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a b s t r a c t 

Dynamic thermography is a promising new non-invasive diagnostic technique for melanoma screening. This paper 

proposes a novel experimental setup of an active cooling device for dynamic thermography using a metal disc 

and a Peltier module. The aim is to achieve constant cooling temperature that induce deep cooling penetration 

and, therefore, better thermal contrast. The paper covers the numerical analysis of the device design parameters 

like thermocouple position, disc thickness and regulation coefficient prior to building it. Simulation is based on a 

numerical model of skin tissue with melanoma and the metal disc. The Peltier module has been modeled indirectly 

through a boundary condition simulating the device active cooling. For effective solving of the direct problem, 

the BEM has been used. Results showed that the thermocouple position for cooling regulation is not as important 

as the value of the regulation coefficient or disc thickness. A thicker disc improves the initial cooling due to 

higher thermal capacity. However, a thinner disc is recommended due to the faster regulation and more constant 

cooling temperature. Results also showed that lesion size did not affect the cooling temperature, meaning that it 

can be used for investigation in any tumour stage. 
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. Introduction 

Malignant melanoma is the most fatal type of skin cancer because

t metastases rapidly and can spread to soft tissues like lung and liver

1–6] . Clark [1] classified malignant melanomas into five levels from I to

, depending on the melanoma intrusion into certain skin layers. Clark

 level represents melanoma in situ meaning that the cells are only in the

pidermis, while Clark V has already grown into the fat layer under the

kin. Survival rate of patients with melanoma is directly correlated with

he level or its thickness [1,4,5,7] . The deeper the invasion, the lower

he survival rate. For this reason, it is important to detect skin cancer or

alignant melanoma in its early stage. 

Currently, the most frequently used technique to detect melanoma is

he ABCDE (Asymmetry, Border, Colour, Diameter, Evolution) method,

hich consists in the visual inspection of a lesion by dermatologists.

he ABCDE method uses only qualitative guidelines for melanoma iden-

ification and requires a trained specialist to actually distinguish ma-

ignant melanoma from benign nevi. Therefore, this technique pro-

uces a high rate of false positive or false negative identification

5,6,8,9] . To avoid the risk of missing an early stage melanoma, ex-

isional biopsies are routinely performed. Current statistics show that

ne melanoma is found in 20–60 biopsies using the ABCDE method

6,9] . To reduce the number of unnecessary biopsies, as well as
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o improve an early detection of melanoma, new non-invasive tech-

iques are being researched. Some of these techniques are dermoscopy

4,10–14] , total body photography (TBP) [4,10,14] , reflectance confo-

al microscopy (RCM) [4,10,12,14,15] , multiphoton tomography [4] ,

aser spectroscopy [4] , dynamic thermography (DT) [4,6,9] , multispec-

ral imaging (MSI) [14,16,17] , optical coherence tomography (OCT)

12,14] , electrical impedance spectroscopy (EIS) [4,12] , high frequency

ltrasonography [12,14] , laser Doppler imaging (LDI) [18] and mag-

etic resonance imaging (MRI) [14] . 

In recent years thermography or infrared thermal (IRT) imaging in

edicine became a very valuable tool not just for skin cancer screen-

ng and diagnostic [3,6,9,19–23] but also for various different applica-

ions like breast cancer diagnostics [24–29] , diagnosis of vascular disor-

er [26,30] and burns diagnostic [31,32] . Thermography in medicine is

ased on the temperature contrast taken with the IR camera for which a

rained person is needed to interpret the thermal image correctly. This

emperature contrast of IRT image is the outcome of the bioheat transfer

n the observed tissue. Bioheat transfer in tissue depends on blood per-

usion, metabolic heat generation, material properties and heat transfer

ith its surroundings. Deviation in blood perfusion rate, cell metabolism

r material properties shows the physiological and pathological change

nd is reflected in different temperature or temperature contrast that can

e detected using IR camera. Thermography can be done in two ways,
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assively or actively. Passive or static thermography measures the tem-

erature of the tissue under a steady-state condition when the patient

s acclimatised to the room conditions. On the other hand, active or dy-

amic thermography induces thermal stimulation by heating or cooling

he tissue and then measuring the thermal response during the recovery

hase [3,21,26,28,29,33–36] . 

Dynamic thermography imaging (DTI) is showing to be a very

romising non-invasive technique for skin cancer detection with speci-

city > 80% and 95% sensitivity [3,6,9] . Computer aided DTI can also

elp in determination of lesion parameters like size, thickness or blood

erfusion [3,37–39] . Using thermal stimulation in DTI, usually cooling,

ncreases the temperature difference or contrast between the lesion and

ealthy tissue during the recovery phase, which is easier to detect com-

ared to static thermography. One of the advantages of DTI is also a

uicker examination time (2–3 min) because there is no need for patient

cclimatisation. Many authors showed that detection of melanoma can

e done in its early stage, as well as we can screen a larger surface area or

ultiple lesions at the same time [3,6,9,23] . Cooling is usually made by

lowing cold air or applying a cooling patch at 15–25 ◦C for up to 1 min
9] . Çetingül and Herman [3] used DTI with a cooled gel pack at first,

hat has then been replaced with cold air cooling using an Exair vortex

ube, which provides a stream of cold air and was more comfortable for

he patient, with a cooling time of 1 min . Similarly, Godoy et al. [6] used

he cold air cooling approach using a Ranque-Hilsch vortex tube for 30 𝑠
o make a study of DTI on 102 patients. There are also other cooling

pproaches to cool down the skin or part of the body such as spraying

f water or coolant, water immersion, ice or chilled gels, cotton patches,

etal disc, etc. [21,40–42] . In all these approaches, it is hard to control

he cooling temperature or the heat flux because they are passive. Cheng

nd Herman [21] used a 2D numerical model to investigate the effect

f different types of cooling processes. They compared numerically a

onstant temperature cooling approach with a cotton patch soaked in

ater and convective cooling using different cooling times and temper-

tures, observing the penetration depth. Constant cooling temperature

pproach reaches deepest cooling penetration among the compared ap-

roaches and produces the highest thermal contrast between the lesion

nd healthy skin. Therefore, it could be of great interest for the cooling

rocess, however hard to meet in practice. The most convenient cooling

pproach from a practical point of view is cooling with convection (cold

ir stream) or evaporation (coolant spraying or soaked cotton patch),

ut harder to know the exact cooling parameters like heat transfer co-

fficient, cooling temperature on the surface, etc. These parameters are

eeded for computer aided DTI to simulate the cooling-rewarming pro-

ess as accurately as possible. A constant temperature cooling approach

s therefore appealing not only because of easier implementation for nu-

erical analysis but also because of the higher thermal contrast during

he rewarming process of DTI. 

The paper investigates the possibility of a constant temperature cool-

ng approach using a Peltier module for melanoma screening by DTI. A

imilar device has been developed by Stra ̧ kowska et al. [36] , who used

t to evaluate blood perfusion rate and thermal properties of the skin

sing DTI. The cooling temperature was set to 26 ◦C and cooling time

o 4 𝑠, meaning low cooling penetration depth. In this paper, we numer-

cally assess the design of a cooling device for lower cooling tempera-

ures (13 ◦C) and longer cooling times ( 60 𝑠 ). We analyse the effect of

hermocouple position for device regulation, plate thickness, melanoma

tage, and regulation degree on the achieved cooling temperature. The

im is to achieve constant cooling temperature during the cooling stage.

onger cooling process is reflected in deeper penetration depth leading

o higher temperature contrast and better sensitivity of the DTI tech-

ique. The study is made on a numerical model of skin tissue already

escribed in our previous work, including thermoregulation to obtain a

ore realistic tissue response [43] , and solved using subdomain BEM.

imulation is done just for the cooling process, which is the focus of

his research, not simulating the rewarming process. A numerical study

f the cooling stage prior to the experimental setup is needed to evalu-
67 
te the most important parameters of the cooling approach and device

esign. 

