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ABSTRACT: The aim of this study is to propose a combined model of heat transfer in the vein and  
tissue of human skin. It allows to better understand the thermomechanical behavior of the skin  
and its direct environment when exposed to strong thermal variations. The work is based on  
experimental and numerical investigations. The first experimental step consists in placing a 
cooled cylindrical steel bar on the skin of a human forearm and measuring the temperature 
change using an infrared camera. Blood circulation in the veins was seen to clearly influence 
heat diffusion. The second experimental step consists in measuring geometrical properties of  
the veins and blood velocity using an echo-Doppler probe. These experimental measurements  
provide a numerical model of the skin and its direct vicinity. The three-dimensional multilayer  
model uses Pennes equation to model biological tissue and the convective heat transport  
equation, to model blood. The properties of the biological materials obtained from the literature  
are validated by our experimentation. The numerical model is able to simulate the experimental  
observations, but also to estimate blood temperature and velocity in the veins. 
KEY WORDS: Thermomechanics, Skin, Blood flow, Infrared imagery, Echo-Doppler, Numerical 
model
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1. Introduction

The first works on thermal modeling of the skin date from the beginning of the 19th 

century (Dupuytren, 1839), but quickly collided with the complexity of its structure. 
Skin is a multilayer, living material. Blood activity plays a dominant role in heat 
distribution. With current experimental techniques (Laser Doppler (De Boer et al., 
1996) and (Bauera et al., 2006), infrared thermal imaging (Renkielska et al., 2006), 
(Boué et al., 2007), (Schnell et al., 2008) and (Bouzida et al., 2009)), observations 
have become more refined. The present study quantitatively highlights certain effects 
of blood circulation on heat diffusion. In the manner of studies undertaken by 
(Jakubowska et al., 2003), (Boué et al., 2007), (Schnell et al., 2008), and (Bouzida et 
al., 2009), an infrared camera was used to measure the change in temperature of the 
surface of the skin of a human forearm. Infrared thermography is a nondestructive 
technique giving highly accurate access to surface temperature. The originality of our 
study lies in its use of gravity effects to vary blood circulation. This approach allows 
us to quantify skin temperature variations due to a combination of velocity variation 
and blood temperature. An attempt is also made to develop a numerical model of skin, 
able to report observed phenomena and to be predictive. In this field, the model 
generally used is that of Pennes, proposed in 1948 (Pennes, 1948). The latter, often 
criticized for its oversimplified nature, was enriched by Wulff (Wulff, 1974) and 
Klinger (Klinger, 1974), then re-examined by Chen and Holmes (Chen et al., 1980). 
Their model highlights the failure of the Pennes model to take account the directional 
nature of blood flow or to incorporate the convective aspect of heat transfer by blood 
flow. Chen and Holmes developed a model of the heating effects of the various blood 
vessels according to architecture, geometry and blood flow characteristics. This model 
is more representative of reality than that of Pennes but it contains terms that appear 
inaccessible. Recently, new works have enriched the models of perfused tissues. One 
can quote the work of Raaymakers et al. (Raaymakers et al., 2009) on Discrete 
Vasculature Models (DIVA) or work developed in (Baish et al., 2009) combining 
Directed Perfusion Models and Effective Conductivity Models. Another interesting 
study by Khanafer and Vafai (Khanafer et al., 2009) proposes the use of porous media 
theory to model bioheat transport.
The Pennes model was chosen for the present study, assuming that thermoregulatory 
