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Abstract 
Skin moisturizing has drawn attention in terms of beauty and anti-aging in-
dustries. However, it is difficult to observe the inside of the epidermis and the 
relationship between the epidermis and water content is not yet clear. Com-
putational simulations can be useful in understanding such mechanisms of 
skin formation. A particle model was used to simulate three-dimensional skin 
turnover, and the results reproduced the epidermal skin turnover phenome-
non. In this study, a diffusion model is introduced into this simulation model 
and a moisture diffusion analysis of the epidermis was performed. In particu-
lar, transepidermal water loss (TEWL) was modeled by considering diffusion 
and surface evaporation in the stratum corneum and other layers. The rela-
tionship between the moisture content and the keratin detachment was con-
sidered, and the exfoliation condition of keratin based on the moisture con-
tent was calculated in the model. As a result, it was possible to calculate the 
intraepidermal water content distribution in the skin using the particle mod-
el. It was also possible to reproduce phenomena such as keratin thickening 
due to increase of TEWL. This phenomenon is consistent with cases of dry 
skin. In the future, it will be necessary to introduce a change in TEWL ac-
cording to the thickness of the stratum corneum and the diffusion coefficient. 
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1. Introduction 

Skin moisturizing is closely related to the moisture content of the entire epider-

How to cite this paper: Nagayama, K. and 
Kurihara, T. (2018) Numerical Simulation 
of Skin Formation: The Relationship be-
tween Transepidermal Water Loss and 
Corneum Thickness. Journal of Applied 
Mathematics and Physics, 6, 1757-1762. 
https://doi.org/10.4236/jamp.2018.68150  
 
Received: April 24, 2018 
Accepted: August 28, 2018 
Published: August 31, 2018 

http://www.scirp.org/journal/jamp
https://doi.org/10.4236/jamp.2018.68150
http://www.scirp.org
https://doi.org/10.4236/jamp.2018.68150


K. Nagayama, T. Kurihara 
 

 

DOI: 10.4236/jamp.2018.68150 1758 Journal of Applied Mathematics and Physics 
 

mis, and it affects the appearance of the skin, e.g., facial wrinkles and firmness. 
In particular, because the stratum corneum is located on the outermost side of 
the skin, it is possible to control moisture evaporation on the skin surface and 
maintain normal skin via proper moisturizing care. In addition, in recent 
years, much attention has been given to the anti-aging and beauty industries 
and anti-aging effects due to continuous moisturizing care are expected. 

Keratin intercellular connections are related to moisture content; accordingly, 
the peeling of keratin and its thickness likely depend on the amount of moisture. 
The epidermis containing keratin is composed of four layers with different 
properties, the bottom of the bottom layer and the dermis under the epidermis 
supply moisture to the upper part of the epidermis. However, it is difficult to 
observe the inside of the epidermis and the relationship between the epidermis 
and the water content is not yet clear. 

Computational simulations can be useful in understanding the mechanisms 
underpinning the development of human skin, and several models have been 
proposed [1] [2] [3] [4]. We proposed a particle model that can handle complex 
biological phenomena, including cell interactions such as cell division, motion, 
deformation, and transition [5] [6]. This model was applied to the formation 
and turnover process of skin [7]. The model was further applied to basal layer 
formation and could reproduce young skin and aging skin [8] [9]. 

In this study, a moisture diffusion model is added to this simulation model [7] 
[8] [9]. TEWL (transepidermal water loss) was considered in the diffusion coef-
ficient, and surface evaporation was considered in the stratum corneum and 
other layers. The model can simulate the intraepidermal water content distribu-
tion and the structure in the skin. 

2. Analysis Object and Model Description 
2.1. Analysis Object 

Figure 1 depicts a cross section of the skin [10], and the roles of each cell layer 
are described here. The epidermis is the outermost layer of the skin and is pri-
marily composed of cells called keratinocytes. The epidermis consists of four 
layers. The lowest layer of the epidermis, the basal layer, provides new cells each 
day by dividing. The dividing cells are called the prickle cell layer, and they are 
pushed and moved up toward the skin surface. This layer transforms into the  

 

 
Figure 1. Cross-section of the skin [10]. 
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granular layer and then the stratum corneum, which detaches itself from the 
surface of the skin. This is called the turnover process and occurs approximately 
every four weeks. During this turnover process, skin cells change not only in 
their shape but also in their physical properties. Here intercellular adhesion sub-
stances such as desmosomes are affected by the exfoliation of keratin and it is 
likely that water content is related to this decomposition. 

The dermis is located under the epidermis, and the two are separated by the 
basal layer. Capillaries in the dermis supply nutrition and oxygen to the basal 
cells. Therefore, it is thought that the epidermis is influenced by force interac-
tions from the dermis and nutrition effects from capillaries. 

2.2. Model Description 

The particle model [5] [6] was introduced to simulate the epidermis formation 
process [7] [8] [9]. The model considers the interactions between the particles 
and follows the motions of the particles in a Lagrangian manner. This method is 
suitable for analyses with large deformations, or when the numbers of the calcula-
tion points are changing. The cellular particles move in response to inter-particle 
forces, such as the force of conservation of volume and the spring force. The 
force of conservation of volume works to maintain the distances between the 
particles. Due to the repulsive force, particles eventually move to a stable dis-
tance. The spring force works to make the continuum of the cellular particles 
structural at the stratum corneum and the granular layer [7] [8] [9]. By sum-
ming up the forces from the surrounding particles, the particles gradually move 
to a position of force balance. 