The paper is organized as follows: Section 2 presents the numeri-

al model used to evaluate the cooling device design, described by the

omputational domain, governing equations and boundary conditions.

he subdomain BEM developed to solve the direct heat transfer prob-

em for a 3D computational domain is described briefly in Section 3 .

ection 4 presents the numerical results and discusses how plate thick-

ess, thermocouple position for regulation, tumour stage and regulation

egree affect the achieved cooling temperature at the skin surface. The

aper closes with Section 5 , that summarizes this work and emphasizes

he importance of its results. 

. Numerical model 

The design of a constant temperature cooling device can be tested in

wo ways, experimentally or numerically. The latter approach has the

dvantage to test the design before the actual production, and can reveal

he pros and cons of the design. For this reason, the numerical study of

 cooling device presented in this paper investigates the effect of the

hermocouple position, disc thickness, regulation of Peltier module and

elanoma stage on the achieved cooling temperature during the DTI

ooling process. Numerically tested theoretical design depends on the

umerical model, which should be as realistic as possible. Therefore,

he numerical model is based on the skin tissue including melanoma

esion and local thermoregulation response [43] together with the metal

isc and cooling effect of Peltier module. The Peltier module and its

egulation have not been modelled directly but indirectly through the

oundary conditions. 

The skin surface area is not cooled directly by the Peltier module

ecause of the difficulties in implementing the thermocouple inside the

eltier module for the temperature regulation. For this reason we used

 metal disc, which is in direct contact with the skin and cooled by the

eltier module. The metal disc acts like a heat absorber storing the heat

rom the skin and regulating the cooling temperature during the cooling

rocess. Using a metal disc can also help to implement the thermocou-

le for measurement and regulation, for which different thermocouple

ocations were tested. Weak passive cooling with a metal disc made of

rass was used by Stra ̧ kowska et al. [42,44] to locally cool down the

kin by 2–7 ◦C. The metal disc has been cooled down to 20–23 ◦C and

hen put on the skin for 5 s. This technique does not provide a constant

emperature cooling because there is no heat dissipation from the disc.

ooling device in this paper is designed for longer cooling achieving

eeper cooling penetration and higher thermal contrast during the re-

overy phase. The cooling device is active due to the Peltier module,

hich cools down the metal disc to the desired temperature and keep it

t a temperature as constant as possible during the cooling process. 

This section covers a detailed description of the computational do-

ain, the mathematical models of bioheat transfer and heat conduction

hrough the disc, local thermoregulation response of the tissue, bound-

ry conditions and temperature regulation to evaluate the cooling device

esign. The evaluation is done by analysing the simulation results of the

TI cooling process, and which design parameters are most important

or constant cooling temperature. 

.1. Computational domain 

To simulate the cooling process of DTI using a Peltier cooling device,

t is necessary to simulate bioheat transfer in skin tissue with melanoma,

s well as heat transfer in metal disc. The Peltier module has not been

odelled directly. It was included through boundary conditions on the

isc surface as shown in Fig. 2 . Therefore, the computational domain

onsists of skin tissue composed of different layers (epidermis, papillary

ermis, reticular dermis, fat, muscle and melanoma lesion) and metal

isc, and is presented in Fig. 1 . 
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Fig. 1. Computational domain of the numerical model including skin tissue and metal disc: a) isometric view and b) cross-sectional view with annotation. 

Fig. 2. Position of different boundary conditions, their annotation and position of the temperature measurement. 

Table 1 

Material properties and dimensions. 

Material 𝑑[ 𝑚𝑚 ] ℎ [ 𝑚𝑚 ] 𝜌[ 𝑘𝑔∕ 𝑚 3 ] 𝑐 𝑝 [ 𝐽∕ 𝑘𝑔𝑘 ] 𝜆[ 𝑊 ∕ 𝑚𝐾] 𝜔 𝑏,𝑏𝑎𝑠 [1∕ 𝑠 ] 𝑞 𝑚 [ 𝑊 ∕ 𝑚 3 ] 

epidermis 100.0 0.1 1200 3589 0.235 0.0 0.0 

papillary dermis 100.0 0.7 1200 3300 0.445 0.0002 368.1 

reticular dermis 100.0 0.8 1200 3300 0.445 0.0013 368.1 

fat 100.0 2.0 1000 2674 0.185 0.0001 368.3 

muscle 100.0 8.0 1085 3800 0.510 0.0027 684.2 

Clark II 2.0 0.44 1030 3852 0.558 0.0063 3680 

Clark IV 2.5,5.0 1.1 1030 3852 0.558 0.0063 3680 

blood – – 1060 3770 – – –

copper disc 50.0 1.0-12.0 8960 390 399 – –
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The geometric data for the computational domain has been gathered

n Table 1 together with lesion sizes. As can be seen from Table 1 , the

ize of the computational domain for skin tissue has been chosen to be

 𝑡 = 100 𝑚𝑚, and the total height is 𝐻 𝑡 = 11 . 6 𝑚𝑚 . Based on preliminary

esults the domain is large enough for the side boundary condition not

ffecting the solution [39,43] . For the metal disc, the diameter has been

hosen regarding the size of the Peltier module Quick-Cool QC-71-1.4-

.5 ( 30 𝑚𝑚 × 30 𝑚𝑚 ) and is 𝐷 𝑑 = 50 𝑚𝑚, while the height has been varied
68 
rom ℎ 𝑑 = 1 𝑚𝑚 to ℎ 𝑑 = 12 𝑚𝑚 in increments of 1 𝑚𝑚 to test the effect

f disc thickness, which corresponds to higher thermal capacity. Also,

o test the cooling approach, we choose three different melanoma sizes

pproximated by a cylinder [37,43,45] , one for Clark II and two for

lark IV. The Clark II melanoma ( ℎ = 0 . 44 𝑚𝑚, 𝑑 = 2 𝑚𝑚 ) protrudes into

he papillary dermis and represents early stage, while the Clark IV ( ℎ =
 . 1 𝑚𝑚, 𝑑 = 2 . 5 𝑚𝑚 and 𝑑 = 5 𝑚𝑚 ) protrudes into the reticular dermis and

epresents advanced stage [1] . Because the Clark IV lesion reflects a
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igher temperature difference on the skin surface due to higher heat

eneration and size, we choose two different diameters to test the effect

f melanoma size on the achieved cooling temperature. 

.2. Mathematical model 

To simulate heat transfer in a metal disc and skin tissue with the

im to evaluate the cooling approach, appropriate governing equations

ave to be used. Heat transfer in biological tissue has been described

y the Pennes bioheat model [46] that has been used for each layer of

he tissue. This model is widely accepted [21,36,37,45,47–49] , and is

ritten as: 

𝑖 𝑐 𝑝,𝑖 
𝜕𝑇 

𝜕𝑡 
= ∇⃗ ⋅

(
𝜆𝑖 ⃗∇ 𝑇 

)
+ 𝜔 𝑏,𝑖 𝜌𝑏 𝑐 𝑝,𝑏 

(
𝑇 𝑎 − 𝑇 

)
+ 𝑞 𝑚,𝑖 , (1)

here 𝑇 = 𝑇 ( ⃗𝑟 , 𝑡 ) represents temperature, 𝜌𝑖 , 𝜆𝑖 and 𝑐 𝑝,𝑖 are the effec-

ive density, thermal conductivity and specific heat of the tissue, respec-

ively, 𝜔 𝑏,𝑖 is blood perfusion rate of the tissue, 𝜌𝑏 blood density, 𝑐 𝑝,𝑏 is

pecific heat of the blood, 𝑇 𝑎 is arterial blood temperature, 𝑡 time, 𝑞 𝑚,𝑖 tis-

ue metabolic heat source and index 𝑖 tissue layer. The blood perfusion

ate is a scalar representing the volumetric blood flow rate per volume of

issue through small arterioles and capillary bed (thermally significant

essels). Pennes assumed that heat transfer between the blood flow and

urrounding tissue happens on the capillary level due to the large inter-

acial area, therefore, the blood perfusion term acts like a heat source

r sink depending on the temperature difference between the tissue and

rterial blood flow. During the cooling process of DTI blood perfusion

cts like a heat source, heating up the tissue during thermal recovery

imilar to the metabolic heat source which depends on cell activity. Be-

ween these two effects, blood perfusion plays a major role in reheating

he tissue [38,43] . Reheating rate not only depends on the blood per-

usion rate or metabolic heat source but also on the tissue properties.

herefore, the difference in blood perfusion rate, metabolic heat gener-

tion and tissue properties is reflected in the different reheating rates

nd temperature contrast during the DTI [6,9,23] . 

