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Abstract

The face is probably the part of the body, which most distinguishes us as individuals. It plays a
very important role in many functions, such as speech, mastication, and expression of emotion.
In the face, there is a tight coupling between different complex structures, such as skin, fat,
muscle, and bone. Biomechanically driven models of the face provide an opportunity to gain
insight into how these different facial components interact. The benefits of this insight are
manifold, including improved maxillofacial surgical planning, better understanding of speech
mechanics, and more realistic facial animations. This chapter provides an overview of facial
anatomy followed by a review of previous computational models of the face. These models
include facial tissue constitutive relationships, facial muscle models, and finite element models.
We also detail our efforts to develop novel general and subject-specific models. We present key
results from simulations that highlight the realism of the face models.

Keywords: Face, finite element models, constitutive relationships, skin, muscles, expressions,

lips

Introduction

The development of computational face models is motivated by their application in many
disciplines, including animation, biomedical engineering, and forensics [17, 68, 70]. Clinical uses

of face models could also improve patient outcome.
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While face animation has been used for realistic talking heads for computational social agents
[54], the technique still does not cross the uncanny valley. This phenomenon proposes that as
artificial faces become more realistic they become more eerie and repulsive to a perceiver [44].
Facial animations fail to cross the uncanny valley partly due to the unrealistic motion of the
facial tissue. However, biomechanically driven models, such as finite element models, of the
face provide the opportunity to incorporate the subtleties of how facial skin and the underlying
layers move physically. Furthermore, when combined with biomechancially based models, such
as the upper airway (chapter 10), and tongue (chapter 25), it is possible to have a complete
functional model of a talking, breathing, and eating head that captures the underlying physics of
motion during these complex movements leading to a more realistic correlation between form and
function needed to cross the uncanny valley. These biomechanical face models can also be used
for maxillofacial surgical simulations [31] to facilitate planning and training of complex operations
to improve speech and mastication outcomes [62]. Additionally, realistic face prosthetics can be
designed to move and deform realistically using these face models [36].

We can use simulations to investigate speech mechanics. Jaw, lip, and tongue coordination for
speech is challenging to analyse experimentally. Physically accurate face models can compliment

experiments and help determine clinical solutions to patients’ speech impediments [59].

Background

The human face comprises many anatomical components that contribute to appearance and
function. Several accounts describe facial anatomy [34, 51]. Briefly, we summarise the structures

in layers from superficial to deep.

Skin

Skin forms the outer face layer and contains the outer epidermis and the underlying dermis.
The epidermis contains several cell layers. The dermis comprises collagen and elastin fibres
embedded in a ground matrix. Facial skin thickness and composition varies according to position

and person. Its thickness ranges from 0.5 mm on eyelids to 1.5 mm on cheeks [35, 48, 66].

Subcutaneous fat

Under the skin, the face contains several superficial fat compartments. They are the nasolabial
fat compartment; temporal-cheek fat pads, which cover the cervical, cheek, and forehead regions;

orbital fat pads; and the jowl fat compartment in the lower third of the face. Each compartment



is separated by fascial tissue and septae [51]. With aging, volume loss occurs at different rates

in the fat compartments, which leads to less smooth contours on facial surfaces.

Superficial musculoaponeurotic system

The superficial musculoaponeurotic system (SMAS) is a tissue sheet of collagen and elastin
fibres, and fat cells extending from the neck up to the forehead [43]. It plays a key role in facial
expression by connecting mimetic muscles to the dermis.

Two SMAS types exist. Type I SMAS occurs in the forehead, parotid, zygomatic, and
infraorbital areas and comprises fibrous septae. Type II SMAS is a dense mesh of collagen,
elastin, and muscle fibres and is found in the lip area [28]. SMAS thicknesses vary throughout

the face from 2 mm to 3 mm [32].

Retaining ligaments

Retaining ligaments are fibrous connective tissue condensations that either anchor skin to
bone (also known as true retaining ligaments) or soft tissue layers to each other (also known as
false retaining ligaments). The zygomatic ligament anchors the dermis near the inferior border
of the zygomatic arch. The mandibular retaining ligament connects mandibular bone to the
dermis. The orbicularis retaining ligament anchors the dermis in the anterior orbital rim region
[42]. False retaining ligaments include the masseteric and platysma-auricular ligaments. The
masseteric ligament is positioned along the anterior masseter muscle border and connects the
SMAS and dermis. With aging, the retaining ligaments become weaker, which results in tissue

sagging [42].

Mimetic muscles

Beneath the layer of retaining ligaments are numerous thin flat muscles known as mimetic
muscles (figure 24.1). In the eye region are five muscle sets: the frontalis is the main elevator
of brows; corrugator supercilli also depress brows and cause them to move medially; depressor
supercilli have similar functions; obicularis oculi cause eyes to squeeze shut; and procerus pull
lower forehead skin down to cause a horizontal crease on the nose [51].

Around the mouth are levator muscles, zygomaticus major and minor, risorius, buccinator,
orbicularis oris, depressor anguli oris, depressor labii, and mentalis. Zygomaticus major and
minor originate in the zygomatic bone and insert in the mouth corner to lift it. The levator
muscles (labii, labii superioris alaeque nasi, and anguli oris) elevate the upper lip and mouth

corner. The risorius extends from the lateral cheek and inserts into the mouth corner, pulling it
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Figure 24.1: Face muscles. Note that the buccinator and risorius muscles are not indicated in this sketch. From

[40]. Adapted under licence.

laterally. It is absent from some people [4]. The buccinator pulls back on the mouth and flattens
the cheek. The orbicularis oris is a sphincter around the mouth responsible for lip action.
Depressor anguli oris originates in the mandible and merges with orbiculoris oris depressing the
mouth corners upon contraction. Depressor labii inferioris arises from the mandible and extends
upwards into the lower lip. Medial to this muscle is the mentalis, which elevates and protrudes
the lower lip.

In the nose region, the compressor naris compresses the nasal passage; the dilator naris dilates
the nostrils; and the depressor septi moves the nose tip downwards.

Twenty mimetic muscles have to be modelled to represent the whole face [68]. The models

presented in later sections model a subset of these muscles to simulate specific facial expressions.

