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Abstract 
 

Thermal effects of laser irradiations on skin are investigated in this paper. The main purpose is to determine the 
damage level induced by a laser exposure. Potential burns induced by two lasers (wavelength 808 nm and 1940 nm) 
are studied and animal experimentations are performed. Several exposure durations and laser powers are tested. 
Based on previous works, a mathematical model dedicated to temperature prediction is proposed and finite-element 
method is implemented. This numerical predictive tool based on the bioheat equation takes into account heat losses 
due to the convection on skin surface, blood circulatory and also evaporation. Thermal behaviour of each skin layer 
is also described considering distinct thermal and optical properties. Since mathematical model is able to estimate 
damage levels, histological analyses are also carried through. It is confirmed that the mathematical model is an 
efficient predictive tool for estimation of damages caused by burns and that thermal effects sharply depend on laser 
wavelength. 
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Burn prediction, laser irradiation, thermal analysis 
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1. Introduction 
 
Experimental equipments including laser devices are more and more frequently encountered in medicine 
(dermatology, surgery, etc.). Besides medical utilities, lasers also take place in guidance systems, measurement 
devices, weapons, etc. In such a framework, a crucial requirement lies in the estimation of the potential damages 
due to an accidental exposure. Laser beam thermal effect strongly depends on chromophores which act as the 
skin layers constitutive elements that absorb light at a specific frequency. Then induced damages as well as 
application domains strongly depend on laser wavelength. Let us mention, for example, emerging applications 
for 2 µm fiber lasers in medicine and surgery [1]. For such a wavelength, laser radiation does not penetrate 
deeply into the skin [2], [3] and it is usually considered eye-safe since it is primarily absorbed in the cornea and 
aqueous humor with insignificant energy reaching the retina [4]. Medical applications are ophthalmology 
(presbyopia, hyperopia), otolaryngology, orthopedic procedures, etc. Contrariwise to previous surfacic effects, 
one can consider a second laser (808 nm) for which the most important chromophore is the melanin (a molecule 
capable for absorbing both ultraviolet and visible wavelengths); see [5] for example. Since melanin is located in 
the deep layers of the skin, laser effect is not limited to skin superficial layer and numerous applications are 
developed in dermatology.  
 
In this study, experimental campaigns were conducted considering potential burns induced by both of the lasers 
mentioned above (wavelength 1940 nm and 808 nm). In [6], thermal effect of 1064 nm and 1552 nm laser has 
been investigated in vitro for short pulses. Considering great similarities between human and porcine skin, laser 
effects have been investigated on pigs. In fact, in 1967, Forges pointed out that vascular organization of porcine 
skin and human are similar [7]. More recently, Sullivan et al. have performed comparisons focused on wound 
healing between humans, pigs, small mammals and in vitro samples [8]. In the studied situation, it is shown that 
the concordance between humans and pigs is 78%, while the concordance between humans and small mammals 
(or in vitro samples) is lower than 60%. Moreover, besides this attractive similarity, the large size of pigs allows 
the observation of several injuries in the same subject that reduces the experimental variability. 
 
In order to study burn phenomena and to optimize protection with clothes or gels against laser exposure, the 
development of a numerical predictive tool for the estimation of damages caused by burns is suitable. Such an 
approach has been considered by Chen et al. [3], [9] who have shown the interest of mathematical model 
predictions in burn degree estimation. During the last decades, numerous studies have been dedicated to thermal 
effect modeling in human skin according to burn type and the accuracies of heat exchanges description (several 
references in relation with such topic are given in the following). For example, in recent works [10] and [11], 
numerical models are used to predict scald burns. In this communication, the proposed mathematical model is 
developed in order to describe thermal effects due to laser exposure. Several additional phenomena are taken into 
account: convection, evaporation on skin surface and heat losses due to the blood circulation.  
 
The paper is organized as follows. Firstly, in vivo experimentations are presented with experimental setup, skin 
temperature measurements and histological analyses, performed in order to evaluate injuries in comparison with 
temperature evolution. Then, the propagation of the laser beam in the skin layers is modeled and finite element 
method is performed to provide numerical simulation. Experimental biological effects are then compared to 
predicted effects stated by mathematical models, and finally their adequacy is addressed in the conclusion.  
 
