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1. EXECUTIVE SUMMARY 
 
Mastectomies are performed to treat or prevent the risk of breast cancer. Annually, over 100,000 
women in the US undergo some form of mastectomy [1]. Approximately 40% of women who 
undergo mastectomies elect to undergo breast reconstruction surgery [2]. Tissue removal during 
mastectomy decreases insulation and breast reconstruction has been shown to be associated with 
relatively permanent decreased touch and temperature sensibility at the skin. As a result of these 
factors, patients are susceptible to thermal injury when attempting to warm their breasts, 
sometimes even leading to partial and full thickness burns. 
 
The objective of this study was to determine the fabric material and thickness required for an 
insulating bra that will prevent patients from experiencing excessive heat loss and the associated 
cold/pain sensations in their breasts at cool room temperature. We determined these parameters 
by assessing which combinations restored tissue temperatures seen in the reconstructed breast 
closer to tissue temperatures seen in the natural breast. This heat transfer analysis was performed 
with geometry based on a representation of the statistical average breast given by the Regensburg 
Breast Shape Model from the Regensburg University of Applied Sciences. Two breast models 
were created for comparison: one for the natural breast, with layers for muscle, breast tissue, 
subcutaneous fat, and skin; and one for the reconstructed breast with layers for implant, muscle, 
subcutaneous fat, and skin. 
 
The results of this study suggest thicknesses for different bra fabric materials, as well as the 
potential for designing a safe active heating element. Because the study was conducted with the 
statistical average breast geometry, these results can be generalized - with caution - to design 
insulating bras for the general patient population. It would be prudent to further analyze the 
sensitivity of results to variations in the breast geometry and tissue properties for such future 
design efforts. 
 
 
2. INTRODUCTION 
 
2.1 Background 
Mastectomies are performed to treat or prevent the risk of breast cancer. Annually, over 100,000 
women in the US undergo some form of mastectomy [1]. Approximately 40% of women who 
undergo mastectomies elect to undergo breast reconstruction surgery [2]. Some studies have 
shown that, with autogeneous breast reconstruction (i.e., reconstruction using tissue from a 
different part of the patient’s body) patients may suffer from thermoregulation complications in 
the transplanted tissue [3]. Additionally, the tissue removal process also causes a reduction in 
sensitivity from decreased insulation to retain body heat, leaving patients often complaining 
about feeling cold. When seeking to remedy that through heating elements, such as a heating 
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pad, the combined effects of decreased sensitivity and insulation leaves patients more susceptible 
to thermal injuries (i.e. partial and full thickness burns) [4]. 
 
Current research has yet to show how much heat loss occurs due to breast reconstruction 
compared to normal breasts. Investigating the differences between reconstructed and normal 
breasts will allow researchers to gain insight on patients’ cold sensitivity symptoms, and 
eventually how to design better insulating materials for patients. 
 
We designed this following study utilizing the Regensburg Breast Shape Model, the Bioheat 
equation, and reasonable boundary conditions to simulate the heat loss after breast 
reconstruction.  

 
2.2 Problem Statement 
After a mastectomy, patients often complain about feeling cold and losing sensation in their 
breasts. This sometimes compels them to place hot objects on their skin, leading to burns. It is 
well known that thermal dysregulation can occur after a mastectomy due to less natural 
insulation in the form of body fat as well as loss of sensation from transplanted skin. This study 
aims to optimize the clothing type and thickness that would effectively insulate mastectomy 
patients. This goal will be achieved by quantifying how much heat is lost in regular and post-
mastectomy breasts and selecting a thickness of the clothing that leads to a similar heat loss to 
the pre-mastectomy breast. 
 
2.3 Design Objectives 
The design objective of this study is to choose clothing material(s) and thickness to optimize the 
enhanced heat loss experienced by mastectomy patients. In order to meet this objective, we will 
develop a bioheat transfer model for heat loss from the breasts of mastectomy patients under 
typical indoor environmental conditions using a realistic breast geometry with an added external 
layer of insulating clothing material. The thickness of the clothing layer will be modified to keep 
the temperature at the location of temperature receptors within a comfort range. The 
development of this model will help us understand how the clothing materials and thicknesses 
affect heat loss and allow us to make informed decisions for future physical proof-of-concept 
experiments. Other considerations we must take into account when making final 
recommendations for the design include: economic viability of the bra, which should be made of 
materials that allow the bra to be affordable for patients; comfort of the bra at the fabric-skin 
interface; durability of the bra, especially in regard to washing/laundering; and feasibility of 
manufacturing the bra.  

