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Figure 1. Cross Section of the skin (1) 

Problem Statement 
 In 1992, Stella Liebeck (age 79) was in the passenger seat of her grandson’s car when she 
tried to add milk and sugar to her recently purchased McDonalds coffee.  She placed the coffee 
cup between her thighs and tried to pull off the lid to the coffee.  She proceeded to spill the hot 
coffee onto her thighs where her sweatpants quickly absorbed the hot liquid and kept it on her 

skin.  She suffered third degree burns and spent 
weeks in the hospital as a result of the burn.  She 
sued McDonalds and was initially awarded $2.7  
million in damages. 
 The focus of this study was to analyze the 1-
dimensional heat transfer of hot coffee spilled on 
the skin through the dermis to be used to predict 
third degree burns.  The skin is a multilayer tissue 
that can be simplified into a dermal and epidermal 
layer (Figure 1).  The different layers of the skin 
comprise of different molecules, cells and glands 
and therefore have different thermal properties that 
describe rate of heat transfer through the skin.  The 
thermal properties will be integral to solving the 1-
dimensional heat equation later.  The equation will 
be analytically solved using two thermal 

conductivity values (k), corresponding to the epidermis and dermis respectively.   
 Also important when solving the 1-dimensional heat equation are the boundary 
conditions.  At the base of the dermis lie the capillaries which can be treated as a heat sink that 
remains at ambient body temperature (37˚C).  The temperature of the epidermis-coffee boundary 
relies entirely on the temperature of the coffee that is being spilled on the skin.  For this study, 
the heat-transfer though the skin was analyzed at two relevant temperatures for serving coffee.  
The Journal of Food Science determined the average temperature a consumer enjoys drinking 
their coffee at is 60˚C (140˚F) and the optimal brewing temperature for coffee to yield the most 
flavor is 82˚C (180˚F).  Therefore, this study will analyze the temperature transfer through the 
skin at both temperatures which will represent freshly brewed coffee (similar to what spilled on 
Stella Liebeck) and coffee that has been allowed to cool.  Additionally it will be assumed that the 
initial temperature across the skin boundary will be equal to ambient body temperature. 
 In order to analytically and numerically solve the 1-dimensional heat equation, several 
simplifications were made: 

1. The 1-dimensional heat equation can be used because we are only interested in the depth 
of heat penetration since this is the best way to approximate the depth of the burn.  The 
literature describes the relationship between temperature, time and degree of burn and 
will be compared to the results of the study. 



2. The thermal conductivity value will be assigned assuming the epidermis is the 
predominant factor affecting heat transfer (k=0.209 W/mK) or the dermis is the 
predominant factor (k=0.322W/mK) (3). 

3. The temperature at the skin-capillary boundary will be 60˚C (ambient body temperature) 
for all time.  This means the capillary is able to remove heat from the skin at the same 
rate the heat is applied at the skin-capillary boundary.    

4. The temperature at the skin-coffee boundary will stay constant over the first four seconds.  
This is an appropriate approximation because the coffee was spilled into cotton 
sweatpants, which will absorb the coffee and keep it close to the skin.  After four seconds 
the coffee may undergo a significant temperature drop and the person will have had time 
to react and brush the coffee off of the sweatpants. 

5. The epidermis + dermis layer of the skin is 2 mm thick.  In reality, the average thickness 
of skin for a Caucasian woman is 1.71mm (4).  This approximation allows for ease of 
analysis. 

 
Analytical Solution 
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Numerical Solution 
  
 For the numerical solution, a finite difference method was used, which was the average of 
the forward difference and backwards difference models. The following figures show the results 
of our analytical solutions and numerical solutions. 
 
 

 
 

 

Figure 2. Analytical Solution for a Thermal Conductivity of 0.209 W/mK  (epidermis dominated) and coffee 
temperature 60˚C.  The left graph shows the temperature profile over the first four seconds, the right graphs 
shows the temperature profiles at t= 0s, 1s, 2s, 3s, 4s 



 

Figure 4. Analytical Solution for a Thermal Conductivity of 0.322 W/mK  (dermis dominated) and coffee 
temperature 60˚C.  The left graph shows the temperature profile over the first four seconds, the right graphs 
shows the temperature profiles at t= 0s, 1s, 2s, 3s, 4s 

 

Figure 3. Finite Difference solution for a Thermal Conductivity of 0.209 W/mK  (epidermis dominated) 
and coffee temperature 60˚C.  The left graph shows the temperature profile over the first four seconds, the 
right graphs shows the temperature profiles at t= 0s, 1s, 2s, 3s, 4s 