Parameters in the Pennes model are usually evaluated and treated

s constant due to the lack of accurate mathematical models to describe

he changing mechanism, as well as due to the large deviation of pa-

ameter values which are usually chosen as average values [45,50,51] .

herefore, sometimes it is hard to simulate bioheat transfer realistically.

n our previous papers [39,43] we introduced a new approach to model

TI including a local thermoregulation response of blood perfusion rate

nd metabolic heat generation using the van’t Hoff effect [49,51–58] to

imulate DTI more accurately. However, metabolic heat generation has

ow sensitivity [3,39,43] , which means that it does not have a high im-

act on the simulated temperature difference as the blood perfusion rate,

nd for this reason it has been kept as constant together with other pa-

ameters. The blood perfusion rate of the tissue has been modelled as

emperature dependent with the following model: 

 𝑏,𝑖 ( 𝑇 ) = 𝜔 𝑏,𝑖,𝑏𝑎𝑠 𝑄 

(
𝑇− 𝑇 0 
10 

)
10 , (2)

here 𝑄 10 represents the blood perfusion rate coefficient, 𝜔 𝑏,𝑖,𝑏𝑎𝑠 repre-

ents the basal blood perfusion rate of the tissue and 𝑇 0 is the equilibrium

emperature of the body. 

To model heat transfer in a metal disc, a model for conservation of

nergy has been used as: 

𝑑 𝑐 𝑝,𝑑 
𝜕𝑇 

𝜕𝑡 
= ∇⃗ ⋅

(
𝜆𝑑 ⃗∇ 𝑇 

)
, (3)

here only accumulation and diffusion play a major role in heat trans-

er. While in Eq. (1) density, specific heat and thermal conductivity rep-

esent material properties for tissue, now these properties belong to the

etal disc (copper) annotated by index 𝑑. As can be seen comparing

qs. (1) and (3) , there is no heat source or sink in the metal disc which

s cooled by the Peltier module included in the numerical simulation

hrough boundary conditions presented in the next subsection. 
69 
The material properties for tissue have been taken from

21,37,39,45] , and have been treated as constant for each tissue,

ame as the properties for the metal disc (copper), which have been

aken from engineering tables [59] . The exception is blood perfusion

ate, which is temperature dependent. All material properties are

athered in Table 1 together with the dimensions of the computational

omain. For the 𝑄 10 coefficient, values have been taken according to

43] , as 𝑄 10 = 1 . 1 for melanoma lesion and 𝑄 10 = 2 . 0 for healthy tissue.

.3. Boundary conditions 

To simulate the cooling process of the skin using the designed cooling

evice, we have to prescribe appropriate initial and boundary conditions

or the whole computational domain. The boundary conditions for the

issue are taken from [21,37,39,45] . Fig. 2 shows different surfaces on

hich we prescribed different boundary conditions together with their

nnotation. For the bottom part, we prescribe constant body core tem-

erature 𝑇 0 = 37 . 0 ◦C , which is the mean value for a healthy person in

 resting position. On the sides of the computational domain, we pre-

cribe adiabatic boundary condition ( 𝑞 = 0 ) assuming that the diameter

 𝑡 of the computational domain is large enough not to affect the com-

utational solution. At the skin and the metal disc surface we have to

rescribe the heat transfer between the part and the surrounding en-

ironment, which has been modeled with a Robin boundary condition

sing 𝛼 = 10 𝑊 ∕ 𝑚 

2 𝐾 and 𝑇 ∞ = 22 . 0 ◦C . 

For the Peltier surface, where the Peltier module is attached, we pre-

cribed a heat flux that has been calculated dynamically through time

egarding the regulation and the difference between the thermocouple

easurement 𝑇 𝑚 and the preset cooling temperature 𝑇 𝑠𝑒𝑡 . In this pa-

er, we investigated how the thermocouple position shown in Fig. 2 af-

ects the regulation and the achieved cooling temperature. Therefore,

our different cases have been tested: the first is when the temperature

easurement is taken at position P1 ⃗𝑟 = (3∕8 𝐷 𝑑 , ℎ 𝑑 ) , the second at po-

ition P2 𝑟 = (3∕8 𝐷 𝑑 , ℎ 𝑑 ∕2) , the third at position P3 𝑟 = (0 . 0 , ℎ 𝑑 ∕2) and

he fourth represents the average measurement of positions P1 and P3.

he position of points is written in accordance to the polar coordinate

ystem ⃗𝑟 = ⃗𝑟 ( 𝑟, 𝑧 ) , which is shown in Fig. 1 . Regarding the temperature

ifference between the measured temperature and the preset temper-

ture, a current applied to the Peltier module has been calculated as:

 ( 𝑡 ) = 𝜇
(
𝑇 𝑚 − 𝑇 𝑠𝑒𝑡 

)
, (4)

here 𝐼 represents the current, 𝜇 linear coefficient and 𝑇 𝑚 and 𝑇 𝑠𝑒𝑡 tem-

erature measurement and preset temperature, respectively. Here, we

ested different values of 𝜇 from 𝜇 = 1 . 0 𝐴 ∕ 𝐾 to 𝜇 = 10 . 0 𝐴 ∕ 𝐾 in incre-

ents of 1 . 0 𝐴 ∕ 𝐾. According to the current applied to the Peltier module,

he generated heat flow has been calculated by a fourth order polyno-

ial equation: 

 ( 𝑡 ) = 𝑎 1 𝐼 
4 ( 𝑡 ) + 𝑎 2 𝐼 

3 ( 𝑡 ) + 𝑎 3 𝐼 
2 ( 𝑡 ) + 𝑎 4 𝐼 ( 𝑡 ) , (5)

here the polynomial coefficients are 𝑎 1 = 0 . 0073 𝑊 ∕ 𝐴 

4 , 𝑎 2 =
0 . 1516 𝑊 ∕ 𝐴 

3 , 𝑎 3 = 0 . 6945 𝑊 ∕ 𝐴 

2 and 𝑎 4 = 4 . 9422 𝑊 ∕ 𝐴 . The poly-

omial Eq. (5) has been extracted by interpolating data provided by the

anufacturer. Fig. 3 shows the heat flow by the Peltier module Quick-

ool QC-71-1.4-8.5 depending on the applied current and achieved

emperature difference, together with the extrapolated polynomial

q. (5) . The temperature difference between the cold and hot sides has

een taken as Δ𝑇 = 𝑇 𝑠𝑒𝑡 − 𝑇 ∞, assuming that the temperature on the hot

ide is equal to the ambient temperature 𝑇 ∞ and that, on the cold side,

he preset cooling temperature 𝑇 𝑠𝑒𝑡 is achieved. Of course, this cannot

e met in a real experimental test because the difference between the

old and hot sides will change; however, for numerical evaluation

f different designs, this assumption will not affect the conclusions.

he device design has been tested for the preset cooling temperature

 𝑠𝑒𝑡 = 13 . 0 ◦C [3,37,43] that produces better temperature contrast in

elanoma screening and deep cooling penetration [21] . Therefore, the
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Fig. 3. Heat flow according to the manufacturer data regarding the temperature difference between cold and hot sides and current a) and extrapolated polynomial 

function for the temperature difference Δ𝑇 = −9 . 0 ◦C b). 
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emperature difference is Δ𝑇 = −9 . 0 ◦C and kept as constant. Regarding

he prescribed boundary condition on the Peltier surface, we prescribed

he heat flux, which has been calculated as: 

 ( 𝑡 ) = 

𝑄 ( 𝑡 ) 
𝐴 

, (6)

here 𝐴 represents the surface area of the Peltier element of dimension

 = 9 ⋅ 10 −4 𝑚 

2 . 

