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Abstract 

This paper presents a dynamic biomechanical model of the 
face. It is implemented with a finite element method in the 
ANSYS software environment. A three layered mesh 
adapted to the description of the complex face muscles’ 
courses have been defined. Soft tissues are modelled using 
a hyperelastic law. The variations of muscle tissues’ 
mechanical properties associated with muscle activation 
are functionally accounted for and their influence on facial 
mimics and movements are assessed, in particular in the 
context of speech gestures. 

Keywords: biomechanics, FEM, muscle active force, 
hyperelastic law 

1. Introduction 
In the context of clinical studies of functional 
consequences of maxillo-facial surgery or in the context 
of researches about facial gestures in face-to-face human 
communication, a fruitful approach consists in using 
biomechanical models of the face that account as 
realistically as possible for the mechanical properties of 
facial tissues. Since facial tissues are in a very large part 
made of muscles, a realistic modelling of the mechanical 
properties of muscle tissues is a main challenge. The total 
force generated in a muscle is the sum of two 
components: an active (Fac) one and a passive (Fpc) one. 
Due to α-motoneuron depolarization, muscle fibres 
generate force, which in turn causes change in length of 
muscle. The force generated through the actin-myosin 
cross-bridges is the active component of muscle force. 
Due to their stiffness the surrounding tissues will resist to 
the active component thus defining a passive component 

of muscle force. This passive component is not isotropic 
since the mechanical properties in the direction of muscle 
collagen fibres are different from the embedding matrix 
 [1]. The passive material behaviour can be modelled with 

a hyperelastic transversely isotropic material [2] [3] [4] [5]. 

 The very first model of the active part of muscle force 
was proposed by  [6]. According to this basic model a 
contractile element generates force as a function of 
muscle length (F versus L curve) and its velocity (F 
versus V curve). These curves are assumed to be scaled up 
or down as function of level of activation  [7]. More 
recently authors within finite element framework have 
modelled the muscle force by designing new elements 
which include both active and passive transversal isotropy 
 [4] [5]. These elements need to be oriented along the axis 

of isotropy  [8] to define fibre and cross fibre directions 
and also they should be distinguished from the 
surrounding tissues  [9]. This method has been 

implemented by  [10] for modelling face muscles and 
speech behaviours quasistatically. Many other physically-
based models of the human face were developed in the 
framework of computer graphics facial animation 
 [11] [12], computer aided surgery  [13] [14] or speech 

production study  [15] [16]. The pioneer work of  [11] has 
made popular a discrete modelling framework, with 
sparse mass-spring entities regularly assembled inside 
facial tissues. This approach allows a fast computation 
time with a simple algorithmic implementation. However, 
in addition to the lack of accuracy of such models and to 
their numerical instabilities, it seems to be very difficult 
to set their elastic parameters (the stiffness of springs) in 
order to fit the constitutive behaviour that is observed and 
measured on living tissues. A precise control of the 
volumetric tissue stiffness through the control of elastic 
parameters of springs is therefore probably unreachable 
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for such discrete models. For this reason, in the continuity 
of the models developed by  [13] and  [12], we have chosen 
to use the Finite Element method to model the continuous 
behaviour of human facial tissues. The model, originally 
presented by  [17] in its first version, is detailed in the 
following section. 

2.  Model and Its Specification 
The 3D finite element model consists of three parts and 
has been implemented in ANSYS (R) release 11.0 
software. The main part is a mesh which models the facial 
tissues. Cable elements (i.e. force generators) and  contact 
elements are other important constituents of the model. 

2.1 Main face mesh: modelling the passive tissues 
The main mesh is a finite element discretization of the 
volume defined by the facial tissues located between the 
skull and the external skin surface of the face. It is based 
on a previous continuous face model  [13] developed in 
the context of computer aided maxillo-facial surgery. To 
represent the face three anatomical layers  [18] namely: 
epidermis, dermis and hypodermis (from the external 
topmost layer to internal one respectively) the FE mesh is 
defined by three discrete layers. The external layer 
corresponds to epidermis and dermis parts and the next 
two internal layers model the hypodermis that will include 
facial musculature. The current version of the mesh is 
composed of 6344 brick elements (full and degenerated 
hexahedral elements: SOLID185) (Figure 1). The 
dimensions of the mesh in directions perpendicular to 
sagittal, transverse and coronal planes respectively are 
(table. 1): 

Table 1- Bounding size of mesh. 
Direction Medial-

Lateral 
Posterior-
Anterior 

Superior-
Inferior 

Dimension 
in mm 

143.52 127.77 137.81 

The outer and inner surfaces of the mesh have been 
extracted from CT data. Then the volume delimitated by 
these two surfaces has been manually meshed with 8 
nodes brick elements leading to a total 8736 nodes 
forming 6030 hexahedron and 314 wedges. In order to 
reduce the number of DOF during simulation the mesh 
was assumed as symmetrical along the sagittal plane 
which seems reasonable in the context of speech 
production. 

