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Abstract
Active thermal imaging can be used for medical examination of human skin diseases. During this process, the skin
surface is subjected to thermal excitation by either cooling or heating and the radiation emitted by the skin surface is
measured and imaged. However, due to the complex structure of the human skin, the interpretation of measured data
is very difficult and not yet fully understood. Many heat transport models of human skin have been developed to
solve this problem. Most of them are based on the Pennes equation for heat distribution within biological tissue.
Sensitivity analyses have shown that blood perfusion exhibits a strong influence on thermal response of the skin
temperature during cooling and reheating. Against this backdrop, we want to understand the role perfusion rate plays
for simulating the temperature distribution within human skin during thermal stimulation and how the stimulation
can be optimized. In the presented study, three different approaches for modelling the perfusion are implemented in
a 1D thermodynamic model, the classical Pennes approach for constant blood perfusion within biological tissue, an
advanced Pennes approach with linear temperature dependent perfusion, and a new approach where the blood is
assumed to flow in a vertical loop through the skin. The surface temperature response to cooling and reheating is
evaluated and compared. The new approach exhibited greater agreement with measurement data and allowed the
simulation of realistic body temperature regulation behavior. Different durations and strengths of thermal stimulations are simulated and compared. The simulations for optimal thermal stimulation yielded a better understanding of
the influence of the stimulation on the temperature distribution within human skin. A process for finding an optimal
range of the strength and duration of the thermal stimulation was developed.

1

Background

Measuring and imaging the infrared radiation emitted
by an object with an infrared camera is called thermal
imaging. Based on a measurement of the emitted radiation, the object’s surface temperature can be calculated by means of the Stefan-Boltzmann law. In active
thermal imaging, the object is externally thermally
stimulated (heated or cooled), and the thermal response
of the object surface is measured and imaged by an infrared (IR) camera [1]. The thermal stimulation creates
a transient temperature distribution within the object.
By monitoring the object’s surface over a period of
time, one can determine the influence of local effects
taking place deep under the surface (e.g. metabolism
and blood perfusion in human skin tissue) on surface
temperature. Based on this information, the local behavior of sub-surface phenomena can be extrapolated.

The technique of active thermal imaging has long been
used in non-destructive testing of materials [2]. In medicine, active thermal imaging is used for many applications, for example in dentistry, surgery, for complex regional pain syndrome, and for skeletal and neuromuscular system [3]. It is also very promising for detecting
breast cancer [4].
When active thermal imaging is used to study skin lesions, the skin is generally cooled and the thermal recovery is monitored. The thermal recovery can be used
to classify skin lesions, as the time and frequency response of the thermal signature varies between the different types of lesions and healthy skin (see Figure 1).
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strength and duration of the stimulation were also studied.

2

Methods

Table 1. Nomenclature

Figure 1. Schematic representation of thermal recovery curves and thermal signature of a lesion and healthy skin. Taken from [5]

However, before this technique can be fully realized,
the thermal response of healthy skin must be accurately
interpreted. Thus, in the presented study, only healthy
skin is taken into account.
In order to learn how healthy skin works and to interpret measured data, several heat transfer models within
skin tissue have been developed. Most of them are
based on the Pennes equation for heat distribution
within biological tissue [6]. For the most part, these
types of models have been discussed only theoretically
and comparison between computational and experimental data is rarely seen. M. Pirtini Çetingül and C.
Herman recently presented a study with comparison
between measurement data and simulations [7]. They
also worked out a sensitivity analysis of the thermophysical skin parameters. The sensitivity analysis
shows, that blood perfusion rate and the thicknesses of
the skin layers exhibit a strong influence on thermal response of the skin surface temperature [8].
The eventual goals of this work are to learn how to interpret measured data, to understand the influence of
blood perfusion on the skin surface temperature and to
optimize a method of thermal stimulation for interpreting the data. In this study, three different approaches
for blood perfusion simulation are compared: the
Pennes’ approach for blood perfusion within biological
tissue (assuming constant blood perfusion rate and
blood entering the perfused skin layers with a constant
temperature of 37 °C), an advanced Pennes approach
with linear temperature dependency of the blood perfusion rate, and a new approach, assuming that the blood
flows in a vertical loop through the skin layers and enters the loop with a temperature of 37 °C. The three approaches are implemented in a thermodynamic model
of the human skin. The computed skin temperatures
during a cooling and reheating process are compared to
measurement data from active thermal imaging of the
healthy skin of a test subject. In order to find out how
to optimize the thermal stimulation, the influence of
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Tissue density (kg/m3)
Tissue specific heat (J/kg K)
Tissue temperature (K)
Time (s)
Tissue heat conductivity (W/m K)
Blood density (kg/m3)
Blood specific heat (J/kg K)
Tisue blood perfusion rate (ml/s/ml)
Blood temperature (K)
Metabolic heat generation (W/m3)
External heat sources and sinks (W/m3)
Laplace operator
Tissue layer thickness (m)
Heat transfer between air and skin (W)
Heat transfer by evaporation (W)
Heat transfer by radiation (W)
Heat transfer due to metabolic heat generation (W)
Heat transfer due to blood perfusion (W)
Heat transfer between tissue layers (W)
Thermal tissue energy (W)
Heat transfer due to external energy sources and sinks
(W)
Surface ratio
Heat transfer coefficient between air and skin (W/m2 K)
Air temperature (K)
Ambient temperature (K)
Stefan-Boltzmann constant (W/m2 K4)
Tissue surface emissivity
Wall temperature (K)
Core temperature (K)
Arterial blood vessel diameter (m)
Number of blood vessels
% vascular volume /100
Pore radius
Flow resistance of a pore (Pa*s/m3)
Flow resistance(Pa*s/m3)
Blood vessel diameter (m)
Dynamic blood viscosity at 37 °C (Pa*s)
Arterial blood pressure (mmHg)
Venous blood pressure (mmHg)
Perfusion rate in papillary dermis (ml/s/ml)
Perfusion rate in reticular dermis (ml/s/ml)
Perfusion rate in hypodermis (ml/s/ml)
Local tissue temperature (K)
Averaged local tissue temperature (K)
Constant heat flux over skin surface (W/m2)
Coordinate (m)
Volume (m3)

2.1 Theoretical Background
2.1.1 Structure of human skin
The skin is the human body’s largest organ. It protects
the body against thermal, mechanical and chemical impacts and provides a physical barrier against viruses,
bacteria, and other harmful entities. It consists of a
complex system with a huge variety of different actors.
The schematic structure of the human skin is shown in
Figure 2.
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where 𝜌, 𝐶, 𝑘, 𝜔, 𝑄+,- and 𝑄,4- represent the density,
specific heat, heat conductivity, blood perfusion rate,
metabolic heat generation and external heat sources
and sinks, respectively. Further, 𝜌& , 𝐶& and 𝑇& account
for blood density, specific heat of the blood and the
blood temperature. The temperature of the skin is represented by 𝑇, which is spatially dependent. The time
variable is written by 𝑡 and ∇6 represents the Laplace
operator.

Figure 2. Schematic structure of human skin. Taken from [9]

In Figure 2, the skin is classified into three layers: the
epidermis, dermis and the hypodermis (subcutaneous
tissue). In the model, the epidermis consists of the stratum corneum and the epidermis, and the dermis is divided into papillary dermis and reticular dermis (see
Figure 4). The hypodermis lies on top of muscle tissue.
Only the three lower layers and the muscle are perfused.

Since Pennes’ time, many heat transport simulation
models have been developed for thermographic research of human skin diseases ([5], [11], [12], [13],
[14], [15], [16], [17], [18], [19], [20], [21], [22]) and
skin burns [23].
A closer look to the different terms of the Pennes
equation:
The Pennes equation as written in (1) can be understood
as an energy balance, where the change rate of the temperature in a specific volume (left side of the equation)
is equal to the sum of all changes in thermal energy
over the boundary of or in this volume, including heat
transfer by conduction, heat transfer by blood perfusion, metabolic heat generation and external heat
sources and sinks.
Thermal conduction term:
The heat transport term by thermal conduction is given
by the Fourier law 𝑘∇6 𝑇 and describes the thermal conductive heat transport within and between the skin layers.

Figure 3. Schematic of simplified skin structure and muscle with blood
vessels. Taken from [10]

In the Figure 3 the skin is represented by three different
layers, the epidermis, dermis and the subcutaneous fat
(hypodermis). In this study, the stratum corneum (top
layer) is considered as a separate layer and the dermis
is subdivided in the papillary dermis and the dermis.
2.1.2

Modelling of temperature distribution
within human skin
In 1948, Pennes was the first person to formulate an
approach for calculating the heat transfer in perfused
biological tissue [6].
A widely-used notation of the Pennes equation for the
calculation of temperature distribution in human skin
is:
XY

𝜌𝐶 X- = 𝑘∇6 𝑇 + 𝜌& 𝐶& 𝜔(𝑇& − 𝑇) + 𝑄+,- + 𝑄,4- (1)

Blood perfusion term:
The expression 𝜌& 𝐶& 𝜔(𝑇& − 𝑇) describes the heat exchange between blood and surrounding skin tissue. According to the temperature difference, it can function as
a heat source or a heat sink. Holmes has shown that the
majority of the heat transfer takes place between the
terminal arterial branch and the capillaries [24], primarily localized to the hypodermis and reticular dermis.
In skin cancer research, determining the skin layer in
which the greatest amount of heat transfer takes place
may yield important information, such as depth or stage
of the lesion. In this study, the influences of different
approaches for blood perfusion on the skin distribution
in healthy skin were compared.
The different approaches are:
1. Constant, skin layer dependent blood perfusion
rate in papillary dermis, reticular dermis and
hypodermis
2. Temperature and skin layer dependent blood
perfusion rate in papillary dermis, reticular
dermis and hypodermis, described by a linear
temperature dependency
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3. Temperature and skin layer dependent blood
perfusion rate in papillary dermis, reticular
dermis and hypodermis, where the blood perfusion rate depends on the diameter of the
blood vessels 𝑑&100=;,??,1 , while these blood
vessel diameters depend on the surrounding
skin tissue temperature.

The model takes several heat transfer processes into account, such as the thermal conduction in the skin tissue,
heat transfer due to blood perfusion in the papillary and
reticular dermis as well as in the hypodermis an in the
muscle, heat transfer by radiation and evaporation over
the skin surface and heat transfer because of external
heat sources and sinks (see Figure 4).