2. Animal experimentations 
 
The damages caused by laser exposure were investigated in vivo. In pigs exposed to two lasers (1940 nm and 
808 nm), skin temperature evolutions were measured and biopsies were performed to qualify the deepness of the 
burn injuries. 
 
2.1 Animal experimentations 
 
Two lasers were considered for experimentations. The first one was an infrared laser (1940 nm - IPG photonics, 
Model TLR-3, maximum power 4W) while the second one was a visible-wavelength laser (808 nm - Optotools, 
type OTF 60-30 system, maximum power 60W). In Chen et al. [3], gaussian shaped spot sizes are approximately 
5, 10 and 15 mm. In order to overcome this limitation, an optical device has been developed to transform the 
laser beam of Gaussian type in a uniform square shape [12]. It consists in a kaleidoscope (polish aluminum) 
located after the laser. For the infrared laser (1940 nm), dimensions are 180 mm length with a square cavity of 
15 by 15 mm while for the visible-wavelength laser (808 nm) dimensions are 80 mm length with a square cavity 
of 4 by 4 mm. A flux meter (Gentec-e, Solo PE 12V 800mA; detector: Cooler Master UP19K-110F-H5-DO, 
12V 160mA) conduced to laser power measurement at the end of kaleidoscope.  
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Fig. 1 - Experimental set up for laser exposure (a) 1940 nm laser and (b) 808 nm laser. 
 
 
Both lasers were driven by a function generator (FG 120 Yokogawa, 2MHz). Surface temperature of the pig skin 
was measured by an infrared pyrometer (Ultrakust Thermophil INFRAplus®, type R2510-10, focal distance 360 
mm in range 8-12 µm, temperature scale 0-200°C). Temperature evolutions were visualized (oscilloscope 
Tektronix DPO 4104). Experimental setup is shown Fig. 1. Laser spot images have been analyzed (EasyGrab, 
Scion Image and Origin 6.1 software) in order to verify the spatial uniformity of the incident laser (an example is 
shown Fig. 2).  
 
 

 
 
Fig. 2 - Example of laser spatial distribution (kaleidoscope end; laser 1940 nm) 
 
 
In order to investigate potential damages induced by both of the lasers, several irradiances and exposure 
durations have been considered (Table 1). These experimental specificities have been chosen according to 
preparatory tests. 
 
 
Table 1 - Type of laser exposure (irradiance and duration) 

 

Laser Duration [ ]s  Irradiance -2kW.m    

1940 nm 1 40et≤ ≤  9.3 10.7 12.2 14.0  

808 nm 2 20et≤ ≤  9.3 14.0 96.4 110.0 122.0 



Burns, Volume 38, Issue 5, August 2012, Pages 658–667 

2.2 Protocol 
 
The experimental protocol was approved by the consultative committee for ethics in animal experimentation of 
the French Army Biomedical Research Institute under the number 2008/14.0. In vivo experiments were 
performed on six female non pigmented butcher pigs weighing about 23 kg. Each pig was experimented within 
three days as follows: laser exposures on day 1, clinical observation on day 2, and animal euthanasia and 
biopsies on day 3. In order to investigate the experimental reproducibility, experimentations were reproduced 
three times. Thus, twenty five burns of 2.25 cm2 have been performed on flanks of each animal. On day 1, after 
sedation by azaperone treatment (50 mg.kg-1, Stresnil™, Janssen-Cilag) the animals were anaesthetized by 
intramuscular injection of a combination of tiletamine and zolazepam (6 mg.kg-1, Zoletil 100™, Virbac), and 
then kept under volatile anaesthesia with a gas mixture of approximately 2% isoflurane (Isuflurane Belamont™, 
Mundipharma) in oxygen ( 3 11 dm .min− ). Each anaesthetized animal was burned on several locations according 
to Table I experimental specificities, after that its skin had been shorn and cleaned. During the exposure, skin 
temperature was measured by a pyrometer. For infrared laser (1940 nm), temperature measurements could be 
obtained only few seconds after the end of laser irradiation since kaleidoscope edge had been in contact with the 
skin during the exposure. For the second laser (808 nm), temperature measurements were performed all along 
the laser exposure and during the skin temperature decreasing. Moreover, in order to observe the blood 
circulation effect on the skin lesions and the damage levels, seven burns were performed after animals' 
euthanasia to allow further comparison with perfused tissues. To avoid animal pain, analgesia was performed 
prior to laser exposure (10 mg.1ml-1 of morphine) and extended all along the three days experiment with a 
transcutaneous patch of fentanyl (50 µg.h-1, Durogesic™5mg.10cm-2, Janssen-Cilag). The medical observation 
of the resting animals on day 2 revealed no clinical suffering. On day 3, animal euthanasia was performed by 
intravenous injection of 20 cm3 of sodium pentobarbital (Dolethal™, Vétoquinol), and burns biopsies were 
harvested. The biopsies were fixed in neutral buffered 10% formalin solution (NBF) and stored at +2°C/+8°C. 
After fixation, the samples were dehydrated in alcohol solutions of increasing concentration, cleared in xylene 
and embedded in paraffin. Embedded biopsies were cut using a microtome (MICRON®, France). One section (5 
µm thickness) per specimen was performed and stained with Hematoxilin Eosin Safran (HES). Qualitative and 
semi-quantitative histological evaluations of each biopsy were performed and the following parameters were 
graduated from 0 (absence) to 3 (severe): neutrophilic exocytosis, epidermal necrosis, dermal necrosis, basal 
lamina necrosis, dermal oedema, dermal congestion/hemorrhage. Moreover, burn severity is defined (Table 2) 
according to the French Society for Burn Study and Treatment (SFETB) classification (www.sfetb.org). 
 