 
 

3. METHODS 
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3.1 Assumptions 
Several assumptions are made for the geometry in order to simplify the breast model. Each of the 
layers of tissues - skin (combined epidermis, dermis), subcutaneous fat, and muscle - are 
assumed to be homogenous. The tissue boundaries between tissue layers are assumed to be 
smooth, not irregular as in actual breast anatomy. In the “normal breast” model (for comparative 
analysis), breast tissue is treated as one homogenous tissue layer with properties combining those 
of the ducts, connective tissue, and fat that compose breast tissue. Tissue layer geometries, i.e. 
thicknesses and volumes, are taken or inferred from literature [5-7]. See Table S1 in Appendix I. 
 

 

Figure 1: Sagittal view of breast in supine position. Note that most of the 
breast is made up of fat and specialized breast tissue, both of which are 
removed entirely during a mastectomy. [8] 

 
 
In a total mastectomy, the entirety of breast tissue is removed in order to ensure existing tumors 
and potentially tumorigenic tissues are eradicated. Whether some of the anterior lamina fat (in 
the anterior lamella) is preserved is up to the individual surgeon [9]. For our study, we are 
assuming the removal of all tissue within the boundary of the superficial fascia [10]. For breast 
reconstruction post-mastectomy, we are assuming the implant will completely replace the 
volume of the excised breast tissue. 
 
We assume the model to be in steady state because heat loss to the environment is a process that 
is constantly ongoing and is a key component of homeostasis, thus it is fairly constant over time 
(as long as external conditions are relatively unchanged). The metabolic heat generation term is 
assumed to be uniform within each of the tissue layers since each layer is assumed to be 
homogenous. Metabolic heat generation terms will be included for all layers except clothing and 
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breast implant, since these are not heat-producing materials. We will assume the inner boundary 
is at a constant (human body) temperature because it is adjacent to the body’s core. 
 
 
3.2 Schematic 
 

 

Figure 2: Schematic of natural and reconstructed breast model. The complexity of physiological 
breasts is simplified to be separate distinct tissue layers. Each tissue layer is treated as being 
homogenous throughout the layer. The natural breast includes muscle, breast tissue, subcutaneous 
fat, skin, and clothing layers. The reconstructed breast includes implant, muscle, subcutaneous fat, 
skin, and clothing layers. 
 
The geometry - representing the “average” breast - was obtained from the Regensburg Breast 
Shape Model (RBSM), a statistics-based model of the female breasts [11]. This study was 
published in January 2022 and represents the current state of breast shape modeling. See 
Appendix II for step-by-step details on how the geometry was created, preprocessed, and 
imported into COMSOL. 
 
In the reconstructed breast, the muscle layer that was once below the breast tissue is placed over 
the implant to model a submuscular implant placement. This is a common procedure done after 
breast cancer patients undergo mastectomies since there is often not enough tissue left for a 
subglandular implant placement [12]. 
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3.3 Governing Equations 
The bioheat equation in three dimensions can be used to model this problem [13]. Since the 
problem is assumed to be steady state, the transient term is ignored. Therefore, the governing 
equation reduces to (Equation 1): 
 

𝑘𝑘𝛻𝛻2𝑇𝑇 +  𝜌𝜌𝑏𝑏𝑐𝑐𝑏𝑏𝑉̇𝑉𝜈𝜈𝑏𝑏(𝑇𝑇𝑎𝑎 − 𝑇𝑇) + 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚  =  0  (1)              
where 𝑘𝑘 is the thermal conductivity of the tissue, 𝜌𝜌𝑏𝑏 is the density of the blood, 𝑐𝑐𝑏𝑏 is the specific 
heat of the blood, 𝑉̇𝑉𝜈𝜈𝑏𝑏 is the volumetric flow rate of the blood, 𝑇𝑇𝑎𝑎 is the blood temperature, and 
𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚 is metabolic heat generation of the tissue. 
 
 
3.4 Boundary Conditions 
 
3.4.1 Inside Body Boundary Condition: 
The inner (chest side) boundary of the domain will be given a constant temperature of 37∘C, 
which is equivalent to the standard human body internal temperature. This profile is curved to 
represent the outside surface of the ribcage.  
 