Deep-plane fat

In the deep plane beneath the mimetic muscles lie the suborbicularis oculi, bucal, and galeal
fat pads. As well as providing volume and shape to the face, they act as glide planes for
free movement of facial muscles. In particular, the suborbicularis oculi fat pad lies underneath
the orbicularis region. The bucal fat pad allows movement of the mastication muscles. The
corrugator and procerus glide upon the galeal fat pad. Deep plane fat pad volume loss occurs

with ageing resulting in visible folds and grooves.



Facial skeleton

The skeleton provides anchoring points for muscles and structural support for facial soft

tissues. The main facial bones are the frontal, zygomatic, maxilla, nasal, and mandible bones.

Previous computational models of the face

Facial tissue constitutive relationships

Constitutive facial soft tissue model development has been ongoing for several decades [5, 27,
52, 53]. Many models were developed to simulate soft tissue from other anatomical locations.

Validating constitutive models requires experimental data. There is a relative dearth of such
data to determine material parameters for facial soft tissues. Many studies use the Cutometer®
(Courage and Khazaka Electronic GmbH, Ko6ln, Germany), which applies suction to skin [15,
49, 61], enabling parameters characterising skin distension and retraction to be identified. These
studies demonstrate how age influences facial skin mechanical response [16] and property vari-
ations from person to person [39]. The format of reported results are not ideal for constitutive
model development with certain skin deformation measurements only detailed at a couple of
specific times. Other studies using similar suction protocols include Barbarino et al. [5] and
Luboz et al. [38]. A variation on this approach is to blow air normal to facial skin [25]. These
approaches cannot characterise anisotropic properties of facial tissues due to axi-symmetrical
loading.

Ohshima et al. [49] used a Reviscometer® (Courage and Khazaka Electronic GmbH, Kéln,
Germany) to characterise anisotropic properties of three areas on 91 female faces. The approach
assumes a linear stress-strain response by relating the wave speed and Young’s modulus of skin.

A constitutive model developed to characterise facial tissue anisotropic dissipative response
is detailed in work by Rubin and Bodner [52]. This model further develops the approached
published in Rubin et al. [53] and represents tissue as a composite of an elastic fibre component
and a dissipative component. The strain energy equation is

W= G =1, g=0:()+ 02(B) + gs00) + ga(en), (1)
where pg is a material constant having the units of stress and ¢ is a dimensionless constant
that controls the nonlinearity of the moduli. .J is the volume ratio, and B is the deviatoric left
Cauchy tensor. A\; represents the fibre stretch, and oy = By - I, where By is a pure measure

of elastic distortional deformation associated with the dissipative component. g¢; characterises



volume dilation; g, characterises total distortion; g3 accounts for fibre stretch; and g, represents

distortional dissipative deformation.

g1(J) =2mq[(J — 1) —In(J)] g2(B) = ma(B:1-3)

ga(\1) = =2 (A — 1) gilar) = a1 =3, (2)
my

where m1_3 are dimensionless material parameters related to the response of dilation, distortion,
and fibre stretching. my is a dimensionless constant that controls the nonlinearity of the response
to fibre stretching. The McAuley brackets (o) = (] ® | + )/2 ensure no resistance to compression
in fibres.

Rubin and Bodner [52] evaluated the ability of this strain energy equation to simulate uniaxial
tension of in vitro facial skin and SMAS [32]. While the experimental data was insufficient for
simulating tissue anisotropy, the model did simulate the cyclic loading-unloading and stress
relaxation response of the samples.

A simplified Rubin-Bodner model has been used in studies on facial tissue mechanics. Bar-
barino et al. [5] ignored the fibres and dissipation contributions when characterising five facial
points (g3 = g4 = 0 in equation (2)), reducing the parameter number from fourteen to three
independent parameters with physical meaning. pgmi represents the initial bulk modulus, poms
represents the initial shear modulus, and gms represents the nonlinearity of the moduli.

Barbarino et al. [5] also fit a second-order reduced polynomial equation to the average response
from the five facial points.

1 1
W = Cio(I1 —3) + Coo(I; —3)* + —(J — 1)+ —(J — 1)% (3)
D, Do

where Cig, Cao, D1, and D, are material parameters, and I; = B - L.

They chose this model because it is commonly implemented in commercial finite element
software.

They used a Cutometer® and an aspiration device to get measurements in five facial regions
- the forehead, zygomatic, parotid, nasolabial, and jaw. The 2 mm diameter aperture on the
Cutometer® was used to characterise the superficial skin layer. The larger 8 mm aperture on
the aspiration device deformed the deeper layers to characterise the SMAS and fat layers. They
developed an axisymmetric finite element model consisting of a 1.7 mm thick skin layer and
a 3 mm layer representing both the SMAS and fat. They identified material parameters that
best-fit the Rubin-Bodner model and the second order reduced polynomial model to the averaged

response of the five facial points.



Weickenmeier et al. [64] developed this approach further by including the dissipative compo-
nent of the Rubin-Bodner model (g4 # 0 in Equation (2)). Using a similar protocol to Barbarino
et al. [5] and an axi-symmetric finite element (FE) model, they determined in vivo material
parameters that simulated the averaged response of three facial points (forehead, parotid, and
jaw). Differences occurred in some material parameter values between Weickenmeier et al. [64]
and both Barbarino et al. [5] and Rubin and Bodner [52]. These differences are explained by
the in vitro samples used in Rubin and Bodner [52] and ignoring dissipative effects in Barbarino
et al. [5].

The simplified Rubin-Bodner models used in Barbarino et al. [5] and Weickenmeier et al.
[64] ignored in vivo facial skin anisotropic properties. Flynn et al. [22] used a force-sensitive
micro-robotic device to apply a rich deformation set to facial skin of five volunteers. In all
cases, a nonlinear, anisotropic, and viscoelastic force-displacement response was recorded. They
proposed a simplified FE model, with a second-order Ogden strain energy equation and a quasi-

linear viscoelastic relationship representing skin.

i\ @ o 1
W:Zu—()\ll+)\21+>\3”)+E(J—1)2, (4)

. i 7
=1

where ; is a material parameter with dimensions of stress and «; is a parameter controlling the

nonlinearity of the response. d; is the bulk modulus. A1, A2, and A3 are the principal stretches.