Metabolic heat generation term:
The metabolic heat generation term describes the
amount of heat produced per unit volume on the basis
of metabolic processes. Generally, it is assumed to be
constant. However, there are some studies with temperature-dependent approaches for metabolic heat generation. They argue that the chemical reaction rate of adenosine tri-, di- and monophosphates depend on temperature [25], [26].In this study, the metabolic heat generation rate was implemented as a constant term. However, it was taken into account in the sensitivity analysis and, if necessary, can be replaced by a temperaturedependent term in the future.
External heat sources and sinks term:
The flow of heat due to external heat sources and sinks
are considered as evenly distributed over the boundary
area. At the upper boundary, the heat transfer between
air and skin is taken into account, as are the effects of
radiation and evaporation on heat loss. At the lower
boundary, a constant core temperature of 37 °C is assumed.

2.2 The 1D thermodynamic model of human skin
The model consists of five different skin layers: stratum
corneum, epidermis, papillary dermis, reticular dermis
and the hypodermis and a muscle layer. Each layer has
specific thermophysical properties which are shown in
Table 2. In reality, connecting surface area between the
epidermis and papillary is wave-shaped. In order to
compensate this difference, a surface ratio 𝛾(^_`)_^ between the two skin layers (i-1) and i is introduced. The
surface ratios are all set to 1, except the one between
the epidermis and papillary dermis is assumed as 4.
Table 2. Thermophysical properties of the different
skin layers and the muscle
Tissue
Stratum corneum
Epidermis
Papillary dermis
Reticular dermis
Hypodermis
Muscle
a [27]
b [10]
c [28]
d [7]
e [29]
f [30]

Layer
Nr.
1
2
3
4
5
6

d (m)
-5 a

1.5*10
8*10-5 e
5*10-4 b
6*10-3 b
2*10-3 b
0.02 b

ρ
(kg/m3)
1400 a
1200 e
1200 e
1200 e
1000 e
1085 f

C
(J/kg K)
2000 a
3600 c
3300 c
3300 c
2700 c
3800 d

λ
(W/m K)
0.28 a
0.235 c
0.445 c
0.445 c
0.185 c
0.51 d

ω
(ml/s/ml)
0
0
2*10-4 f
2*10-4 f
1*10-4 f
0.0109 f

Qmetabolic
(W/m3)
0
0
460 f
460 f
460 f
855 f

Figure 4. Schematic of the 1D thermodynamic model of human skin and a
muscle layer with the different heat transfer processes

The model solves for each skin layer an energy balance
and calculates the resulting skin layer temperatures.
Energy balance for skin layer i:
=
(𝑄2 ) = 𝐼9,(2_`)_2 − 𝐼9,2_(2a`) + 𝐼9,<,:>O?20@b
=+ 𝜎9,2

(2)

with
𝐼9,(2_`)_2 = 𝛾(2_`)_2 𝜆(2_`)_2

cY(bde) _Yb f
g(bde) g
a b
h
h

j

i+hk
e

(3)

𝛾(2_`)_2 describes the surface ratio between the two
skin layers (i-1) and i.
𝜆(2_`)_2 describes the average heat conductivity between the two skin layers (i-1) and i. It is calculated as
𝜆(2_`)_2 = =

=(bde)
(bde) a=b

𝜆(2_`) + =

𝐼9,2_(2a`) = 𝛾2_(2a`) 𝜆2_(2a`)

=b

(bde) a=b

𝜆2

cYb _Y(ble) f
gb g(ble)
a
h
h

(4)
j

i+hk
e

(5)
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k

(6)

(see Difference between perfusion mode 1-3)
j

𝜎9,2 = 𝑠𝑘𝑖𝑛 𝑙𝑎𝑦𝑒𝑟 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑠𝑜𝑢𝑟𝑐𝑒 𝑡𝑒𝑟𝑚 i+h k
e

(7)

0 𝑓𝑜𝑟 𝑖 = 𝑠. 𝑐𝑜𝑟𝑛𝑒𝑢𝑚, 𝑒𝑝𝑖𝑑𝑒𝑟𝑚𝑖𝑠
⎧𝜔
</<211/:‹ =,:+2? 𝑓𝑜𝑟 𝑖 = 𝑝. 𝑑𝑒𝑟𝑚𝑖𝑠
𝜔2 =
⎨ 𝜔:,-23O1/: =,:+2? 𝑓𝑜𝑟 𝑖 = 𝑟. 𝑑𝑒𝑟𝑚𝑖𝑠
⎩ 𝜔P‹<0=,:+2? 𝑓𝑜𝑟 𝑖 = ℎ𝑦𝑝𝑜𝑑𝑒𝑟𝑚𝑖𝑠

(13)

j

𝐼9,<,:>O?20@b = 𝜌& 𝐶& 𝜔2 i+h k
e

(14)

j

𝜎9,` = 𝐼9,/2: − 𝐼9,,;/< − 𝐼9,:/= i+hk

(8)

e

j

𝜎9,6 = 0 i+h k

(9)

e

j

𝜎9,z 𝑡𝑜 𝜎9,{ = 𝜎9,+,-/&0123b i+h k

(10)

e

Temperature of skin layer i:
𝑇2 =

|b

(11)

=b ∙~b ∙Gb

Perfusion mode 2:
The perfusion mode 2 describes an advanced approach
of the Pennes equation, where the blood perfusion rate
depends linearly on the temperature of the surrounding
skin tissue. Therefore, the blood perfusion rate changes
by different skin layer temperature, but the blood still
enters each layer with a fixed temperature of 37 °C. The
blood supply system is the same as in model 1.
𝜔2 = 𝜔2,V + 𝜔2,` c𝑇2 − 𝑇2,V f

(15)

j

Boundary conditions:
The heat transfer between the air and the skin, together
with the heat transfer by radiation and evaporation,
comprise the upper boundary condition
𝜎9,` = 𝐼9,/2: − 𝐼9,:/= − 𝐼9,,;/<
= 𝛼/2:?D2@ (𝑇/2: − 𝑇` )
j

•
− 𝜎:/= 𝜀c𝑇`• − 𝑇F/11
f − 𝐼9,,;/< €+h

•‚bƒe

„

(12)

where 𝛼…2:†D2@ , 𝜎:/= and 𝜀 are respectively the heat
transfer coefficient between air and skin, the StefanBoltzmann constant and the emissivity of human skin.
In this study, a cooling thermal stimulation is used,
therefore, the 𝐼9,,;/< is considered as zero.
The lower boundary condition is given by the constant
temperature 𝑇G0:, .
Difference between perfusion mode 1-3
The differences between the three modes lie in the way
the blood perfusion is modeled. The three approaches
are: constant perfusion, non-constant perfusion with
linear temperature dependency, and the new approach
with the blood flowing in a vertical loop trough the layers.
Perfusion mode 1:
The perfusion mode 1 is based on the classical Pennes
equation with constant blood perfusion in each skin
layer. The blood inserts each layer with a fix temperature of 37 °C. The model describes a system in which
the blood supply to each layer is provided by blood vessels coming directly from the core with a blood temperature of 37 °C.

𝐼9,<,:>O?20@b = 𝜌& 𝐶& 𝜔2 i+h k
e

(16)

Perfusion mode 3:
The perfusion mode 3 contains a novel approach to
modeling cutaneous blood perfusion. It is hypothesized
that this approach will more accurately resemble the
blood flow in the skin. This perfusion mode assumes
that the blood flows in a vertical loop trough the muscle, hypodermis, reticular dermis and the papillary dermis. The circuit is split into an arterial and a venous
part. The arterial blood enters the hypodermis directly
from the muscle with a temperature of 37 °C, then
flows through the arterial blood vessels of the reticular
dermis and reaches the capillary vessels of the papillary
dermis. In the capillaries, the blood changes from arterial to venous. Therefore, in the papillary dermis no distinction is made between arterial and venous blood.
The blood leaves the papillary dermis and flows back
through the venous blood vessels of the reticular dermis
and the hypodermis to the muscle. The diameters of the
arterial blood vessels in the hypodermis and reticular
dermis are temperature dependent. That leads to a variable area for temperature transfer between blood and
skin tissue as well as a temperature dependency of the
blood perfusion rate due to the different flow resistance. The blood in the muscle layer is assumed to
be at a constant temperature of 37 °C.
The arterial blood vessel diameter is linearly dependent
on temperature.
𝑑/:-,:2/1b (𝑇2 ) = 𝑑/:-,:2/1b,• + 𝑘2 c𝑇2 − 𝑇&b f

(17)

Based on the vascular data in Table 3 and the assumption of straight pores with the length of the skin layer
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thickness 𝑑2 , the number of blood vessels per volume
unit can be calculated as
Ž

`

`

𝑛 = : hb• = €+‘ „
b

•

Table 3. Vascular parameters. Taken from [24]

•‚bƒ

(18)

with 𝜑2 as the % 𝑣𝑎𝑠𝑐𝑢𝑙𝑎𝑟 𝑣𝑜𝑙𝑢𝑚𝑒/100 and 𝑟– as the
blood vessel radius from Table 3.
The flow resistance of one pore is given by
𝑅<0:,,2 =

—˜™ =b
gš
™›
š

(19)

where 𝜇& is the dynamic blood viscosity at 37 °C in
Pa*s and 𝑑& is the blood vessel diameter (m). 𝑅<0:,
represents the flow resistance of one pore. The blood is
assumed to be a Newtonian fluid with constant dynamic viscosity.

In Figure 5, the schematic of the blood temperature distribution in the blood circulation is shown.

The flow resistance of a skin layer can be calculated by
connecting the single pores in parallel
`
œb

= 𝑛œ

`
•žŸ ,b

(20)

This resistance 𝑅2 was accounted for in the arterial and
the venous parts of the loop.
The total flow resistance of the loop can be considered
as a serial connection of the different resistances
𝑅-0-/1 = ∑2 𝑅2

(21)

The resulting blood perfusion rate is calculated as
𝜔=

cL™,¢Ÿ£ Ÿb¢¤ _L™,¥ ƒž¦• f
œ£ž£¢¤

(22)
where 𝑃&,/:-,:2/1 represents the arterial blood pressure
and 𝑃&,;,@0O? the venous blood pressure.
This approach is inspired by [24]. They introduced the
thermal equilibration length, which describes the theoretical needed length of a blood vessel for completely
thermal equilibration of the blood and the surrounding
skin tissue. They calculated that heat exchange between
blood and skin tissue almost entirely takes place between the arterial branches blood vessels and the arterioles. This localizes the majority of the heat exchange,
to the hypodermis and the reticular dermis. The Table
3 contains the vascular parameters published by [24].
In the human skin tissue, only blood vessel types j =
5 − 9 are expected.

Figure 5. A schematic view of the blood temperature throughout the systemic circulation. Blood at arterial temperature T, is distributed
to solid tissue that is either warmer (q.,) or cooler (Kb) than T,.
Thermal equilibration occurs after the terminal arterial
branches ( j = 5). Past the venules ( j = 8). blood temperature
changes are due to mixing effects in venous drainage branches.
The vena cava blood returns to the heart at Ta. Taken from [24]

2.3 Analytical model validation
The model was validated against an analytical solution
from [21]. They worked out an analytical solution for
the skin temperature of a one-layer skin model (see Figure 6).