3.4.2 Skin Boundary Condition: 
This study will ignore the respiratory and evaporative forms of bodily heat loss since they are 
irrelevant or negligible for our model. There is no mass transfer, resulting in no respiratory and 
evaporative heat loss and conductive heat loss is negligible in air. We will consider only 
convective and radiative heat loss. The outside air is assumed to be 20 C, with airflow relative to 
the body of 2 m/s. This simulates conditions for a person ranging from sitting in an air-
conditioned room to taking a walk in the park on a nice day. We assume a constant convective 
coefficient value since the literature finds constant coefficients for the entire chest area [14]. 

 
The convective heat transfer value for air is given by the equation:  

ℎ𝑐𝑐 = �𝑎𝑎𝑛𝑛𝑛𝑛𝑛𝑛 ∗ �𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑇𝑇∞ + 𝑎𝑎𝑓𝑓𝑓𝑓𝑓𝑓 ∗ 𝑣𝑣𝑎𝑎 + 𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚  (2) 

where hc is the convective heat transfer coefficient in W/m2K at the surface of the body, Tskin  and 
𝑇𝑇∞ are the temperatures of the skin and air (in Celcius or Kelvin), va is the relative velocity of the 
air relative to the body in m/s, and anat, afrc, and amix are coefficients for the natural convection, 
forced convection and mixed convection, respectively. The coefficients for the chest area are 
experimentally calculated to be anat=-0.0319, afrc=298.69, amix=-19.172. [14] We set skin 
temperature to 𝑇𝑇 = 35∘𝐶𝐶 [15], 𝑇𝑇∞ = 20∘𝐶𝐶. 

ℎ𝑐𝑐(𝑣𝑣 = 2𝑚𝑚
𝑠𝑠

)  =  24.04 𝑊𝑊
𝑚𝑚2𝐾𝐾

 (3) 
The radiative heat loss is given by:  

𝑄𝑄" =  𝜎𝜎𝜎𝜎(𝑇𝑇4 − 𝑇𝑇∞4) (4) 
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Since the difference in temperature between the clothes and the air is relatively small, the above 
equation will be linearized with respect to the temperature difference with a constant of 
proportionality, hrad, thus becoming: 

𝑄𝑄" = ℎ𝑟𝑟𝑟𝑟𝑟𝑟(𝑇𝑇 − 𝑇𝑇∞) (5) 
 
In order to solve for hrad, we equate the radiation Q” with the approximated equation. All 
temperatures are calculated in Kelvin. We again set skin temperature to 𝑇𝑇 = 35∘𝐶𝐶, 𝑇𝑇∞ = 20∘𝐶𝐶, 
and 𝜖𝜖 = 0.98 [21], and the Stefan-Boltzmann constant 𝜎𝜎 = 5.67 ∗ 10−8 and solve for hrad as 
follows:  

ℎ𝑟𝑟𝑟𝑟𝑟𝑟(𝑇𝑇 − 𝑇𝑇∞) = 𝜎𝜎𝜎𝜎(𝑇𝑇4 − 𝑇𝑇∞4) (6) 

ℎ𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜎𝜎𝜎𝜎 𝑇𝑇
4−𝑇𝑇∞4

𝑇𝑇−𝑇𝑇∞
= 6.03 𝑊𝑊

𝑚𝑚2𝐾𝐾
 (7) 

Thus the total convection value for the exposed skin is: 
ℎ𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = ℎ𝑐𝑐 + ℎ𝑟𝑟𝑟𝑟𝑟𝑟 = 32.23 𝑊𝑊

𝑚𝑚2𝐾𝐾
 (8) 

ℎ𝑐𝑐  =  𝑓𝑓(𝑣𝑣,𝑓𝑓𝑐𝑐𝑐𝑐) 
 

3.4.3 Clothing Boundary Condition: 
 
We apply the same process to find heat transfer from the clothes, albeit with a slightly different 
formula that accounts for the clothing area factor [17]. The equation for convection is thus: 

𝑄𝑄" = 𝑓𝑓𝑐𝑐𝑐𝑐ℎ𝑐𝑐(𝑇𝑇 − 𝑇𝑇∞) = ℎ𝑐𝑐,𝑒𝑒𝑒𝑒𝑒𝑒(𝑇𝑇 − 𝑇𝑇∞) (9) 
where fcl is the clothing area factor, hc is the convection coefficient, and hc,eff is the effective 
convective heat transfer coefficient. For clothing, h and f values are calculated as follows: 

ℎ𝑐𝑐 = 12.1 ∗ 𝑣𝑣𝑎𝑎0.5 (10) 
ℎ𝑐𝑐(𝑣𝑣 = 2𝑚𝑚

𝑠𝑠
) = 17.1 𝑊𝑊

𝑚𝑚2𝐾𝐾
 (11) 

𝑓𝑓𝑐𝑐𝑐𝑐 = 1.05 + 0.1 ∗ 𝐼𝐼𝑐𝑐𝑐𝑐 (12) 
where Icl is the thermal insulation of the clothing. For a typical bra, Icl = 0.3. 