 
Figure 1- Main Mesh 

Element material properties are assumed to follow a 
hyperelastic model  [19]. A simplified 5-parameter 
Mooney-Rivlin hyperelastic law is used. This model 
assumes a strain-energy function, W, which its derivative 
with respect to strain gives stress (Sij=2∂W/∂Cij, Sij being 
components of the second Piola-Kirchhoff stress tensor 
and Cij the components of the right Cauchy-Green 
deformation tensor) defined by the following expression: 

W=c10(I1-3)+c01(I2-3)+c20(I1-3)2+c11(I1-3)(I2-3)+c02(I2-
3)2+((J-1)2/d)                                                 (1) 

where I1 and I2 are respectively the first and second 
invariants of the right Cauchy-Green strain tensor and J is 
the determinant of the elastic deformation gradient. In the 
simplified model only two constants, c10 and c20, are 
different from zero while d=(1-2ν)/(c10+c01) where ν is 
Poisson’s ratio. According to  [20]: c10≈E/6 where E is the 
Young’s modulus. The two coefficients c10 and d have 
been calculated from the data reported in  [21] with the 
assumption of mechanical linearity and incompressibility 
of muscle namely E=15 kPa and ν=0.499. The c20 
coefficient has been determined according to  [22]. The 
computed constants are shown in table 2. 

Table 2- Constants of simplified  5-parameter Mooney-
Rivlin model for passive tissues. 

c10 (MPa) c20 (MPa) d (1/MPa) 
2.5e-3 1.175e-3 0.8 

The mechanical properties of part of this mesh change 
with muscle activation to model the stress stiffening 
effect. More details will be given in the method section. 

2.2 Cable Elements: modelling the muscle active 
part 
For modelling muscle activation 3D cable elements 
(LINK10) are used. These elements are implemented on 



top of the facial mesh and model the main directions of 
muscle fibres. These fibre directions have been extracted 
from CT data (for the bony insertions and the localization  
of typical anatomical landmarks) with the help of 
anatomical facts. The number of fibres per muscle 
depends on the extent and size of that muscle. Ten 
orofacial muscles are modelled. The muscle names  [18] 
and the corresponding number of fibres for half of face 
are shown in Figure 2 and Table 3. These fibres are 
modelled as a set of contiguous cable elements. Since 
each cable element is a line in space, the number of cable 
elements per fibre increases, as a function of the muscle 
fibre curvature to model it smoothly. 

 

Table 3- Orofacial Muscles for half of face 
Muscle Name Abbreviation Number 

of 
Fibres 

Total 
Number 
of Cable 
Elements 

Levator Labii 
Superioris 

Alaeque Nasi 

LLSAN 2 12 

Levator Anguli 
Oris 

LAO 1 9 

Zygomaticus 
(major and 

minor) 

ZYG 2 15 

Risorius RIS 1 6 
Buccinator BUC 2 12 
Depressor 

Anguli Oris 
DAO 2 12 

Depressor Labii 
Inferioris 

DLI 2 11 

Mentalis MENT 2 11 
Orbicularis 

Oris 
Peripheralis 

(Inferioris and 
Superioris) 

OOP 2 14 

Orbicularis 
Oris Marginalis 
(Inferioris and 

Superioris) 

OOM 2 14 

These cable elements act in tension only and will become 
slack under compression. These properties are consistent 
with those of a muscle in the fibre direction. 

 
Figure 2- Fibres corresponding to 10 muscles. 

2.3 Contact Elements 
In the model there are two groups of contact elements. 
The first group is used to couple cable elements with main 
mesh. The second group is used for modelling the real 
contact surfaces (lip/lip and lips/teeth). 

2.3.1 Coupling Elements 
The cable elements are defined independent of the 
elements of the main mesh, but they are linked to them 
thanks to point to surface contact elements. The points 
(pilot nodes) are extremities of cable elements and the 
corresponding surfaces of the brick elements which 
centroid is the closest  to cable element extremities. In 
Figure 3 the cable elements and the corresponding 
coupling elements for the OOP and ZYG major are 
shown. 