Figure 6.

Schematic of the one-layer skin model of [21]. Taken from [21]

Model setup for validation with the analytical solution:
The five skin layers were assumed to have the same
physical properties, like in Xu Lu’s analytical solution.
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The muscle layer was not considered. The boundary
conditions were assumed:
• a constant heat flux over the skin surface for
the upper boundary condition and
• a constant temperature at the core for the lower
boundary condition.
The perfusion rate had the same constant value in all
skin layers. The heat transfer by radiation and evaporation as well as the metabolic heat generation were set
to zero. The skin layer thicknesses were set to realistic
values for human skin from literature (see Table 2).

To ensure that the number of terms (m) in the analytical
solution did not distort the outcome, a sensitivity analysis was performed. The value of m was set to 1,000,
2,000, 5,000 and 10,000. The variation of the solution
for 2,000 to 5,000 was nearly zero. For this reason, the
value of 5,000 was taken for m.
The parameter values used in the validation are shown
in Table 4.
Table 4. Model parameters for validation by analytical solution
di (m)
ωb (ml/(s*ml))
Cb (J/kgK)
q0 (W/m2)
k=λ (W/(m*K))
ρ (kg/m3)
C (J/kgK)
TC (°C)
T0 (°C)

Figure 7. Model set up with five similar skin layers for the validation by
the analytical solution

The analytical solution provides a skin temperature for
each place in the skin, where the model only provides
averaged temperatures for each skin layer. To compare
the analytical solution with the simulation model, the
temperature of the analytical solution needs to be numerically integrated over each skin layer like they are
defined in the model.
g

)ª (𝑧, 𝑡) =
𝑇

∫g b

bde

0.005
5*10-3
3700
1000
0.5
1050
3770
37
37

Analytical solution:
The skin was treated as a homogenous medium with
constant physical properties. The solution is based on a
rewritten variation of the Pennes equation [31]. A constant heat flux over the skin surface was set as upper
boundary condition and a constant temperature at the
bottom for the lower boundary condition. For solving
this analytical problem, a Green function was used.
Rewriting of the classical Pennes equation:
Classical Pennes equation
Xh Y

XY

𝜌𝑐 X- = 𝑘 X¬ h + 𝜔
)& 𝜌& 𝑐& (𝑇/ − 𝑇) + 𝑞+,- + 𝑞,4- (24)
with
𝑇(𝑧, 𝑡) = 𝑇V (𝑧) + 𝑊(𝑧, 𝑡)𝑒

) ¯ °
®
_ ™ ™ ™¯°

(25)

Y(¬,-)=¬

=b _=bde

(23)

(1) Can be rewritten to
Xj
X-

=𝛼

Xh j
X¬ h

+

) ¯ °
®
9 ±£ (¬,-) _ ™¯°™ ™ 𝑒
~3

(26)

D

where 𝛼 = (~3) is the thermal diffusivity of the skin tissue
The boundary conditions are given as
−
²
Figure 8.

Numerical integration of the skin temperature over each skin
layer to get an averaged skin temperature of each skin layer

DXY
X¬

= 𝑓6 (𝑡), 𝑧 = −𝐻/2

𝑇 = 𝑇3 , 𝑧 = 𝐻/2

(27)

The used Green function is
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𝐺 ¶𝑧, 𝑡⃒𝑧 ¸ , 𝜏º =
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cos(𝛽+ 𝑧) cos(𝛽+ 𝑧 ¸ )
+Å` 𝑒

(28)

This leads to the solution
𝑇(𝑧, 𝑡)
= 𝑇V (𝑧)
𝛼
𝑘 𝑑𝑇V (𝑧)
+ ℎ> Æ
Ç
− 𝑇V (𝑧)|4ÅV + 𝑓z (𝑡)É
𝑘
ℎ> 𝑑𝑧 4ÅV
Ä

2.4 Experimental model validation
For further validation, the simulation model is compared to measurement data from experiments with a
skin phantom. The skin phantom was cooled by cold
air for a certain time and then allowed to reheat. During
this process, the skin surface temperature was measured and the phantom was imaged by an infrared camera (PI450, Optris GmbH). For the cooling, a cryostat
(Cryo V6, Zimmer GmbH) was used to blow cool air
on the skin phantom.

6

2 Í𝛽@6

+ cℎ> /𝑘f Î
𝐻
×ËÌ
sin Ñ𝛽@ Ò
6
6
2
@Å` 𝐻 Í𝛽@ + cℎ> /𝑘f Î + cℎ> /𝑘f
− 𝑧ÓÔ sin(𝛽@ 𝐻)
×

analytical solution, the boundary condition effects on
the skin surface. But in the numerical model, the first
skin layer is represented by a single point. The upper
boundary condition actually effects on the point, instead of the surface. But due to the fact, that in reality
the stratum corneum is very thin, a correction calculation of the temperature can be neglected.

) ™ ~™ 3™
h -_Ö
1
_¼½¾
~3
Õ1
−
𝑒
×Ø
𝜔
)& 𝜌& 𝑐&
6
𝛼𝛽@ +
𝜌𝑐

(29)

where 𝛽+ is the positive roots of 𝛽+ cot(𝛽+ 𝐻) =
−ℎ` /𝑘` ; ℎ` is the surface heat transfer coefficient; 𝑓z
is the temperature of thermal stimulation.
Validation:
Both the analytical solution and the simulation model
solution are calculated with the software MATLAB
(MATLAB R2016a). In the numerical model, the time
step size is set to ∆𝑡 = 1 ∙ 10_• seconds and the chosen
numerical method is Runge-Kutta 4.

Skin phantom:
The skin phantom consists of two different layers. The
upper 1 mm thick layer represents the skin and the
lower 5 mm thick layer represents the hypodermis (subcutaneous fat). In this study a basic tissue plate with
two layers from the company SynDaver® Labs was
used, which imitates adult skin. The structure of the
skin phantom is shown in Figure 10.

Figure 10. Schematic of the skin phantom of adult skin from SynDaver®
Labs

The thermophysical properties in Table 5 were determined by ZHAW Wädenswil to an accuracy level of
±10%.
Table 5. Skin phantom properties

Figure 9. Comparison between the skin layer temperatures of the analytij
cal solution and the simulation model with 𝑞V = 1000 i h k and
𝜔& = 5 ∙ 10_z i

+1™
?∙+1•‚bƒ

+

k

The skin layer temperature curves show high agreement between the analytical solution and the simulation
model. The temperature profiles of the first skin layer
show a small deviation. It is supposed that the deviation
occurs because of the upper boundary condition. In the

Tissue

d (m)

ρ (kg/m3)

C (J/kg K)

λ (W/m K)

Skin

0.001

706

3510

0.5

Fat

0.005

1077

4050

0.35

Experimental setup:
The skin phantom was placed on an eight-millimeterthick aluminum plate. The plate was used to simulate a
constant temperature at the body’s core. The infrared
camera (PI450, Optris GmbH) was positioned perpendicular to the skin surface at a distance of 25 cm. the
air-nozzle of the cryostat was positioned next to the infrared camera.
8
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The schematic of the setup and a picture of the real
setup are shown in Figure 11.

Figure 11. Schematic of the experimental setup (left) and picture of the real
setup of the experiments with skin phantom (right)

Model setup for experimental validation:
The two upper skin layers in the model are represented
by the phantom’s skin, and the three lower skin layers
are represented by the phantom’s fat. The muscle layer
is not considered for the validation. The first skin layer
is so thin that the temperature of this layer could be
taken directly as skin surface temperature, with no need
for correction calculations. The thickness of the lowest
skin layer is also very small. The heat transfer coefficient between air and skin was set to 10 W/m2K for
steady-state conditions and 35 W/m2K during the cooling phase. The skin phantom properties were variable
within a range of ±10 % of their tabulated values.
Test procedure:
First, both the aluminum plate and the skin phantom
were preheated up to 37 °C. Then they were positioned
on the thermal isolation pad and the measurement with
the infrared camera began (steady-state phase). Next
came the cooling with the air. Because of the long starting time of the cryostat, it was started before the experiment began. The cooling phase was started by positioning the air-nozzle directly over the phantom skin.
After a certain time, the air-nozzle was removed and
the skin phantom was allowed to reheat (reheating
phase). The aluminum plate was kept at a constant temperature of 37 °C throughout the experiment. The comparison between the simulations and the experimental
data are shown in Figure 12.

Figure 12. Comparison between skin phantom surface temperature measured by the infrared camera and the skin phantom surface temperature computed by the model

2.5 Experiments with a test subject
In order to determine the accuracy of the different
blood perfusion approaches, the surface temperatures
calculated by the different modes were compared to
measurement data gathered from a live test subject.
Due to the lack of the exact thermophysical properties
of the test person’s skin, the values of Table 2 were assumed for this study.
2.5.1 Experimental setup
The test subject was asked to sit still with his arm in a
relaxed position. The infrared camera (PI450, Optris
GmbH) and the air-nozzle of the cryostat (Cryo V6,
Zimmer GmbH) were positioned at a distance of 25 cm
and were adjusted perpendicular to the measurement
point of the arm. In Figure 13, the measurement point
on the arm is located just above the metal rod. The ambient temperature as well as the cool air temperature
were measured by thermocouple.

The measured surface temperature, given by the T_IRC
line, and the computed surface temperature, given by
T_Sim, exhibit high agreement. The curves have similar behavior and show only small deviations. The temperature profiles show a small deviation. It is supposed
that the deviation occurs because in reality the removing of the air-nozzle at the end of the cooling duration
took a few seconds and the model simulated the cooling
until the skin started to reheat.

