. Since the model was constructed using the third-type boundary condition at the skin surface, it has the potential to be developed in a transient and non-contact environment, such as draught, radiation, or showering comfort studies.





5. Conclusions


This study constructed the skin heat transfer and thermal sensation coupling model under steady stimulation by reconstructing the skin heat transfer model and the thermoreceptor impulse model, and validated the model using the test set of experimental data. The model used the fixed temperature boundary condition at the skin surface, and thus the input for the model only requires external stimulation. This study obtained conclusions as follows.



First, in the stimulation time of 1 min, skin temperature diffused with an increase in diameter of 0.05 cm under cooling stimulation and 0.04 under heating stimulation at the skin surface, far less than the diffusing depth of 0.54 cm in the longitudinal direction.



Second, the temperature distribution of the skin was stable at the end of stimulation under cooling stimulation, while it still changed under heating stimulation. The temperature of the cold receptor remained stable after 15 s from the beginning of stimulation, while the warmth receptor temperature continued to increase.



Third, the R2 of the model indicates a good fitting result, and the MAPE of the model indicates high accuracy in the prediction.
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Figure 1. The classic thermal sensation prediction model (left) and the new construction of this study (right) (created with BioRender.com with permission, accessed on 15 February 2024). In the figure of ‘Thermoreceptor impulse model’, the left part represents static impulse with temperature, the right part represents dynamic impulse with time, and the lowest part represents ambient temperature with time. The red shadow represents impulse at warm receptor, and the blue one represents impulse at cold receptor. In the lowest figure, the darker color represents higher ambient temperature. 
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Figure 2. The flowchart of the construction of the model. 
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Figure 3. (A) Stimulation equipment. (B) Infrared camera. (C) Test spots. The ‘1-4’ represents the number of each test spot. 
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Figure 4. The infrared photos of four test spots before and after the cooling and heating stimuli (created with BioRender.com with permission). 
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Figure 5. The temperature diffusion before and after the cooling and heating stimuli in the transverse (skin surface) and longitudinal (along skin depth) dimension. In the transverse part, the circle with a slanted shadow represents the skin area with a temperature change at the beginning of stimuli, the one with a blue shadow represents the area after cooling stimuli, and the one with a red shadow represents the area after heating stimuli. In the longitudinal part, the gray line is the temperature distribution before stimuli, and the blue or red line is the distribution after the stimuli. 
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Figure 6. The skin structure model (created with BioRender.com with permission). 
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Figure 7. The data of the thermal sensation and thermal sensitivity of the hand, arm, and face. In the upper figures, the red represents warm sensation, and the blue represents cold sensation. In the lower figures, the red represents warm sensitivity, and the blue represents cold sensitivity. 
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Figure 8. The predicting process of the model. 
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Figure 9. The skin temperature distribution with the depth of the skin. 
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Figure 10. Temperature change with time of the cold and warmth receptor. 
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Figure 11. Model fitting results. 
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Figure 12. Model validation results. 
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Table 1. Thermophysical properties of epidermis, dermis, and hypodermis.
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	Skin Layer
	Thickness (mm)
	Heat Capacity

(J/kg/K)
	Thermal Conductivity

(W/m/K)
	Density (g/cm3)





	Epidermis
	0.15
	3590
	0.24
	1.2



	Dermis
	1.5
	3300
	0.45
	1.2



	Hypodermis
	3.75
	2675
	0.19
	1










 





Table 2. Thermophysical properties of the skin surface and stimulation probe.
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	Material
	Thermal Conductivity

(W/m/K)
	Surface Roughness (μm)
	Surface Asperity Slope (rad)
	Contact Pressure (kPa)
	Microhardness (Mpa)





	Skin surface
	0.24
	21.69
	0.3
	0.8
	0.1225



	Stimulation probe

(stainless steel 304)
	14.986
	0.008
	0.009
	--
	--










 





Table 3. Core temperatures of the hand, arm, and face.
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	Body Part
	Core Temperature (°C)





	Hand
	35.05



	Arm
	35.87



	Face
	37.46
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
b b L

Hand
o sansation

o sensaton

Hand
o oty

‘Thermal sensation data under steady stimuli

Am

o sansation

o sensaton

5
2
o

st spots

L=
2|
R

Faco
Warm sansaton

o sansaton

‘Thermal senitivity data under steady stimuli

Faco
W sansivty





media/file4.png
Obtain the unknown

Revise the dimension coefficients of the existing
of existing model model by polynomial fitting
based on dataset of steady
stimuli
v l
Skin heat transfer model Thermoreceptor impulse model

l |

!