 
Figure 3- Coupling elements for the OOP and ZYG major. 

2.3.2 Contact Surfaces 
For modelling lip/lip and lips/teeth contacts, ANSYS 
contact elements are used. These elements are of surface 
to surface type (CONTA173 and TARGE170) (Figure 4). 



The teeth surfaces on mandible and maxilla have been 
approximated with a spline surface (Figure 4B) and 
discretized with quadrilateral rigid target elements. The 
contact elements have no initial interpenetration and are 
of sliding type without friction (MU=0). 

 
(A) 

 
(B) 

Figure 4- (A) lip/lip and (B) lips/teeth contact elements. 

2.3.3 Boundary Conditions 
The nodes of the internal layer of the main mesh 
corresponding to face tissue attachments to the skull are 
fixed. This no-displacement boundary condition is also 
applied to the ends of cable elements corresponding to 
muscle insertions on skull and teeth surface. 

3. Method and Theory 

3.1 Muscle activation and tissues properties 
Muscles behave like a transversely isotropic material with 
isotropicity in the plane orthogonal to the muscle fibre 
directions. This means that mechanical properties in the 
direction of muscle fibres are different from the ones in 
the cross-fibre direction. Due to force generation in the 
direction of the muscle fibres and to the fibres tensile 
characteristics, the transversal bending stiffness increases 
while the tensile force increases (similar to the stress 
stiffening phenomenon in cable members or membranes).  
 

 
Figure 5- A point P inside a muscle (upper panel) is virtually 
displaced under the action of a transversal force F that is in 
equilibrium with fibre forces F1 (upper panel). 

This is illustrated in Figure 5 with a simple example of a 
virtual point P inside a muscle fibre originally at 
equilibrium under constant muscle activation (force F1) 
and then displaced (by δ) because of the action of a force 
F applied in the muscle transversal direction. Once the 
new equilibrium is reached (Figure 5 lower panel), 
assuming a linear relationship between force and 
displacement, we have: 
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This means that, when δ is negligible as compared to ℓ1 
the muscle transversal stiffness dF/dδ is proportional to 
muscle force F1. 
When a muscle is activated, its fibres generate forces 
that resist to elongation, according to a certain 
tension-length relation (see for example  [1]), and in 

a way that increases when activation increases (see 
for example  [23]). In real muscle the fibres 

distribution is so dense, that the resistance to 
elongation of the whole muscle body increases with 
elongation in the fibres direction.  In our model, 
muscle fibres are not represented in all their details. 
They are modelled by a limited number of localized 
macrofibres (typically from one to three). When the 
muscle is activated, each of these macrofibres 
generates a force and resists to the elongation, but 
since the fibres are localized, this resistance does not 
apply to the whole body of the muscle. This would 
not be a realistic behaviour. In our model, in order to 
compensate for this drawback, the stiffness of the 
muscle tissues (determined by the mesh elements 
surrounding the fibres, according to a 
neighbourhood algorithm that will be presented 
below) increases with muscle activation in the fibres 
direction. Hence, muscle activation is associated both 
with a resistance to stress in the direction orthogonal to 
the fibre direction (the stress stiffening effect) and with a 
resistance to elongation in the fibre direction. 
Consequently, it is modelled by an isotropic increase of 
the young modulus, implemented by modifying the 
parameters of the passive constitutive law. This modelling 
is functionally correct, except for the resistance to 
compression in the fibres direction. Indeed, it is known 
that this resistance to compression varies with the 
compression rate and is close to zero when this rate is low 
( [24]). Further improvements will be provided along this 
line in future works. 



3.2 Implementation of muscle activation and 
stress stiffening 
The cable elements generate active muscle force. In the 
current state of the model, the muscle generation 
mechanisms are oversimplified. It does not take into 
account feedback information about length and (or) 
velocity, but varies as a consequence of a unique central 
command corresponding to a step function in each time 
step. For activating a muscle a virtual temperature is used. 
With decreasing temperature the cable length starts 
decreasing and therefore each cable exerts force on the 
main mesh through the coupling elements. With a 
temperature difference ΔT the force exerted by a cable 
element will be:  