 
Table 2 - SFETB classification 
 

Histological grade Description 
1 Superficial epidermis involvement 

2 
Whole thickness epidermal involvement 

Basal membrane disruption 
Papillary dermis involvement 

2+ 
Full-thickness epidermal necrosis, except for hair follicles 

Partial to complete basal membrane necrosis 
Reticular dermis involvement 

3 
Full-thickness epidermal necrosis, including hair follicles 

Complete basal membrane necrosis 
Deep dermis/hypodermis involvement 
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2.3 Experimental results: 1940 nm laser 
 
In fig. 3, temperature evolution of pig skin after the laser exposure is presented for several duration and for the 
higher irradiance 14 -2kW.m . Initial temperature measured on the skin of two pigs is 32.6 ± 0.6°C. Moreover an 
experimentation has been performed for a 30s burn on a euthanized pig. It is obvious that thermal effect strongly 
depends on the exposure duration. For example, for a 10s exposure surface temperature decreases below 40°C 
38s after the exposure, while for a 20s exposure surface temperature decreases below 40°C 58s after the 
exposure. 
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Fig. 3 - Temperature evolution on skin surface: 1940 nm laser exposure, irradiance: 14 -2kW.m .  
 
 
In the exposed configuration (1940 nm laser, 30s exposure, 14 -2kW.m ), temperature evolutions between 
euthanized pig and living animal are quite similar. In fact, estimated burn severity corresponds to a severe injury 
and skin vascularization is no more effective. Moreover for such severe injuries, skin surface inflammation has 
no heating effect. Biopsies of the damaged tissues are presented in Table 3 for several exposure durations and 
irradiances. In most cases, third degree burns are observed (full-thickness epidermal necrosis including hair 
follicles). 
 
 

 
(a) 

 
(b) 

 
Fig. 4 - Histological pictures, 1940 nm laser exposure, irradiance: 14 -2kW.m .  
(a) 10s duration (histological grade 2+)   (b) 20s duration (histological grade 3) 
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Table 3 – Burn injury severity (1940 nm Laser) 
 

Irradiance -2kW.m    Exposure duration [s] Histological grade 

9.3 5 0 
9.3 15 2+ 
9.3 20 2+ 
9.3 25 3 
10.7 30 3 
12.2 5 0 
12.2 10 2+ 
12.2 15 2+ 
12.2 20 3 
14.0 1 0 
14.0 5 0 
14.0 10 2+ 
14.0 15 3 
14.0 20 3 
14.0 25 3 
14.0 28 3 
14.0 30 3 

euthanized pig 14.0 30 3 
 

 
The lesion was peracute and consisted of epidermal coagulative necrosis, characterized at the cellular scale by 
hypereosinophilia, cellular elongation and early nuclear changes (pyknosis mainly). In several instances, dermo-
epidermal clefts were observed. The basal membrane was often hypereosinophilic and thickened. Dermal vessels 
were mildly congested and vascular necrosis as well as nerve fiber necrosis was often observed. For the 2+ 
gradation, hair follicles were partly damaged and dermal necrosis is more superficial than for third-degree burns 
(see Fig. 4). 
 