𝑓𝑓𝑐𝑐𝑐𝑐 = 1.08 (13) 
ℎ𝑐𝑐,𝑒𝑒𝑒𝑒𝑒𝑒 = ℎ𝑐𝑐 ∗ 𝑓𝑓𝑐𝑐𝑐𝑐 = 18.48 𝑊𝑊

𝑚𝑚2𝐾𝐾
 (14) 

For radiation, we apply the same equation balance as the skin boundary condition (15). We let 
the temperature of the surface of the clothes be halfway between skin temperature [15] and 
ambient temperature = 35−20

2
= 27.5∘𝐶𝐶. The emissivity of clothes is very similar to a black body 

and can be approximated to 1, and the radiative heat transfer coefficient can be determined (16). 
We can use the combined convective and radiative coefficient values (17) to approximate the 
heat transfer in the clothing boundary. 

ℎ𝑟𝑟𝑟𝑟𝑟𝑟(𝑇𝑇 − 𝑇𝑇∞) = 𝜎𝜎𝜎𝜎𝑓𝑓𝑐𝑐𝑐𝑐(𝑇𝑇4 − 𝑇𝑇∞4) (15) 

ℎ𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜎𝜎𝜎𝜎 (𝑇𝑇4−𝑇𝑇∞4)
𝑇𝑇−𝑇𝑇∞

= 5.93 𝑊𝑊
𝑚𝑚2𝐾𝐾

 (16) 



9 of 28 

ℎ𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = ℎ𝑐𝑐,𝑒𝑒𝑒𝑒𝑒𝑒 + ℎ𝑟𝑟𝑟𝑟𝑟𝑟 =  24.41 𝑊𝑊
𝑚𝑚2𝐾𝐾

 (17) 
 

 
 
4. RESULTS 
 
4.1 Mesh Convergence Analysis 
Mesh convergence analysis was performed using nine points at the clothing, skin, and 
subcutaneous fat layers at approximately mid-breast (plane shown in Figure 3a). Three points 
were chosen at each layer at approximately mid-thickness of the respective layer (Figure 3b). We 
evaluated the convergence of temperature at each of these points as the mesh was made finer by 
decreasing element size. 
 
We found that the temperature at each point converged at solution 4 or 5, which correspond to 
“fine” and “finer” meshes. At these levels of mesh fineness, temperature varied by only about 
0.001 °C, which is more than enough precision needed for our analyses. See Figure 4 for a 
representative plot. We concluded that the “finer” mesh fineness for our model is the best choice 
that is both precise enough and computationally efficient. See Appendix III, Table S3 for specific 
parameters used, including maximum and minimum element sizes.  
 

(a)          (b)  

Figure 3: Points chosen for mesh study. The points highlighted in blue indicate the 
coordinates chosen for mesh convergence study. Three different points were chosen for 
each of the clothing, skin, and subcutaneous fat layers. Each point is at mid-thickness of 
its respective layer. 
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Figure 4: Mesh convergence around solution number 5 (“finer” mesh). This is a 
representative plot, as the temperatures at different points span a wide range and cannot be 
shown all at once with the necessary y-axis granularity.   

4.2 Objective Function 
The objective function for this project aims to keep the temperature at the locations of the 
temperature receptors in the body within an optimal comfort zone. The function can be expressed 
as follows: 

|𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑛𝑛| ≤ 0.5 ∗ 𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 (18) 
Ti and Tn represent the average temperatures at the depth of the temperature receptors for the 
reconstructed breast and natural breast cases, respectively. Ropt is the range of optimal 
temperature in order for a person to feel comfortable. 
 
Further analysis will include a 1D plot displaying average temperature at the anterior surface of 
the muscle layer, where thermoreceptors are located [18,19], versus thermal resistivity of the 
clothing layer in order to understand what kind of clothing properties are necessary to prevent a 
patient from feeling cold at their breasts. 
 