0 =10+ [ Tt~ ar 8

where T(t) is the total Cauchy stress tensor at ¢, T. is the elastic Cauchy stress tensor,
gr(t) =1—-gF (1 —e ¥/ s ) is the reduced relaxation function represented by a Prony series.
gF is a viscoelastic parameter and 7 is the relaxation time.

In-plane pre-stresses in two orthogonal directions were also applied to simulate the tension in
living skin. Nonlinear optimisations generated material parameters and in vivo pre-stresses that
best-fit the central cheek response of five volunteers and several points of one volunteer.

Recently, Flynn et al. [23] simulated the same data set using an anisotropic constitutive model

[26].

k -
W= G = 1) 4 bl Oy, (6)

where p and k; control the stiffness of the material at low strains, and ko is a dimensionless

parameter that controls the stiffness of the material at high strains. I,(f) = NCN is the



fibre stretch squared of the nth family of fibres orientated in the direction IN in the reference
configuration. C is the deviatoric right Cauchy tensor.

The finite element model in the study was based on a single layer of shell elements. The
constitutive relationship has previously been used to simulate the response of in vitro skin under
uniaxial tension Annaidh et al. [2]. The error between model and experiment was less than the
error reported by Flynn et al. [22]. This is expected with the use of a constitutive relationship

that more accurately represents the fibre orientation than an isotropic relationship.

Facial muscle modelling

Facial muscles are striated compared to soft muscles, and activation induces contraction along
fibres. Muscle simulations should include fibre directions and a model to generate contractions.

Fibre directions in face models are generated manually using anatomical data or fitting B-
splines on digitized fibre directions through a serial dissection of the muscle [33, 56, 67].

In FE models, muscle fibres can be aligned along element edges. The muscle force is a function
of length and velocity difference between element edge nodes [10]. Fibres are also represented
using link elements and using temperature to model activation. This approach models passive
muscle stiffening [45, 46].

Transversely isotropic relationships represent muscle passive properties [57]. The strain en-
ergy derivative with respect to the invariant I, = agCag gives the stress along the fibres. ag is
the unit vector along the initial fibre direction and C is the right Cauchy-Green strain tensor.
Adding this stress to the active muscle stress gives the total stress in the contracting muscle.

Muscle force generation models are typically of the Hill-type with the muscle force generated,
F,., given by

Foe = FraoF(l,0) fa (7)

where Fip,,. is the maximum muscle force generated, F(I,v) = fig(v) (with f; being the tension-
length and g(v) being the tension-velocity muscle characteristics), and f4 represents activation
dynamics from the central nervous system [69].

An alternative to Hill-type models is Feldman’s A model [18]. Both approaches differ in two
ways. Firstly, in a Hill-type model, muscle force is controlled by the maximum force variable.
In the A model, muscle force is a consequence of the combination of the stretch reflex and the
force-length characteristic of the muscle. Secondly, to assign values to the parameters of Hill-type

models, experimental data is needed when the muscle is maximally activated. The A model is



based on experimental data from unloading tasks. The generated muscle force in the A model is
Fee = Fraa F (AL v,d, t)g(v) (8)

where A is the muscle threshold length, d is the reflex delay. The current muscle force is dependent
on the length and velocity at time ¢. This model simulates the nonlinear force-stiffness of muscles
(see figure 6.5 in McMahon [41]).

Ovesy et al. [50] showed the A model had a more realistic response rate compared to the
Hill-type model. In a study of orofacial gestures, no clear biomechanical differences were found

between the two models [47].

Finite element models

Early physically-based face models considered the face as a mass-spring lumped parameter
system [60]. Models since then have used FE methods to simulate the nonlinear finite deforma-
tions that facial tissues undergo.

Sifakis et al. [56] developed a FE model with a rigid surface mesh for bone, a tetrahedral
mesh for soft tissue, and embedded vectors representing muscle fibres. A Mooney-Rivlin equa-
tion represented the soft tissue. They simulated facial expressions and narration sequences and
determined muscle activations that best-fit model surface-points to corresponding experimen-
tally tracked surface markers for a given action. Gladilin et al. [30] developed a FE model for
craniofacial surgery applications. It comprised a linear elastic soft tissue mesh (Young’s modulus
2.2 MPa, Poisson’s ratio 0.45) and muscles represented virtually by a vector field inside a 3-D
ellipsoid. Pre-computed muscle forces simulated happiness and disgust. Beldie et al. [7] simu-
lated facial expressions pre and post maxillofacial surgery. The model contained rigid bone, skin,
fat tissue, and 20 facial muscles. The latter were represented using a Hill-type muscle model.
A linear elastic model represented skin (Young’s modulus 15 kPa, Poisson’s ratio 0.49) and a
neo-Hookean material represented the fat (Cy9 = 420 Pa, Poisson’s ratio of 0.495).

Chabanas et al. [13] developed several patient-specific models to simulate mandible reposi-
tioning. They divided the soft tissue into two layers representing the dermis and hypodermis,
which were simulated using a linear-elastic model (Young’s modulus 15 kPa, Poisson’s ratio
0.49). Barbarino et al. [4] developed a very detailed FE model based on MRI data. The skull
and mandible were represented along with retaining ligaments, skin, a combined SMAS and hy-
podermis layer, and deeper subcutaneous tissue. Eleven passive facial muscles were present. The

simplified Rubin-Bodner model (Equations (1) and (2)) was used to represent soft tissues. They



modelled the insertion of a rigid ball inside the oral cavity between the teeth and cheek. They
also simulated ageing by reducing tissue stiffness.

Another detailed face model has been presented by Wu et al. [68]. Their cubic-hermite FE
model comprised a combined skin, subcutaneous and SMAS layer, and an underlying deep fascia
layer. Twenty transversely-isotropic muscle pairs were embedded in the mesh to simulate facial
expressions. Soft tissues and passive muscle properties were represented by a Mooney-Rivlin
equation (C1g9 = 0.42 kPa — 2.50 kPa; Cy = 0.0 kPa — 1.175 kPa). The deep fascia layer was
considered as a rigid surface mesh and the superficial layer glided upon it. The authors found
more realistic expressions resulted from this glide-plane. They evaluated four simulated facial
expressions by comparing surface data with measurements obtained using a 3D structured-light
scanner. The largest differences occurred in the lip region.