2.4 Experimental results: 808 nm laser 
 
Skin initial temperature of two tested pigs has been measured: 35.1 ± 0.9°C. In this configuration (Fig. 1) skin 
temperature is also measured during the laser irradiation. Results are shown in Fig. 5 for the higher irradiance 

( )-2122 kW.m .  
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Fig. 5. Temperature evolution on skin surface: 808 nm laser exposure, irradiance: 122 -2kW.m .  
 
 
Moreover, tests have been performed considering alive or euthanized animal with two irradiances -2122 kW.m  

and -296 kW.m  for 10s. Even if the initial temperatures of the euthanized pigs are lower, the skin temperatures 
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do not increase so much as in lived animals. For such not severe injuries, it seems that skin surface inflammation 
of living tissues has a heating effect which can not be neglected. For euthanized animal, inflammation does not 
occur and there is no supplementary heating effect. Moreover, blood perfusion in lived animal limits body 
temperature increase. Such phenomenon has been taken into account in pioneer works; see for example Pennes 
heat transfer equation in biological tissues [13]. 

For weak irradiance ( )-2 14 kW.m≤ , skin temperature is not dramatically affected whatever the exposure 

duration is (for such a wavelength). Injury severity is estimated after biopsies (Table 4). 
 
 
Table 4 – Burn injury severity (808 nm Laser) 
 

Irradiance -2kW.m    Exposure duration [s] Histological grade 

9.3 20 0 
14.0 20 0 
96.4 5 1 
96.4 10 1 
110.0 5 1 
110.0 10 1 
122.0 5 0 
122.0 8 0 
122.0 10 2 
122.0 15 2+ 
122.0 20 3 

euthanized pig 96.4  10 0 
euthanized pig 122.0  10 0 

 
 
For short exposure duration or weak irradiance, a slight focal/multifocal dermal edema is observed in the 
papillary dermis (under the basal membrane). These observations are not significant enough to state on a first 
degree burn defined when superficial epidermis is affected with evidences of epidermal pallor or single cell 
necrosis. Two sites were graded 2 and characterized by focal epidermal degeneration/necrosis, and/or basal 
lamina disruption leading to dermal-epidermal clefts, and/or an upper dermal edema (slight to moderate). For 2+ 
gradations, hair follicles are partly affected by the necrotic phenomenon that concerned the surface epithelium or 
the sweat glands. For three degree burns, in addition to effects mentioned in the previous section, sweat glands 
also showed coagulation necrosis and cell swelling, as well as epithelial cell sloughing in the glandular lumen. In 
the upper of the dermis, several sites clearly presented a protein-rich fluid (edema/exudation) between the 
collagen fibers, while most sites only showed dermal necrosis, characterized by hypereosinophilia of the 
collagen fibers. Dermal vessels were mildly congested and hemorrhages could be occasionally observed. 
 
 

 
(a) 

 
(b) 

 

Fig. 4 - Histological pictures, 808 nm laser exposure, irradiance: 122 -2kW.m . 
(a) 10s duration (histological grade 2)   (b) 20s duration (histological grade 3) 
 
 
2.5 Damage comparison caused by both the lasers (1940 and 808 nm) 
 
In order to investigate injuries caused by lasers, several experimentations (same irradiance and same exposure) 
have been compared and temperature evolution are presented Fig. 7. It is shown that skin temperatures measured 
just after exposure for the 1940 nm laser are higher than those obtained with the laser of 808 nm.  
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Fig. 7 - Temperature evolution on skin surface: comparison between 1940 nm and 808 nm lasers. 
 
 
In table 5, temperature differences versus time are given for each experimental condition. Considering table 3, 
1940 nm laser leads to 2+ graded injuries for a 20s exposure with 9.3 -2kW.m  irradiance or for 10s exposure 

with 14 -2kW.m  irradiance. Moreover, a severe burn (grade 3) is observed for a 20s exposure with 9.3 -2kW.m  
irradiance with this laser. For the 808 nm laser, no lesions are obtained for these irradiances and exposure 
durations. 
 
Temperature difference is obviously attenuated during the cooling phase. Similar behaviors have been observed 
for different experimental conditions.  
 
