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SUMMARY 
A computationally efficient and accurate finite element model 
of the human face with heterogeneous constitutive properties 
is presented. The displacement field was interpolated using 
Cubic-Hermite shape functions to formulate non-linear, finite 
elasticity finite element equations. The use of Hermite family 
elements serves two purposes here. Firstly, the topology of the 
structure can be accurately represented using a fewer number 
of degrees of freedom which results in shorter computational 
time. Secondly, Hermite family elements guarantee derivative 
continuity of the displacement field across element boundaries 
ensuring that no physical laws are violated in large 
deformation mechanics.  
 
All soft tissue structures in the face, skin, subcutaneous fat and 
muscles were combined and a single continuum was defined 
to represent the face. The mechanical heterogeneity of the soft 
tissue continuum was incorporated into the computational 
model by assigning different constitutive properties at the 
Gauss (integration) points depending on the location. 
Furthermore, anatomically based 3D muscle geometries were 
used to extract muscle fibre orientations. The fibre directions 
of the muscles were fitted as a vector field to construct a 
curvilinear orthogonal material coordinate system for the 
continuum. The active stress resulting from muscle 
contraction in the direction of the fitted fiber field was 
determined at the integration points that were inside the active 
muscle regions and combined with the passive stress tensor 
components obtained from the tissue constitutive relationship. 
A steady state model describing the relationship between the 
stress, fiber extension ratio and intracellular Ca2+ activation 
level was used to estimate the active tensile stress in the 
muscle fibers.  
 
The model was used to simulate facial expressions resulting 
from skin/subcutaneous fat deformation caused by the active 
contraction of the embedded mimetic muscles. 

 
INTRODUCTION 
Organization of soft tissue structures in the human face is 
complex. These structures have distinct constitutive properties 
but yet deform as a single entity [1]. Based on their 
constitutive properties, three main groups of soft tissue 
structures can be identified.  They are skin, subcutaneous fat 
and muscles. Although the primary function of striated 
muscles is to contract and provide an active force to perform 

various tasks, depending on the way the facial muscles attach 
to the other structures (bony or other soft tissue), they can 
further be categorised as articular and mimetic muscles.  
 
Upon neural activation, when the underlying mimetic muscles 
contract, the resulting deformation of the subcutaneous fat and 
skin produces facial expressions. However, efficient and 
accurate simulation of active muscle contraction and 
predicting ensuing facial expressions is a computationally 
challenging task. The finite element model presented in this 
article attempts to address some of the difficulties and 
challenges associated with soft tissue heterogeneity, complex 
topology & fiber (fascicle) orientations of the facial 
musculature and computational efficiency & accuracy.      
 
 
METHODS 
FE Model Geometries and Muscle Fibre fitting: A previously 
developed fitting algorithm [2] was used to construct 
anatomically based 3D geometry of the soft tissue continuum 
of the entire face. The skin, subcutaneous fat and muscles 
were represented using a single tri-cubic-Hermite FE mesh 
(Figure 1a). The data points for fitting were derived from a T1 
weighted Magnetic Resonance Imaging (MRI) scan of the 
head of a healthy male volunteer obtained using 1.5T Siemens 
Magnetom Avanto scanner with an echo time of 2.91ms. 
 
The same fitting method was used to create the 3D FE models 
of all key facial muscles. The data required for creating 
muscle volumes were, however, obtained by segmenting 
Visible Human (VH) images [3]. Figure 1b depicts fitted 
zygomaticus major muscles using the data derived from the 
VH images. Also shown is muscle fibre orientation within the 
structure. 
 
The muscle models were then transformed to match the data 
derived from the volunteer’s MRI using a variant of free-form 
deformation technique called the host mesh method [2] 
(Figure 1b). All mimetic muscles, with the exception of the 
buccinators, are unipennate, meaning all fibres are oriented 
lengthwise from origin to insertion.  In order to define the 
fibre direction of a muscle, a curvilinear, mutually orthogonal 
coordinate system (CS) was created (Figure 1b). This CS 
system was used as the un-deformed material CS and all 
constitutive properties, stresses (2nd Piola-Kirchhoff) and 
strains (Green-Lagrange) were described with respect to it.  
 



The material CS that defines the fibre orientation at any given 
point in a muscle or the continuum can be given by 3 ortho-
normal vectors. These vectors were extracted for each muscle 
at pre-defined, uniformly distributed discrete points and the 
directional vector rotational angles (Euler angles) were fitted 
to the continuum (Figure 1c) using an algorithm similar to that 
used for the geometric fitting. For more details of the fibre 
orientation and Euler angle fitting, the reader is referred to 
reference [4]. 

Figure 1:  (a) 3d continuum of the face (b) zygomaticus major 
muscle and its fibre distribution (c) embedded muscles and 
fibre distribution in the continuum  
 
Large deformation mechanics: The deformation of the soft 
tissue continuum in response to neural activation subject to 
prescribed boundary conditions can be obtained by solving the 
static Cauchy equation, 
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where σij are Cauchy stress tensor components, xj are spatial 
coordinates, bj are body force components and ρ is the soft 
tissue density. 

The weak form of the above governing equation was 
formulated using the method of weighted residuals and final 
FE model equations were obtained using the Galerkin FE 
method. The non-linear algebraic equations so derived were 
numerically solved using the Newton-Raphson method.  
   
Constitutive properties: In order to account for the 
heterogeneity of the soft tissue continuum, the Gauss or the 
integration points of the continuum were divided into three 
groups to represent skin, fat and muscle and assigned different 
constitutive properties. The mechanical behavior of all three 
soft tissue groups were modeled as isotropic hyper-elastic 
materials and described in the following form [5]. 
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where w is the strain energy density function (SEDF), I1 and I2 
are first two principal invariants of the right Cauchy 
deformation tensor, C and c00, c10 etc are experimentally 
determined constants. 
 
Active contraction: The force generated (T) by the contraction 
of muscle fibers upon stimulation was described as a function 
of of Ca2+ using the following relationship [6].  
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where (Ca2+)max is the maximum intracellular calcium 
concentration, (Ca2+)50 is the value corresponding to 50% of 
the maximum tensile stress, h is the Hill coefficient and β is 
the slope parameter. Tref represents the value at λ (fibre 
extension ratio) = 1.0 and a is the activation level.  

The active stress component in the fibre direction from eq. (4) 
was added to the passive stress tensor obtained from the 
constitutive relationship of the muscle (eq. (2)). 

 
RESULTS AND DISCUSSION 
A number of numerical simulations were performed by 
prescribing displacement boundary conditions to mimic the 
bony attachments of the muscles and applying varying degree 
of activation levels. The results include expressions due to 
contraction of the zygomaticus (smile) and occipitofrontalis 
(forehead transverse wrinkles) muscles. 
 
 
CONCLUSIONS 
A heterogeneous facial soft tissue continuum model 
comprising skin, fat and muscle was used to simulate facial 
expressions. The model was driven by active contraction of 
muscle fibers (derived from individual muscles) embedded in 
the continuum. The displacement field was interpolated using 
cubic Hermite shape functions in all three element directions 
to ensure computational accuracy and efficiency.  
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