Recently, Warburton and Maddock [63] presented an explicit finite element forehead model
comprising stratum corneum, dermis, and hypodermis. The frontalis, procerus, and corrugator
supercilli muscles were also present. Soft tissue components were represented by a neo-Hookean
model (C1g = 0.034 MPa — 48 MPa depending on the tissue). The active and passive components
of the transversely isotropic were summed. The model efficiently simulated soft tissue sliding
over the skull and created physically-realistic wrinkles.

Many of the FE models described accurately represent the geometric characteristics of the
hard and soft tissues. However, several simplifying assumptions are made with respect to the
mechanical properties of the soft tissues. Several models assume the skin to be an isotropic
material Barbarino et al. [4], Sifakis et al. [56], Warburton and Maddock [63], and Wu et al. [68].
Others assume skin to have a linear stress-strain response Beldie et al. [7], Chabanas et al. [13],
and Gladilin et al. [30]. None of the previously described models consider the tension inherent in
living skin, which plays an important role in wrinkling Flynn and McCormack [20] and influences
the design of surgical incisions Borges [9]. To make useful predictions from biomechanical face
models, it is important to represent skin as an anisotropic, nonlinear material under tension. The
stiffening effect of muscles when under stress is also not accounted for in previous face models.
It is proposed that this effect plays a vital role in lip shaping, which has consequences for speech
mechanics.

The remainder of this chapter describes our efforts to develop face models that contains an

anisotropic skin model with pre-stress and includes muscles that stiffen under stress.
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Face model development

General face model

The first face model was created using a patient’s CT scans by generating the skin and
skull surfaces respectively using the method described in Chabanas et al. [13]. The volume
between, representing the facial tissue, was meshed manually to create three different layers with
hexahedral and wedge elements [46]. The model was developed within ANSYS (ANSYS, Inc.,
Cecil Township, PA, USA) and contained 6030 hexahedral elements, 314 wedge elements, and
8736 nodes (figure 24.2). The wedge element formulation is a degenerated formulation from the

hexahedral formulation. The mesh was created symmetrically with respect to mid-sagittal plane

A

000 5000 100,00 (mrm)
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2500 7500

Figure 24.2: General face model: wedge elements are yellow and hexahedral elements are blue; From Nazari et al.

[45]. Copyright 2011 by Human Kinetics. Adapted with permission.

to reduce the number of degrees of freedom and thus reduce the computational time. We defined
contact elements between upper and lower lips and between the lips and a surface simulating
teeth. Attachment nodes on the skull were fixed. We defined muscle pathways with the help of
anatomical data and CT scans. Muscles were defined as cable elements, which act in tension
only. End points of the cable elements correspond to anatomical landmarks located in reference
to the skull. This means that their definition is independent of the refinement of the soft tissue
mesh. Point to surface contact elements coupled the cable elements with the main mesh. The end
points of the cable elements are coupled to the surface of mesh elements whose centroid is closest
to the cable extremity. A volume running along each cable element line with a radius equal
to the muscle cross-sectional dimension is determined. Elements of the main mesh intersecting

this volume is then labelled as a part of the muscle body. Simulations creating different facial

11



gestures were produced. For a detailed discussion see Nazari et al. [46]. In Nazari et al. [45] the
model’s behaviour was verified as a first model producing lip protrusion and lip rounding. This
model was used as a basis to create a patient specific model using mesh morphing operations

11, 12].

Subject-specific model development

Finite element model
Starting from the finite element mesh developed with ANSY'S, this model was further devel-
oped within Artisynth (www.artisynth.org), an open source biomechanical modelling platform

developed at the University of British Columbia (figure 24.3) [37].

(a) (b)

e Cranium

Anterior, middle and
posterior temporalis

Maxilla Deep masseter

Superficial masseter
Mandible

. Zygomatic
Hyoid retaining ligament

Mandibular ligment attachment region

attachment region

Figure 24.3: Subject-specific face model: (a) soft tissue mesh; (b) bones, jaw muscles, and ligament attachment

points; From Flynn et al. [24]. Copyright 2015 by Taylor & Francis Ltd. Adapted with permission.

The cranium, maxilla, and hyoid are represented as rigid bodies and fixed in space. The jaw
is connected to the hyoid and muscles represented as point-to-point Hill-type actuators [58].

A finite element mesh, similar to that discussed in the previous section, represents soft tissue.
The outer and inner mesh surfaces were fit to corresponding surfaces of CT data of an adult
male [12]. The mesh has three element layers with the outer element layer representing skin, and
inside layers representing the hypodermis.

We implemented the mimetic muscles in the same manner as described in the previous section
(figure 24.4). Elements in the path of a muscle are assigned passive and active properties. The
total muscle fibre response is based on a transverse-isotropic relationship proposed by Blemker

et al. [8]. The passive stress along the fibres increased exponentially with increasing fibre stretch

12



[65]. This results in a stress stiffening effect. The same muscle material parameters were used.
A* = 1.4 is the stretch at which the fibres are straightened, P; = 0.05 scales the exponential
stresses, and Py = 6.6 is the rate of uncrimping of fibres. The maximum active fibre stress was

100 kPa.

(a) (b)

A\
W \\\\ \ N Y
W\ \
N PRRNRRRY S

Figure 24.4: (a) Orofacial muscles including element muscle fibres; (b) relaxed skin tension line direction assigned

to each element; From Flynn et al. [24]. Copyright 2015 by Taylor & Francis Ltd. Adapted with permission.

The zygomatic ligaments are represented by fixing the nodes in the soft tissue mesh closest
to the region where these ligaments attach to the maxilla. Soft tissue nodes in the mandibular
ligament attachment regions are fixed to the mandible.

Contact between soft tissue and bony structures is modelled, along with contact between
upper and lower lip surfaces. Contact is based on interpenetration of the surface nodes. Velocity
constraints are formed between interpenetrating nodes and opposing faces. The direction of
the constraint is the normal of the opposing face closest to the interpenetrating node. These

constraints are added to the system in subsequent time-steps to correct the interpenetration.

Soft-tissue constitutive equations

The hypodermis is represented by a Mooney-Rivlin constitutive equation.
- _ K
W:CIO(Il —3)—|—020(Il —3)2+§(IDJ)2, (9)

where C1g = 0.4 kPa, Cy = 1.4 kPa, and k = 50 kPa are material parameters taken from [5].
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We used a frame-invariant Fung constitutive equation for the skin [3].