responses, during short time exposure to temperature variations, mainly depend on 
temperature and flow conditions in the veins. The same choice was made in the recent 
works of (Xu et al., 2008) and (Shih et al., 2007). The modeling of blood circulation 
and the diffusion of heat around the veins is what distinguishes our work from that of 
others. In this article, two types of experiments are carried out. The first, at the core of 
the study, concerns the use of infrared imagery. The results obtained with the infrared 
camera are analyzed and compared. The second experiment is the acquisition of 
certain mechanical and anatomical data of the subcutaneous veins, obtained by means 
of an echo-Doppler probe. All this data is used for the numerical model.
The thermomechanical multi-layer model is then developed with details of the method 
of resolution. The results of the numerical simulations are analyzed and the results of 
the experiment are compared with numerical calculations.
2. Experimental tests
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This section presents the two different experiments conducted for the needs of the 
study. The first experimental test consists in placing a cooled cylindrical steel bar on 
the skin of a human forearm and measuring the temperature change using an infrared 
camera. The second experimental test consists in measuring the geometrical properties 
of the veins and blood velocity using an Echography and Doppler acquisition.
2.1. Infrared thermal imaging
Infrared (IR) imagery, or thermography, is a method that allows the acquisition of 
infrared radiation related to the spatial distribution of heat on the examined objects. 
Our research team has been working for many years on the characterization of 
material. Infrared thermography is an experimental technique that we control 
relatively well, allowing us to accurately balance energy (Chrysochoos et al., 2010). 
The experimental setup included a focal plane array infrared camera (IRFPA Cedip 
Titanium). The wavelength of the camera is 3-5 �m. The maximum frame-rate of the 
IR camera was 380 images per second, with each image consisting of 512 x 640 
pixels. We used an IR measurement protocol based on an individual calibration of 
detector elements (Honorat et al, 2005), (Pron and Bissieux, 2005). This is an 
individual pixel calibration based on polynomial fitting of the temperature as a 
function of the signal si delivered by the ith element of the detector when the camera is 
placed in front of the black body source at different temperatures.
2.1.1. Experimental protocol
The aim of the experiment was to measure the temperature evolution in vivo of the 
skin of the forearm. A cylindrical steel bar was used, previously cooled in a deep 
freeze. The bar was placed on the forearm of a 28 year-old woman and the change in 
temperature was measured using the infrared camera. During measurements, the 
temperature of the experimentation room was maintained at 20°C. The camera was 
placed at approximately 50 cm from the points of measurement. When the bar was 
placed on the skin, the measurements were restricted to a surface area of (6 x 10) cm2. 
The circular cross-section of the cooled steel rod, with a radius of 1 cm, was placed 
against the skin for 20 seconds and then removed. At the same moment the thermal 
camera started recording for a duration of 90 seconds. The forearm was immobilized 
to obtain exploitable results. Two forearm positions were studied: a horizontal position 
and a vertical position. Despite the use of insulating foam to hold the bar, the 
temperature of the bar could not be controlled while it was being placed on the 
forearm. Skin surface temperatures were measured at the same location for both 
positions. A circle drawn with a pencil identified the location of the cooled zone. The 
purpose was to quantify the effect of blood circulation on heat transfer. For the 
analysis, the parts containing veins were located and faster heating was expected in 
those zones.
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a 