 
4.3 Temperature Distribution 
The figures below show only the muscle layer (where temperature-responsive nociceptors are 
located).. With the “default” bra layer thickness of 4 mm, the natural breast model returned a 
muscle layer average temperature of 36.885 °C while the reconstructed breast model returned a 
muscle layer average temperature of 36.142 °C, a difference of 0.743 °C. 
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(a) (b)  

Figure 5: Temperature distribution at muscle layer. The natural breast has the muscle under 
the breast tissue (a) while the reconstructed breast has the muscle over the implant (b). The 
natural breast model is shown to be warmer at the muscle layer compared to the reconstructed 
breast model. The difference between the average temperatures of the muscle layers was 
calculated to be 0.743 °C. 

 
 

4.4 Sensitivity Analysis 
 
Sensitivity analysis for material and tissue properties were performed with property value ranges 
±20% of the selected literature values. The hc value was set to a range of reasonable values, 
roughly ±100% of the set value. The output value evaluated was the average temperature at the 
muscle layer surface. Convective heat coefficient (ℎ𝑐𝑐), density of breast tissue (𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏), specific 
heat of breast tissue (𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏), and thermal conductivity of breast tissue (𝑘𝑘𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) were 
evaluated for the natural breast model. Convective heat coefficient (ℎ𝑐𝑐), thermal conductivity of 
implant (𝑘𝑘𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝), and thermal conductivity of bra material (𝑘𝑘𝑏𝑏𝑏𝑏𝑏𝑏) were evaluated for the 
reconstructed breast model. The temperature range seen with changes of parameter values are 
negligible for most of the parameters. The exception appears to be the convective heat 
coefficient, which still only affects output value by about ±2% (Fig. 6). The hc value was varied a 
lot more than the property values since different external conditions can easily yield vastly 
different convective coefficients because of its high dependence on wind speed. Practically, the 
wind speed has much to do with the comfort level that a person feels so it is reasonable that the 
output temperature would vary highly with hc. 
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Figure 6: Sensitivity analysis regarding the effect of varying parameters against average skin 
surface temperature, most parameters have little effect on the temperature. However, varying 
the hc value led to a much more significant change in temperature. This is expected since a 
person should feel colder when there is a higher heat flux into the environment, corresponding 
with a higher hc. Graphs showing those particular sensitivity analyses are shown below. 

 
 

(a)  
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(b)  

Figure 7: These figures show the sensitivity of average muscle surface temperature to the h_c 
value. For low hc values, the natural breast is roughly 0.5 °C higher than the reconstructed. Since 
both values are fairly high, this is still a comfortable arrangement for both cases. However, for 
higher hc values, the difference increases to roughly 0.67 °C (~36.63 vs 35.97°C). At these lower 
temperatures, this difference between these is much more significant and the post-mastectomy 
patient will feel a lot colder. The hc value is highly dependent on wind speed so going out in windy 
conditions, especially at low temperatures, can prove very discomforting for patients with implants. 

 
 
4.5 Validation 
The model was validated using a study by de Souza et. al. [20] which found an expression for the 
average temperature of natural breasts 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎, as a function of the room temperature 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 and the 
core temperature 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, all in Celsius: 
 

𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 =  12.405 +  (𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∗ 0.548)  +  (𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∗ 0.100) (19) 
 

This equation allows for the estimation of average breast temperature to validate the model’s 
accuracy in both overall trends and specific temperature points. Note that this equation applies to 
the natural model only, and similar equations for reconstructed breasts could not be found in the 
literature. However, validation of the natural model should be sufficient because it differs from 
the reconstructed breast model only in some layer materials and orientations.  
 



14 of 28 

(a)  
 

(b)  

Figure 7: The average breast temperature computed by COMSOL shows reasonable agreement 
with the experimentally predicted temperature as room temperature varies (a) or as core 
temperature varies (b).   

 
Figure 7a shows the variation in the average breast temperature with variation in room 
temperature and Figure 7b shows the variation in the average breast temperature with variation in 
core temperature. The room and core temperatures ranges shown in Figure 7 are consistent with 
the experimental data ranges for these parameters used to develop Equation 19. To calculate the 
error between the COMSOL temperature and the predicted temperature a simple percent 
difference using the predicted temperature as a baseline was used. The COMSOL model agrees 
quite well with the temperature values predicted (Equation 19) in their overall trends. With 
regard to specific points, the model has an average error with respect to the equation of 4.15% 
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when room temperature is varied and 3.51% when core temperature is varied. This corresponds 
to a temperature difference of about 1 oC, which might be significant if it corresponded to a 
variation in core temperature but is reasonable given that the breasts are offset from the core of 
the body. Overall, the agreement between the models is good, and considering that the study that 
produced Equation 19 might have had flaws the model can be considered sufficiently validated. 
 