Such a difference in heating for the two different wavelengths has to be discussed. Skin is deeply affected by 808 
nm laser since main chromophore (for this wavelength) is melanin. Melanocytes are located in deep layers thus 
heat transfer occurs in a larger volume than for the 1940 nm laser. Indeed, for this wavelength, main 
chromophore is water (constituent of all skin layers) and most of the laser energy is provided at skin surface. 
Then more important temperature increase is observed on skin surface with 1940 nm laser occurrence 
(temperature measurements are performed by pyrometer on skin surface). 
 
In the following paragraph, a thermal-damage model is presented in order to develop a predictive tool based on 
numerical simulation of thermal effect induced by laser exposure. 
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Table 5 – Comparison of skin temperature versus time for both of the laser (* not measured)  
 

irradiance 9.3 -2kW.m ; exposure duration 20s 

 time after exposure beginning [ ]s   

 0 10 20 30 40 50 60 70 80 90  

808 nm 34.7 35.6 36.2 36.4 35.4 34.6 35.6 34.9 35.1 35.0 temperature [ ]°C  

1940 nm 32.9 * * 48.9 44.9 42.2 39.5 38.3 37.3 35.8 temperature [ ]°C  

 -1.8   12.5 9.5 7.6 3.9 3.4 2.2 0.8 difference [ ]°C  

irradiance 14 -2kW.m ; exposure duration 10s 

 time after exposure beginning [ ]s   

 0 10 20 30 40 50 60 70 80 90  

808 nm 33.2 35.9 35.4 34.6 34.2 34.8 33.8 34.3 34.2 33.7 temperature [ ]°C  

1940 nm 32.9 * 46.6 43.3 41.7 39.4 37.7 36.7 37.0 35.3 temperature [ ]°C  

 -0.3  11.2 8.7 7.5 4.6 3.9 2.4 2.8 1.6 difference [ ]°C  

irradiance 14 -2kW.m ; exposure duration 20s 

 time after exposure beginning [ ]s   

 0 10 20 30 40 50 60 70 80 90  

808 nm 33.7 37.4 38.1 37.6 35.6 36.2 35.0 35.6 35.4 35.0 temperature [ ]°C  

1940 nm 33.0 * * 57.3 50.9 46.1 43.1 41.7 38.9 38.1 temperature [ ]°C  

 -0.7   19.7 15.3 9.9 8.1 6.1 3.5 3.1 difference [ ]°C  

 
 
3. Thermal-damage mathematical models 
 
Since early works [13] developed by Pennes in 1948, numerous authors have investigated heat transfer in living 
tissues. Moreover, considering various occurrences (hot gases, conduction, laser, etc.), damage threshold are 
quite different and safe-exposure limit predictions have to be cautiously considered. 
 
3.1 Heat transfers 
 
The skin is as a multilayer semi-transparent material (epidermis, dermis and hypodermis). The mathematical 
model presented here after is based on the Pennes heat transfer equation in biological tissues [13]. A 1-
dimensional configuration is justified considering the kaleidoscope dimensions ensuring a uniform heating flux 
on a skin surface greater than biological tissue thickness. Considering conduction, blood circulation and heat 
generation due to metabolism, the following equation is usually considered: 
 

[ ]( , )
( , ) ( , )i i i i b b b m

T x t
c k T x t c T T x t q

t
ρ ω ρ∂ = ∆ + − +

∂
        ( )1  

 
where: 
• ( ),T x t  is the temperature in [ ]K  at depth x  in [ ]m  and time t  in [ ]s , 

• { }, ,i e d h∈  corresponds to a specific layer : epidermis { }e , dermis { }d  or hypodermis { }h , 

• iρ  is the density in -3kg.m    of layer i , bρ  is the blood density in -3kg.m   ,  

• ic  is the specific heat in -1 -1J.kg .K   , 

• ik  is the thermal conductivity in -1 -1W.m .K   , 

• bT  is the blood temperature in [ ]K  considered as constant, 

• mq  is the heat generation in -3W.m    due to the metabolism, 

• iω  is the blood perfusion rate in dermis and hypodermis (in -1s   ) and is equal to zero in the epidermis. 
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Blood circulation during burn process is addressed in a later paragraph. 
 