W= g(eQ 1)+ g(ln J)2, (10)
3 3
Q=c"> |2u.AL B>+ > Aa(A):E)(A):E)|, (11)
a=1 b=1

where ¢, 14, A\gp are material parameters whose values are based on in vivo tests on forearm skin

[21] (table 1).

Table 1: Material parameters for different skin-types. TSF stands for Tension Scale Factor. From [24]. Copyright
by Taylor & Francis Ltd. Adapted with permission.

Skin type ¢ (kPa) py1(kPa) puo (kPa) ps (kPa) A1 (kPa) Mg (kPa) TSF

Normal 21.3 17.8 5.9 5.9 1.0 1.0 1.10
Stiff 42.6 35.6 11.8 11.8 11.8 2.0 1.05
Soft 10.7 8.9 3.0 3.0 0.5 0.5 1.15

E = (FTF — 1) is the distortional Green-Lagrange strain tensor; A? = a% ® a%, where a’

defines an initial material axis direction a. For each soft tissue element, a) was set to the relaxed

skin tension line direction in that region (figure 24.4(a)) [9].

Implementing skin pre-stress

A novel aspect of Flynn et al. [24] is the pre-stress in the soft tissue mesh. Prior to the FE
analysis, all the nodal coordinates of the soft tissue mesh were scaled by dividing by a tension scale
factor (TSF). At the start of the FE analysis, the globally-scaled soft-tissue mesh corresponded to
the stress-free configuration. During the initial analysis step, displacement boundary conditions
were imposed on all nodes of the inner surface of the soft-tissue mesh. These boundary conditions
transformed these inner nodes back to their original reference positions. Any nodes on the
inner surface, which were not attached to bony structures or ligaments, had their displacement
boundary conditions removed. In place of these boundary conditions, the corresponding reaction
forces were imposed. These reaction forces were reduced linearly to zero in 1 second. This was a
more stable procedure than suddenly releasing the nodes. These operations created a pre-stress
in the soft tissue. Three different TSFs were analysed. With a TSF=1.05, the pre-stress in the
skin mesh averaged 2.5 kPa. A TSF=1.1 resulted in pre-stresses of 5.2 kPa and a TSF=1.15
resulted in pre-stresses of 9.9 kPa. The values of TSF were chosen to give pre-stress levels within

estimated in vivo ranges.
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Model evaluation

We evaluated the model by simulating several actions and comparing landmark displace-
ments and distances between certain landmark pairs with corresponding in vivo measurements
(figure 24.5(a)). Details of the experimental protocols can be found in Coulson et al. [14], Gio-
vanoli et al. [29], and Sforza et al. [55]. We simulated facial expressions by activating appropriate
facial muscle sets (see Table 1 in [24]). These expressions included open-mouth smile, closed-
mouth smile, pursing of lips, and lips turned downwards. Activation levels were chosen that
resulted in realistic expressions. Wide mouth opening was simulated by activating the pterygoid

and digastric muscles with 100% activation in each [58].

(a) (b)

(d)

Figure 24.5: (a) Facial landmarks; (b) Wide open mouth; (c) open-mouth smile; (d) closed-mouth smile; (e) lips
turned downwards; (f) lips pursed. From Flynn et al. [24]. Copyright 2015 by Taylor & Francis Ltd. Adapted

with permission.

We also investigated skin stiffness and pre-stress effects on landmark displacements during
facial actions (table 1). These skin properties changes are similar to what is observed in ageing

skin [1, 6].

15



Results

General face model results

Different facial gestures were produced by activating appropriate muscles in the general face
model. The resulting gestures are consistent with those produced by the corresponding muscles
reported in the anatomical references. The computational time for each simulation was about
35 minutes on a 2.6GHz Core 2 Duo processor.

Focusing on lip protrusion and lip rounding, better lip shaping occurs when we stiffen facial
tissues [46] (figure 24.6). This is due to the stress stiffening effect of muscle fibres when they
generate contraction forces along their length. In early model versions, fibre numbers were small
(maximum two per muscle). The stiffening effect was introduced in the model through the change

of passive properties during activation (the coefficients in Mooney-Rivlin hyperelastic model).

(a)

Figure 24.6: The effect of orbicularis oris muscle activation: (a) with stress stiffening, a more realsitic effect

occurs; (b) with no stress stiffening, the lips protrude excessively.

Subject-specific model results

Displacement of inner soft tissue mesh nodes from their scaled positions to the reference
subject position created a tension field where the direction of maximum tension in any region
was similar to relaxed skin tension lines observed by Borges [9]. When the mouth was wide
open, the directions of maximum tension changed in-plane by up to 90° in the chin and anterior
mandible regions. For an open-mouth smile, the cheek area experienced the largest tension
direction changes [24].

Activating appropriate muscles generated different facial expressions (figure 24.5(b)-(f)). For
all facial expressions, the mouth corner displaced the most, as observed experimentally [14, 29,
55]. For "normal” skin with a 10% TSF, model landmark displacements were within a standard

deviation of experimental measurements (figure 24.7). Ferrario and Sforza [19] reported errors

16



in the method of Sforza et al. [55] ranging from 0.5-3.38 mm. In general, increasing skin stiffness
resulted in smaller landmark displacements during facial expression. Increasing tension in the
soft tissue had a variable effect on landmark displacements. When smiling, central upper lip
displacement increased with increasing tension but decreased with increasing tension when lips
pursed or turned downwards.

@ L. Open Mouth Smile (b) Open Mouth Smile
5% TSF

[10% TSF

[115% TSF

o Coulson et al [14]

v Sforza et al [55]

o Giovanoli et al [29]

N
o
1

o
T
o
T

9 Coulson et al [14]
¥ Sforza et al [55]
o Giovanoli et al [29]

o

o
Landmark Displacement (mm)
>

Landmark Displacement (mm)
>

PG PH RAN RMC RML RMU ROR SL PG PH RAN RMC RML RMU ROR SL
Landmark Landmark

Figure 24.7: Variation of landmark displacements for skin with different (a) stiffnesses with a TSF of 10%; (b)
tensions with a normal skin stiffness. Standard deviations are reported from [14, 29, 55]. From Flynn et al. [24].

Copyright 2015 by Taylor & Francis Ltd. Adapted with permission.