Figure 13. Picture of the experimental setup with test person
9
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Test procedure:
After finishing the experimental set up, the measurement with the infrared camera started (steady-state
phase). Because of the long starting time of the cryostat, it was started a few minutes earlier with the airnozzle removed. The cooling started when the air-nozzle was positioned toward the subject’s arm. The skin
was cooled for 90 seconds, or until the surface temperature reached approximately13 °C, as in [7]. It was decided that the duration of the whole measurement
should not take longer than 240 seconds to ensure that
the test was feasible in a realistic medical or clinical
setting. Cool air was applied for 92 seconds, though the
surface did not reach the desired 13 °C as measured by
the infrared camera. After the cooling, the air-nozzle
was removed and the reheating of the skin took place
(reheating phase).
The camera captured the thermal profile of the skin
throughout the experiment at 125 frames per second.
The ambient temperature was measured every 0.5 seconds.
The measured thermal response of the skin surface during the experiment is shown in Figure 14.
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rate in the papillary dermis, reticular dermis, hypodermis and the muscle.
The air temperature 𝑇/2: , the wall temperature 𝑇F/11 ,
the blood parameters 𝜌& , 𝐶& and 𝑇& , as well as the core
temperature 𝑇30:, were also assumed to be constant.
The assumed values are listed in Table 6. The heat
transfer coefficient between air and skin 𝛼/2:?D2@ during cooling was variable between 30-37 W/m2K and 510 W/m2K at steady-state conditions. This assumption
was based on the experiments for determining the α
value (see Appendix 6.1).
Table 6. Model parameters for simulation compared
to measurement data
5-10 (W/m2K)
30-37 (W/m2K)
21.6 (°C)
-10.59 (°C)
21.6 (°C)
1100 (kg/m3)
3770 (J/kgK)
37 (°C)
37 (°C)

𝛼/2:?D2@ steady-state, neutral and reheating phase
𝛼/2:?D2@ cooling phase
𝑇/2: neutral and reheating phase
𝑇/2: cooling phase
𝑇F/11
𝜌&
𝐶&
𝑇&
𝑇30:, .

The ranges of the variable parameters for the perfusion
mode 1 and 2 as well as the constants ki of the temperature dependent blood perfusion rates of mode 2 are
shown in Table 7.
Table 7. Range of variable parameters
Tissue
Epidermis
Papillary dermis
Reticular dermis
Hypodermis
Muscle

6*10-5 a-1*10-4 b

ω0 (ml/s/ml)
-

ki (-)
-

3*10-4 a-7*10-4 a

2*10-5 a-2*10-3 a

0 a-5*10-5 a

d (m)

-4 a

4*10

-4 a

-8*10

1*10-3 a-3*10-3 a
4*10

-3 a

-2 b

-2*10

-3 a

0 a-5*10-5 a

1*10-5 a-1*10-3 a

0 a-5*10-5 a

-5 a

2*10

-2*10

5*10

-4 c

-0.0109

c

0 a-0.1 a

a Assumption
b [10]
c [30]

Figure 14. Measured transient thermal response of the skin surface during
cooling and reheating phase

The ambient temperature remained nearly constant at
21.6 °C while the cooling air temperature (purple profile, allocated to the left vertical axis in Figure 14) mean
value was maintained at -10.59 °C.
2.5.2 Model setup
C. Herman et al. showed with their sensitivity analysis
[8], that the blood perfusion rate and the skin layer
thicknesses have the biggest influence on the skin surface temperature response. Allowing the other parameters to vary in a meaningful range didn’t lead to significant skin surface temperature differences. Therefore,
in this study, all parameters were assumed to be constant (see Table 2), except the skin layer thicknesses of
the epidermis, papillary dermis, reticular dermis, hypodermis and the muscle as well as the blood perfusion

The blood perfusion rate in perfusion mode 3 depended
on the arterial and the venous blood pressure as well as
on the arterial blood vessel diameter in the hypodermis
and the reticular dermis. The blood vessel diameters
were assumed as in Table 8. The range of the perfusion
rate in the muscle layer was assumed as in Table 7.
Table 8. Blood vessel diameters in perfused tissues
Blood vessel
Papillary dermis
Reticular dermis arterial
Reticular dermis venous
Hypodermis arterial
Hypodermis venous

𝑗 from Table 3 𝑑&100=;,??,1 (m),
7
8*10-6
6
2*10-5
8
3*10-5
5
3.5*10-4
9
3*10-4 a-7*10-4

𝑘2 (m/K)
0 a-0.1 a
0 a-0.1 a
-

a Assumption

The arterial blood pressure was assumed to vary in the
range of 70-80/110-120 mmHg for healthy person [32].
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The venous blood pressure was assumed to vary in the
range of 10-20/50-60 [33]. But, in order to compare the
perfusion mode, the perfusion rate for mode 3 was calculated so, that in mode 3 the same amount of blood
flew through the skin like in mode 1 through all layers
together. Therefore, the blood pressure hasn’t been
used jet.
The blood pressure distribution in human skin is assumed as schematically illustrated in Figure 15.

Figure 15. Schematic of blood pressure change in the circulatory system.
Taken from [32]

Simulation procedure:
The model simulated steady-state situation until
𝑡Ü+</3-,&,Ý2@ . At that point the cooling phase started
and the 𝛼/2:?D2@ and 𝑇/2: were adjusted to their cooling
phase values. At 𝑡 > 𝑡Ü+</3-,&,Ý2@ + 𝑡Ü+</3- , the cooling phase was completed. At that point, parameters returned to their steady-state values and the thermal regeneration phase began. The simulation lasted until
𝑡,@= was reached. The temperature of each skin layer
was computed, where the temperature of the stratum
corneum was taken as surface temperature because of
its very small thickness (no need for temperature correction). The cooling duration 𝑡Ü+</3- was 92 seconds
and it began at 𝑡Ü+</3-,&,Ý2@ of 10 seconds. The whole
simulation took 200 seconds (𝑡,@= ).The time step size
was set to ∆𝑡 = 1 ∙ 10_• seconds. The chosen numerical method was Runge-Kutta 4. The variable parameters were varied in their range in order to get the best
match between the simulated surface temperature curve
and the measurement data. The difference of the absolute values of the curves as well as the whole temperature profile behavior were of interest.
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minute. In order to replicate their results, a cooling surface temperature of 13 °C was desired in this experiment.
When studying the human skin, it is important to note
that thermal stimulation can be conducted so that only
the skin is stimulated, without affecting the subjacent
muscle. If this selective stimulation is achieved, the
muscle layer in the model could be replaced by the
boundary condition of a constant core temperature.
The duration as well as the strength of the cooling was
varied in the simulations and the impact on the temperature of the skin and muscle layers were calculated.
Furthermore, the time of the thermal recovery was of
interest.
The duration of the cooling phase was varied between
1, 3, 5, 10 and 15 seconds. In order to vary the strength
of the cooling, the cooling air temperature and the heat
transfer coefficient value between the air and the skin
during the cooling were varied. The cooling air temperature was varied between 0, -10 and -20 °C and the heat
transfer coefficient α was varied between 30, 35 and 40
W/m2K. The maximal temperature differences of each
skin layer during the cooling as well as the duration of
the thermal recovery were calculated for each combination.
∆+/4 𝑇2 = 𝑇2,?-,/=‹_?-/-, − 𝑇2,+2@

(30)

where ∆+/4 𝑇2 , 𝑇2,?-,/=‹_?-/-, and 𝑇2,+2@ represent the
maximal temperature difference, the steady-state temperature and the minimal temperature.
The muscle has a strong influence on the skin surface
temperature (see Appendix 6.2). Therefore, it would be
a big advantage, if the muscle could be replaced by a
constant temperature boundary condition, instead of
modeling it. Based on this, the goal was to maximize
the temperature difference of each skin layer by minimizing the temperature change of the muscle. In order
to keep the cooling of the muscle negligible, it was assumed that the temperature change of the muscle
should not rise over 0.1 °C.
The simulations for studying the thermal stimulation
only were made with the constant perfusion mode. The
model was set up with the standard parameters from
Table 2.

2.6 Thermal stimulation optimization
In the experiment, the idea was to cool down the
surface until it reaches a temperature of 13 °C or until
the temperature curve was flattened. This approach was
inspired by [7]. They cooled down the skin surface by
a cool pack with the temperature of 13 °C for about 1
11
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3

Results and discussion

3.1 Results and discussion of different
perfusion modes compared to experimental data
3.1.1 Results and discussion of perfusion mode 1
In order to determine the depth at which cooling took
place, the simulated skin surface temperature of the
perfusion mode 1 was compared to the measurement
data. To check if the cooling only took place in the skin,
the muscle layer was set to constant temperature of 37
°C (d6=0 m) and the skin surface temperature was simulated with standard values for the skin parameters as
well as with variable α values and skin layer thicknesses of the lowest layer with di different to zero meters (curves: “Stand. par. 5 layer” (red) and “Best fit α
35, d5max” (gray) in Figure 16). If the cooling influenced only the skin temperature, the model could be
simplified in terms of a constant temperature boundary
condition below the hypodermis instead of the muscle
layer.

T. Ott

be a constant temperature. Therefore, the cooling impact must be deeper than only in the skin. This confirmed the need to include the muscle layer in the
model.
The temperature profile of the simulation with the muscle layer and all parameters set to standard values is
shown by the yellow curve. It is obvious that this curve
fits the measurement data more accurately than when
the muscle is assumed to have a constant temperature
of 37 °C. The cooling phase did not exhibit the strong
temperature effect observed in the measurement However, the profile of the reheating phase appears to be
accurate, as only an offset was observed. By adjusting
the α value during cooling and the thickness of the muscle layer, the simulation curve (light blue curve, Figure
16) already lies close by the measured curve and similar behavior is observed. However, if the perfusion is
set to zero and both the α value and the thickness of the
muscle layer are adjusted during cooling, the curve
shows nearly identical reheating behavior (green curve,
Figure 16) to the test setup.
This leads to the presumption that either the perfusion
rates of all layers were collapsed due to the strong and
long cooling during the experiment or that the blood
enters the skin at a cooler temperature than core body
temperature. In the experiment, a large area surround
the measurement point was cooled. If the blood flows
horizontally through the skin instead of directly vertically from the core to the skin layer, it must pass
through cooled tissue and therefore will enter the measured skin below the temperature assumed in this simulation.