When light scattering can not be neglected, let us consider: ( ) ( ) ( ), ,, expi iS x t I t xλ λβ β= −  where:  

• ( ),S x t  is the localized heat source in -3W.m   , 

• ,i λβ  in -1m    is the scattering coefficient of the layer i  (for a given laser wavelength λ ),  

• ( )I t  is the laser irradiance -2W.m   . 

 
Then, Eq. ( )1  becomes:  

 

[ ] ( )( , )
( , ) ( , ) ,i i i i b b b m

T x t
c k T x t c T T x t q S x t

t
ρ ω ρ∂ = ∆ + − + +

∂
                  ( )2  

 
Heat exchanges on the skin surface ( )0x =  take into account natural convection as well as evaporative cooling 

[3], [14]-[16] and heat losses due to water vaporization are defined as follows: 
 

( ) ( )( )( ), ,0,vap m v sat v aQ t h T tρ ρ= Η −      ( )3  

where:  

• vapQ  is in -2W.m   , 

• Η  is the phase change enthalpy -1J.kg   , 

• mh  is the convection mass transfer coefficient -1m.s   . Let us consider [14], [15], 
2/3

e
m

a a

h
h

c Leρ
=  where eh  

is the heat-convection coefficient -2 -1W.m .K   ; aρ  is the air mass density -3kg.m   ; ac  is the air specific heat 

-1 -1J.kg .K   ; Le is the dimensionless Lewis number for the diffusion of water vapor into air. The Lewis number 

is defined as the ratio between the Schmidt number (Sc; dimensionless) and the Prandtl number (Pr; 

dimensionless): a

v a pa

kSc
Le

Pr D cρ
= = ; ak  is the air thermal conductivity in -1 -1W.m .K   ; vD  is the diffusion 

coefficient of the water vapor into air 2 -1m .s   ; pac  is the specific heat of the dry air at constant pressure 

-1 -1J.kg .K   .  

• ,v satρ  is the mass density of saturated water vapor -3kg.m    at the temperature of the skin surface 

( )0,sT T t= . According to Incropera and Dewitt [15], a fourth-order polynomial expression can be considered: 

 

( ) 9 4 8 3 5 2 4 3
, 4 10 6 10 1.96 10 1.53410 6.109810v sat s s s st T T T Tρ − − − − −= − + + +  

 

• ,v aρ  is the density of the water vapor in the air -3kg.m    at the ambient temperature aT . 

 
Then, in order to model heat exchanges on the skin surface ( )0x = , the boundary condition is : 

 

( )( ) ( )
0

0,e e a vap
x

T
k h T T t Q t

x =

∂− = − −
∂

                                   ( )4  

 
For free convection in air, eh  usually ranges between 5 and 25 -2 -1W.m .K . Inside the porcine body, a constant 

temperature (Dirichlet condition) is considered and assumed to be equal to the blood temperature bT  in [ ]K .  

Numerical values taken into account in the mathematical model are given in table 6. 
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Table 6 – Thermal and optical properties used in the mathematical model  
 
Properties Localisation Value Reference 

Thickness 310 m− ×   
Epidermis 0.1  

Experimental measurement Dermis 1.4  
Hypodermis > 3.0 

Thermal conductivity k 
-1 -1W.m .K    

Epidermis 0.21 
Stolwijk and Hardy [17]                                    

Dermis 0.42 
Hypodermis 0.20 Knudsen and Overguard [18] , Cohen [19]   

 

Density ρ -3kg.m    

Epidermis 1200 
Stolwijk and Hardy [17]                                                    Dermis 1200 

Hypodermis 920 
Blood 1080 Diller and Hayes [20] 

Specific heat c -1 -1J.kg .K    

Epidermis 3600 Stolwijk and Hardy [17] 
Dermis 3222 Sipe [21] 
Hypodermis 2300 Stolwijk and Hardy [17] 
Blood 3300 Diller and Hayes [20] 

Absorption and scattering 

coefficient -1mβ     at 1940nm 

Epidermis 2176 
Chen et al. [3] Dermis 5802 

Hypodermis 2176 

Absorption and scattering 

coefficient -1mβ     at 808nm 

Epidermis 70 
Lormel [22] Dermis 70 

Hypodermis 70 

Heat convection -2 -1W.m .Keh      10  

Room temperature Ta (K)  295.5 Experimental measurement 
 
 
3.2 Skin injury mathematical modeling 
 
Parametric evaluation of tissue damage was investigated in 1947 by Henriques and Moritz in a series of seminal 
papers [23], [24]. In their work, the thermal damage was quantified using a dimensionless positive function 

( ),x tΩ , given by the Arrhenius equation: 

 

( ) ( )0

, exp
,

t
aE

x t A d
RT x

τ
τ

 −
Ω =   

 
∫                         ( )5  

 

where A is a pre exponential factor -1s   , aE  is the activation energy -1J.mole    and R is the universal gas 

constant (8.32 -1 -1J.mole .K ). One can notice that the pre exponential factor A can be defined as a molecular 
collision frequency.  
 
