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A B S T R A C T

This master thesis describes an approach to facial animation
using the muscle feature of Autodesk Maya. The skeletal, mus-
cular and skin anatomy of the human head is abstracted from
nature. The muscular structure is modelled to act as a highly re-
usable interface between any skull and skin model. The muscle
actions are based on the Facial Action Coding System and are
implemented using weights painted on the skin mesh. By com-
bining several muscle actions it is possible to animate facial ex-
pressions, e.g. emotions or phonemes. By animating the mimic
articulation of several visemes, the accuracy, usability and per-
formance of the developed approach is determined.

Z U S A M M E N FA S S U N G

Diese Master Thesis stellt einen Ansatz zur Gesichtsanimation
mit Autodesk Mayas Muskel-Funktion vor. Die Anatomie der
menschlichen Gesichtsknochen und -muskeln, sowie der Haut
wird von der Realität abstrahiert. Das Muskel-Modell wird als
wiederverwendbare Schnittstelle zwischen beliebigen Schädel-
und Haut-Modellen implementiert. Basierend auf dem Facial
Action Coding System werden die Muskelaktionen durch Ge-
wichtung des Haut-Modells modelliert. Das kombinierte Ak-
tivieren einzelner Muskeln ermöglicht die Animation von Ge-
sichtsausdrücken, wie Emotionen oder Phoneme. Die Genauig-
keit, Nutzbarkeit und Leistungsfähigkeit des Ansatzes werden
nachgewiesen, indem verschiedene Viseme mimisch artikuliert
werden.
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1
I N T R O D U C T I O N

Because of the nature of Moore’s law, anything that an extremely
clever graphics programmer can do at one point can be replicated by

a merely competent programmer some number of years later.
- John Carmack

The field of computer graphics (CG) deals with the creation
and manipulation of 2D or 3D images by a computer. It com-
prises many areas of which the most prominent ones are mod-
elling, rendering, and animation. Modelling is about the math-
ematical specification of the shape and appearance of an object, Computer Graphics
for example a human head, which can be described as a set of
connected points inside a three dimensional space, plus inform-
ation about the interaction of light with the head. Rendering is
about creating shaded images from the 3D model of the head.
Animation is the illusion of motion, like changing facial expres-
sions, through a sequence of rendered images [SM09].

Facial animation has been a topic of research since computer
technology got available for a wider range of people back in the
1970s. In 1972 Parke approximated the surface of a face with a The Beginnings of

Facial Animationpolygonal skin [Par72]. He was one of the first who reproduced
realistic facial motion [Käh07]. The skin contained about 400

vertices defining 250 polygons. Rendering was a complex pro-
cess, involving two PDP-10 computers, which can be classified
as mainframe computers in those days. Three D/A-converters
were used to display the output on a high precision display
with a resolution of 1024×1024 pixel (cf. Fig. 1.1). The render-
ing of a single black-and-white picture required about two and
a half minutes. Pictures were recorded using a 35 mm camera.
It took one hour to produce an animation sequence of the face,
containing 20 frames.

According to Moore’s Law the available computational power
and graphics capabilities increase exponentially over time. Be- Moore’s Law
sides Carmacks remark, more complex simulation techniques
are a consequence of this development. They enable extremely
realistic facial animation in an acceptable time these days.

1



2 1 introduction

 Time-Shared       Single-User PDP-10        X D/A
 PDP-10 

       Link   Watkins’    Gouraud’s     Y D/A
  Buffer        Visible Surface  Smooth Shading    
           Algorithm   Algorithm
                                              Z D/A    
                 
  Animation
  Program                  Storage-Tube
                     
          Film 
          Advance/  35mm
                            Animation    High Precission  
         Shutter Control Camera     CRT       
   
  Terminal             Color
            4x5    Filter  Low Precission 
            Camera   Box   CRT

Figure 1.1: Rendering and Animation System in 1972 [Par72]

Facial animation in general deals with several steps. Each5 Steps of Facial
Animation step itself can become very complex depending on the desired

target achievement of the animation [Käh07]:

1. Language units — so called phonemes — and their dura-
tion and intensity are specified.

2. The phonemes are mapped to visemes, their visual coun-
terparts.

3. The simulation is done using a geometric model that may
base on exact anatomy.

4. The model is updated based on the simulation results.

5. The images are rendered.

All steps on their own have been mastered in different ways
during the past 40 years. For example steps one and two re-Mastering Facial

Animation now and
then

quire knowledge about characteristics of a given language, e.g.
phonemes and visemes. There are different concepts of find-
ing the right base for the animation (cf. Chap. 4). Step three
and four require knowledge about anatomy. A skull model is
usually the basis to start with. It often gets covered by com-
puter recreations of the facial muscles. Different approaches
exist that simulate muscles using springs, others use the finite
element method (cf. Chap. 2). Since the beginning of facial an-
imation up to today there are also approaches that do not rely
on muscles at all. When a form of muscles is involved, the skin
is layered over the muscle model and connected to it in order
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to respond to manipulations of the muscles. Several different
approaches address this connection task. The last step of fa-
cial animation highly depends on the soft- and hardware used
for animation and is therefore (together withs steps three and
four) the one that profits most from the technological progress
in computer power since the 1970s.