Conclusion

Creating physically-realistic facial simulations requires us to overcome several engineering
challenges. There are many complex interactions between hard and soft tissues. Most materials
are nonlinear, anisotropic, and time-dependent. Simulating how muscles drive facial expressions
is a difficult undertaking. There are diverse benefits to overcoming these challenges, such as
improved maxillofacial surgical planning, better insights into speech production, and superior
animation quality.

In this chapter, we have outlined several computational tissue, muscle, and full face models in
the literature. We have also demonstrated our approach for simulating human facial expressions.
Results from the models have indicated good agreement with experimental measurements. The
addition of an orthotropic constitutive equation to represent skin and the implementation of a
pre-stress are advancements over previous models. Accounting for the stress-stiffening effect in
muscles, which has not been considered in earlier models, results in more realistic deformations,
especially in the lip region.

There is much work to do to advance the state of the art. More efficient computational

techniques are needed to increase the simulation speed. This would increase their usefulness
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to predict patient outcome from maxillofacial surgery. Additional soft-tissue characterisation

of specific facial regions will improve model behaviour. Measuring mimetic muscle activations

during facial expressions and lip movements will inform the face model. A limitation is that the

finite element model of the face does not correspond to any of the faces used for the in vivo

landmark measurements. Realistic connections between soft-tissue layers and between soft and

bony structures needs to be implemented.

References

[1]

A. M. Albert, K. R. Jr., and E. Patterson. “A review of the literature on the aging adult
skull and face: Implications for forensic science research and applications”. English. In:

Forensic science international 172.1 (2007), pp. 1-9.

A. N. Annaidh, K. Bruyere, M. Destrade, M. D. Gilchrist, C. Maurini, M. Ottenio, and G.
Saccomandi. “Automated Estimation of Collagen Fibre Dispersion in the Dermis and its
Contribution to the Anisotropic Behaviour of Skin”. In: Annals of Biomedical Engineering

40.8 (2012), pp. 1666-1678.

G. A. Ateshian and K. D. Costa. “A frame-invariant formulation of Fung elasticity”. In:

Journal of Biomechanics 42.6 (2009), pp. 781-785.

G. G. Barbarino, M. Jabareen, J. Trzewik, A. Nkengne, G. Stamatas, and E. Mazza.
“Development and Validation of a Three-Dimensional Finite Element Model of the Face”.

In: Journal of Biomechanical Engineering 131.4 (2009), pp. 041006-11.

G. G. Barbarino, M. Jabareen, and E. Mazza. “Experimental and numerical study on the
mechanical behavior of the superficial layers of the face”. In: Skin Research and Technology

17.4 (Nov. 2011), pp. 434-444.

D. Batisse, R. Bazin, T Baldeweck, B. Querleux, and J.-L.. Leveque. “Influence of age on
the wrinkling capacities of skin”. In: Skin Research and Technology 8.3 (2002), pp. 148-154.
L. Beldie, B. Walker, Y. Lu, S. Richmond, and J. Middleton. “Finite element modelling
of maxillofacial surgery and facial expressions - a preliminary study”. English. In: Inter-
national Journal of Medical Robotics and Computer Assisted Surgery 6.4 (2010), pp. 422—
430.

18



[13]

[15]

[16]

[17]

[18]

S. S. Blemker, P. M. Pinsky, and S. L. Delp. “A 3D model of muscle reveals the causes
of nonuniform strains in the biceps brachii”. In: Journal of Biomechanics 38.4 (2005),

pp. 657-665.

A. Borges. “Relaxed Skin Tension Lines (Rstl) Versus Other Skin Lines”. In: Plastic and
reconstructive surgery 73.1 (1984), pp. 144-150.

S. Buchaillard, P. Perrier, and Y. Payan. “A biomechanical model of cardinal vowel produc-
tion: Muscle activations and the impact of gravity on tongue positioning”. In: The Journal

of the Acoustical Society of America 126.4 (2009), pp. 2033—2051.

M. Bucki, C. Lobos, and Y. Payan. “A fast and robust patient specific finite element mesh
registration technique: application to 60 clinical cases”. In: Medical image analysis 14.3

(2010), pp. 303-317.

M. Bucki, M. A. Nazari, and Y. Payan. “Finite element speaker-specific face model gen-
eration for the study of speech production”. In: Computer methods in biomechanics and

biomedical engineering 13.4 (2010), pp. 459-467.

M. Chabanas, V. Luboz, and Y. Payan. “Patient specific finite element model of the face
soft tissues for computer-assisted maxillofacial surgery”. In: Medical Image Analysis 7.2

(2003), pp. 131-151.

S. Coulson, G. Croxson, and W. Gilleard. “Quantification of the three-dimensional dis-
placement of normal facial movement”. In: Annals of Otology Rhinology and Laryngology

109.5 (2000), pp. 478-483.

V. Couturaud, J. Coutable, and A. Khaiat. “Skin biomechanical properties: in vivo evalu-
ation of influence of age and body site by a non-invasive method”. In: Skin Research and

Technology 1.2 (1995), pp. 68-73.

A. Cua, K. Wilhelm, and H. Maibach. “Elastic Properties of Human Skin - Relation to
Age, Sex, and Anatomical Region”. In: Archives of Dermatological Research 282.5 (1990),
pp. 283-288.

F. Duan, S. Yang, D. Huang, Y. Hu, Z. Wu, and M. Zhou. “Craniofacial reconstruc-
tion based on multi-linear subspace analysis”. In: Multimedia Tools and Applications 73.2

(2014), pp. 809-823.

A. G. Feldman. “Once more on the equilibrium-point hypothesis (A model) for motor

control”. In: Journal of motor behavior 18.1 (1986), pp. 17-54.

19



[22]

[27]

V. Ferrario and C Sforza. “Anatomy of emotion: a 3D study of facial mimicry”. In: EU-

ROPEAN JOURNAL OF HISTOCHEMISTRY 51 (2007), p. 45.

C. Flynn and B. A. O. McCormack. “Simulating the wrinkling and aging of skin with a
multi-layer finite element model”. In: Journal of Biomechanics 43.3 (2009), pp. 442-448.

C. Flynn, A. Taberner, and P. Nielsen. “Modeling the Mechanical Response of In Vivo
Human Skin Under a Rich Set of Deformations”. In: Annals of Biomedical Engineering

39.7 (2011), pp. 1935-1946.