While studying in vivo pig skin temperature, during a burn with warm water, Henriques and Moritz defined three 
values of Ω corresponding to three burn degrees [23]: 
• ( )0.53 , 1x t≤ Ω <   describes a first degree of burn, 

• ( ) 41 , 10x t≤ Ω <  is the range for second degree of burn, 

• ( )410 ,x t≤ Ω  corresponds to a third degree of burn. 

 
In this early works, 983.1 10A =  -1s  and 56.26 10aE =  -1J.mole . It is obvious that such empirical parameters 

have to be implemented with a great circumspection and, more recently, several authors investigating thermal 
damage of biological tissues have proposed various points of view [25]. Considering the experimental results 
from Henriques, Fugitt (in 1955) [26] and Wu (in 1982) [27] attempted to improve the method by introducing a 
two-stage temperature activation model. In 1967 and in 1974, studies of Weaver and Stoll on human skin [28] 
and of Takata on pig skin permitted to modify A  and aE  values [29]. Gaylor and Rocchio in 1989, from a 

molecular biology point of view, measured the membrane permeability change of mammalian skeletal muscle 
cell submit to a thermal stress and additional values of A  and aE  were suggested [30]. Finally, in 1993 Pearce 
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et al. studied rat skin and considering histopathology results, a set of coefficients for birefringence loss in skin 
collagen was proposed [31]. These different values are studied and compared in this paper with the experimental 
results. Values used are gathered in Table 7. 
 
 
Table 7 – Thermal damage model: parameters A  and aE  
 

Model Temperature range [K] 
aE  -1J.mole    A  -1s    

Fugitt [26] 
T ≤ 328 6.27 105 3.1 1098 
T > 328 2.96 105 5.0 1045 

Gaylor [30] All T 2.4 105 2.9 1037 
Henriques [22], [24] All T 6.27 105 3.1 1098 

Pearce [31], [32] All T 3.06 105 1.606 1045 

Takata [29] 
T ≤ 323 4.18 105 4.322 1064 
T > 323 6.69 105 9.389 10104 

Weaver and Stoll [28] 
T ≤ 323 7.82 105 2.185 10124 
T > 323 3.27 105 1.823 1051 

Wu [27] 
T ≤ 326 6.27 105 3.1 1098 
T > 326 (6.27-0.0051(T-53)) 105 3.1 1098 

 
 
Once the thermal damage ( ),x tΩ  estimated, it is important to take into account its potential effect on the blood 

perfusion rate iω  in -1s   . Blood circulatory evolution during temperature increase has been investigated by few 

authors. Abraham and Sparrow [33] describe a relation between blood circulatory ( )iω  and tissues damage ( )Ω . 

However, relation ( )iω Ω  is quite difficult to establish. In the following, blood perfusion throughout the heating 

process for a porcine model [18] has been modeled as follows:  
 

( ) ( ) [ ]
( ) ( ) ] ]

( )

2
0

0

1 25 260 0,0.1

1 0.1,1

0 1

ω ω

ω ω
ω

Ω = + Ω − Ω Ω ∈

Ω = − Ω Ω ∈
Ω = Ω >

 

 
In the first of the previous equations, increase in the perfusion rate is described as tissue is moderately heated, 
with vasodilatation due to inflammation. In the second equation, while the heating process persists, blood flow 
decreases as the vasculature begins to shut down (thrombosis/necrosis). The term ω0 is the rate of perfusion in 
totally undamaged tissue [33], [34]. According to the referenced work, ω0 is 3 -18.3 10 s−  in the dermis 

( 4 -15.3 10 s−  in the hypodermis).  