b 
Figure 1. a) Forearm in the horizontal position; b) Forearm in vertical position.

2.1.2. Experimental results
2.1.2.1. Horizontal position
For the analysis, points were selected on the infrared image (see Figure 2). Certain 
points were located under the cylinder (3, 4 and 5) and others outside it (1, 2, 6 and 7). 
The infrared image, on the top of Figure 2, was taken 10 s after starting the recording.
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a 

b
 

Figure 2. a) Localization of checkpoints. The dotted circle depicts the area covered by 
the cylinder. b) Temperature of checkpoints versus time (horizontal position).

Comments
Points 6 and 7 were located on the passage of a vein. Their temperature dropped and 
returned to thermal balance. This shows the influence of venous blood in heat 
diffusion. In the first moments the blood is cooled and lowers the temperature of 
downstream tissues.
Points 3 and 5 were located under the cooled zone with no vein passage. Their 
temperature increased until thermal balance.
Point 4 was under the cooled zone and on the passage of a vein. Its curve was shaped 
like those of points 3 and 5 but with a higher initial temperature.
Point 1 was outside the cylinder. There was little temperature variation.



6     

Point 2 was at the periphery of the cylinder and on the passage of a vein. Its 
temperature varied like those of points 6 and 7, but heating was faster.
2.1.2.2. Vertical position
The time interval between horizontal and vertical tests was about 15 minutes. An 
infrared image was taken before the cooling procedure to check that thermal balance 
had been recovered. Using the same experimental steps with the same bar, although 
not as cold (-12°C) as in the horizontal position (-17.7°C), we obtained the 
measurements presented in Figure 3. The checkpoints were the same as for the 
horizontal position. The infrared image, on the top of Figure 3, was taken 10 seconds 
after starting the recording.
Comments 
The comments are exactly the same as for the horizontal position. Let us note however 
that the initial temperature imposed by the bar was higher (-12°C) than for the 
horizontal position. In this experimentation, no attempt was made to control the initial 
temperature. Despite the use of insulating foam to hold the bar, the temperature of the 
bar could not be controlled while it was being placed on the forearm. Moreover, 
contact pressure was not controlled and contact resistance between solids largely 
depends on contact pressure. This is why we did not try to measure the heat transfer 
between the bar and the skin. We attempted instead to identify this boundary condition 
by reverse numerical analysis (see the numerical section). The vertical position led to 
a slower rate of temperature increase when compared to the horizontal position for 
locations above the vein. This difference may be accounted for by the fact that 
perfusion and blood circulation were less important in the vertical position than in the 
horizontal position. To show this more accurately, the following paragraph makes a 
comparative study between the horizontal and vertical positions.
2.1.3. Comparison of experimental results: (horizontal position and vertical position)
In order to compare heating rate, the temperature measurements relating to the vertical 
and horizontal positions were recorded at the same checkpoints. Figure 4 is a 
superposition of Figures 2 and 3. The red curves are those of the vertical position and 
the dashed blue curves are those of the horizontal position.
Looking at Figure 4, it is difficult to say that the vertical position led to a slower rate 
of temperature increase for locations above the vein. Due to a higher temperature in 
the vertical position, the temperature gradient is smaller than in the horizontal 
position. However, a calculation for point 4 shows the difference of initial temperature 
rate between vertical and horizontal position as 16% smaller than it should be, 
according to the difference of initial temperature.
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a
 

b
 

Figure 3. a) Localization of checkpoints. The dotted circle depicts the area covered by 
the cylinder. b) Temperature of checkpoints versus time (vertical position).

These experimental results quantitatively demonstrate, the effect of blood circulation 
on the thermal behavior of skin. The results were used to develop a predictive 
numerical model.
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Figure 4. Comparison between horizontal (solid curves) and vertical (dashed curves) 
positions. 

2.2. Echography and Doppler measurements
In order to obtain missing mechanical and anatomical information of the vein 
observed in the previous experimental results, blood velocity and geometrical 
properties, we used an Echo-Doppler probe SIEMENS, Sonoline Antares, 7,5 MHz. A 
gel was placed between the probe and the surface of the skin. The depth of gel 
interface was about 5 mm to avoid contact pressure during measurement. Blood 
velocity was recorded in the horizontal position, as in the previous section, then in the 
vertical position.
Figure 5 gives the blood velocity signal in the vein for the horizontal position. The 
mean value (an average over the sequence on the specific interval of time) is of about 
2.3 cm/s.
Figure 6 gives the blood velocity signal in the vein for the vertical position. The mean 
value is of about 1.7 cm/s. One can observe a decrease of mean velocity between the 
vertical position and the horizontal position.
Figure 7 gives the depth and the diameter of the vein for the horizontal position. The 
depth is equal to 1.8 mm and the diameter is equal to 1.3 mm.
The numerical model developed in the following section will use all these data.
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Figure 5. Blood velocity signal in the vein for the horizontal position.

Figure 6. Blood velocity signal in the vein for the vertical position.
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 (a)

 (b)
Figure 7. Depth (a) and diameter (b) of the vein.

3. Modeling
The model proposed in this paper, is a three-dimensional multi-layer model in which 
the veins are considered as fluid continuous media. The epidermis, the dermis and the 
hypodermis are considered as solid continuous media in which the evolution of heat is 
controlled by the Pennes equation. Only two layers (dermis and hypodermis) were 
taken into account (see Figure 8). The epidermis was neglected because of its small 
thickness. Between the dermis and the hypodermis, blood circulation was created with 
a material having transport velocity. A model of 10 x 4 cm2 of surface and 4 mm of 
thickness was used.
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Figure 8. 3D model of skin.
3.1. Heat transfer in a fluid continuous medium
To model blood, the equations governing heat transfer in a fluid continuous medium 
are presented. The velocity vector of a particle P of position (x, y, z) at time t is noted 
U = (ux, uy, uz). Single underline is used for vector notation. Double underline is used 
for tensorial notation. Exponent “ t ” denotes the transpose operator. The strain rate 
tensor is defined by:

.