Figure 16. Different surface temperature profiles by varying the α value
during cooling and the thickness of the hypodermis and the muscle layer

When a constant muscle temperature of 37 °C and
standard skin parameters were assumed (red curve, Figure 16), the resulting curve exhibits a similar profile to
the measured curve. However, during the cooling phase
the temperature doesn’t fall fast enough and during the
reheating the temperature rises too quickly compared
to the measured data. The slow cooling leads to the assumption of a bigger α value during the cooling. The
thickness of the hypodermis has the biggest influence
on the gradient of the reheating curve section, so the
bigger the hypodermis, the smaller the gradient assuming all other parameters are constant. The simulation
adjusted for these values produced the gray curve in
figure 16. It is apparent that the measured curve could
not be reproduced when muscle tissue was assumed to

3.1.2 Results and discussion of perfusion mode 2
The influence of the perfusion rate on each layer was
determined by varying the linear temperature dependency constant ki. All other parameters were set to standard values (see Table 2). When ki is set to zero (ki,min),
the maximal perfusion rate is simulated. By setting ki
to a large value (ki,max), the perfusion rate rapidly approaches zero and the minimal perfusion rate is simulated. By choosing a ki value between the maximum
and the minimum (ki,middle), the perfusion rate sinks to
zero at the coolest layer temperature and rises again
during the reheating phase. The assumed values of the
perfusion rate perfusioni and the linear temperature dependency constant ki are shown in Table 9 and Table
10. The surface temperature curves were compared to
the measurement data (IR Data of live subject). The
simulated surface temperature curves by different settings for ki as well as the perfusion rate curves are
shown in Figure 17-Figure 20.
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Table 9. Values of perfusion rate perfusioni and linear
temperature dependency constant ki at standard perfusion
Layer Nr.
3
4
5
6

perfusioni
(ml/(s*ml))
0.0002
0.0002
0.0001
0.0109

ki, min
(ml/(s*ml*K))
0
0
0
0

ki, min
(ml/(s*ml*K))
1.6*10-5
1.8*10-5
1.25*10-5
0.0224

ki, min
(ml/(s*ml*K))
5*10-5
5*10-5
5*10-5
0.1

Figure 19. Simulated surface temperature and perfusion profiles by standard perfusion rate perfusion5 and varying the linear temperature
dependency constant k5 of the layer 5, compared to measurement data (IR Data)

Figure 17. Simulated surface temperature and perfusion profiles by standard perfusion rate perfusion3 and varying the linear temperature
dependency constant k3 of the layer 3, compared to measurement data (IR Data)

At maximal k3 the perfusion rate sinks rapidly to zero.
By setting k3 to the middle value the perfusion sinks
continuously until it reaches zero at the end of the cooling phase and rises again during the reheating phase.
There is no characteristic difference between the surface temperature profiles. The same behavior can be
seen in Figure 18-Figure 20 for the layers 4, 5 and 6.

Figure 18. Simulated surface temperature and perfusion profiles by standard perfusion rate perfusion4 and varying the linear temperature
dependency constant k4 of the layer 4, compared to measurement data (IR Data)

Figure 20. Simulated surface temperature and perfusion profiles by standard perfusion rate perfusion6 and varying the linear temperature
dependency constant k6 of the layer 6, compared to measurement data (IR Data)

The standard perfusion rate perfusioni from literature is
too small to influence the skin surface parameter by
varying the linear temperature dependency constant ki.
Even the perfusion rate perfusion6, which represents
the maximum standard value, has no influence on the
skin surface temperature.
Therefore, the influence of the perfusion rate of each
layer was determined by setting the perfusion rate of
one layer at a time to its maximum and allowing the
linear temperature dependency constant ki to vary. All
other parameters were set to standard values (see Table
2). The values of the perfusion rate perfusioni and the
linear temperature dependency constant ki are shown in
Table 10. The surface temperature curves were compared to the measurement data (IR Data). The simulated surface temperature curves by different settings
for ki as well as the perfusion rate curves are shown in
Figure 21-Figure 23.
Table 10. Values of perfusion rate perfusioni and linear
temperature dependency constant ki at maximal perfusion
Layer Nr.
3
4
5

perfusioni
(ml/(s*ml))
0.002
0.002
0.001

ki, min
ki, min
(ml/(s*ml*K)) (ml/(s*ml*K))
0
1.62*10-4
0
1.78*10-4
0
1.27*10-4

ki, min
(ml/(s*ml*K))
5*10-4
5*10-4
5*10-4
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Because the standard perfusion rate of the muscle already corresponds to the maximum value, the muscle
layer wasn’t examined a second time.

Figure 23. Simulated surface temperature and perfusion profiles by maximal perfusion rate perfusion5 and varying the linear temperature dependency constant k5 of the layer 5, compared to measurement data (IR Data)
Figure 21. Simulated surface temperature and perfusion profiles by maximal perfusion rate perfusion3 and varying the linear temperature dependency constant k3 of the layer 3, compared to measurement data (IR Data)

By setting the perfusion rate of layer 3 to its maximum
value, an influence of the linear temperature dependency constant k3 is visible. The temperature response of
the cooling phase as well as of the reheating phase
show differences. Especially at the end of the cooling
phase and at the beginning of the reheating phase, the
gradients of the curves show deviations from measured
values. The simulation which results the smallest perfusion fits the measurement data most accurately in absolute values. Simulation of maximal perfusion rate
leads to a strong temperature dependency of the perfusion rate perfusion3. However, in this study the maximal value ofperfusion3 corresponds to the tenfold of the
literature value.

According to the comparison of the perfusion rate
curves of k3,middle (light blue, Figure 21), k4,middle (light
blue, Figure 22)and k5,middle (light blue, Figure 23), the
minimal temperature of layer 5 is reached about 15 seconds later than it is within layers 3 and 4. The influence
of the perfusion rate in layer 5 is greater during the reheating than during the cooling phase. This may also
depend on the delay of the cooling effect reaching layer
5 as each layer loses heat only when the layer above it
begins to cool. Further, the surface temperature profiles
in Figure 23 lie close together at the beginning of the
reheating phase. But the ones for maximal and minimal
k5 reach similar values to those temperature profiles for
maximal and minimal ki in the previous simulations of
varying the perfusion in the layer 3 (temperature profiles of k3=min and k3=max in Figure 21) and 4 (temperature profiles of k4=min and k4=max in Figure 22).
In Figure 23 the temperature profile for maximal linear
temperature dependency constant value fits the measurement data most accurately.
It can be shown that by setting the perfusion rates to
their maximum values, a strong temperature dependency occurs. The fact that still the smallest perfusion
rate fits the measurement data most accurately confirms the presumptions of 3.1.1.

Figure 22. Simulated surface temperature and perfusion profiles by maximal perfusion rate perfusion4 and varying the linear temperature dependency constant k4 of the layer 4, compared to measurement data (IR Data)

The surface temperature profiles in Figure 22 are similar to the those shown in Figure 21. The perfusion rates
and linear temperature dependency constants of layer 4
and 3 exert a similar influence on the surface temperature. This seems reasonable due to the fact that, in perfusion mode 1 and 2, there are no differences between
layers 3 and 4 but their thicknesses.

3.1.3 Results and discussion of perfusion mode 3
The perfusion rate in mode 3 depends on the blood
pressure difference between the arterial and venous
blood vessels as well as on the total flow resistance of
the blood vessel loop. In reality, the arterial and venous
blood pressures not only depend on the vessels’ location in the body, but also many other parameters like
the total flow resistance of the whole blood circuit. In
order to compare modes 1, 2 and 3, the perfusion rate
for mode 3 was calculated such that the same volume
of blood passed through the skin as passed through all
five layers in modes 1 and 2.
In the formula below, the left side stands for the perfusion mode 3 and the right side for the mode 1. Due to
the fact that in perfusion mode 3 all blood flows
14
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through all perfused layers, only the arterial perfusion
rate for skin layer 5 needs to be calculated.
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minimal value of 2*10-5 and maximal value of 6*10-4
(assumed standard value).

𝑉ß 𝑃𝑒𝑟𝑓𝑢𝑠𝑖𝑜𝑛ß = 𝑉z 𝑃𝑒𝑟𝑓𝑢𝑠𝑖𝑜𝑛z +
𝑉• 𝑃𝑒𝑟𝑓𝑢𝑠𝑖𝑜𝑛• + 𝑉ß 𝑃𝑒𝑟𝑓𝑢𝑠𝑖𝑜𝑛ß (31)
with Vi represents the volume of layer i and Perfusioni
the perfusion rate of layer i.
This leads to a standard and maximal perfusion rate of
2.1*10-4 and 2.1*10-3 (ml/(s*ml)) respectively.
The surface temperature curves for maximal, standard
and zero perfusion rate are shown in Figure 24.

Figure 25. Heat fluxes between arterial blood vessels as well as capillaries
and surrounding tissue by varying the arterial blood vessel diameter in the skin layer 4

Figure 24. Different surface temperature profiles by varying the perfusion
rate

The simulated surface temperature curves with standard perfusion and with zero perfusion are very similar.
They both match the measurement data very well. It
also can be seen that the maximal perfusion rate of
2.1*10-3 (ml/(s*ml)) allowed the surface temperature to
rise less than in perfusion mode 1. The gradient does
rise but the profile behavior appears to be more accurate to the measurement data than in mode 1 (see Figure
16). This leads to the statement that the measurement
data can be represented better by the perfusion mode 3
than by the perfusion modes 1 or 2. However, many
parameters were assumed and those assumptions first
need to be verified before any qualitative statements
can be made.
The diameters of the blood vessels are assumed as in
Table 8. In order to determine the influence of the arterial blood vessel diameters on surface temperature, they
were varied in a series of simulations. The arterial
blood vessel diameter of skin layer 4 (DA4) was varied
between the minimal value of 2*10-5 (assumed standard
value) and maximal value of 3*10-4 (half of the assumed standard value for the arterial blood vessel diameters in skin layer 5). The arterial blood vessel diameter of skin layer 5 (DA5) was varied between the

The heat flux between the arterial blood vessels and the
surrounding tissue in skin layer 4 (IqbA4) decreases by
increasing arterial blood vessel diameter. The heat flux
between the arterial blood vessels and the surrounding
tissue in skin layer 5 (IqbA5) stays constant. However,
the heat flux between the capillaries and the surrounding skin in layer 3 (Iqb3) rises. This means that by varying the diameter of the arterial blood vessel of the skin
layer 4, the amount of heat given off by the arterial
blood in skin layers 3 and 4 can be regulated.

Figure 26. Heat fluxes between venous blood vessels and surrounding tissue by varying the arterial blood vessel diameter in the skin
layer 4

The variation of the arterial blood vessel diameter in
skin layer 4 has little effect on the heat exchange between the venous blood vessels and the surrounding
skin in the layers 4 and 5.
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Figure 27. Surface temperature and arterial blood temperatures by varying
the arterial blood vessel diameter in skin layer 4

The shifting of the heat transfer from skin layer 4 to
layer 3 can also be noted by the arterial blood temperature profiles in skin layer 4. However, this variation has
very little influence on the skin surface temperature.
By varying the arterial blood vessel diameter of skin
layer 5, the heat exchange can be shifted between layers
4 and 5 while the heat exchange in layer 3 stays the
same. This can be seen in Figure 28.
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Figure 29. Heat fluxes between venous blood vessels and surrounding tissue by varying the arterial blood vessel diameter in the skin
layer 4

A smaller diameter of the arterial blood vessel in skin
layer 5 results not only in a bigger heat flux from the
arterial blood vessel to the surrounding tissue, but also
in a bigger heat flux between the surrounding tissue and
the venous blood vessel. This means that less thermal
energy flows through the whole loop. The thermal energy takes a short cut from the arterial blood vessel in
layer 5 through the tissue directly into the venous blood
vessels. This behavior is expected when the body tries
to save energy. The heat is transferred to the venous
blood vessels and transported back to the core. Because
less heat was lost to peripheral tissue, the blood needs
to be warmed up less, and energy is saved. However,
this short cut results in a lower skin surface temperature
(see Figure 30).