Skin heat transfer and thermal
sensation coupling model






media/file18.png
Surface

[}
a7

(ooling stimulating

Core

L W W
W & o

Temperature (°C)
%]
]

(F5]
—_

2 3 4 5
Depth in skin (mm)

Heating stimulating

Surface

[}
(=5 ]

Core

7

5] L
5] f =Y
T T

Temperature (“C)
’

[#5)
-

=
—

2 3
Depth in skin (mm)





media/file21.jpg
Fitting results
Colingsimuion






media/file3.jpg
Obtain the unknown

Revise the dimension coefficients of the existing
of existing model model by polynomial fitting
based on dataset of steady
stimuli
Skin heat transfer model Thermoreceptor impulse model

l—l—J

Skin heat transfer and thermal
sensation coupling model





media/file22.png
Fitting results
Cooling stimulation

m Fitted cold sensation
» Real sensation

200 400 600 800 1000 1200 1400 1600
| I |

. ”I ‘ ||||! !lll‘ ||‘ “lh‘”" :l I FS || ‘.‘ u i' a' “ . !l lh ; ' e L .
\ i .i' { TRl A '||| w”‘l'h'ﬁ"n" ;' il ‘ l qu !I SR W =
ik

— O = N W B DN

txl.)

=3 1t { | : h'.,,. ot Bl
SRR A I T
-5 I"! l ¥ s 2 - i | M | HIJ ” ‘.

Heating stimulation

|.|| . . i : L
M|| ' ‘ " | i
A

0 |1|| m IIIHIIIIIII 1 wwnhi lllim

-1

-2

-3 m Fitted warm sensation

4 ©» Real sensation






media/file19.jpg
Cooling stimulation Heating stimulation

4y Thermorecspor emperaure () 3y Thermorscspor temperature ()
» S
» 2

3 Y

h 3 o 3 E 3 o i E





media/file7.jpg
I red Photos taken before and after stimuli

Cooling stimuli






media/file10.png
Cooling Stimuli

Start of stimuli
| End of stimuli

R,/ Ry = 1.039

8 & 8 Transverse diffusion extent
o— (0.05 mm)

Temperature(°C)
Surface

B Start of stimuli
B End of stimuli
Longitudinal diffusion extent (5.4mm)

Core

Depth (mm) 54

Heating Stimuli

Temperature(°C)

B Start of stimuli

B End of stimuli

Surface

Depth (mm) 54

Core

Longitudinal diffusion extent  (5.4mm)

Start of stimuli
I End of stimuli

R,/ Ry = 1.026

Transverse diffusion extent
— (0.04 mm)





media/file14.png
w

O = NN W

O = N W

Thermal sensation data under steady stimuli

Hand Arm Face
Warm sensation 3, Warm sensation 3, Warm sensation
2 2
g0 T
0 I > 0 I >
test spots test spots test spots
1
-2 =21
Cold sensation =37 Cold sensation =37 Cold sensation

Thermal senitivity data under steady stimuli

Hand Arm Face
Warm sensitivity 3, Warm sensitivity 3, Warm sensitivity
2 2
1 1
i SRR TTITTTITTITTNTITTTTT I " _|.|.|.|.|.|.|.I.|.ll.|.|.|.|.l.|.|.|.ll.|.|.l.l_.
test spots test spots test spots
Cold sensitivity (1-57) 3, Cold sensitivity (1-25) 3, Cold sensitivity (1-25)
2 2
‘ 1 &
0° 0°
test spots test spots test spots

(1-57) (1-25) (1-25)





media/file11.jpg
Cold Receptor (0.2mm)

Warm Receptor (0.5mm)

Third-type Boundary
ke (Tsk-Ta)

i

Surface and Epidermis

Dermis

Hypodermis

Vascular Layer

First-type Boundary
Ter





media/file6.png





media/file15.jpg





nav.xhtml


  buildings-14-00547


  
    		
      buildings-14-00547
    


  




  





media/file16.png
integral of
External thermal  heat transfer Temperature at release _ Static and dynamic 205 o pgy -roportional Thermal

stimuli "~ thermoreceptor - impulse " sensation

l | | |
| |

skin heat transfer model thermoreceptor impulse model

- b






media/file2.png
Data for model
construction (thermal
sensation, temperature,
etc.) at whole-body- or
local-body-part-scale

{ External thermal stimuli ]

Machine learning
based on data of
influencing factors