The temperature is noted as T. Heat transfer in a homogeneous, incompressible and 
viscous fluid is controlled by the following partial derivative equation: 

[1]

where � is the specific mass (kg.m-3), C the specific heat (J.kg-1.K-1), k the thermal 
conductivity (W.m-1.K-1), � the viscosity (Pa.s), r the heat source (W.m-3), (neglected 
in our study). Tensor  is the identity operator and “:” denotes the double contracted 
product. Note that the first term of the second member of equation [1] comes from the 
viscous dissipation.
The vein is supposed to be cylindrical. The position of the cylinder is determined by 
the coordinates of the center of its axis xc and yc. The blood flow is assumed to be 
stationary. The velocity of the blood is then a parabolic function of direction :

,

where Umax is the maximum of velocity in the section of the vein and R is the radius of 
the vein. 
3.2. Pennes equation
For years, the Pennes model was criticized by some and defended by others. Despite 
these controversies and criticisms, most mathematical analyses carried out in 
biothermal transfers continue to be based on this equation (Klinger, 1974), (Weinbaum 
et al., 1984), (Shih et al., 2007) and (Xu et al., 2008). To model the biological tissues 
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constituting the skin, the Pennes model was chosen. The first biothermal equation was 
developed by Pennes in 1948 (Pennes, 1948). There are two mechanisms 
characterizing heat transfer in living bodies: blood flow and metabolism. Before any 
study, and due to the varying size of the blood system, it is necessary to determine the 
scale to consider in studying heat transfers. The Pennes model proves to be most 
effective, with a scale ranging from a millimeter to several centimeters (Weinbaum et 
al., 1985). Pennes made the assumption that in a given volume of study, heat transfer 
qp between the blood and the tissue is proportional to the temperature difference 
between the arterial blood temperature Ta (entering the volume of study) and the 
(outgoing) venous blood temperature Tv. The proportionality factor w is called rate of 
perfusion. 

qp = w(!C)b(Ta " Tv)
The index b is reserved for blood coefficient of materials. To connect the temperature 
of venous blood Tv to the temperatures of arterial blood Ta and of tissue T, Pennes 
introduced a coefficient k#.

Tv =T +k#(Ta "T),
For k# = 0, thermal balancing is complete, blood leaves tissue at the temperature T. For 
k! = 1, there is no temperature variation of blood passing in the volume of study 
(blood leaves tissue at the arterial temperature).
The metabolism is also included in the biothermal equation as a distribution of energy 
source:

, [2]

where 
 
is the basal metabolism at 37°C, Q10 is the coefficient of temperature 

dependence ranging between 2 and 3 and To is chosen at 37°C.
The general biothermal equation obtained with the balance of energy for a volume of 
tissue taking account of the blood perfusion and the metabolism is given by:

[3]

where   is the stored energy (W.m-3),  the heat transfer by conduction 

(W.m-3), kt the thermal conduction of the tissue,  the heat transfer by 

perfusion (W.m-3) and  the heat generation of the metabolic internal power 
(W.m-3).
To simplify the problem, the following assumptions were made:
- kt was chosen constant, thus

;
- k# was chosen to be null, so as Tv = T;
- The generation of metabolic internal power Qmet was taken as constant.

,
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3.3. Initial and boundary conditions
In order to ensure a stationary distribution of temperature in the tissues, before the 
cooling process, an initialization step was included, of sufficient duration (200 s). 
Calculations were then carried out in two steps.
- Step 1 (duration 20 s): A temperature Ta was imposed on the lower part of the 
hypodermis, on the lateral walls and at the entrance of the vein (scheme (a) of Figure 
9). On the front and back surfaces heat flux was null (scheme (b) of Figure 9). On a 
disc of 1 cm of radius of the upper part of the dermis (scheme (d) of Figure 9), the 
temperature was decreased to Tmin in order to model the action of the bar. The rest of 
the upper part of the dermis was under a condition of convection (scheme (c) of 
Figure 9). Convection was modeled by Newton’s law of cooling:

where n is the normal vector at the surface, h the coefficient of convection and Te the 
temperature of air. We chose h = 7 W.m-2.K-1 (see Xu et al., 2008) and Te  = 20°C. The 
connection between the layers was ensured by the continuity of the heat flow.

Figure 9. Boundary zones: (a) T = Ta, (b) null heat flux, (c) convection with air, (d) T 
is decreased to Tmin.

- Step 2 (duration 90 s): The same boundary conditions were imposed as in step 1, but 
the action of the bar was replaced by a condition of convection with air. Thus, all the 
upper part of the dermis was under convection condition.