At the interfaces between different tissue layers, we also have to im-

ose equilibrium 𝜆𝑙 𝜕𝑇 𝑙 ∕ 𝜕 ⃗𝑛 𝑙 = − 𝜆𝑙+1 𝜕𝑇 𝑙+1 ∕ 𝜕 ⃗𝑛 𝑙+1 and compatibility condi-

ions 𝑇 𝑙 = 𝑇 𝑙+1 , where 𝑛 represents the normal on the interface bound-

ry and indices 𝑙 and 𝑙 + 1 represent adjoining tissues. The only non-

ompatibility condition has been imposed on the interface between the

kin and metal disc, where the contact thermal resistance has been in-

luded as: 

 𝑠 = 𝑇 𝑑 + 

(
𝑞 ⋅ 𝑛 𝑠 

)
𝑅 (7)

here 𝑇 𝑠 represents skin temperature, 𝑇 𝑑 temperature of the metal disc

n the interface, 𝑞 is interface heat flux, 𝑛 𝑠 normal vector of the skin

omain and 𝑅 the contact thermal resistance. The equilibrium condition

s still met for the contact surface between skin and metal disc; 𝑞 = 𝑞 𝑠 =
 ⃗𝑑 . The value of the thermal resistance between metal disc and skin has

een chosen according to [60] and was taken as 𝑅 = 0 . 001 𝑚 

2 𝐾∕ 𝑊 , that

epresents good thermal contact. 

For the initial temperature condition 𝑇 ( 𝑡 = 0) of the skin tissue, we

rescribed the steady-state solution of the bioheat problem determined

ith the described boundary conditions on the bottom part, sides and

kin surface without the metal disc, while for the computational domain

f the disc we prescribed the preset temperature 𝑇 𝑠𝑒𝑡 to which the cooling

evice is cooled. Numerical simulation to assess the cooling design has

een done for the cooling time of 𝜏 = 60 𝑠 [21,37,39,45] . 

. Boundary element method 

To solve the numerical model and to simulate the cooling process

sing the previously described cooling device, the subdomain BEM ap-

roach has been used. The main reason for choosing this method is its

dvanced treatment of boundary conditions that improves the accuracy

f the numerical method, and the increased computational speed due

o the subdomain approach [43,61] . In this paper, as we are dealing

ith a full 3D geometry and a non-linear governing Eq. (1) due to the

emperature-dependent blood perfusion. A short derivation of the BEM
70 
umerical scheme based on the elliptic fundamental solution to solve

eat transfer problems will be shown in this section. 

The governing Eqs. (1) and (3) written for each subdomain or tissue

ayer has been treated in the form of a Poisson equation: 

⃗
 

2 𝑢 ( ⃗𝑟 ) = 𝑏 ( ⃗𝑟 ) , (8)

here ∇⃗ 

2 represents the Laplace operator, 𝑢 ( ⃗𝑟 ) is an arbitrary field func-

ion, 𝑏 ( ⃗𝑟 ) is the source term or the non-homogeneous part of the equation

nd ⃗𝑟 = ⃗𝑟 ( 𝑥, 𝑦, 𝑧 ) is an arbitrary spatial vector. We start with the integral

orm of Green’s second identity, which for the Poisson Eq. (8) is written

n the form: 

( ⃗𝜉) 𝑢 ( ⃗𝜉) = ∫Γ 𝑞 ( ⃗𝑅 ) 𝑢 ∗ ( ⃗𝜉, �⃗� ) 𝑑 ⃗Γ − ∫Γ 𝑢 ( ⃗𝑅 ) ⃗𝑞 ∗ ( ⃗𝜉, �⃗� ) 𝑑 ⃗Γ − ∫Ω 𝑏 ( ⃗𝑟 ) 𝑢 
∗ ( ⃗𝜉, ⃗𝑟 ) 𝑑Ω, (9)

here Ω and Γ represent the domain and boundary, respectively, �⃗� =
⃗
 ( 𝑥, 𝑦, 𝑧 ) is the spatial vector of the boundary, 𝑞 = 𝜕 𝑢 ∕ 𝜕 ⃗𝑛 is the normal

erivative of the field function 𝑢, 𝜉 = 𝜉( 𝑥, 𝑦, 𝑧 ) represents the position

f the source point, 𝑐( ⃗𝜉) the free coefficient that depends on the posi-

ion of the source point, and 𝑢 ∗ ( ⃗𝜉, �⃗� ) and 𝑞 ∗ ( ⃗𝜉, �⃗� ) = 𝜕 𝑢 ∗ ( ⃗𝜉, �⃗� )∕ 𝜕 ⃗𝑛 are the

undamental solution and its normal derivative, respectively. 

The elliptic fundamental solution for a 3D computational domain is

iven by the equation: 

 

∗ ( ⃗𝜉, ⃗𝑟 ) = 

1 
4 𝜋𝑑( ⃗𝜉, ⃗𝑟 ) 

, (10)

here 𝑑( ⃗𝜉, ⃗𝑟 ) represents the distance between source and field points: 

 = 𝑑( ⃗𝜉, ⃗𝑟 ) = 

√ 

( 𝑥 𝜉 − 𝑥 𝑝 ) 2 + ( 𝑦 𝜉 − 𝑦 𝑝 ) 2 + ( 𝑧 𝜉 − 𝑧 𝑝 ) 2 , (11)

here the source point is defined by coordinates ⃗𝜉 = 𝜉( 𝑥 𝜉 , 𝑦 𝜉 , 𝑧 𝜉) and the

eld point by ⃗𝑟 = ⃗𝑟 ( 𝑥 𝑝 , 𝑦 𝑝 , 𝑧 𝑝 ) . The normal derivative of the fundamental

olution is defined by the equation: 

 

∗ ( ⃗𝜉, �⃗� ) = − 

( 𝑥 𝜉 − 𝑥 𝑝 ) 
4 𝜋𝑑 3 

𝑛 𝑥 − 

( 𝑦 𝜉 − 𝑦 𝑝 ) 
4 𝜋𝑑 3 

𝑛 𝑦 − 

( 𝑧 𝜉 − 𝑧 𝑝 ) 
4 𝜋𝑑 3 

𝑛 𝑧 , (12)

here 𝑛 𝑥 , 𝑛 𝑦 and 𝑛 𝑧 represent the components of the normal vector on

he boundary 𝑛 ( ⃗𝑅 ) = 

{
𝑛 𝑥 , 𝑛 𝑦 , 𝑛 𝑧 

}
. 

The value of the free coefficient 𝑐( ⃗𝜉) depends on the position of the

ource point 𝜉 and is defined as: 

 ( 𝜉) = 1 , 𝜉 ∈ Ω, 
 ( 𝜉) = 𝛽∕(4 𝜋) , 𝜉 ∈ Γ. 

(13) 

here 𝛽 represents the internal angle of the boundary at point 𝜉. 