C. Flynn, A. J. Taberner, P. M. F. Nielsen, and S. Fels. “Simulating the three-dimensional
deformation of in vivo facial skin”. In: Journal of the Mechanical Behavior of Biomedical

Materials 28.0 (Dec. 2013), pp. 484-494.

C. Flynn, A. Taberner, P. Nielsen, and S. Fels. “An anisotropic viscoelastic model of in
vivo facial skin”. In: Book of Abstracts of the 9th Australasian Biomechanics Conference

(ABC9). University of Wollongong, Australia, 2014, p. 57.

C. Flynn, I. Stavness, J. Lloyd, and S. Fels. “A finite element model of the face including
an orthotropic skin model under in vivo tension”. In: Computer methods in biomechanics

and biomedical engineering 18.6 (June 2015), pp. 571-582.

T. Fujimura, O. Osanai, S. Moriwaki, S. Akazaki, and Y. Takema. “Development of a
novel method to measure the elastic properties of skin including subcutaneous tissue: New
age-related parameters and scope of application”. In: Skin Research and Technology 14.4

(2008), pp. 504-511.

T. C. Gasser, R. W. Ogden, and G. A. Holzapfel. “Hyperelastic modelling of arterial layers
with distributed collagen fibre orientations”. In: Journal of the Royal Society Interface 3.6
(2006), pp. 15-35.

J. M. Gerard, J. Ohayon, V. Luboz, P. Perrier, and Y. Payan. “Non-linear elastic prop-
erties of the lingual and facial tissues assessed by indentation technique - Application to
the biomechanics of speech production”. In: Medical engineering & physics 27.10 (2005),
pp- 884-892.

A. Ghassemi, A. Prescher, D. Riediger, and H. Axer. “Anatomy of the SMAS revisited”.
In: Aesthetic plastic surgery 27.4 (2003), pp. 258-264.

20



[29]

[30]

[31]

[33]

[34]

[37]

P. Giovanoli, C. H. J. Tzou, M. Ploner, and M. Frey. “Three-dimensional video-analysis of
facial movements in healthy volunteers”. In: British journal of plastic surgery 56.7 (Oct.

2003), pp. 644-652.

E. Gladilin, S. Zachow, P. Deuflhard, and H. C. Hege. “Anatomy- and physics-based facial
animation for craniofacial surgery simulations”. English. In: Medical & biological engineer-

ing & computing 42.2 (Mar. 2004), pp. 167-170.

A. G. Hannam. “Current computational modelling trends in craniomandibular biomechan-
ics and their clinical implications”. In: Journal of oral rehabilitation 38.3 (2011), pp. 217-
234.

Y. Har-Shai, S. R. Bodner, D. Egozy-Golan, E. S. Lindenbaum, O. Ben-Izhak, V. Mitz,
and B. Hirshowitz. “Mechanical properties and microstructure of the superficial muscu-

loaponeurotic system”. In: Plastic and Reconstructive Surgery 98.1 (1996), pp. 59-73.

K. Kim and H. Gomi. “Model-based investigation of control and dynamics in human ar-

ticulatory motion”. In: Journal of system design and dynamics 1.3 (2007), pp. 558-569.

W. F. Larrabee, K. H. Makielski, and J. L. Henderson. Surgical anatomy of the face.
Lippincott Williams & Wilkins, 2004.

Y. Lee and K. Hwang. “Skin thickness of Korean adults”. In: Surgical and Radiologic
Anatomy 24.3-4 (2002), pp. 183-189.

Q Liu, L. Shao, H. Xiang, D Zhen, N Zhao, S. Yang, X. Zhang, and J Xu. “Biomechanical
characterization of a low density silicone elastomer filled with hollow microspheres for max-
illofacial prostheses”. In: Journal of Biomaterials Science, Polymer Edition 24.11 (2013),
pp. 1378-1390.

J. E. Lloyd, I. Stavness, and S. Fels. “ArtiSynth: a fast interactive biomechanical modeling
toolkit combining multibody and finite element simulation”. In: Soft tissue biomechanical

modeling for computer assisted surgery. Springer, 2012, pp. 355—-394.

V. Luboz, E. Promayon, and Y. Payan. “Linear Elastic Properties of the Facial Soft Tissues
Using an Aspiration Device: Towards Patient Specific Characterization”. In: Annals of

Biomedical Engineering 42.11 (2014), pp. 2369-2378.

S Luebberding, N Krueger, and M Kerscher. “Mechanical properties of human skin in vivo:
a comparative evaluation in 300 men and women”. In: Skin Research and Technology 20.2

(2014), pp. 127-135.

21



[40]

[51]

P. J. Lynch and C. C. Jaffe. Head anatomy anterior view. Used under the Creative Com-
mons Attribution 2.5 Licence 2006. https://commons . wikimedia . org/wiki/File:

Head_ap_anatomy. jpg. Dec. 2006.
T. A. McMahon. Muscles, reflexes, and locomotion. Princeton University Press, 1984.

B. C. Mendelson and S. R. Jacobson. “Surgical Anatomy of the Midcheek: Facial Layers,
Spaces, and the Midcheek Segments”. In: Clinics in Plastic Surgery 35.3 (2008), pp. 395
—404.

V. Mitz and M. Peyronie. “The superficial musculo-aponeurotic system (SMAS) in the
parotid and cheek area.” In: Plastic and reconstructive surgery 58.1 (1976), pp. 80-88.

M. Mori, K. F. MacDorman, and N. Kageki. “The uncanny valley [from the field]”. In:
IEEF Robotics €& Automation Magazine 19.2 (2012), pp. 98-100.

M. A. Nazari, P. Perrier, M. Chabanas, and Y. Payan. “Shaping by Stiffening: A Modeling
Study for Lips”. In: Motor control 15.1 (Jan. 2011), pp. 141-168.

M. A. Nagari, P. Perrier, M. Chabanas, and Y. Payan. “Simulation of dynamic orofacial
movements using a constitutive law varying with muscle activation”. In: Computer methods

in biomechanics and biomedical engineering 13.4 (2010), pp. 469-482.
M. A. Nazari, P. Perrier, and Y. Payan. “The Distributed Lambda (A\) Model (DLM): A

3-D, Finite-Element Muscle Model Based on Feldman’s A Model; Assessment of Orofacial
Gestures”. In: Journal of speech, language, and hearing research 56.6 (2013), S1909-S1923.