4. Numerical simulations
For the numerical resolution of heat equations [1] and [3], the finite element method 
was chosen and an implicit time integration scheme was adopted. The mesh contains 
13.593 quadratic tetrahedral elements (see Figure 10).
This algorithm was programmed using COMSOL software. Calculations were carried 
out with a time step of 0.25 s. The generations of metabolic internal power in the 
dermis and the hypodermis were fixed at 368 W.m-3 (see Roetzel et al., 1998). Vein 
diameter was equal to 1.3 mm. The properties of materials are coming from 
(Gowrishankar et al., 2004) and collected in table 1. Blood viscosity was chosen equal 
to 2.5 10-2 Pa.s-1.
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Figure 10. Finite element mesh: 13.593 quadratic tetrahedral elements.

0.0013* is the thickness of the veins and can vary from 1 to 3 mm.
Table 1. Material properties. 

The first series of comparisons was carried out on the horizontal forearm position. 
This fixed the parameters of the model and in particular blood temperature and 
velocity. They were selected to best fit experimental data. The second series was 
carried out on the vertical position and validated the choice of parameters. It also 
allowed blood temperature and velocity variation to be estimated.
4.1. Numerical comparisons for horizontal position
In Figures 11, 12 and 13, the curves with symbols correspond to experimental 
measurements and continuous lines result from calculating the temperature of points 
having the same coordinates as checkpoints of Figure 2. Note that only steps 1 and 2 
are represented in the Figures. The initialization step is hidden from view in all 
Figures of the article in order to obtain a better zoom of the useful results. Different 
vein depths (1 mm and 1.8 mm) and blood flow velocities (3.4 cm.s-1, 2.3 cm.s-1 and 
1.7 cm.s-1) were tested. The depth of 1.8 mm corresponds to the measured value. In 
this comparative study, we used blood temperature Ta  =  35.5°C.
Figure 11 gives a comparison between experimental and numerical results for the 
horizontal position with Umax = 3.4 cm.s-1 and a depth of the vein equal to 1.8 mm. The 
numerical results are not satisfactory. Figure 12 gives a comparison between 
experimental and numerical results for the horizontal position with Umax = 3.4 cm.s-1 

and a depth of the vein equal to 1 mm. The results are better than for a depth of 1.8 mm,
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Figure 11. Comparison between experimental and numerical results for the horizontal 
position with Umax = 3.4 cm.s-1 and a depth of vein of 1.8 mm.

Figure 12. Comparison between experimental and numerical results for the horizontal 
position with Umax = 3.4 cm.s-1 and a depth of vein of 1 mm.
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Figure 13. Comparison between experimental and numerical results for the horizontal 
position with a depth of vein = 1 mm. The dashed red   curves correspond to Umax = 

1.7 cm.s-1. The solid curves correspond to Umax = 2.3 cm.s-1.
but the heating of points 6 and 7 is too important. Velocities Umax = 2.3 cm.s-1 and Umax 

= 1.7 cm.s-1 were then tested. Figure 13 shows that the best fit is obtained for a 
velocity Umax = 2.3 cm.s-1.
4.2. Numerical comparisons for the vertical position
The checkpoints were roughly the same as for the horizontal position. The comparison 
of the results is presented in Figures 14 and 15. As in the horizontal position, different 
blood flow velocities (2.5 cm/s, 2.3 cm.s-1 and 1.7 cm.s-1) were tested. In this 
comparative study, we used blood temperature Ta  =  35°C.
Figure 14 gives a comparison between experimental and numerical results for the 
vertical position with Umax = 2.5 cm.s-1and Umax  = 1.7 cm.s-1 with a depth of vein equal 
to 1 mm. Heating is more important with Umax = 2.5 cm.s-1, but the difference between 
these simulations is not significant. The influence of blood temperature Ta is estimated 
in Figure 15. This Figure presents a comparison between experimental and numerical 
results. The blue curves are obtained using Umax = 1.7 cm.s-1 and a blood temperature 
Ta  = 35°C. The dashed red curves result from calculations using Umax = 2:3cm/s and 
a blood temperature Ta = 35.5°C. These latter parameters are those that best fit 
experimental result in the horizontal position. A zoom of the useful zone of Figure 16 
shows that the initial temperature is higher when Ta = 35.5°C and heating is more 
important for points 2, 6 and 7.
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Figure 14. Comparison between experimental and numerical results for the vertical 
position with a depth of vein equal to 1 mm. The solid curves correspond to Umax = 

1.7 cm.s-1. The dashed curves correspond to Umax = 2.5 cm.s-1.

Figure 15. Comparison between experimental and numerical results for the vertical 
position with a depth of vein equal to 1 mm. The solid curves correspond to Umax = 
1.7 cm.s-1 and a blood temperature Ta = 35°C. The dashed curves correspond to Umax = 
2. cm.s-1 and a blood temperature Ta = 35.5°C.
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Figure 16. Zoom of Figure 15.