T. Gomboc, J. Ilja ž , L.C. Wrobel et al. Engineering Analysis with Boundary Elements 125 (2021) 66–79 

Fig. 4. Representation of the mesh cell used in BEM a) and position of the interpolation nodes (black spheres represent computational nodes for the field function 𝑢 

while circled ones for the normal derivative 𝑞). 

Fig. 5. Computational mesh with detailed presentation of the structured mesh. 
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Eight-node linear cells (hexahedron) have been used for geometry

iscretisation, and consequently four-node linear elements (quadrilat-

ral) for the boundary. For the approximation of the field function 𝑢 ( ⃗𝑟 )
nd non-homogeneous part 𝑏 ( ⃗𝑟 ) , quadratic interpolation functions have

een used with constant interpolation for the normal derivative on the

oundary 𝑞( ⃗𝑅 ) = 𝜕𝑢 ( ⃗𝑅 )∕ 𝜕𝑛 . The representative element used in the sub-

omain approach is shown in Fig. 4 , together with the position of the

nterpolation nodes. 

Applying expression (9) at every computational node of each cell

eparately, we obtain a global system of equations for the Poisson

q. (8) which can be written as: 

 𝐻 ] { 𝑢 } = [ 𝐺 ] { 𝑞 } − [ 𝑆 ] { 𝑏 } , (14)

here [ 𝐻 ] , [ 𝐺 ] and [ 𝑆 ] are the matrices, { 𝑢 } is the vector of discrete

alues of the field function, { 𝑞 } is the vector of discrete values of the

ormal derivative of 𝑢 and { 𝑏 } is the vector of discrete values of the

on-homogeneous part. A more detailed description of the matrix coef-

cients can be found in our previous work [61] . 
71 
We can now apply the above procedure to the bio-heat Eq. (1) , where

t first we rewrite the equation in the form of the Poisson Eq. (8) : 

⃗
 

2 𝑇 = 

1 
𝑎 𝑑𝑖𝑓𝑓 

𝜕𝑇 

𝜕𝑡 
− 

𝜔 𝑏 ( 𝑇 ) 𝜌𝑏 𝑐 𝑝,𝑏 
𝜆

⋅
(
𝑇 𝑎 − 𝑇 

)
− 

𝑞 𝑚 

𝜆
, (15)

here 𝑎 𝑑𝑖𝑓𝑓 = 𝜆∕ 𝜌𝑐 𝑝 represents the thermal diffusivity and 𝜔 𝑏 ( 𝑇 ) is a
emperature-dependent parameter. The non-homogeneous part 𝑏 ( ⃗𝑟 ) is
ow: 

 ( ⃗𝑟 ) = 

1 
𝑎 𝑑𝑖𝑓𝑓 

𝜕𝑇 

𝜕𝑡 
− 

𝜔 𝑏 ( 𝑇 ) 𝜌𝑏 𝑐 𝑝,𝑏 
𝜆

⋅
(
𝑇 𝑎 − 𝑇 

)
− 

𝑞 𝑚 

𝜆
. (16)

he time derivative of the temperature is estimated by the second-order

nite diference (FD) scheme [61] as: 

𝜕𝑇 

𝜕𝑡 
≈ 3 𝑇 𝑡 − 4 𝑇 𝑡 −1 + 𝑇 𝑡 −2 

2Δ𝑡 
, (17) 

here superscript indices 𝑡, 𝑡 − 1 and 𝑡 − 2 represent different time steps

nd Δ𝑡 is the time difference between two adjacent time steps. For the

rst time step, the following assumption has been made; 𝑇 𝑡 −1 = 𝑇 𝑡 −2 ,

hich reduces the FD time marching scheme to first-order. Including
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Fig. 6. Transient average temperature 𝑇 𝑎𝑣𝑒 for different disc thickness ℎ 𝑑 and regulation coefficient 𝜇 depending on the position of temperature measurement. 
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he approximation (17) into Eq. (15) and using a fully implicit scheme

 𝑇 = 𝑇 𝑡 , 𝑞 = 𝑞 𝑡 ), the global system of Eq. (14) can be rewritten as: 

 

[ 𝐻 ] + 

{ 

3 
2 𝑎 𝑑𝑖𝑓𝑓 Δ𝑡 

+ 
𝜔 𝑏 

(
𝑇 𝑡 

)
𝜌𝑏 𝑐 𝑝,𝑏 

𝜆

} 

[ 𝑆 ] 

) {
𝑇 𝑡 

}
= [ 𝐺 ] 

{
𝑞 𝑡 
}
+ 
{ 

2 
𝑎 𝑑𝑖𝑓𝑓 Δ𝑡 

} 

[ 𝑆 ] 
{
𝑇 𝑡 −1 

}

 

{ 

1 
2 𝑎 𝑑𝑖𝑓𝑓 Δ𝑡 

} 

[ 𝑆 ] 
{
𝑇 𝑡 −2 

}
+ [ 𝑆 ] 

{ 

𝜔 𝑏 

(
𝑇 𝑡 
)
𝜌𝑏 𝑐 𝑝,𝑏 

𝜆
𝑇 𝑎 + 

𝑞 𝑚 

𝜆

} 

. (18)

he system of Eq. (18) is non-linear and has to be solved using a non-

inear iteration solver within each time step. Therefore, the final form

f Eq. (18) is ( 

[ 𝐻 ] + 

{ 

3 
2 𝑎 𝑑𝑖𝑓𝑓 Δ𝑡 

+ 

𝜔 𝑏 

(
𝑇 𝑡 
𝑘 −1 

)
𝜌𝑏 𝑐 𝑝,𝑏 

𝜆

} 

[ 𝑆 ] 

) {
𝑇 𝑡 
𝑘 

}

= [ 𝐺 ] 
{
𝑞 𝑡 
}
+ 

{ 

2 
𝑎 𝑑𝑖𝑓𝑓 Δ𝑡 

} 

[ 𝑆 ] 
{
𝑇 𝑡 −1 

}

 

{ 

1 
2 𝑎 𝑑𝑖𝑓𝑓 Δ𝑡 

} 

[ 𝑆 ] 
{
𝑇 𝑡 −2 

}
+ [ 𝑆 ] 

{ 

𝜔 𝑏 

(
𝑇 𝑡 
𝑘 −1 

)
𝜌𝑏 𝑐 𝑝,𝑏 

𝜆
𝑇 𝑎 + 

𝑞 𝑚 

𝜆

} 

. (19)
72 
here indices 𝑘 and 𝑘 − 1 represent the current and previous non-linear

teration steps, respectively. The non-linear loop is controlled by the

aximum number of steps and the RMS (Root Mean Square) error as: 

 > 𝑘 𝑚𝑎𝑥 , 𝜀 𝑅𝑀𝑆,𝑘 ≤ 𝜀 𝑚𝑎𝑥 , (20)

here 𝑘 𝑚𝑎𝑥 represents the maximum number of non-linear steps, 𝜀 𝑅𝑀𝑆 

he RMS error and 𝜀 𝑚𝑎𝑥 the maximum error. The RMS error is calculated

t every iteration step as: 

 𝑅𝑀𝑆,𝑘 = 

√ √ √ √ 

1 
𝑛 

𝑛 ∑
𝑖 =1 

(
𝑇 𝑖,𝑘 −1 − 𝑇 𝑖,𝑘 

)2 
𝑇 2 
𝑖,𝑘 

, (21)

here index 𝑖 represents the computational node and 𝑛 the total num-

er of nodes in the computational domain. When convergence of the

on-linear loop is achieved, meaning the RMS error is lower than the

rescribed maximum or the maximum number of steps is reached, the

on-linear iteration is stopped and the calculation for a new time step

an begin. 