F=AE(ε-αΔT)                                                         (3) 

in which A is the cable cross sectional area, E is the 
Young’s modulus and α is thermal coefficient of 
expansion of the cable elements. Consequently, changing 
T while keeping the material parameters constant at an 
arbitrary set of values, will induce changes of the cable 
force. The material parameters can be used as scaling 
parameters to boost the level of force at each step. 
The variation of the constitutive law associated with 
muscle activation applies to the mesh elements that are in 
a close neighbourhood of the muscle fibres. This 
neighbourhood is determined by an algorithm the 
considers a sphere (with a radius of the order of the one of 
the muscle cross sectional dimension) running along the 
cable elements lines. Each element of the main mesh that 
intersects the sphere is then determined as a muscle 
element (see for example Figure 6 for the ZYG and OOP 
muscles neighbourhoods). 
With increase of muscle activation the material properties 
of these elements will change as a function of parameter T 
by functionally scaling the factors of the passive 
hyperelastic law (Figure 7). 

3.3  Simulations 
Different muscle activation patterns have been used and 
their influences on facial gestures and mimics have been 
evaluated. Both static and transient analyses have been 
performed. In addition to the static analysis that takes into 
account only the stiffness matrix, full transient analysis 
takes also into account the effect of inertia and viscosity. 
In this analysis viscosity is modelled using proportional 
damping: 

C=αM+βK                                                  (4) 
with coefficients equal to α=40 β=0.03  [25].  
 

 
Figure 6- Muscle elements from main mesh corresponding to 

the ZYG major and the OOP muscles, as selected with the 
spherical neighbourhood algorithm (see text) with radiuses 

equal 2 and 3 mm respectively. 

 
Figure 7- Variation of the constitutive law functionally 

accounting for stress stiffening effect associated with muscle 
activation. 

4. Results 
Figure 8 shows the consequence of the activation of the 
risorius and Figure 9 shows the impact of activation of the 
buccinator. In Figure 10 the mimic associated with the 
coordinated action of OOP and BUC is shown. In all these 
figures qualitatively these actions are consistent with 
predictions made from anatomical knowledge.  

 

Figure 8- Risorius activation 



 

Figure 9- Buccinator activation 

The risorius is known to to stretch the mouth 
laterally and to retract the corners of the mouth. This 
is consistent with the strain depicted in Figure 8 

 

Figure 10- OOP and BUC co-activation 

The buccinator has no or little influence on the lips, and 
essentially act on the cheeks, that are thus compressed 
against the teeth  [26]. Our simulation matches quite well 
these expectations (Figure 9) the lips have the same shape 
as in our model at rest, while the strain essentially affects 
the lower part of the face. 
The OOP has been shown in our model to generate a 
protrusion and a closing of the lips  [17], which is 
consistent with usual hypotheses in the literature, the 
coordinated action of the buccinators and the OOP 
generates a closing of the lips. It can be assumed that the 
stiffening of the cheeks due to the buccinators activation 
limit the amplitude of the protrusion, which would explain 
that mainly closure is observed. 
For the dynamic analysis full transient analysis is used. 
The time needed to produce face movements during 
speech is between 0.1s and 0.3s  [27], so we consider 0.1 s 
as activation time for single muscle activation in transient 
analysis. Transient analysis of OOP has been used to 
analyse strain rates. For this purpose maximum strain in 
each time step is computed and strain rate and average 
strain rate are calculated (Table 4).  

Table 4- Strain rate analysis of OOP activation 
Time (s) Strain Average 

Strain Rate 
(s-1) 

Strain Rate 
(s-1) 

 

0 -0.13  0 

0.01 -0.13 -13 0 

0.02 -0.13 -6.5 -6 

0.03 -0.19 -6.33 -8 

0.04 -0.27 -6.75 -6 

0.05 -0.33 -6.6 -8 

0.06 -0.41 --6.83 -4 

0.07 -0.45 -6.43 -6 

0.08 -0.51 -6.38 -4 

0.09 -0.55 -6.11 -1 

0.1 -0.56 -5.6 0 

 

Maximum average compressive strain rate in OOP 
activation is about -6.5 s-1. 
Therefore strain rate analysis of muscle activation shows 
high strain rate in speech movements which justifies the 
stiffening effect of muscle material properties during 
movement  [24]. 

5. Discussion and Conclusion 
The method used in this paper is simple and enables us 
dynamic analysis of muscle activation without the need 
for defining anisotropy which is inherent in muscles. This 
method simplifies the need for aligning muscle elements 
along fibre directions which is a difficult task. The three 
layer defined in the model will help us to define different 
properties of facial tissues. 
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