4.6 Varying Design Parameters 
We considered multiple fabric materials and thicknesses to inform our design of an insulating 
bra. To compare the different fabric materials, we ran the model using a bra layer thickness of 4 
mm. Wool material resulted in the highest muscle temperature in the reconstructed breast model, 
at 36.229 oC. Cotton and bamboo followed closely, both at 36.142 oC. 

 

Table 1: Muscle temperature in model with various fabric materials. Wool appears to provide 
the most insulation, bringing the muscle temperature to 36.229 oC, compared to the natural 
breast model muscle temperature of 36.885 oC 

 
 

 
To determine the best fabric thickness, we ran the model using cotton as the material and bra 
layer thicknesses 2 mm to 10 mm. We were unable to generate geometries with bra layer 
thicknesses larger than 10 mm due to CAD modeling issues. Within the implemented range, the 
average muscle temperature in the reconstructed breast model did not reach the temperature seen 
in the natural breast model. 
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Figure 8: Bra layer thickness versus average muscle temperature. Muscle temperature in the 
reconstructed breast model ranges from 36.040 oC at 2 mm bra thickness to 36.600 oC at 10 
mm bra thickness. 

 
 

5. DISCUSSION 
 
The objective of this study was to determine the fabric material and thickness required for an 
insulating bra that will prevent patients from experiencing excessive heat loss and the associated 
cold/pain sensations in their breasts at cool room temperature. The model suggests that wool 
fabric provides the best insulation, followed closely by cotton and bamboo. However, we used 
cotton as our material of choice due to its affordability, availability, and comfort in comparison 
to the other materials. Within the tested bra layer thickness range of 2 - 10 mm, the average 
muscle temperature in the reconstructed breast model did not reach the temperature seen in the 
natural breast model. The results also suggest that thickening the clothing layer has diminishing 
returns. The results of the model show that, with the chosen material and thicknesses, a cotton 
bra of 10 mm thickness does not provide enough insulation to keep a mastectomy patient’s 
breasts at the temperature of natural breasts. 
 

 
6. CONCLUSION 
This study sought to better understand how much heat loss in the chest occurs in post-
mastectomy breast reconstruction patients compared to those with natural breasts through 
modeling. We performed heat transfer analysis with geometry based on a representation of the 
statistical average breast. The model was validated with a study that described an expression for 
the average temperature of natural breasts as a function of the room temperature and the core 
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temperature; values computed in the model were acceptably close to values calculated using the 
described expression. 
 
We found a temperature difference of 0.743 °C in the muscle layer between natural and 
reconstructed breast models. Using this information, we sought to determine ideal thicknesses 
and material to inform design of insulating bras for breast-reconstruction patients. The results 
suggest that a bra designed with cotton fabric of 10mm thickness is unable to insulate the breast 
to maintain the same temperature as the natural breasts. 
 
Design Recommendations 
Our study demonstrates that, for insulation of reconstructed breasts, material thickness must be at 
least 10 mm. The results also suggest, however, that there are diminishing returns with 
increasing thickness. While wool provides better insulation than the other materials, cotton is 
considered to be the fabric of choice. This is because cotton follows closely behind wool in terms 
of insulation and is generally the most economical and comfortable fabric.  
 
Using this information, future efforts to design bras for mastectomy patients should consider 
increased padding thickness, using blended fabric materials, including multiple layers of 
different fabrics, or including an active heating element in the bra. 
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APPENDIX I: Model Input Parameters 
 
Tissue layer geometries, i.e. thicknesses and volumes, are taken or inferred from literature (10–
12), shown in Table S1. 
 
Table S1: Layer thicknesses and sources. 

Layer Thickness (mm) Source 

Clothing Variable - 

Skin 1.78 ± 0.67 mm Coltman et al., 2017 

Subcutaneous fat 5 mm Canturk et al., 2021 

Muscle 3.7 ± 0.7 mm Ishii et al., 2018 

 
 
All parameter values for tissue and boundary properties were obtained from a database with 
values compiled from literature, directly from literature, or calculated values derived from 
literature. Values, assumptions, notes on calculations, and sources are in Table S2 in the 
Appendix.  
 