The non-linear system of Eq. (19) is used to solve the heat transfer

roblem in the tissue domain; however, to simulate heat transfer in the

etal disc, we also have to discretise Eq. (3) . Rewriting Eq. (3) into
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Table 2 

Number of simulation runs with description. 

First part - Clark II 𝑛 𝑠𝑖𝑚 
thermocouple position P1 P2 P3 (P1 + P3)/2 16 

ℎ 𝑑 3 𝑚𝑚 9 𝑚𝑚 
𝜇 1 𝐴 ∕ 𝐾 4 𝐴 ∕ 𝐾
Second part - Clark II and thermocouple P1 𝑛 𝑠𝑖𝑚 
ℎ 𝑑 1 𝑚𝑚 − 12 𝑚𝑚 120 

𝜇 1 𝐴 ∕ 𝐾 − 10 𝐴 ∕ 𝐾
Third part - thermocouple P1 and ℎ 𝑑 = 3 𝑚𝑚 𝑛 𝑠𝑖𝑚 
case healthy skin Clark II Clark IV 2 . 5 𝑚𝑚 Clark IV 5 𝑚𝑚 8 

𝜇 4 A/K 8 A/K 

Fig. 7. Comparison of average cooling temperature 𝑇 𝑎𝑣𝑒 and temperature in the center 𝑇 1 for the thermocouple position P1 and different value of regulation coefficient 

𝜇 and disc thickness ℎ 𝑑 . 
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oisson form (8) we obtain: 

⃗
 

2 𝑇 = 

1 
𝑎 𝑑𝑖𝑓𝑓 

𝜕𝑇 

𝜕𝑡 
, (22)

here the non-homogeneous part 𝑏 ( ⃗𝑟 ) is now: 

 ( ⃗𝑟 ) = 

1 
𝑎 𝑑𝑖𝑓𝑓 

𝜕𝑇 

𝜕𝑡 
. (23)

pplying the FD scheme for the time derivative (17) into Eq. (23) and

sing a fully implicit scheme as before, we can rewrite the global system

f Eq. (14) derived for the Poisson equation as: 
 

[ 𝐻 ] + 

{ 

3 
2 𝑎 𝑑𝑖𝑓𝑓 Δ𝑡 

} 

[ 𝑆 ] 
) {

𝑇 𝑡 
}
= [ 𝐺 ] 

{
𝑞 𝑡 
}
+ 

{ 

2 
𝑎 𝑑𝑖𝑓𝑓 Δ𝑡 

} 

[ 𝑆 ] 
{
𝑇 𝑡 −1 

}

 

{ 

1 
2 𝑎 𝑑𝑖𝑓𝑓 Δ𝑡 

} 

[ 𝑆 ] 
{
𝑇 𝑡 −2 

}
, (24)

here we obtain a linear system of equations that can be solved only

nce. 

The non-linear system of Eqs. (19) and (24) represent the BEM nu-

erical scheme for solving heat transfer problems inside skin tissue with

emperature-dependent blood perfusion, and inside the metal disc. By

pplying the boundary and interface conditions, the system of equations

an be rewritten as a global system of linear equations and solved using

 standard solver. We used FORTRAN coding to implement and test the

roposed BEM scheme, as already done in our previous work [43,61,62] .

he result is the temperature field for the whole computational domain

nd the normal derivative of the temperature on the boundary. From our

revious experience, we find this approach suitable for solving compli-

ated non-linear problems achieving good numerical accuracy and fast

omputational time [61,62] . 
73 
. Results and discussion 

In this paper, we are numerically testing the design of a device for

onstant temperature cooling at DTI, using a metal disc and a Peltier

odule for active cooling. Prior to manufacturing the device and exper-

mental setup, we would like to evaluate the most important parameters

o achieve constant cooling. Therefore, different versions were analysed

y changing the position of the thermocouple for the Peltier regulation,

isc thickness, regulation coefficient 𝜇, as well as the effect of the lesion

ize, to determine the most appropriate version. 

Based on our previous work [39,43,61] where representative ele-

ent size of Δ𝓁 = 0 . 5 𝑚𝑚 for tumour discretisation and time step Δ𝑡 = 1 𝑠
ere shown to be sufficient, we chose element size of Δ𝓁 = 0 . 1 𝑚𝑚 for

umour discretisation and time step of Δ𝑡 = 0 . 1 𝑠 . For domain discreti-

ation, a structured mesh has been used as shown in Fig. 5 , where the

inimal number of elements in 𝑧 direction of the layer was 3. The num-

er of elements is 258,240 while the number of computational nodes

s 1,134,794, which is sufficient to produce mesh independent results.

ith the time step of Δ𝑡 = 0 . 1 𝑠, which is sufficient for the elliptic fun-

amental solution as shown in [61] , the number of time steps was 600

o simulate the cooling period of 𝜏 = 60 𝑠 . Because the focus of the paper

s to represent the results and conclusion for the active cooling device,

he mesh and time step analysis is omitted in this paper. 

For design evaluation, we observed the average temperature on the

kin surface in the radius 𝑅 = 12 . 5 𝑚𝑚 from the centre ( 𝑇 𝑎𝑣𝑒 ), as well as

he temperature in the centre ( 𝑇 1 ), as shown in Fig. 2 . The objective is

o achieve constant temperature 𝑇 𝑎𝑣𝑒 and 𝑇 1 during the cooling process

nd close to the preset temperature 𝑇 𝑠𝑒𝑡 . In the following subsections,

he results of various configurations are presented, plotting the tran-
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Fig. 8. Cooling temperature 𝑇 𝑎𝑣𝑒 for different values of the regulation coefficient 𝜇 and disc thickness ℎ 𝑑 . 
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ient cooling temperature on the skin surface, as well as the evaluation

f the temperature difference between the preset and achieved cooling

emperature is made. 

To analyse how thermocouple position, regulation coefficient 𝜇, disc

hickness ℎ 𝑑 and tumour size affect the device design, a total of 138 sim-

lations has been done. For clarity, Table 2 shows the number of sim-

lations 𝑛 𝑠𝑖𝑚 done for this analysis together with the description. The

nalyses have been done in three parts, first is analysing the thermo-

ouple position, second was to analyse the disc thickness and regulation

oefficient and the last part was to analyse the lesion size. The simu-

ations have been run on an Intel Core i9-7900X (3.30GHz) processor

n serial and took 39.33 h of CPU time for each simulation. To save on

ime, we run simulations on multiple computers. 

.1. Position of the thermocouple 

Four different cases compare how the position of the temperature

easurement or thermocouple position for Peltier regulation affects the

kin cooling temperature. The first case is when the temperature mea-

urement is taken on the surface of the metal disc near the edge (P1),

he second is below point P1 in the middle of the disc thickness (P2), the
74 
hird is in the middle of the disc thickness below the Peltier module and

n the centre (P3), and the last one is the average measurement from

ositions P1 and P3, as shown in Fig. 2 . 