Figure 28. Heat fluxes between arterial blood vessels as well as capillaries
and surrounding tissue by varying the arterial blood vessel diameter in the skin layer 5

Shifting the location of the main heat transfer from arterial blood vessels also has an influence on the heat
transfer between the venous blood vessels and the tissue.

Figure 30. Surface temperature and blood arterial blood temperatures by
varying the arterial blood vessel diameter in skin layer 5

Based on these results, it can be seen that the variation
of the arterial blood vessel in the hypodermis and reticular dermis play a role in the regulation of surface temperature as well as on the location where the heat transfer takes place within the skin. The perfusion approach
of mode 3 is more complex, but represents the measurement data more accurately and realistically than the
perfusion mode 1 and 2. It is possible to simulate real
16
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temperature regulation body behavior with the presented model.

3.2 Results and discussion of thermal
stimulation optimization
The calculated temperature differences between
steady-state and the coldest reached temperature are
listed in Appendix 6.3, Table 15. They are also shown
in the Figure 31, Figure 32 and Figure 33.

Figure 31. Temperature deflections of the skin surface and the muscle by a
cooling air temperature of 0 °C, varying the heat transfer coefficient between 30, 35 and 40 and the cooling duration between
1, 3, 5, 10, and 15 seconds. The measurement points are connected to show the trend of the temperature deflections

In Figure 31 the cooling air was set to 0 °C. The maximal cooling duration with ΔT6 staying below 0.1 °C
(required to assume a constant muscle temperature) are
about 12.5 s for α is 30 W/m2K, 10.5 s for α is 35
W/m2K and 9.5 s for α is 40 W/m2K. The temperature
differences ΔT1 by these durations are about 2.5, 2.8
and 3.2 °C respectively.

Figure 32. Temperature deflections of the skin surface and the muscle by a
cooling air temperature of -10 °C, varying the heat transfer coefficient between 30, 35 and 40 and the cooling duration between 1, 3, 5, 10, and 15 seconds. The measurement points are
connected to show the trend of the temperature deflections
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In Figure 32 the cooling air temperature was set to -10
°C. The maximal cooling duration with ΔT6 staying below 0.1 °C are about 9.5 s for α is 30 W/m2K, 8 s for α
is 35 W/m2K and 7 s for α is 40 W/m2K. The temperature differences ΔT1 by these durations are about 3, 3.2
and 3.4 °C respectively.

Figure 33. Temperature deflections of the skin surface and the muscle by a
cooling air temperature of -.20 °C, varying the heat transfer coefficient between 30, 35 and 40 and the cooling duration between 1, 3, 5, 10, and 15 seconds. The measurement points are
connected to show the trend of the temperature deflections

In Figure 33 the cooling air temperature was set to -20
°C. The maximal cooling duration with ΔT6 staying below 0.1 °C are about 7.5 s for α is 30 W/m2K, 6.5 s for
α is 35 W/m2K and 5.5 s for α is 40 W/m2K. The temperature differences ΔT1 by these durations are about
3.2, 3.5 and 3.7 °C respectively.
Overall it can be seen that with higher values of the heat
transfer coefficient α and with lower temperature of the
cooling air, the ΔT1 rises and the maximal duration
shorten. Therefore, theoretically, the stronger the stimulation the bigger the temperature changes within the
skin layers, but the shorter the duration needs to be in
order to keep ΔT6 below the 0.1 mark. In practice, this
theoretical optimization is limited by mechanical feasibility and by the assumptions of the temperature independent skin parameters which needed to be corrected
for extreme values as well as the minimum skin temperature required to prevent injuries.
From a practical point of view, the results depend
strongly on the skin parameters which in reality can
only be assumed in certain ranges. In order to find an
optimal stimulation for a specific application, both the
cooling parameters and the parameters of the subject
need to be considered. Either the strength of cooling is
fixed and the duration is estimated or vice versa. If the
strength of cooling is chosen, the range of cooling duration can be estimated by varying the skin parameter
values in a meaningful range. It also needs to be considered, that as the strength of the cooling increases, the
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more sensitive the system will be to inaccuracies or
fluctuations in cooling duration. When using an air
cooling system, the time required for the air flow to
form flow and thermal boundary layers must be considered. Furthermore, the heat transfer coefficient α
strongly depends on these boundary layers’ thicknesses. This will lead to a minimum cooling duration
for a given set of parameters.
The temperature curves of T1 and T6 during cooling and
reheating with the minimal and the maximal strength of
cooling and their associated maximal cooling durations
(α is 30 W/m2K, Tair is 0 °C and the cooling duration of
12.5 seconds, and α is 40 W/m2K, Tair is -20 °C and the
cooling duration of 5.5 seconds) are shown in Figure
34.

Figure 35. Temperature profiles of the different layers during a sinusoidal
thermal stimulation with frequency of 0.01 Hz, cooling air temperature amplitude of 50 °C and middle cooling air temperature
of 25 °C

Figure 34. Temperature profiles of the skin surface and the muscle at minimal and maximal strength of cooling and their associated maximal cooling duration

It can be seen, that in both cases the skin surface needed
nearly the same time for reheating (ca. 400 seconds).
This means, that the optimization of the cooling phase
has only a minor influence on the duration of a complete experiment. In an experiment, maybe only the
first 200 seconds are of interest, but it takes 300 additional seconds until the skin and the muscle are thermally recovered. This may be important while repeating the measurements.

Figure 36. Temperature profiles of the different layers during a sinusoidal
thermal stimulation with frequency of 0.03 Hz, cooling air temperature amplitude of 50 °C and middle cooling air temperature
of 25 °C

M. Bonmarin and F. Le Gal were the first to introduce
the idea of combining active thermal imaging technology with periodic thermal stimulation of the skin for
diagnosing skin disease (e.g. skin cancer) [5]. Based on
their experiments, three different stimulation frequencies, 0.01 Hz, 0.03 Hz and 0.05 Hz were simulated. The
model parameters were set to the standard parameters
of Table 2. They are shown in Figure 35-Figure 37.
Figure 37. Temperature profiles of the different layers during a sinusoidal
thermal stimulation with frequency of 0.05 Hz, cooling air temperature amplitude of 50 °C and middle cooling air temperature
of 25 °C
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It can be seen that the higher the frequency, the lower
the temperature change of each skin layer. There is also
a recognizable phase shift between the temperature
waveforms in skin layer. Because of the assumption of
temperature independent skin parameters (linear oscillation system), the frequency of each skin layer is the
same as the stimulation frequency. The higher the frequency, the lower are the influences of the deeper skin
layers. This may be an interesting approach for repeating the measurements without time loss due to the thermal recovery time. It may also be interesting for maximizing the influence of the parameters of a specific
skin layer. However, when the skin parameters are assumed as temperature dependent (non-linear oscillation
system), that the stimulation frequency could split in
different sub-frequencies due to the principle of superposition.

4

Conclusion and outlook

In this study, the influence of blood perfusion within
human skin on thermal response of the skin surface
temperature during thermal stimulation was examined.
Therefore, three different approaches for modelling the
perfusion were implemented in a 1D thermodynamic
model: perfusion mode 1 describes the classical Pennes
approach for constant blood perfusion within biological tissue, perfusion mode 2 an advanced Pennes approach, and perfusion mode 3 a new approach where
the blood is assumed to flow in a vertical loop through
the skin. Furthermore, it was examined how the thermal
stimulation can be optimized.
The results of the perfusion mode 1 and 2 lead to the
presumption that blood perfusion ceases due to cooling,
or that during the reheating phase the blood enters the
skin layers at a lower temperature than the assumed 37
°C. The perfusion mode 3 shows a more realistic perfusion behavior than the modes 1 and 2. This results in
an improved simulation of blood perfusion within human skin. The simulated surface temperature with
standard perfusion already reflects the measurement
data very accurately. It is even possible to simulate real
temperature regulation body behavior. However, before qualitative statements can be made, the parameters
with the biggest influence on the skin surface temperature need to be verified with more accurate tissue parameters from literature. Such variables include heat
transfer coefficients between air and skin at steadystate conditions and during cooling, as well as the skin
layer thicknesses and the arterial and venous blood
pressure within the different skin layers at different locations within the body.
The results of the simulations for optimizing the thermal stimulation yielded to a better understanding of the
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influence of the stimulation on the temperature distribution within human skin. Theoretically, the stronger
the cooling, the bigger the temperature differences between the layers. However, a stronger cooling phase
will require the cooling duration to be shorter in order
to avoid influences of the subjacent muscle layer. Due
to the mechanical and biological restrictions of the
strength and shortness of the cooling, a progress was
developed in order to find an optimal range of the
strength and its associated maximal duration.
Based on the findings of the new simulation approach
to perfusion, combined with the ability to optimize the
thermal stimulation, future experiments with real subjects need to be prepared. First, the optimal cooling
strength and duration needs to be determined. Then, the
heat transfer coefficients between air and skin at
steady-state conditions and during cooling need to be
experimentally verified in a way that is statistically sufficient for this model. In addition, attempts with periodic thermal stimulations with optimal frequency and
temperature amplitude as well as middle temperature of
the cooling air should be done. To validate the model
with the new approach for simulating perfusion by experimental data, experiments with test subjects with
known skin layer thicknesses (e.g. because of medical
examination) need to be performed. To maximize the
differences of the curve behaviors, the measurement
data as well as the simulated surface temperature profiles should be compared in the frequency domain, as it
was in the sensitivity analysis.
As a further step, the model should be expanded with a
non-Newtonian blood modulation.
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Appendix

6.1 Experiments for determining the heat
transfer coefficient (alpha value) between skin and air
In order to determine the heat transfer coefficient α between the cooling air and the skin, a series of experiments were performed. A small aluminum plate was
cooled with the cryostat (Cryo V6, Zimmer GmbH) and
during the cooling, the surface temperature was monitored by an infrared camera (PI450, Optris GmbH). A
thin carbon layer was sprayed on the aluminum plate,
so that the temperature could be captured by the infrared camera. Otherwise, due to the reflective surface of
the aluminum, the camera would have measured the reflection of its own temperature. The α value was calculated based on the time constant of the cooling curve.
Due to the small mass, the flat shape and the high heat
conductivity of the aluminum plate, the temperature
was assumed constant within the whole plate.
∆𝑇30012@Ý = 𝑇V − 𝑇+2@2+O+

(32)

𝑇c𝜏30012@Ý f = 𝑇V − 0.632 ∙ ∆𝑇30012@Ý

(33)

𝜏30012@Ý = 𝑡Ü+<O1?,â,Ý2@ − 𝑡 Yc¿°žž¤bƒãf

(34)