Today facial animation as done for the character Shrek from
computer animated movies of the same name (cf. Fig. 1.2) has
set the standards. The level of detail is extremely high. Hun-
dreds of nerves and other controls are connected to the skin. Facial Animation

TodayCombinations of controls produce very human facial expres-
sions that also lead to wrinkles and laugh lines. Rendering a
whole movie, that contains much more than one character with
facial animation of this quality, takes millions of CPU hours on
a cluster of thousands of servers with multiple cores [Shr12a].

laugh lines

wrinkles

Figure 1.2: Facial Animation Details on Shrek [Shr12b]

The realism of the visual and motion accuracy of animated
characters has improved so much over the past 40 years, that
it is sometimes hard to tell, whether an image sequence shows
a real face or not. But there is a point when the human per-
ception identifies something odd-looking, for example when
the motion lacks fluidity. This point is called believability flip



4 1 introduction

(cf. Fig. 1.3). Once the flip occurs a re-calibration to lower ex-Believability Flip
pectations happens and the behavior of the person towards the
character changes. Since this flip is irreversible, animators try
to overcome this point when animating characters [PW08].

100% believable

tneutral

100% unbelievable

Figure 1.3: Believability Flip [PW08]

This thesis presents an approach on using Autodesk Maya’s
muscle feature to build a model of human facial muscles that
enables animation of realistic facial expressions. The goal is the
implementation of this muscle layer as an interface between
random models of skull and skin. In this way the model be-
comes highly reusable. By animating the mimic articulation of
phonemes the quality of the model is tested. All steps of facial
animation are solved within this approach.

Chapter 2 introduces the current state of facial animation and
Chapter 3 gives an overview on the application areas. Chapter
4 deals with steps one and two of facial animation. Chapter
5 covers the anatomical background that is important for un-
derstanding facial animation. An overview on the presented
approach is given in Chapter 6. Chapter 7 and 8 show how
the muscle model is created and animated based on steps three
and four of facial animation. Finalising these steps, Chapter 9

deals with the application of the model to mimic articulation of
phonemes and shows the results of step five of facial animation.
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FA C I A L A N I M AT I O N — S TAT E O F T H E A RT

- Out-take of a Drawing by C. Barsotti

Facial animation is an active area of research since more than
40 years. Several initial questions are important when dealing
with this topic. It is important to decide how the geometric
head model and its animation should be controlled in general.
Also there are several possibilities to morph from one facial
expression into another. And last but not least one has to decide
how and to what extent the anatomy is simulated.

2.1 controlling the animation

One possibility to control the animation is to directly manip-
ulate the parameters of the face geometry, for example the
vertices of a polygon mesh. This approach is called feature- Feature-Based

Parametrisationbased parametrisation and is used since the beginnings in 1972

[Par72]. The face geometry is formed by parameter adjust-
ments. Each parameter determines an interpolation between
two extreme poses of vertices of the model. With this approach
the possibilities of configurations are infinite. Therefore mean-
ingful configurations need to be figured out.

Another approach is the muscle-based parametrisation where
the underlying muscle structure is manipulated. The muscle Muscle-Based

Parametrisationgeometry and the influenced skin are not necessarily separated.
For muscle-based parametrisation one can use the Facial Ac-
tion Coding System (FACS). Ekman and Friesen [EFH02] collec-
ted momental changes in facial appearance and the respective
muscle activity. Expressions are modelled abstractly in Action
Units (AU) which are grouped by muscle location, direction
and special actions (e.g. eye rotation). These units are inde-
pendent of a particular face and form a simple base for facial

5



6 2 facial animation — state of the art

(a) Muscular Anatomy (b) Muscular Actions

Figure 2.1: (a) Muscular Anatomy and (b) Muscular Actions that
underlie Action Units responsible for Appearance Changes of
the Lower Face. Numbers on (a) refer to the Action Unit that
makes Use of the Muscle. Numbers on (b) indicate the Origin
and the End of each Line indicates the Insertion of the Muscle

[EFH02]

animation. Figure 2.1 shows the muscles and their actions in-
volved in vertical expressions of the lower face. Numbers on
Figure 2.1(a) indicate the number of the action unit that makesFacial Action

Coding System use of the specific muscle. Numbers on Figure 2.1(b) refer to the
origin of the specific muscle and the end of each line indicates
the insertion (cf. section 5.2). The muscles underlying action
unit 16 (Lower Lip Depressor) emerge from the sides of the
chin and attach to the lower lip; they pull the lip downwards.
A similar approach is presented by Magnenat-Thalmann et al.
[TPT88], who model facial animation with Abstract Muscle Ac-
tion (AMA) procedures. Other approaches are more complex,
like the one by Chen and Zeltzer [CZ92], which is based on the
finite element method, or by Scheepers et al. [SPCM97], which
considers the underlying skeleton.