Fig. 6 shows the average temperature on the skin surface 𝑇 𝑎𝑣𝑒 com-

aring all four cases, for disc thickness of ℎ 𝑑 = 3 𝑚𝑚 and ℎ 𝑑 = 9 𝑚𝑚,
nd for two different regulation coefficients 𝜇 = 1 𝐴 ∕ 𝐾 and 𝜇 = 4 𝐴 ∕ 𝐾,
here we can conclude that there is no difference between the first and

econd cases while the difference between the achieved cooling tem-

erature becomes smaller with increasing disc thickness, and more in-

ependent of the position of temperature measurement. We can also

bserve that the lowest cooling temperature is achieved at thermocou-

le position P1 or P2, and the highest from the centre of the disc (P3).

owever, when the average temperature measurement is taken for regu-

ation, the cool-down temperature lies between the first and third cases,

hich is to be expected. The reason for lower cooling temperature for

hermocouple position P1 or P3 is in the delay between the system re-

ponse and Peltier cooling, due to the heat conduction inside the disc

n the radial direction, and therefore lower skin temperature during the

ooling. The cooling temperature drops from the steady-state skin tem-

erature, which is around 34.5 ◦C, to a range of 15.0–16.0 ◦C because of

he cooling capacity of the metal disc that is pre-cooled to 13.0 ◦C. After
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Fig. 9. Transient temperature measurement 𝑇 𝑚 and average cooling temperature 𝑇 𝑎𝑣𝑒 for different regulation coefficient 𝜇 and disc thickness ℎ 𝑑 . 
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hat, the cooling process with the Peltier module takes place, which is

specially visible for 𝜇 = 1 𝐴 ∕ 𝐾. Using a low value of 𝜇, the response of

he cooling device is slow and does not cool down the skin tissue to the

esired temperature. After 60 𝑠 of cooling, it reaches a temperature of

4.0 ◦C. However, by increasing the regulation value 𝜇, cooling is much

uicker due to the higher heat flux on the Peltier module, dropping the

emperature close to the desired value of 13.0 ◦C. 

From this, we can conclude that the position of temperature mea-

urement is not very important for thicker discs, however lower cooling

emperatures are achieved using temperature measurement from loca-

ion P1, which is also easier to implement than in the centre of the disc,

nd is preferred. One reason for this expected behavior can be found in

he high thermal conductivity of the material. Fig. 7 shows a compar-

son between the average and centre temperature for disc thicknesses

 𝑑 = 3 𝑚𝑚 and ℎ 𝑑 = 9 𝑚𝑚 using thermocouple position P1, from which

e can conclude that there is a negligible temperature difference for a

hicker disc while, for a thinner disc, there is a small difference, how-

ver the shape is the same. Therefore, for the next set of results, we will

ocus only on the thermocouple position P1, which is most convenient

rom the practical point of view, and lower cooling temperatures can be

chieved. 
75 
.2. Disc thickness and regulation 

In this section, we tested different disc thicknesses and values of the

egulation coefficient, to determine how it affects the cooling tempera-

ure and its shape. Fig. 8 shows the average temperature 𝑇 𝑎𝑣𝑒 on the skin

urface for different disc thicknesses and different values of the regula-

ion coefficient. As can be observed, the regulation response is slower

or thicker discs, and also the achieved cooling temperature at the end

f the cooling process is slightly higher for the same value of coefficient

. The reason for this behavior is the higher thermal capacity of the disc

hat can absorb greater amounts of heat. Therefore, for the first few sec-

nds we can observe that, for a thicker disc, a lower temperature can

e achieved comparing the cooling temperature curves for 𝜇 = 1 𝐴 ∕ 𝐾.

or a disc thickness of ℎ 𝑑 = 3 𝑚𝑚, the initial cool down temperature is

6 . 0 ◦C , while for ℎ 𝑑 = 12 𝑚𝑚 it is slightly below 15 . 0 ◦C . However, the

nitial cool down is better for a thicker disc, the regulation is slower and

lso the average cooling temperature is slightly higher. The achieved

ooling temperature using a high value of 𝜇 is somehow similar for disc

hicknesses from ℎ 𝑑 = 6 𝑚𝑚 to ℎ 𝑑 = 12 𝑚𝑚, while it is lower for a thin

isc. For ℎ 𝑑 = 3 𝑚𝑚 and 𝜇 = 8 𝐴 ∕ 𝐾, we can achieve a cooling tempera-

ure that is very close to the preset temperature, and from 20 𝑠 to 60 𝑠,
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Fig. 10. Temperature difference Δ𝑇 𝑎𝑣𝑒 and Δ𝑇 1 depending on the disc thickness ℎ 𝑑 and regulation coefficient 𝜇 a) and temperature difference Δ𝑇 𝑎𝑣𝑒,𝑚 showing the 

difference between the cooling temperature and measured temperature b). 
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t is in the range of 13.1 ◦C and almost constant. A thin disc does not

ave a high thermal capacity, for which it heats up quicker with the

kin contact and can be measured by the thermocouple. Therefore, reg-

lation or cooling with the Peltier module is more distinct and a lower

ooling temperature can be achieved. 

Using a disc thickness ℎ 𝑑 = 3 𝑚𝑚, the time averaged cooling temper-

ture is 14.40 ◦C for 𝜇 = 1 𝐴 ∕ 𝐾, 13 . 35 ◦C for 𝜇 = 4 𝐴 ∕ 𝐾 and 13.16 ◦C

or 𝜇 = 8 𝐴 ∕ 𝐾, which is very close to the desired temperature. To con-

lude, the disc thickness acts like a heat damper, the thicker the disc, the

lower the regulation and slightly higher cooling temperature, however

e can achieve better initial cooling. One parameter in the design eval-

ation can therefore be the temperature difference between the average

ooling temperature and the preset temperature. 

Fig. 9 shows the measured temperature by the thermocouple 𝑇 𝑚 at

osition P1 and average cooling temperature 𝑇 𝑎𝑣𝑒 for different values

f 𝜇 and disc thickness ℎ 𝑑 . As can be observed, the difference between

chieved cooling temperature and measurement of the disc temperature

n P1 is smaller for a thinner disc than for a thicker one, and also the

hape of the temperature measurement depends on the regulation co-

fficient. The shape of the temperature measurement on the achieved

ooling temperature is very similar for a 3 𝑚𝑚 disc, except at the begin-

ing of the process. This can be helpful in determining the actual cooling

emperature, that can be evaluated through the measurement of the disc

emperature if the temperature difference is small. Therefore, one of the

mportant parameters at design evaluation can also be the temperature

ifference between the achieved average cooling temperature and the

emperature measurement. 

The temperature differences Δ𝑇 𝑎𝑣𝑒 = 𝑇 𝑎𝑣𝑒 − 𝑇 𝑠𝑒𝑡 and Δ𝑇 1 = 𝑇 1 − 𝑇 𝑠𝑒𝑡 ,

epending on the disc thickness ℎ 𝑑 and for different values of the reg-

lation coefficient 𝜇, is shown in Fig. 10 together with the tempera-

ure difference Δ𝑇 𝑎𝑣𝑒,𝑚 = 𝑇 𝑎𝑣𝑒 − 𝑇 𝑚 , which indicates how the tempera-

ure measurement can be used to determine the actual cooling temper-

ture. There is a small difference between Δ𝑇 𝑎𝑣𝑒 and Δ𝑇 1 for thinner

iscs, indicating less uniform cooling temperature on the skin surface,

hich has already been observed in Fig. 7 . Using a thinner disc produces

 lower temperature difference Δ𝑇 𝑎𝑣𝑒 , which is preferable from the point

f getting closer to the preset temperature, however there will be a tem-

erature non-homogeneity, that can be expressed as Δ�̄� = Δ𝑇 1 − Δ𝑇 𝑎𝑣𝑒 .
ncreasing the regulation coefficient 𝜇 decreases the temperature differ-

nce and can also under-cool the skin in the case of a thin disc and high
76 
alue of 𝜇. The change of Δ𝑇 𝑎𝑣𝑒 and Δ𝑇 1 is more distinct for the change

f 𝜇 from 1 𝐴 ∕ 𝐾 to 4 𝐴 ∕ 𝐾 than for further increases. Choosing the opti-

al design or disc thickness depends on the desired non-homogeneity of

he cooling temperature and temperature difference Δ𝑇 𝑎𝑣𝑒 , which should

e close together and close to zero and can be affected by the value of

. However, changing the coefficient 𝜇 does not affect the temperature

ifference between the measurement and achieved cooling temperature

𝑇 𝑎𝑣𝑒,𝑚 that depends only on the disc thickness, as can be observed in

ig. 10 . 