By introducing a diffusion model, it is possible to analyze the water content of 
the epidermis. The diffusion equation to be used is shown in Equation (1). In 
this analysis, because moisture in the epidermis is assumed to be steady state, the 
time terms are not considered. Here, x is the vertical direction in the epidermis, 
y and z are the plane directions in the epidermis, D represents the diffusion 
coefficient, and C represents the water concentration. 

2 2 2

2 2 2 0C C CD
x y z

 ∂ ∂ ∂
+ + = 

∂ ∂ ∂ 
                    (1) 

In this case, the change in the moisture is only considered in the vertical di-
rection and is assumed to be uniform in the surface direction. Here, the mois-
ture evaporation amount of the skin is usually evaluated by TEWL. TEWL 
[g/(m2h)] refers to the weight [g] of moisture per unit time [h] per unit area 
[m2], that is, the amount of moisture that evaporates from 1 m2 of skin surface 
per hour. TEWL and the integral of Equation (1) have the following relationship. 

dCTEWL D
dx

= −                         (2) 

The diffusion coefficient of moisture differs between corneum and other lay-
ers. Therefore, assuming that the diffusion coefficients are D1 (corneum) and D2 
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(other layers) and the moisture amounts are C1 and C2, and their relations with 
TEWL is expressed as the following Equations ((3) and (4)), respectively: 

1

1

dC TEWL
dx D

= −                          (3) 

2

2

dC TEWL
dx D

= −                         (4) 

3. Calculation Conditions 

Cell particles in this model are represented by spherical shapes with diameters of 
10 μm. The shape becomes thinner in the granular layer, changing with time, 
and adopts an elliptical shape that extends in the transverse direction by ap-
proximately 1 μm in thickness in the stratum corneum. 

The basal layer has 900 cells (in a 30 × 30 particle square) initially. Each basal 
cell divides once every five days of analysis time (0.2 times per day). The divided 
prickle cells freely move under the force of conservation of volume until they 
reach the granular layer. The spring force begins to gradually occur from the 
granular layer to the stratum corneum and connects to each particle. Conse-
quently, migrations are reduced and the structure becomes fixed. 

The diffusion coefficients at corneum (D1) and those at other layers (D2) are 
set 1.0 × 10−9 [cm2/s] and 3.5 × 10−5 [cm2/s], respectively; these are typical values 
for healthy skin [11] [12]. In addition, 60% - 80% of the weight of the dermis is 
moisture. Therefore, 0.6 times the water density 1.0 [g/cm3] was taken as the 
water concentration of the dermis and basal layer (the boundary condition). 
Under these conditions, the moisture content was calculated every day using 
Equations (3) and (4). 

Further, there is nearly a complete correlation between the moisture content 
of keratinocytes and the presence rate of keratin adhesive (desmosome) [13]. 
Therefore, the existence ratio of the horny adhesive substance was determined 
from the moisture content of the keratinocyte and, when the value was 68.77 [%] 
or less, the horny layer peeled off in 7 days. In addition, when the presence rate 
of the horny adhesive substance was larger than 68.77 [%], depending on the 
value, it was set so as to exfoliate the horny layer over a maximum of 14 days 
[14]. Under the above conditions, the evaporation amount was increased to 3.0, 
4.0, and 5.0 [g/(m2h)] and the thickness of the stratum corneum and the water 
content at the top of the horny layer were analyzed. 

4. Results 

Figure 2 shows each layer and the water content coded by color. 
As TEWL increases, the horny material becomes thicker and the moisture 

content on the keratinous surface decreases. These trends are particularly noti-
ceable when TEWL is 5 [g/(m2h)]. 

Table 1 shows the changes in thickness and moisture content of the stratum 
corneum in the keratolytic model. The larger the amount of evaporation, the  
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Figure 2. Surface cross-section results when changing TEWL (color-coded by layer and moisture content). 

 
Table 1. Thickness of the stratum corneum and the moisture content. 

TEWL [g/(m2h] 3 4 5 

Corneum thickness [µm] 30.7 30.9 33.3 

Water content [%] 57.8 43.7 10 

 
greater the loss of water from the epidermis, which indicates dry skin. In this 
analysis result, it can be confirmed that as the skin dries, the stratum corneum 
becomes thicker. This is because the moisture content of the stratum corneum 
has decreased and the presence rate of the keratinous adhesive substance has in-
creased. That is, the keratinocytes are difficult to peel off and the number of days 
until peeling increases. As an actual phenomenon, evaporation of moisture from 
the epidermis is prevented when the stratum corneum layer becomes thick and 
the evaporation amount decreases. In the future, it will be necessary to introduce 
a change in the amount of evaporation according to the thickness of the stratum 
corneum and the diffusion coefficient. 

5. Conclusion 

In this study, numerical simulations of epidermis formation using a particle 
model were performed. Adding the models of water diffusion and Corneum ex-
foliation, it was possible to calculate the water content in the epidermis. As a re-
sult of introducing the evaporation amount (TEWL) and the diffusion coeffi-
cient as a parameter to decide the water content, it was possible to reproduce 
phenomena such as the thickening of keratin in a dry state due to increase of 
TEWL. This phenomenon is consistent with cases of dry skin. In the future, it 
will be necessary to introduce a change in TEWL according to the thickness of 
the stratum corneum and the diffusion coefficient. 
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