 
In the following paragraph, numerical simulation results are presented in order to investigate the reliability of 
such numerical approach in the specific context of damage estimation caused by laser occurrences. 
 
3.3 Estimation of damage caused by burn: an example… 
 
In order to validate the thermal damage model, skin temperatures were calculated using the finite element 
method (Comsol solver and matlab software). Predicted damages are quite different according to authors set of 
parameters (A  and aE ) and in several situations are not in accordance with histological results. For example in 

Table 8, results are presented for effects occurred by the 1940 nm laser (14 -2kW.m ).  
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Table 8 – Predicted damages 1940 nm laser. 
 

Authors 
Calculated 

temperatures 
Measured temperatures Histological grade (histopathology) 

 1 s 5 s 10 s 20 s 1 s 5 s 10 s 20 s 1 s 5 s 10 s 20 s 
Fugitt  0 0 0 2 0 0 2 2 

0 0 2+ 3 

Gaylor  0 0 2 2 0 0 2 2 
Henriques  0 0 0 2 0 0 2 3 

Pearce  0 0 0 0 0 0 0 2 
Takata  0 0 0 2 0 0 2 3 

Weaver and Stoll  0 0 0 2 0 0 2 2 
Wu  0 0 3 3 0 3 3 3 

 
Considering damage predictions, in the studied configuration, one can notice that: 

- with measured temperature:  
� Pearce criterion is not relevant since burn damage is drastically underestimated, 
� Fugitt, Gaylor, Weaver and Stoll criteria lightly underestimate damage, 
� Henriques and Takata criteria seem to be adequate for burn prediction, 
� Wu criterion overestimates the dangerous nature of the laser exposure. 

- with calculated temperature (considering the mathematical predictive model): 
� Pearce criterion is not able to predict damage (absence of lesion), 
� Fugitt, Henriques, Takata, Weaver and Stoll criteria drastically underestimate damage, 
� Gaylor criterion lightly underestimates burn damages 
� Wu criterion seems to be more relevant. 

 
It is important to notice that predicted burn degree depends on temperature time history and that if temperature 
evolution is questionable then predicted damage is meaningless. Generally, for experimental configurations 
presented in this communication, mathematical model tends to underestimate the damage caused by laser. 
 
 
4. Concluding remarks 
 
Considering two lasers (808 nm and 1940 nm), in vivo experimentations have been performed on pigs in order to 
investigate several exposure duration and power. Main result of experimental campaign is that considering 
measured skin temperatures and induced burns (histological analysis), it is established that skin behavior is quite 
different according to the laser wavelength. It has been shown that a more surface heating is obtained 
considering a 1940 nm laser. Moreover, histological analysis has established that for a given irradiance and a 
given laser exposure duration, burns induced by 808 nm are less damageable. 
A numerical predictive tool has been investigated in order to evaluate the damage level. Taken into account 
absorption and scattering of laser beam (in a unique parameter ( )β λ  which depends on the laser wavelength), it 

allows to compare lesion caused by both of the lasers. The use of an injury-dependent perfusion in such 
simulations is also taken into account. 
Several outlooks have to be considered in order to improve the numerical approach reliability.  
Firstly, even if the model structure seems to be relevant in order to describe this type of irradiation, 
improvements have to be proposed. In such a way, a methodology based on numerical design of experiment [35] 
can be implemented in order to investigate the effect of each mathematical model parameter uncertainty. In fact, 
numerous parameters as the blood perfusion rate in undamaged tissue, the thermal diffusivity of the three skin 
layers or coefficients for the damage evaluation are issued from literature and present questionable variability.  
Secondly, investigations have to be performed about model parameters usually considered as constant all along 
the burn phenomenon. This strong assumption sounds dubious. In the proposed model, only blood circulatory is 
assumed to depend on injury level. Nevertheless, for second or third degree burns, one can consider more 
physiological modifications and this specific point has to be taken into account for model properties (optical, 
mechanical, thermal). For example, Laufer et al. [36] show that optical properties of human dermis and 
hypodermis are temperature dependent over a wavelength range of 650-1000 nm. In particular, significant 
changes are observed for scattering coefficient. Moreover, effect of optical properties of hair follicles and their 
impact on the skin heating could be investigated. 
Finally, in order to validate the proposed mathematical model for further laser wavelengths, an experimental test 
bench using a 10.6 µm laser is actually tested in our laboratory. 
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