Journal of Computation and Artificial Intelligence in Mechanics and Biomechanics
Volume 1, Issue 2, Page 29-35, 2021

ISSN 2184-8971

Stress analysis of skin wounds using advanced

discretization techniques

Ana Guerra !, Jorge Belinha 2, Renato Natal Jorge 3

laguerra@inegi.up.pt; INEGI, Rua Dr. Roberto Frias, 400, 4200-465; Porto; Portugal

2 job@isep.ipp.pt; ISEP, Rua Dr. Antonio Bernardino de Almeida, 431, 4249-015; Porto; Portugal

3 rnatal @fe.up.pt; FEUP, Rua Dr. Roberto Frias, 4200-465 Porto, Portugal

Abstract

Human skin is the largest human organ and it is an important physical barrier that allows body
homeostasis. During wound healing, this mechanically flexible organ is capable to repair itself.
Nevertheless, the wound represents an abrupt change in the skin continuum, leading to stress
concentrations in the surrounding wound area. Advanced discretization techniques, namely finite
element method (FEM) and radial point interpolation method (RPIM), are suitable computational tools
to simulate biomechanical problems allowing to analyse the displacement field and the corresponding
stress and strain fields. This study aimed to construct a 2D model of skin wounds with different depths
and to analyse the stress and strain fields obtained, using FEM and RPIM analysis. The simulations
results demonstrated that the highest levels of stress were observed in the end of the wound, in both
techniques used. Regarding the strain fields, hypodermis presented the highest values. Although this is
a preliminary study to assess the performance of these numerical methods in the analysis of stress
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profile distribution in the human skin, it was possible to conclude that both finite element method and
radial point interpolation method are valid numerical tools. Moreover, the materials used in the
simulations were well characterized in terms of elasticity. In future work, it is intended to refine the
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1 Introduction

Skin wounds can be the consequence of damage in traumatic accidents, the result of surgical incisions or of long
periods of immobility or they can be associated with other pathologies, such as obesity and diabetes. Given its high
frequency during human life, the treatment of skin wounds presents high economic and social costs in our society [1, 2].

Human skin is an important physical barrier between the body and the external environment. This tissue is composed
by two layers: epidermis and dermis. The epidermis, the upper layer, is very thin being minimal its contribution to the
mechanical behaviour of the skin. The dermis, the layer below the epidermis, has approximately 2 mm of thickness and
provides the structural and the nutritional support for the skin. The dense collagen and elastin network in the dermis is
responsible for the skin’s mechanical properties [3]. Although not consensual, a third layer can be considered, the
hypodermis, mainly composed by fat connective tissue that connects the dermis with the skeletal components. Each skin
layer presents its own composition well defined and its specific mechanical properties.

When the skin is damaged wound healing takes place in order to restore the tissue homeostasis. Wound healing is
usually divided in four phases: haemostasis, inflammation, proliferation and tissue remodelling [4]. For the correct skin
wound healing this orderly sequence of events have to occur. Otherwise, if any step of the healing process is changed,
pathogenic responses may take place leading to fibrosis or chronic wounds. In fact, injuries in the skin normally results
in changes in the skin composition and in the scar formation. Scars present different mechanical response comparatively
to healthy tissue. Therefore, skin wounds represent an abrupt change in the skin continuum, leading to stress
concentrations in the surrounding of the wound area.

Skin computational modelling received more attention in the last few years. Indeed, computational modelling is a
useful tool in surgery planning and treatment optimization [5, 6]. Some authors used advanced discretization techniques,
namely finite element method (FEM) and meshless methods to predict the geometry of surgical incisions [7] and to
analyse stress distribution in the skin [8] in order to reduce scar formation. In the future, it is intended that advanced
discretization techniques could assist surgeons in the decision-making process when planning individual surgeries,
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allowing to establish the regions with stress and strain concentration in order to improve the skin wound healing and the
scar formation.

As already mentioned, stress is one of the many biological factors that plays an important role in wound healing and
in scar formation. Accordingly, analyse stress theoretically is demanded, since no invasive or non-invasive technique to
measure stress directly is available. It has already been shown that minimum stress is useful for producing a better scar.
However, maximum stress has adverse effects in wound healing and compressive stress should be avoided since skin
cannot support negative stress. Moreover, excessive tissue tension can compromise blood supply and consequently
promote tissue necrosis [9]. Therefore, analysing the stress profile distribution in the skin after wounds occurrence is
very important in order to address new and more effective therapies. However, as already discussed, there are no invasive
or non-invasive methodologies to measure stress in vivo [10]. Thus, advanced discretization techniques provide an
excellent alternative to predict tissue stress.

In this work, we constructed 2D models of skin wounds with different depths and we performed a linear elasto-static
analysis of the stress and strain fields obtaining in each model, using both FEM and Radial Point Interpolation Method
(RPIM). Moreover, the efficiency of both numerical methods used will be addressed.

2. Numerical analysis

FEM and RPIM methods are very well implemented due to their application in several areas and their possibility to
deal with complicated geometries, loads and different material properties.