 

Figure 6. Analytical Solution for a Thermal Conductivity of 0.209 W/mK  (epidermis dominated) and coffee 
temperature 82˚C.  The left graph shows the temperature profile over the first four seconds, the right graphs 
shows the temperature profiles at t= 0s, 1s, 2s, 3s, 4s 

Figure 5. Finite Difference Solution for a Thermal Conductivity of 0.322 W/mK  (dermis dominated) and 
coffee temperature 60˚C.  The left graph shows the temperature profile over the first four seconds, the 
right graphs shows the temperature profiles at t= 0s, 1s, 2s, 3s, 4s 



 

Figure 8. Analytical Solution for a Thermal Conductivity of 0.322 W/mK  (dermis dominated) and coffee 
temperature 82˚C.  The left graph shows the temperature profile over the first four seconds, the right graphs 
shows the temperature profiles at t= 0s, 1s, 2s, 3s, 4s 

 

Figure 7. Finite Difference Solution for a Thermal Conductivity of 0.209 W/mK  (epidermis dominated) and 
coffee temperature 82˚C.  The left graph shows the temperature profile over the first four seconds, the right 
graphs shows the temperature profiles at t= 0s, 1s, 2s, 3s, 4s 



 
 
Limitations 
 This study, while providing a powerful estimate of burn depth, is limited by the 
assumptions that were established to solve the partial differential equation.  The most powerful 
assumption was the boundary condition at the capillary-skin boundary.  We stated the boundary 
was to remain constant at ambient body temperature.  In reality, the heat can penetrate down to 
and past the depth of the capillary layer. Additionally, blood flow in the capillaries will not be 
able to remove heat at the same rate at which it is added to the system at that location in space.  
Additionally, a constant boundary condition for the skin-coffee layer introduces error into this 
simulation.  The coffee will begin to cool down the moment it is absorbed by the sweatpants.  
We could have estimated a time-dependent rate of heat loss for the coffee absorbed in the 
sweatpants and applied it to our system.  However, that complicated the boundary conditions and 
our assumption the coffee temperature stayed constant seemed appropriate.   
 Our last major assumption was the thermal conductivity of the system remained constant 
through both layers.  We were able to make this assumption by stating the heat transfer through 
the skin was largely dependent on either the epidermis or the dermis not a combination of both.  
One solution to bypass the error associated with this assumption is to determine a series of two 
linked partial differential equations both with one constant boundary condition and one flux 
boundary condition, and assign a thermal conductivity value to each equation, representing the 
epidermis and dermis respectively.  This way the dermis temperature profile is directly related to 

 

Figure 9. Finite Difference Solution for a Thermal Conductivity of 0.322 W/mK  (epidermis dominated) and 
coffee temperature 82˚C.  The left graph shows the temperature profile over the first four seconds, the right 
graphs shows the temperature profiles at t= 0s, 1s, 2s, 3s, 4s 



the temperature profile of the epidermis.  However, this creates a series of nasty, time dependent, 
mixed boundary condition equations which is much more difficult to solve. 
 
Conclusions 
 In this study we have established a proof-of-concept for the one-dimensional modeling of 
heat transfer through skin in order to determine the depth of severe skin burns. A literature 
search shows that severe burns will occur at approximately one half-second after the skin reaches 
a temperature of 160 ºF, or 71.1 ºC. According to the predictions of our model, 60 ºC coffee 
(comfortable drinking temperature) would not create severe burns during the time we inspected, 
however, 82 ºC coffee (freshly brewed) would create severe burns at either 3.5 or 4.5 seconds, 
depending on the heat transfer coefficient selected , with the lower heat transfer coefficient of 
0.209 W/mK resulting in 4.5 seconds before a burn, and the higher coefficient of 0.322 W/mK 
resulting in 3.5 seconds before a burn. This would indicate that coffee brewed according to 
hospitality standards – that is, 82 ºC – has the potential to cause severe burning, but coffee at the 
temperature that most people find comfortable to drink a hot beverage, around 60 ºC, would not 
cause a burn. 

 Our finite difference method did result in a good approximation of our analytical 
solution, likely because our model was fairly simple. Should additional complexity be introduced 
– for example, by using a two-equation PDE system reflecting both the dermis and the epidermis 
– the finite difference method may not be as accurate, and a method such as MATLAB’s pdepe 
may be required.  

 While additional parameters and equations would be required to establish a more realistic 
model, we find that our simple model does give important information regarding a time range for 
severe burning, and serves as a proof of concept should we wish to explore further modeling 
(and eventually compare our model results to some sort of real-world experimental testing).  
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