Fig. 11 shows the temperature difference Δ𝑇 𝑎𝑣𝑒 , non-uniformity Δ�̄� 
nd Δ𝑇 𝑎𝑣𝑒,𝑚 depending on the disc thickness ℎ 𝑑 and regulation coeffi-

ient 𝜇, for a more clear presentation of the design performance. Values

lose to zero are coloured green and represent the optimal case. As can

e seen, to achieve a cooling temperature that is close to the preset tem-

erature a disc thickness of ℎ 𝑑 = 2 𝑚𝑚 should be considered, however,

ecause of high non-uniformity, a thicker disc is advised. While looking

t the Δ𝑇 𝑎𝑣𝑒,𝑚 there is an optimum range for disc thickness in between

 𝑑 = 2 𝑚𝑚 and ℎ 𝑑 = 4 𝑚𝑚 . Taking into account all the variables, the disc

hickness of ℎ 𝑑 = 3 𝑚𝑚 would be the optimal choice for disc diameter

f 𝐷 𝑑 = 50 𝑚𝑚 and Peltier module Quick-Cool QC-71-1.4-8.5, while the

egulation coefficient should be greater than 7 𝐴 ∕ 𝐾. 

.3. Lesion size 

In this section, we tested how the lesion size affects the cooling tem-

erature using an optimal disc thickness of ℎ 𝑑 = 3 𝑚𝑚 for the initial de-

ign. Fig. 12 shows the average cooling temperature 𝑇 𝑎𝑣𝑒 through the

ooling process for regulation coefficients 𝜇 = 4 𝐴 ∕ 𝐾 and 𝜇 = 8 𝐴 ∕ 𝐾 and

ifferent lesion sizes, together with healthy skin, where we can observe

hat the lesion size does not affect the transient cooling temperature.

omparing Clark II and Clark IV melanoma, the temperature difference

s almost negligible, and also similar to the cooling temperature of the

ealthy skin. This is because the lesion does not present a high heat

ource compared to the cooling heat flow of the Peltier module, for

hich it does not affect the achieved cooling temperature. Therefore,

he achieved cooling temperature on the skin surface using the initial

esign would be the same for different lesions, and can also be used

or different applications of DTI not exceeding the cooling capacity of a

eltier module. 
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Fig. 11. Contour plot of a) Δ𝑇 𝑎𝑣𝑒 , b) Δ�̄� and c) Δ𝑇 𝑎𝑣𝑒,𝑚 depending on the disc thickness ℎ 𝑑 and regulation coefficient 𝜇. 

Fig. 12. Average cooling temperature 𝑇 𝑎𝑣𝑒 through the cooling process for different lesion sizes and healthy skin for different value of 𝜇. 

77 
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Fig. 13. Temperature profile through the skin tissue at different times during the cooling period a) and achieved cooling depth of different isothermal lines through 

time b) using a device design ℎ 𝑑 = 3 𝑚𝑚 and 𝜇 = 8 𝐴 ∕ 𝐾. 
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.4. Cooling depth 

For a cooling device of disc thickness ℎ 𝑑 = 3 𝑚𝑚 and regulation coef-

cient 𝜇 = 8 𝐴 ∕ 𝐾 Fig. 13 shows a temperature profile through the skin

issue and cooling depth. In Fig. 13 a) we can observe a steady-state

emperature profile, which is in the range of 35 − 37 ◦C , as well as the

emperature profile during the cooling period at times 10 𝑠, 30 𝑠 and 60 𝑠 .
t can be seen that the skin (epidermis, papillary and reticular dermis) is

ooled down to 13–19 ◦C during this period. Transient change of cooling

epth can be easily observed in Fig. 13 b). At the end of the cooling pro-

ess ( 60 𝑠 ) the papillary dermis is cooled down to less than 16 ◦C, while

he whole skin to less than 19 ◦C. Lower temperatures can be achieved

y lowering the preset cooling temperature 𝑇 𝑠𝑒𝑡 or by prolonging the

ooling time 𝜏, which affects the temperature contrast during the re-

arming period [21] . The papillary dermis is cooled down to less than

7 ◦C in 30 𝑠 meaning that for early tumour screening that are located in

his layer, the cooling time of 30 𝑠 will be sufficient. However, the cool-

ng time of 𝜏 = 60 𝑠 using the cooling temperature of 𝑇 𝑠𝑒𝑡 = 13 ◦C cools

own the whole skin and also a portion of fat low enough to produce a

ood thermal contrast during the rewarming period of DTI for screening

arly or later tumour stage. 

. Conclusion 

This paper presents the numerical testing of a cooling device for

elanoma screening by DTI. The cooling device cools down the ex-

mined tissue to a preset temperature for a certain period of time to

ncrease the temperature contrast of the lesion during the rewarming

eriod, which can easily be observed by an IR camera. Cooling with con-

tant temperature produces deep cooling penetration and therefore good

esolution. The focus of this paper is to test the device design composed

f metal disc and Peltier module for active cooling, prior to experimen-

al setup or real testing. The goal is to achieve constant and homogenous

ooling temperature on the surface during the cooling process of DTI and

lose to the preset one. The advantage of numerical simulations here is

n the prior knowledge of pros and cons of the device design and how

o improve it to achieve the desired goal. 

The numerical simulation of the proposed cooling device was based

n a numerical model composed of skin tissue with melanoma and
78 
etal disc as a cooling element, while the Peltier module was mod-

lled through the boundary conditions. The numerical model has been

omposed from different layers as well as local thermoregulation of

he blood perfusion rate, to model bioheat transfer more realistically.

ecause of this, a thermal contact resistance between the metal disc

nd skin tissue has also been imposed to evaluate the cooling design

r cooling process as realistically as possible. The numerical model

as been solved using a subdomain BEM method, concentrating on

he analysis of the design parameters, like position of the thermocou-

le and how the thickness of the disc or regulation coefficient affect

he device response and the achieved cooling temperature on the skin

urface. 

Evaluation of the cooling device has been done based on the average

urface cooling temperature around the melanoma, central temperature

eflecting temperature non-homogeneity and temperature difference be-

ween achieved cooling temperature and thermocouple measurement.

he conclusion is that the position of the thermocouple is not so impor-

ant as the disc thickness and regulation coefficient to achieve a cooling

emperature close to the preset one. From a practical point of view, it

an be located on the disc surface near the Peltier module. More im-

ortant effect in cooling speed and achieved cooling temperature are

isc thickness and regulation coefficient. Disc thickness affects the ini-

ial cooling due to the thermal capacity and homogeneity of the sur-

ace cooling temperature, however, on the other hand, the regulation is

lower. Therefore, to achieve a faster response and regulation, a thinner

isc is advised. 

The analysis showed that thermocouple position P1, disc thickness

f 3 mm and high value of regulation coefficient 𝜇 > 7 𝐴 ∕ 𝐾 produced

ery quickly a stable and nearly constant cooling temperature, close

o the preset temperature 13 ◦C. The choice has been made based on

hree criteria, achieved average cooling temperature, temperature non-

omogeneity and temperature difference between the cooling temper-

ture and disc temperature measurement. The analysis also shows that

esion size in this case does not affect the cooling temperature, which is

esirable as it can also be used in other DTI applications not exceeding

he cooling capacity of the Peltier element. 

Based on the analyses carried out in this paper, future work will be

ocused on an experimental setup to test the design, to evaluate what

s the actual cooling temperature and how it can be evaluated using
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[  
he temperature measurement of the disc. We show in this paper that

ooling temperature is not the same as the temperature measurement

f the metal disc, especially at the beginning, however it is very similar

n the later stage of the cooling process and can be used to evaluate

he actual cooling temperature for experimental tests. As can be seen

rom this paper, numerical simulation can be very helpful and useful in

nderstanding the phenomena and in improving the cooling technique.
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