In FEM the domain is discretized with a finite number of interconnected elements. FEM is a mesh-dependent method,
in which every element is connected, directly or indirectly, to every other elements constructing a mesh. In the generic
procedure, first it is necessary to obtain the discretized mesh and then the interpolation function should be achieved. The
polynomials functions are used to interpolate the field variables over the element. Then, the Galerkin method is used to
obtain the discrete equation system. To find the global equation system, the local element equations for all elements used
for the discretization need to be combined. Before performed the solution, the boundary conditions should be imposed.
Finally, it is possible to solve the global equation system [11].

In RPIM, the problem domain is discretized with a free nodal distribution and the field functions are approximated
within an influence-domain rather than an element [12, 13]. Since there is no predefined nodal interdependency in RPIM,
the nodal connectivity has to be enforced after the nodal discretization. Consequently, the ‘influence-domain’ of each
node, obtained by searching enough nodes inside of a fixed area, is determined. In meshless methods, the nodal
distribution does not form a mesh, since the only information previously required is the spatial location of each node that
discretize the problem domain. A fine nodal distribution leads, generally, to accurate results. However, the increase in
the total number of nodes also increase the computational cost. Once the nodal discretization is completed, the
background integration mesh should be constructed. This is necessary to numerically integrate the weak form equations
governing the physic phenomenon under study. Accordingly, the integration mesh, using the Gauss-Legendre quadrature
scheme, is constructed. The following step consists in establish the discrete equation system, using the approximation or
interpolations shape functions. In RPIM, the interpolation shape function combines a radial basis function with a
polynomial basis function to obtain the approximation. The interpolation functions possess the Kronecker delta property,
which means that the obtained function passes through all scattered points in the influence domain. Accordingly, this
property simplify the imposition of the essential boundary conditions [12].

3. Solid mechanics

The solids and structures become stressed when they are subject to loads or forces. This stress results in strain, which
can be interpreted as deformation or relative displacements [12]. The relationship between stress and strain and the
relationship between strain and displacements are the focus of solid mechanics. In this work, only linear elastic materials
are considered. It means that the relationship between stress and strain is assumed to be linear and the deformation in the
solid caused by loading disappears fully with the unloading. Moreover, all the materials were considered to exhibit
isotropic behaviour. For this reason, the materials can be completely defined by its Elastic Modulus (E) and Poisson’s
coefficient (v). Furthermore, the relationship between the components of stress and strain can be given by the Hooke’s
Law.

The present work was developed in two-dimensions, considering the plane strain or the plane stress assumptions. In
this work we aim to analyse the von Mises stress and the equivalent strain obtained in skin. Accordingly, the von Mises
stress for each interest point, x;, can be calculated using Eq.(1) and the equivalent strain for each interest point, x;, can
also be obtained using Eq.(2). The fully description of all the concepts and formulation in this area is presented in [12].
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4. Numerical model

In this work, we developed 2D models to analyse the von Mises stress and the equivalent stain in wounds with
different depths, using FEM and RPIM analysis. All the numerical simulations were performed using the software
FEMAS. In Fig. 1 the geometry and boundary conditions used are presented. Concerning model A, the wound is located
entirely in the dermis. In model B the wound is located in the transition from the dermis to the hypodermis. Finally, in
model C the wound is located until the hypodermis. In all the three models the displacement (§) was applied to all the
elements localized in the boundary in the left side. It is equal to 10% of the wound depth in the top and zero in the bottom,
and all the elements in the middle have the respective displacement value. In Table 1 the model dimensions and the
material properties of each skin layer used to constructed the models are presented.
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Fig. 1 - Model geometry and boundary conditions for model A, model B and model C.

Table 1 - Model dimensions and material properties.

Skin layer Thickness - mm Elastic Modulus (E) - MPa Poisson’s coefficient (v)
Epidermis 0.2 102 0.48
Dermis 14 10.2 0.48
Hypodermis 1.6 0.0102 0.48

5. Results

The results obtained for the von Mises stress for model A, in which the wound is located entirely in the dermis, are
presented in Fig. 2. Analysing the von Mises stress isomaps (Fig. 2(a)) it is possible to observe that the highest stress
levels occurs in the end of the wound, in FEM and RPIM. The measurement of this parameter in specific points in the
continuum of the wound (Fig. 2(b)) confirms the highest values of stress, around 1 MPa, in the end of the wound, in
FEM and RPIM analysis.

The results obtained for the equivalent strain for the same model are presented in Fig. 3. Analysing the strain isomaps
(Fig. 3(a)) it is possible to observe that the highest strain levels occurs in the hypodermis, in the two advanced
discretization techniques used. The measurement of this parameter in specific points in the continuum of the wound (Fig.
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3(b)) confirms the highest values of strain, around 0.12, in hypodermis, in FEM and RPIM. Moreover, it is possible to
verify that the strain also increased in the end of the wound (around 0.04), in both FEM and RPIM methods (Fig. 3(b)).
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Fig. 2 - (a) von Mises stress isomaps obtained with FEM and RPIM for model A; (b) von Mises stress measured in specific points in the area
marked with the rectangle in the images, in the two advanced discretization techniques.
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Fig. 3 - (a) Equivalent strain isomaps obtained with FEM and RPIM for model A; (b) Equivalent strain measured in specific points in the area
marked with the rectangle in the images, in the two advanced discretization techniques.

