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SUMMARY 

The mechanical properties of skin are primarily determined by 

the structure and properties of individual components within 

the dermis.  In order to understand and quantify the 

relationship between micro-structure and mechanical function 

of skin, a structurally based biomechanical model was 

developed.  To characterize the mechanical response, in vitro 

multiaxial tensile tests were performed on porcine skin 

specimens.  Finite element models were created to represent 

the geometry and structure of the tissue, and measured forces 

were applied as boundary constraints to simulate the 

experiments.  Parameters of the chosen structural constitutive 

relation were then identified using nonlinear optimization.  

Optimal values of ground matrix stiffness ranged from 5 to 32 

kPa, fiber orientation mean from 2° to 13° from the torso 

midline, fiber undulation mean from 1.04 to 1.34 and collagen 

fiber stiffness from 48 to 366 MPa.  It was concluded that a 

priori information about the mean fiber orientation was 

important in performing material parameter identification.  

The experimental protocols and the modeling framework 

developed in this study are valuable tools for future analyzes 

to help understand the anisotropic, nonlinear mechanical 

response of skin. 

 

 

INTRODUCTION 

Skin exhibits nonlinear, heterogeneous, anisotropic and 

viscoelastic mechanical properties, which are strongly 

influenced by the structure and properties of the collagen 

network in the dermis [1].  This is highlighted by the fact that 

changes to the structural arrangement of collagen are often 

associated with pathological disorders.  Since the structure of 

skin is highly correlated to its function, the structural approach 

to mathematical models is capable of providing important 

insights into the structure–function relationship of skin. 

 

 

METHODS 

Mechanical Experiments 

To characterize the mechanical response, a custom-built 

multiaxial tensile rig was used to deform in vitro porcine skin 

specimens (Figure 1).  The tensile device consists of twelve 

displacement actuators arranged in a circular array [2].  In this 

study, three 70x70mm samples were obtained from the 

abdominal region of young pigs.  From the in vivo state, equi-

axial deformations were imposed by stretching the specimens 

uniformly along each of the twelve directions.   At the end of 

each loading step, 2D force transducers attached to each motor 

axis were used to measure the resultant loads at the membrane 

boundary.  Displacement fields at each deformation step were 

tracked using an image 2D cross-correlation technique.   

 

 

Figure 1:  Custom-built multiaxial tensile rig used to deform 

skin specimens. 

 

Structural Constitutive Relation 

Full details of this model are contained within [3], but a brief 

summary is provided here.  In this microstructural model, it 

was assumed that a network of collagen fibers with varying 

orientations was embedded in a tissue block of ground matrix.  

The following assumptions were made: 

 Each fiber is undulated and only resists tensile load 

when completely straightened. 

 The fibers are linearly elastic when stretched and are 

governed by a 1D fiber load-stretch relation. 

 The ground matrix behaves like an isotropic neo-

Hookean material. 

 Viscoelastic effects are neglected. 

 

 The second Piola-Kirchhoff stress tensor sums the 

contributions from the ground matrix and collagen fibers, 

respectively.  For a 2D membrane, the 2
nd

 Piola-Kirchhoff 

stress tensor for the fiber component (S
f
) can be expressed as 
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where R(θ) is the probability density function for the fiber 

orientation, θ is the in-plane fiber orientation, λ is the fiber 

stretch ratio, γf is the fiber strain, E is the Green-Langrage 

strain tensor, D(x) is the probability density function for fiber 

undulation, x is the stretch required to straighten an undulated 

fiber and f is the load per unit undeformed cross sectional area 

in the fiber.  A unimodal π-periodic von Mises distribution and 

a Gaussian distribution were used to represent fiber orientation 

and undulation, respectively. 



Finite Element Models 

A computational framework was developed to simulate the 

mechanical experiments using finite element (FE) modeling.  

FE models were created, using in-house software CMISS, to 

represent the geometries of the skin tissue (Figure 2).  Forces 

measured were applied as boundary constraints and 

comparison was made between experimentally tracked and 

model-predicted displacements of material points.  Material 

parameters of the chosen constitutive relation were identified 

using the nonlinear lsqnonlin optimization function in Matlab 

in a least-squares sense.  Due to a large number of material 

parameters and their interactions, a subset of the ground 

matrix stiffness (Km), fiber orientation mean (μθ) and collagen 

fiber stiffness (Kc) was identified for Strategy A and KM, μθ 

and undulation mean μx for Strategy B.  Other parameters 

were fixed to values reported in the literature. 
 

 
Figure 2:  Finite element mesh (green dots and blue lines) of a 

specimen in its in vivo configuration.  A grid of material 

points (pink dots) were tracked between loading steps. 

 

 

RESULTS AND DISCUSSION 

The optimized material parameters using both strategies are 

given in Table 1.  An example of the distribution of 

displacement errors is shown in Figure 1.  Values of ground 

matrix stiffness ranged from 5 to 32 kPa.  The mean fiber 

orientation deviated 2°-13° from the torso midline for all 

tissue samples.  Collagen fiber stiffness varied between 48 to 

366 MPa.  For Strategy B, the optimal values for Km and μθ 

were similar to Strategy A, with the optimal mean undulation 

ranging from 1.03 to 1.34 across all samples.  The mean 

displacement error ranged from 0.63 to 1.07 mm across the 

samples.   

In collagenous tissues, such as the skin, there is often large 

inter-specimen variability, making the determination of unique 

material parameters a challenging task.  In this study, it was 

found that the identification problem was highly sensitive to 

the mean fiber orientation.  This underscores the need for 

quantitative measurements of collagen fiber orientation in 

order to perform reliable material parameter identification.  By 

obtaining quantitative structural measurements that are 

specific for the testing subject, the number of material 

parameters needed to be identified would be reduced. 
 

 
Figure 3:  The error distribution for Specimen 1 using 

Strategy A. 

 
CONCLUSIONS 

It was demonstrated that the experimental protocols and the 

structurally based computational model developed in this 

study provided good fits to model parameters and are valuable 

tools to better understand the nonlinear, anisotropic 

mechanical behavior of skin. 
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Table 1: Optimized material parameters for each tissue specimen using Strategy A and Strategy B. 
 

 Strategy A Strategy B 

Specimen Km (kPa) μθ (rad) Kc (MPa) displacement 

error (mm) 

Km (kPa) μθ (rad) μx 

 

displacement 

error (mm) 

1 5.03 3.03 48.10 0.64  0.38 4.99 3.03 1.34 0.63  0.37 

2 6.98 3.11 156.30 0.90  0.44 6.96 3.12 1.07 0.94  0.42 

3 31.83 2.92 365.63 0.81  0.48 30.98 2.95 1.04 1.07  0.53 

 