∆𝑇30012@Ý , 𝑇V , 𝑇+2@2+O+ , 𝑇c𝜏30012@Ý f, 𝜏30012@Ý ,
𝑡Ü+<O1?,â,Ý2@ , 𝑡 Yc¿°žž¤bƒãf represent the temperature
difference due to cooling, start temperature, minimal
temperature, temperature after the time 𝜏30012@Ý , time

constant of the cooling curve, time when the cooling
begins, and time when the temperature 𝑇c𝜏30012@Ý f is
reached, respectively.
𝐼9,/2:_<1/-, = 𝐴<1/-, 𝛼c𝑇/2: − 𝑇<1/-, f
= 𝑐𝑝<1/-, 𝑚<1/-,
…•¤¢£ ¼
3<•¤¢£ +•¤¢£

𝑑𝑡 = cY

=cY•¤¢£ f

`
¢bŸ _Y•¤¢£

(35)

=-

f

𝑑𝑇<1/-,

(36)

integrate both sides
Y•¤¢£ (-)

…•¤¢£ ¼
3<•¤¢£ +•¤¢£

𝛼¿ = −

𝑡 − lnc𝑇/2: − 𝑇<1/-, fæ Y

3<•¤¢£ +•¤¢£
…•¤¢£ -

ln Ò

•¤¢£

Y¢bŸ _Y•¤¢£ (¿)
Y¢bŸ _Y•¤¢£ (-• )

Ó

(-• )

(37)
(38)

𝐼9,/2:_<1/-, , 𝐴<1/-, , 𝛼, 𝑐𝑝<1/-, , 𝑚<1/-, represent the
energy flux between the cooling air ant the aluminum
plate, the surface area of the aluminum plate, the heat
transfer coefficient between the air and the aluminum
plate, the heat capacity of the aluminum plate and the
mass of the aluminum plate, respectively.
The heat transfer coefficient of the reheating phase was
calculated analogically.
The aluminum plate’s temperature during the experiment with a cooling air temperature of -13 °C is shown
in Figure 38. The red lines limit the period of the time
constant 𝜏30012@Ý (ca. 8 sec.) and the green lines describe the period of the time constant 𝜏:,P,/-2@Ý (ca.
120 sec.)

Figure 38. Aluminum plate temperature profile during cooling with cold air
at a temperature of -13 °C with the cryostat (Cryo V6, Zimmer
GmbH) and reheating at ambient temperature

This leads to the heat transfer coefficient values of
j
j
𝛼30012@Ý ≈ 34.4 +∙é and 𝛼:,P,/-2@Ý ≈ 2.3 +∙é
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This experiment was also performed for cooling air
temperatures of -14, -13 and -12.7 °C. The α values of
30 W/m2K for a cooling air temperature of -10 °C and
32 W/m2K for a cooling air temperature of -11 °C were
assumed, based on the trend line of these three values
(see Figure 39).

Figure 39. Heat transfer coefficient depending on cooling air temperature
with trend line in red

Only the experiment with a cooling air temperature of
-12.7 °C provided useful data during the heating phase
and yielded to a heat transfer coefficient of 2.3 W/m2K.

6.2 Sensitivity analysis
In reality, the thermophysical properties of skin vary
between people and between body position. To quantify the influence of each parameter on the skin surface
temperature, a sensitivity analysis very similar to [8]
was performed. Therefore, each parameter was varied
over a range (shown in Table 11), while all other parameters were maintained at their default value. The
sensitivity analysis was performed only on the constant
perfusion mode. The initial skin layer temperatures
were all set to 37 °C and a constant heat flux of 1000
W/m2K over the skin surface was assumed. The model
parameters are shown in Table 11. The values for the
ten simulations were chosen by arithmetical deviation
of the range (see Table 11).
Two outcomes were examined: the influence on the
skin surface steady-state temperature and the influence
on the change rate of the skin surface temperature. To
maximize the differences of the curve behaviors, a fast
Fourier transformation was performed. There, the variations in behavioral response are shown by a variety of
the amplitudes and phase shifts, even when the curves
show similar absolute values. The calculated surface
temperature curves are shown in Figure 40-Figure 62.

T. Ott

Table 11. Model parameters for the sensitivity analysis
Nr.

skin parameter

P1
P2
P3
P4
P5
P6
P7
P9
P10
P11
P12
P13
P14
P15
P16
P17
P18
P19
P20
P21
P22
P23
P24

d1 (m)
cp1 (J/kg K)
rho1 (kg/m3)
Lambda1 (W/m K)
d2 (m)
cp2 (J/kg K)
rho2 (kg/m3)
Lambda2 (W/m K)
d3 (m)
cp3 (J/kg K)
rho3 (kg/m3)
Lambda3 (W/m K)
Perfusion3 (m3blood/s m3)
d4 (m)
cp4 (J/kg K)
rho4 (kg/m3)
Lambda4 (W/m K)
Perfusion4 (m3blood/s m3)
d5 (m)
cp5 (J/kg K)
rho5 (kg/m3)
Lambda5 (W/m)
Perfusion5 (m3blood/s m3)

Standard
value
0.00001
3600
1400
0.2
0.00015
3600
1200
0.25
0.0001
3300
1200
0.45
0.001
0.001
3300
1200
0.45
0.001
0.002
2700
1000
0.2
0.001

Value range
1*10-6-1*10-3
1000-5000
500-3000
0.1-1
1*10-5-1*10-3
1000-5000
500-3000
0.1-1
1*10-4-1*10-2
1000-5000
500-3000
0.1-1
0-0.05
1*10-3-1*10-2
1000-5000
500-3000
0.1-1
0-0.05
0.001-0.01
1000-5000
500-3000
0.1-1
0-0.05

Based on the sensitivity analysis, the skin parameters
could be divided into sensitive parameters and non-sensitive parameters to the steady-state skin surface temperature and to the change rate of the skin surface temperature. The results are shown in Table 12.
Table 12. Dividing skin parameters into sensitive and
non-sensitive to the steady-state skin surface
temperature and to the change rate of the
skin surface temperature, based on the sensitive analysis.
Sensitive parameters to steadystate temperature
Skin layer thicknesses of the third,
fourth and fifth layer d3-d5
Blood perfusion rate pi
Heat conduction of the two thickest
layers λ4 and λ5

Non-sensitive parameters to
steady-state temperature
Skin layer thicknesses of the first
and second layer d1and d2
Heat capacity cpi
Heat conductivity of the thin layers
λ1, λ2 and λ3
Density ρi

Sensitive parameters to temperature change rate
Skin layer thickness di
Heat conduction of the two thickest
layers λ4 and λ5
Density (ρ2), ρ4, ρ5,
Heat capacity (cp2), cp4, (cp5)
() describes borderline cases

Non-sensitive parameters to temperature change rate
Blood perfusion rate pi
Heat conductivity of the thin layers
λ1, λ2 and λ3
Density ρ1, (ρ3)
Heat capacity cp1, cp3,

A second sensitivity analyis was performed in which
the skin surface was cooled and allowed to reheat. In
this sensitivity analysis, the muscle parameters, the
metabolic heat generations and the α values were also
varied. In this analysis, the evalutation only was made
in the time domain. In order to cool all of the layers and
maximize the influence of cooling, the cooling phase
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was set to 500 seconds. The parameters were limited to
a smaller range, based on literature data.
In this sensitivity analysis each parameter was set only
to three values, the minimal, the maximal and the
standard value. The model parameters and their
respective ranges are shown in Table 13, while the
results are shown in Table 14. The calculated surface
temperature curves are shown in Figure 63-Figure 95.

Table 13. Model parameters for the second sensitivity analysis
Nr.

skin parameter

P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
P11
P12
P13
P14
P15
P16
P17
P18
P19
P20
P21
P22
P23
P24
P25
P26
P27
P28
P29
P30
P31
P32
P33

rho1 (kg/m3)
cp1 (J/kg K)
Lambda1 (W/m K)
d2 (m)
rho2 (kg/m3)
cp2 (J/kg K)
Lambda2 (W/m K)
d3 (m)
rho3 (kg/m3)
cp3 (J/kg K)
Lambda3 (W/m K)
Qmetabolic3 (W/m3)
Perfusion3 (m3blood/s m3)
d4 (m)
rho4 (kg/m3)
cp4 (J/kg K)
Lambda4 (W/m K)
Qmetabolic4 (W/m3)
Perfusion4 (m3blood/s m3)
d5 (m)
rho5 (kg/m3)
cp5 (J/kg K)
Lambda5 (W/m)
Qmetabolic5 (W/m3)
Perfusion5 (m3blood/s m3)
d6 (m)
rho6 (kg/m3)
cp6 (J/kg K)
Lambda6 (W/m)
Qmetabolic6 (W/m3)
Perfusion6 (m3blood/s m3)
Alpha steady-state (W/m2 K)
Alpha cooling phase (W/m2
K)

Standard
value
1400
2000
0.28
0.00008
1200
3600
0.235
0.0005
1200
3300
0.445
460
0.0002
0.0006
1200
3300
0.445
460
0.0002
0.002
1000
2700
0.185
460
0.0001
0.006
1085
3800
0.51
855
0.0109
5
30

Value range
1260-1540
1800-2200
0.252-0.308
6*10-5-1*10-4
1080-1320
3240-3960
0.21-0.26
3*10-4-7*10-4
1080-1320
2970-3630
0.37-0.52
368-552
2*10-5-2*10-3
4*10-4-8*10-4
1080-1320
2970-3630
0.37-0.52
368-552
2*10-5-2*10-3
0.001-0.003
900-1100
2288-3060
0.16-0.21
368-552
1*10-5-1*10-3
0.004-0.02
976.5-1193.5
3420-4180
0.45-.56
684-1026
5*10-4-0.0109
1-10
30-50

T. Ott

Table 14. Dividing skin parameters into sensitive and
non-sensitive to the steady-state skin surface
temperature and to the change rate of the
skin surface temperature, based on the second sensitive analysis.
Sensitive parameters to steadystate temperature
Skin layer thicknesses of the third,
fourth and fifth layer (d3), (d4),d5, d6
Blood perfusion rate pi
Heat conduction of the three thickest layers λ4, λ5 and λ6
Alpha values

Non-sensitive parameters to
steady-state temperature
Skin layer thicknesses of the first
and second layer d1and d2
Heat capacity cpi
Heat conductivity of the thin layers
λ1, λ2 and λ3
Density ρi
Metabolic heat generation Qmetabolici

Sensitive parameters to temperature change rate
Skin layer thicknesses of the third,
fourth, fifth and sixth layer d3-d6
Heat conduction of the three thickest layers λ4, λ5 and λ6
Blood perfusion rate pi
Alpha values