Equivalent strain

The results obtained for the von Mises stress for model B, in which the wound is located in the transition from the
dermis to the hypodermis, are presented in Fig. 4. Analyzing the von Mises stress isomaps (Fig. 4(a)) it is possible to
observe that the stress levels in the hypodermis are very low and homogenous, in FEM and RPIM analysis. In the end of
the wound, it was observed a slight increase in the stress levels, mainly in RPIM analysis. The measurement of this
parameter in specific points in the continuum of the wound (Fig. 4(b)) confirms the low (around 0.01 MPa) and
homogeneous levels of stress in hypodermis, in the two discretization techniques.

The results obtained for the equivalent strain for the same model are presented in Fig. 5. Analysing the equivalent
strain isomaps (Fig. 5(a)) it is possible to observe that the highest strain levels occurs in the hypodermis, in FEM and
RPIM analysis. The measurement of these parameters in specific points in the continuum of the wound (Fig. 5(b))
confirms the highest values of strain, around 0.25, in hypodermis, in the two discretization techniques used.

The results obtained for the von Mises stress for model C, in which the wound is located until the hypodermis, are
presented in Fig. 6. Analysing the von Mises stress isomaps (Fig. 6(a)) it is possible to observe that, analogous to the
previous results, the stress levels in the hypodermis were very low and homogenous, in two advanced discretization
techniques. The measurement of these parameters in specific points in the continuum of the wound (Fig. 6(b)) confirms
the low (around 0.01 MPa) and homogeneous levels of stress in hypodermis, in FEM and RPIM analysis. In the end of
the wound, it was observed a slight increase in the stress levels, around 0.02 MPa, in the two advanced discretization
techniques used.
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Fig. 4 - (a) von Mises stress isomaps obtained with FEM and RPIM for model B; (b) von Mises stress measured in specific points in the area
marked with the rectangle in the images, in the two advanced discretization techniques.
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Fig. 5 - (a) Equivalent strain isomaps obtained with FEM and RPIM for model B; (b) Equivalent strain measured in specific points in the area
marked with the rectangle in the images, in the two advanced discretization techniques.
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Fig. 6 - (a) von Mises stress isomaps obtained with FEM and RPIM for model C; (b) von Mises stress measured in specific points in the area
marked with the rectangle in the images, in the two advanced discretization techniques.
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The results obtained for the equivalent strain for the same model are presented in Fig. 7. Analysing the equivalent
strain isomaps (Fig. 7(a)) it is possible to observe that the highest strain levels occurred in the area around the wound, in
the two advanced discretization techniques used. The measurement of these parameters in specific points in the
continuum of the wound (Fig. 7(b)) confirms the highest values of strain, around 0.5, in the area around the wound, in
FEM and RPIM analysis.

6. Discussion

Computational modelling is a very useful tool to predict stress profiles around the skin wounds, especially because
there no exist methodologies to measure stress in vivo [14]. In this work, FEM and RPIM analysis were used to study
the stress and strain fields in wounds with different depths. In our model, the highest levels of stress were obtained in the
end of the wound, in both used techniques. Model A presented the highest stress levels, in both FEM and RPIM analysis.
In Model B and C, where the wound was located in the hypodermis, the stress fields obtained presented smaller values.
Regarding the strain fields, hypodermis presented the highest values, in FEM and RPIM analysis. These observations
may be due to the mechanical properties of each skin layer. Hypodermis presents a low elasticity modulus, comparatively
to dermis and epidermis, being more easily deformed. Indeed, this skin layer is mainly composed by adipose tissue, being
a very soft tissue. Buganza Tepole and co-workers demonstrated the potential of FEM to analyse the stress profile in skin
flap designs [15]. The authors analysed the von Mises stress concentration in different flap design and concluded that the
maximum stress were located at the distal and proximal edges of the flap, and the obtained von Mises stress varied
between 0 and 1.50 MPa.
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Fig. 7 - (a) Equivalent strain isomaps obtained with FEM and RPIM for model C; (b) Equivalent strain measured in specific points in the area
marked with the rectangle in the images, in the two advanced discretization techniques.

Human skin exhibits nonlinear stress-strain, anisotropic and viscoelastic characteristics [16]. Nevertheless, in order to
decrease the model’s complexity, most of the studies assume skin as an isotropic and linear elastic material [17].
Accordingly, in this study the skin was modelled as an isotropic and linear elastic material.

Although this is a preliminary study to assess the performance of these numerical methods in the analysis of stress
profile in human skin it was possible to conclude that FEM and RPIM are valid numerical tools. The numerical methods
used in the simulations demonstrated equivalent results. Moreover, the materials used in the simulations were well
characterized in terms of elasticity. This kind of studies can be very useful in order to achieve new approaches and
methodologies to improve wound healing.
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