The “breast tissue” layer is the combination of breast fat, breast glands, and connective tissue. 
The parameter values for breast tissue are calculated as weighted averages. 
 

𝐶𝐶𝑝𝑝,𝑒𝑒𝑒𝑒𝑒𝑒 =  ∑𝑖𝑖 𝜖𝜖𝑖𝑖𝜌𝜌𝑖𝑖𝐶𝐶𝑝𝑝(𝑖𝑖)/∑𝑖𝑖 𝜖𝜖𝑖𝑖𝜌𝜌𝑖𝑖  [16] 
 

𝜌𝜌𝑒𝑒𝑒𝑒𝑒𝑒 = �∑𝑖𝑖
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝜌𝜌𝑖𝑖
�
−1

 [21] 

 
 
Table S2: Input parameters used in the model. 
Property Material Name Value Expression Notes 

Density 

Air 𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎  1.13[kg/m^3]  

Breast Tissue 
(calculated) 𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 1015[kg/m^3] 

Calculated as average of breast 
gland, fat, connective tissue values 
weighted by volume fraction 

Fat (general) 𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓  911[kg/m^3]  

Muscle 𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  1090[kg/m^3]  

Skin 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 1109[kg/m^3]  
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Blood Perfusion 
Rate: 𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 1050[kg/m^3]  

Water 𝜌𝜌𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 994[kg/m^3]  

Cotton 𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 .25 [kg/m^3] Experimental data 

Specific Heat 

Air 𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎 1005[J/kg/degC]  

Breast Tissue 
(calculated) 𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 2700[J/kg/degC] 

Calculated as average of breast 
gland, fat, connective tissue values 
weighted by volume fraction 

Fat (general) 𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓 2348[J/kg/degC]  

Muscle 𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 3421[J/kg/degC]  

Skin 𝐶𝐶𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 3391[J/kg/degC]  

Blood Perfusion 
Rate: 𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 3617[J/kg/degC]  

Water 𝐶𝐶𝐶𝐶𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 4178[J/kg/degC]  

Cotton [22] 𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 1340 [J/kg/degc]  

Thermal 
Conductivity 

Air 𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎  0.03[W/m/degC]  

Breast Tissue 
(calculated) 𝑘𝑘𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 0.31[W/m/degC] 

Calculated as average of breast 
gland, fat, connective tissue values 
weighted by volume fraction 

Fat (all) 𝑘𝑘𝑓𝑓𝑓𝑓𝑓𝑓 0.21[W/m/degC]  

Muscle 𝑘𝑘𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  0.49[W/m/degC]  

Skin 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 0.37[W/m/degC]  

Blood Perfusion 
Rate: 𝑘𝑘𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 0.52[W/m/degC]  

Water 𝑘𝑘𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤  0.6[W/m/degC]  

Cotton [23] 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 .04 [W/m/degC]  

Lycra [24] 𝑘𝑘𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 0.0585 [W/m/degC]  

Bamboo [25] 𝑘𝑘𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 0.04 [W/m/degC]  
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Perfusion Rate 
(per unit mass 
tissue) 

Breast Fat 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑓𝑓𝑓𝑓𝑓𝑓 47[ml/min/kg]  

Breast Tissue 
(calculated) 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 100[ml/min/kg] 

Calculated as average of breast 
gland, fat, connective tissue values 
weighted by volume fraction 

Fat (general) 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑓𝑓𝑓𝑓𝑓𝑓 33[ml/min/kg]  

Muscle 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 37[ml/min/kg]  

Skin 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 106[ml/min/kg]  

Metabolic Heat 
Generation  
(per unit mass) 

Breast Fat 𝑄𝑄𝑄𝑄𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑓𝑓𝑓𝑓𝑓𝑓 0.73[W/kg]*𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓   

Breast Tissue 
(calculated) 𝑄𝑄𝑄𝑄𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 1.9[W/kg] 

Calculated as average of breast 
gland, fat, connective tissue values 
weighted by volume fraction 

Fat (general) 𝑄𝑄𝑄𝑄𝑓𝑓𝑓𝑓𝑓𝑓 0.51[W/kg]*𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓   

Muscle 𝑄𝑄𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 0.91[W/kg]*𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  

Skin 𝑄𝑄𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 1.65[W/kg]*𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  