Non-sensitive parameters to temperature change rate
Skin layer thicknesses of the first
and second layer d1and d2
Heat conductivity of the thin layers
λ1, λ2 and λ3
Density ρ1, ρ2, (ρ3), (ρ4), (ρ5), ρ6
Heat capacity cp1, cp2, cp3, (cp4),
(cp5), cp6
Metabolic heat generation Qmetabolici

() describes borderline cases

Based on this analysis, the metabolic heat generations
of each layer were determined not to be sensitibe
parameters. The variation of the α values confirmed
their high strength of their influence. The muscle
parameters behave similarly to those from the
hypodermis.
The results of the second analysis differ from those of
the first. The densities as well as the heat capacities of
all layers were found not to be sensitive parameters,
either to the steady-state temperature or to the
temperature change rate. Due to the fact, that the
chosen range of the densities as well of the heat
capacities for the second sensitivity analyises were
smaller, it is assumed that the results of the second
sensitivity alanysis are more realistic. Blood perfusion
rates were found to be sensitive parameters to steadystate temperature and to temperature change rate. In
order to compare the results of both sensitivity
analyses, the results of the second sensitivity analysis
should be examined in the frequency domain.
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Figure 40. Skin surface temperature response illustrated in the time and the
frequency domain, by varying the skin layer thickness d1 of the
skin layer 1

T. Ott

Figure 41. Skin surface temperature response illustrated in the time and the
frequency domain, by varying the heat capacity cp1 of the skin
layer1
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Figure 42. Skin surface temperature response illustrated in the time and the
frequency domain, by varying the density ρ1 of the skin layer1

T. Ott

Figure 43. Skin surface temperature response illustrated in the time and the
frequency domain, by varying the heat conduction λ1 of the skin
layer 1
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Figure 44. Skin surface temperature response illustrated in the time and the
frequency domain, by varying the skin layer thickness d2 of the
skin layer 2

T. Ott

Figure 45. Skin surface temperature response illustrated in the time and the
frequency domain, by varying the heat capacity cp2 of the skin
layer2
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Figure 46. Skin surface temperature response illustrated in the time and the
frequency domain, by varying the density ρ2 of the skin layer2

T. Ott

Figure 47. Skin surface temperature response illustrated in the time and the
frequency domain, by varying the heat conduction λ2 of the skin
layer 2
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Figure 48. Skin surface temperature response illustrated in the time and the
frequency domain, by varying the skin layer thickness d3 of the
skin layer 3

T. Ott

Figure 49. Skin surface temperature response illustrated in the time and the
frequency domain, by varying the heat capacity cp3 of the skin
layer3
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Figure 50. Skin surface temperature response illustrated in the time and the
frequency domain, by varying the density ρ3 of the skin layer3

T. Ott

Figure 51. Skin surface temperature response illustrated in the time and the
frequency domain, by varying the heat conduction λ3 of the skin
layer 3
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Figure 52. Skin surface temperature response illustrated in the time and the
frequency domain, by varying the blood perfusion rate
perfusion3 of the skin layer 3

T. Ott

Figure 53. Skin surface temperature response illustrated in the time and the
frequency domain, by varying the skin layer thickness d4 of the
skin layer 4
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Figure 54. Skin surface temperature response illustrated in the time and the
frequency domain, by varying the heat capacity cp4 of the skin
layer 4

T. Ott

Figure 55. Skin surface temperature response illustrated in the time and the
frequency domain, by varying the density ρ4 of the skin layer4
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Figure 56. Skin surface temperature response illustrated in the time and the
frequency domain, by varying the heat conduction λ4 of the skin
layer 4

T. Ott

Figure 57. Skin surface temperature response illustrated in the time and the
frequency domain, by varying the blood perfusion rate
perfusion4 of the skin layer 4
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Figure 58. Skin surface temperature response illustrated in the time and the
frequency domain, by varying the skin layer thickness d5 of the
skin layer 5

T. Ott

Figure 59. Skin surface temperature response illustrated in the time and the
frequency domain, by varying the heat capacity cp5 of the skin
layer5
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Figure 60. Skin surface temperature response illustrated in the time and the
frequency domain, by varying the density ρ5 of the skin layer5

T. Ott

Figure 61. Skin surface temperature response illustrated in the time and the
frequency domain, by varying the heat conduction λ5 of the skin
layer 5
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Figure 63. Skin surface temperature profiles by varying the density ρ1 of
layer 1

Figure 64. Skin surface temperature profiles by varying the heat capacity
cp1 of layer 1

Figure 62. Skin surface temperature response illustrated in the time and the
frequency domain, by varying the blood perfusion rate
perfusion5 of the skin layer 5

Figure 65. Skin surface temperature
conductivity λ1 of layer 1

profiles

by

varying

theheat
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Figure 66. Skin surface temperature profiles by varying the thickness d2 of
layer 2

Figure 69. Skin surface temperature profiles by varying the heat
conductivity λ2 of layer 2

Figure 67. Skin surface temperature profiles by varying the density ρ2 of
layer 2

Figure 70. Skin surface temperature profiles by varying the thickness d3 of
layer 3

Figure 68. Skin surface temperature profiles by varying the heat capacity
cp2 of layer 2

Figure 71. Skin surface temperature profiles by varying the density ρ3 of
layer 3
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Figure 72. Skin surface temperature profiles by varying the heat capacity
cp3 of layer 3

Figure 75. Skin surface temperature profiles by varying the blood perfusion
rate perfusion3 of layer 3

Figure 73. Skin surface temperature profiles by varying the heat
conductivity λ3 of layer 3

Figure 76. Skin surface temperature profiles by varying the thickness d4 of
layer 4

Figure 74. Skin surface temperature profiles by varying the metabolic heat
generation Qmetabolic3 of layer 3

Figure 77. Skin surface temperature profiles by varying the density ρ4 of
layer 4
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Figure 78. Skin surface temperature profiles by varying the heat capacity
cp4 of layer 4

Figure 81. Skin surface temperature profiles by varying the blood perfusion
rate perfusion4 of layer 4

Figure 79. Skin surface temperature profiles by varying the heat
conductivity λ4 of layer 4

Figure 82. Skin surface temperature profiles by varying the thickness d5 of
layer 5

Figure 80. Skin surface temperature profiles by varying the metabolic heat
generation Qmetabolic4 of layer 4

Figure 83. Skin surface temperature profiles by varying the density ρ5 of
layer 5
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Figure 84. Skin surface temperature profiles by varying the heat capacity
cp5 of layer 5

Figure 87. Skin surface temperature profiles by varying the blood perfusion
rate perfusion5 of layer 5

Figure 85. Skin surface temperature profiles by varying the heat
conductivity λ5 of layer 5

Figure 88. Skin surface temperature profiles by varying the thickness d6 of
layer 6

Figure 86. Skin surface temperature profiles by varying the metabolic heat
generation Qmetabolic5 of layer 5

Figure 89. Skin surface temperature profiles by varying the density ρ6 of
layer 6
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Figure 90. Skin surface temperature profiles by varying the heat capacity
cp6 of layer 6

Figure 93. Skin surface temperature profiles by varying the blood perfusion
rate perfusion6 of layer 6

Figure 91. Skin surface temperature profiles by varying the heat
conductivity λ6 of layer 6

Figure 94. Skin surface temperature profiles by varying the α value of the
steada-state and reheating phase

Figure 92. Skin surface temperature profiles by varying the metabolic heat
generation Qmetabolic6 of layer 6

Figure 95. Skin surface temperature profiles by varying the α value of the
cooling phase
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6.3 Tables optimization thermal stimulation
Table 15. Calculated temperature differences changes within the skin layers and the muscle, by varying of
the strength and duration of the thermal stimulation
Tair (°C)

Alpha (W/m2K)

Duration (s)

ΔT1 (°C)

ΔT2 (°C)

ΔT3 (°C)

ΔT4 (°C)

ΔT5 (°C)

ΔT6 (°C)

0

30

1
3
5
10
15
1
3
5
10
15
1
3
5
10
15
1
3
5
10
15
1
3
5
10
15
1
3
5
10
15
1
3
5
10
15
1
3
5
10
15
1
3
5
10
15

0.63
1.16
1.57
2.39
3.07
0.74
1.36
1.84
2.79
3.58
0.85
1.56
2.10
3.19
4.07
0.82
1.51
2.04
3.11
3.99
0.96
1.77
2.38
3.63
4.64
1.10
2.02
2.72
4.13
5.27
1.01
1.86
2.51
3.83
4.92
1.18
2.17
2.92
4.46
5.70
1.35
2.48
3.34
5.07
6.48

0.45
0.98
1.39
2.22
2.90
0.52
1.15
1.62
2.59
3.38
0.60
1.31
1.86
2.95
3.84
0.58
1.27
1.80
2.88
3.77
0.68
1.49
2.10
3.36
4.38
0.78
1.70
2.40
3.83
4.98
0.71
1.56
2.22
3.55
4.64
0.83
1.83
2.59
4.13
5.39
0.95
2.09
2.95
4.70
6.11

0.32
0.84
1.24
2.08
2.76
0.38
0.98
1.46
2.42
3.21
0.44
1.13
1.67
2.77
3.66
0.42
1.09
1.62
2.70
3.59
0.49
1.28
1.89
3.14
4.17
0.56
1.46
2.16
3.58
4.74
0.52
1.34
1.99
3.32
4.41
0.60
1.57
2.32
3.86
5.12
0.69
1.79
2.65
4.40
5.82

0.16
0.48
0.79
1.50
2.11
0.18
0.56
0.93
1.75
2.46
0.21
0.65
1.06
2.00
2.80
0.20
0.62
1.03
1.95
2.74
0.24
0.73
1.20
2.27
3.19
0.27
0.83
1.37
2.59
3.63
0.25
0.77
1.26
2.40
3.38
0.29
0.90
1.48
2.79
3.92
0.33
1.02
1.68
3.18
4.46

0.06
0.18
0.30
0.59
0.88
0.07
0.21
0.35
0.69
1.02
0.08
0.24
0.40
0.79
1.17
0.07
0.23
0.39
0.77
1.14
0.09
0.27
0.45
0.90
1.33
0.10
0.31
0.52
1.02
1.51
0.09
0.29
0.48
0.95
1.40
0.11
0.33
0.56
1.10
1.63
0.12
0.38
0.64
1.26
1.85

0.01
0.02
0.04
0.08
0.12
0.01
0.03
0.05
0.09
0.14
0.01
0.03
0.05
0.11
0.16
0.01
0.03
0.05
0.10
0.15
0.01
0.04
0.06
0.12
0.18
0.01
0.04
0.07
0.14
0.21
0.01
0.04
0.06
0.13
0.19
0.01
0.05
0.08
0.15
0.22
0.02
0.05
0.09
0.17
0.25
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