G. F. Odland. “Structure of the skin”. In: ed. by L. A. Goldsmith. Biology of the skin.
Oxford, UK: Oxford University Press, 1991, pp. 3-62.

H. Ohshima, A. Tada, A. Kanamaru, H. Akamatsu, Y. Sakai, M. Itoh, and H. Kanto.
“Relevance of the directionality of skin elasticity to aging and sagging of the face”. In: Skin

Research and Technology 17.1 (Feb. 2011), pp. 101-107.

M. Ovesy, M. A. Nazari, and M. Mahdavian. “Equivalent linear damping characteriza-
tion in linear and nonlinear force—stiffness muscle models”. In: Biological cybernetics 110.1

(2016), pp. 73-80.

P. M. Prendergast. “Cosmetic Surgery”. In: ed. by M. A. S. A. D. Giuseppe. Springer
Berlin / Heidelberg, 2013. Chap. Anatomy of the Face and Neck, pp. 29-45.

22


https://commons.wikimedia.org/wiki/File:Head_ap_anatomy.jpg
https://commons.wikimedia.org/wiki/File:Head_ap_anatomy.jpg

[52]

[53]

[54]

[56]

[60]

[61]

M. B. Rubin and S. R. Bodner. “A three-dimensional nonlinear model for dissipative re-
sponse of soft tissue”. In: International Journal of Solids and Structures 39.19 (Sept. 2002),
pp. 5081-5099.

M. B. Rubin, S. R. Bodner, and N. S. Binur. “An elastic-viscoplastic model for excised
facial tissues”. In: Journal of Biomechanical Engineering 120.5 (1998), pp. 686—689.

M. Sagar, D. Bullivant, P. Robertson, O. Efimov, K. Jawed, R. Kalarot, and T. Wu.
“A neurobehavioural framework for autonomous animation of virtual human faces”. In:
SIGGRAPH Asia 2014 Autonomous Virtual Humans and Social Robot for Telepresence.
ACM. 2014, p. 2.

C. Sforza, A. Mapelli, D. Galante, S. Moriconi, T. M. Ibba, L. Ferraro, and V. F. Ferrari-
oweiss. “The effect of age and sex on facial mimicry: a three-dimensional study in healthy

adults”. In: International journal of oral and mazillofacial surgery 39.10 (2010), pp. 990
999.

E. Sifakis, I. Neverov, and R. Fedkiw. “Automatic determination of facial muscle activations
from sparse motion capture marker data”. In: ACM Transactions on Graphics (TOG) 24.3
(2005), pp. 417-425.

A. Spencer. “Constitutive theory for strongly anisotropic solids”. In: Continuum theory of

the mechanics of fibre-reinforced composites. Springer, 1984, pp. 1-32.

I. Stavness, J. E. Lloyd, Y. Payan, and S. Fels. “Coupled hard-soft tissue simulation with
contact and constraints applied to jaw-tongue-hyoid dynamics”. In: International Journal

for Numerical Methods in Biomedical Engineering 27.3 (2011), pp. 367-390.

I. Stavness, M. A. Nagzari, P. Perrier, D. Demolin, and Y. Payan. “A biomechanical modeling
study of the effects of the orbicularis oris muscle and jaw posture on lip shape”. In: Journal

of Speech, Language, and Hearing Research 56.3 (2013), pp. 878-890.

D. Terzopoulos and K. Waters. “Physically-based facial modeling, analysis, and animation”.

In: Journal of Visualization and Computer Animation 1.2 (1990), pp. 73-80.

K. Tsukahara, S. Moriwaki, M. Hotta, T. Fujimura, and T. Kitahara. “A study of diurnal
variation in wrinkles on the human face”. In: Archives of dermatological research 296.4

(2004), pp. 169-174.

23



[62]

[69]

[70]

F. W. Virgin, T. A. Iseli, C. E. Iseli, J. Sunde, W. R. Carroll, J. S. Magnuson, and E. L.
Rosenthal. “Functional Outcomes of Fibula and Osteocutaneous Forearm Free Flap Re-
construction for Segmental Mandibular Defects”. In: Laryngoscope 120.4 (2010), pp. 663
667.

M. Warburton and S. Maddock. “Physically-based forehead animation including wrinkles”.
In: Computer Animation and Virtual Worlds 26.1 (2015), pp. 55-68.

J. Weickenmeier, M. Jabareen, and E. Mazza. “Suction based mechanical characterization

of superficial facial soft tissues”. In: Journal of Biomechanics 48.16 (2015), pp. 4279 —4286.

J. Weiss, B. Maker, and S. Govindjee. “Finite element implementation of incompressible,
transversely isotropic hyperelasticity RID B-6886-2008”. In: Computer Methods in Applied
Mechanics and Engineering 135.1-2 (1996), pp. 107-128.

G. L. Wilkes, I. A. Brown, and R. H. Wildnauer. “The biomechanical properties of skin”.
In: CRC critical reviews in bioengineering 1.4 (1973), pp. 453-495.

T. Wu, A. P.-L. Hung, P. Hunter, and K. Mithraratne. “Modelling facial expressions: A
framework for simulating nonlinear soft tissue deformations using embedded 3D muscles”.

In: Finite Elements in Analysis and Design 76 (2013), pp. 63 —70.

T.-F. Wu, A. Hung, and K. Mithraratne. “Generating facial expressions using an anatom-
ically accurate biomechanical model”. In: Visualization and Computer Graphics, IEEE

Transactions on 20.11 (2014), pp. 1519-1529.

F. E. Zajac. “Muscle and tendon: properties, models, scaling, and application to biome-
chanics and motor control.” In: Critical reviews in biomedical engineering 17.4 (1988),

pp. 359-411.

X. Zhang, Z. Tang, M. A. Liebschner, D. Kim, S. Shen, C.-M. Chang, P. Yuan, G.
Zhang, J. Gateno, X. Zhou, et al. “An eFace-Template Method for Efficiently Generating
Patient-Specific Anatomically-Detailed Facial Soft Tissue FE Models for Craniomaxillofa-
cial Surgery Simulation”. In: Annals of biomedical engineering (2015), pp. 1-16.

24