Blood Perfusion 
Rate  
(per unit volume 
tissue) 

Breast Fat 𝑜𝑜𝑜𝑜𝑜𝑜𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑓𝑓𝑓𝑓𝑓𝑓 𝑝𝑝𝑝𝑝𝑝𝑝𝑓𝑓𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑓𝑓𝑓𝑓𝑓𝑓 ∗ 𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓  

Breast Tissue 
(calculated) 𝑜𝑜𝑜𝑜𝑜𝑜𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑝𝑝𝑝𝑝𝑝𝑝𝑓𝑓𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ∗ 𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 

Calculated as average of breast 
gland, fat, connective tissue values 
weighted by volume fraction 

Fat (general) 𝑜𝑜𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓𝑓𝑓 𝑝𝑝𝑝𝑝𝑝𝑝𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗ 𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓  

Muscle 𝑜𝑜𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  𝑝𝑝𝑝𝑝𝑝𝑝𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ∗ 𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚   

Skin 𝑜𝑜𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑝𝑝𝑝𝑝𝑝𝑝𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∗ 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  

 
Values of parameters were sourced from the Zurich43 IT'IS Foundation [16] unless noted 
otherwise. 
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APPENDIX II: Generation of Breast Geometry 
 
Using the Scalismo Viewer provided by the study authors, the geometry in Figure S1 was created 
by taking the mean value of all property options. This represents the “average” breast from the 
spectrum generated by the 110 breast scans taken in the RBSM study. The following steps were 
taken to create the geometries analyzed above: 
 

1. Open the Regensburg Breast Shape Model using the Scalismo Viewer and set all 
parameters to the mean value. Save the geometry as a .STL file. 

2. Open the .STL file in Fusion and create the layers and limit the model boundaries to the 
region of interest. Export as a .IGS file. 

3. Open the .IGS file in Spaceclaim and use the applicable tools in the“Prepare” and 
“Repair” tabs to clean the geometry. Save as a .X_T file. 

4. Import into COMSOL using the default geometry import options. 
 

 

 

Figure S1: Imported breast geometry represented the statistical average of over 90 scans 
of women’s breasts. This geometry involves minimal simplifications and introduces less 
error than a “hand-drawn” 3D or 2D breast. 
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APPENDIX III: Solution Strategy 

 

Figure S2: COMSOL runtime and memory used. 
 
Computational Method: 
Linear GMRES solver was used. Relative tolerance was set at the default of 0.001.  
 
Mesh convergence analysis was performed using nine points at the clothing, skin, and 
subcutaneous fat layers at approximately mid-breast (plane shown in Figure 3a). Three points 
were chosen at each layer at approximately mid-thickness of the respective layer (Figure 3b). We 
evaluated the convergence of temperature at each of these points with varying mesh fineness of 
parameter combinations shown in Table S3. Tetrahedral elements were used for the entire mesh. 
 
Table S3: Mesh convergence analysis mesh parameters. Each mesh size fineness was defined by 
a combination of parameters. 

 Coarser Coarse Normal Fine Finer Extra fine 

Solution number (arb) 1 2 3 4 5 6 

Maximum element size 
(max_e) 0.0393 0.031 0.0207 0.0165 0.0114 0.00723 

Minimum element size 
(min_e) 0.00826 0.00579 0.00372 0.00207 0.000826 0.00031 

Maximum element growth 
rate (growR) 1.7 1.6 1.5 1.45 1.4 1.35 

Curvature factor (ResCurv) 0.8 0.7 0.6 0.5 0.4 0.3 

Resolution of narrow regions 
(ResNar) 0.3 0.4 0.5 0.6 0.7 0.85 
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The temperatures at different points span a wide range and cannot be shown all at once with the 
necessary y-axis granularity (Figure S3). Temperature plots for each point closely resembled the 
representative plot shown in Figure 4, with convergence at solution number 4 (“fine” mesh) or 5 
(“finer” mesh). 
 
 

 

Figure S3: Temperature at all points in mesh convergence analysis. Temperatures vary widely 
and so this plot does not have the necessary y-axis granularity to assess convergence. 
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APPENDIX IV: Sensitivity Analysis Plots 
Plots differentiated when there is significant difference between the natural and reconstructed 
breasts 

 

Parameter Varied Natural Breast Reconstructed Breast 

hc 

  

rhobreast 

 

cpbreast 

 

kbreast 

 
(kbreast tissue) 

 
(kpdms) 
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kbra 
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