For the vertical position, the best fit is obtained for a depth of 1 mm, a velocity Umax = 
1.7 cm.s-1 and a blood temperature Ta = 35°C. Figure 17 shows the thermal 
distribution in the model at the end of calculation. 

Figure 17. Thermal distribution (in °C) at the end of calculation for vertical position.

4.3. Comments and discussions
- Being unaware of the real boundary conditions created by the bar, we adopted two 
different conditions. These boundary conditions were obtained by reverse analysis. 
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Several decrease in temperature were tested. For the horizontal position, the selected 
decrease of temperature was fast and stabilized at Tmin  = -7°C, whereas for the vertical 
position the decrease of temperature was slower and stabilized at Tmin = 8°C. The heat 
stored in the cooled bar is less important at the beginning of the experiment in vertical 
position, which can explain the difference between imposed temperature Tmin.
- The numerical model reproduces experimental observations. It enables the properties 
of materials to be validated. It is able to simulate the heat transport carried out by the 
blood flow. This particular point is shown by a drop followed by a fast rise in the 
temperature of tissue downstream from the cooled zone. This phenomenon is observed 
both experimentally and numerically.
- Concerning blood temperature and velocity, we noted that to best fit the 
experimental curves, in the case of vertical position, it was necessary to decrease the 
temperature and the velocity of blood. This decrease of temperature could be the result 
of a reduction of the perfusion, i.e. a reduction in the quantity of blood in the small 
vessels. This reduction tends to cool the tissues and the blood circulating in the veins 
around the vessels.
- The depth of the vein was measured to 1.8 mm from the surface of the skin, whereas 
the best numerical results were obtained for a depth of 1 mm. The difference could be 
explained by a reduction of the thickness of the dermis following the pressure exerted 
by the bar during step 1. This pressure brings the vein closer to the bar. Moreover, 
vein depth is not constant throughout the length of the studied zone. A depth of 1 mm 
could be the average value. Finally, some measurement errors could also account for 
this difference.
- During 90 seconds (duration of the recording), the influence of metabolic power 
generation Qmet and perfusion rate � were not significant in the numerical results. For 
this reason no parametric study relative to Qmet and � was presented. Numerical 
observation confirms the works of (Shitzer et al., 1985), (Deng et al., 2000), (Yong- 
Gang et al., 2007) which suggest that the effects of perfusion rate are significant in the 
case of long lasting thermal exposures and of low intensity or in the case of 
microwave exposure (Ozen et al., 2008).
5. Conclusion
A thermal camera was used to record the temperature change of the skin of a human 
forearm, cooled for 20 seconds. The measurements highlighted complex phenomena. 
Certain effects of blood circulation on temperature diffusion were quantitatively 
observed. The influence of blood circulation was highlighted by comparing the 
temperatures obtained for a horizontal position and for a vertical position of the 
studied forearm. It was noted that heating is less important in the vertical position than 
in horizontal position, which is justified by the effect of gravity on blood flow. Blood 
has more difficulty circulating in the vertical position than in the horizontal position. 
The experimental approach is perfectible. The cooling procedure needs to be 
improved in order to control boundary conditions. In parallel, a numerical multi-layer 
model!was!developed,!based!on!Pennes!equation!and!able!to!simulate!blood!flow!in!
the!veins.!The model contains numerous parameters. A numerical test campaign was 
conducted. Some numerical comparisons were presented, such as the sensitivity to the 
depth of the vein and the blood flow. This model can be used to validate the 
thermomechanical properties of the living materials constituting the various layers. It 
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also provided average values of blood velocity in the veins. An average velocity of 
about 2 cm.s-1 was measured by Doppler and confirmed by simulation. This model 
confirms that the actions of blood perfusion and the metabolism are negligible for this 
kind of thermal stress. Coupling a nondestructive experimental approach with a 
numerical model provides insight into the thermomechanical behavior of living tissue, 
as well as representing a promising approach. It offers a tool to explore the behavior 
of tissue exposed to high temperatures. Experimentation at high temperature is not 
accessible in vivo in humans, which is why work will continue to be carried out by 
modeling. However to refine the model, a study will be conducted on the heating of 
the skin, the temperatures having to be controlled to avoid burns. The goal is to 
compare the differences in temperature change between cooling and heating. 
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