As an extension of muscle-based parametrisation, physics-
based approaches include separate layers for muscle and skin.
The skin is deformed with virtual muscles that are attached
to the mesh, e.g. modelled with virtual fibres by Platt andPhysics-Based

Parametrisation Badler [PB81], where muscles are vectors. In the approaches by
Böttcher [Böt07] and Kazakow [Kaz07], muscles are modelled
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as polygons. All three approaches use springs to attach muscle
points to skin points.

2.2 transitions between facial expressions

Switching from one facial expression to another is a complex
task. If all parameters used to control the animation change at
the same speed, the resulting interpolation won’t look natural.

In a keyframing system one manually specifies individual Keyframing
parameter values for points in time. In order to have smooth
motion, spline functions are often used for interpolation. With
this approach it is not easy to combine the animation of e.g.
lips and eyebrows, since their movement is not correlated. As
an extenuated kind of keyframing many approaches are based
on blend shapes: Single vertices of a face mesh are translated
and keyframed in order to capture different shapes and morph
between them. Such approaches are often very labour-intensive
and custom-built as explained by Seol et al. [SSK+

11] in their
approach on speeding up keyframe animation. The approach
of Smith [Smi08] tries to overcome other blend shape limita-
tions, like interferences caused by overlapping shapes.

To overcome these problems and limitations, approaches ex-
ist, that capture facial motion from a real actor. Terzopoulos Performance-Based
and Waters [TW90] present a technique for estimating muscle
actions from video sequences. Yuencheng Lee et al. [LTW95]
present a methodology for automating the process of digitising
facial geometries via scanning range sensors.

When actors or hardware are not present and keyframing is
too ineffective, synthesised animation may be the alternative.

In such approaches one works with phonemes and visemes Synthesised
in order to achieve realistic movement of the lips for a text se-
quence. Such visemes are created manually or in an automated
fashion from analysed video material.

2.3 anatomical simulation

The human skin consists of several tissue layers that interact
with each other to lead to visual changes, e.g. facial expressions.
Many approaches address this fact by simulating these layers
for facial animation. Chadwick et al. [CHP89] propose a meth-
odology for animation based on several layers including bones
and fat tissue. Scheepers et al. [SPCM97] focus on bones and
muscles. Böttcher [Böt07] and Kazakow [Kaz07] both present
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approaches with mass-spring models. Differential equationsSprings
are used to animate the skin that is connected to elastic springs.
Such approaches are still common these days and used for ex-
ample to realise the cloth feature of Autodesk Maya.

Other approaches use finite element methods where a stiff-
ness matrix contains material properties. It relates forces onFinite Elements
element nodes to respective displacements of the nodes. This
is a computational expensive task and mostly used for surgery.
For example Koch et al. [KGC+

96] present a prototype system
for surgical planning and facial shape prediction using finite
element analysis.

The approach of Bibliowicz [Bib05] shows, that it is possible
to simulate facial muscles with Autodesk Maya’s character rig-
ging tools. In this approach muscles can be seen as vectors.Muscle Vectors
In order to overcome the lack of curvature and to produce skin
deformation each muscle is connected to single vertices via con-
straints.



3
A P P L I C AT I O N O F C O M P U T E R FA C I A L
A N I M AT I O N

Clearly, if we’d had the kind of computer graphics capability then
that we have now, the Star Gate sequence would be much more

complex than flat planes of light and color.
- Douglas Trumbull

Computer facial animation has a large number of application
areas and the number increases with increasing computational
power and graphics capabilities. Some of the main areas are
briefly discussed in the following sections.

3.1 animation industry

The animation industry is the largest motivator, consumer, and
developer of computer facial animation. Modern computer an-
imated films like the Shrek trilogy (2001, 2004, and 2007) or
Avatar (2009) make use of the latest technological process (like Computer

Animated Films3D filming capability) and animation studios push research
for new technology at the same time to implement new ideas
[PW08].

3.2 video game industry

Today’s video game industry benefits from real-time perform-
ance. The animation of speech and facial expressions follows
a script and is computed offline. In contrast to that, hair, skin
reflectance, environment mapping, motion dynamics, etc. can
be rendered on the fly. These effects enable very realistic char- On-The-Fly

Renderingacters, however their computation may require the latest hard-
ware. The improvement can be seen best in game series like
Gothic, as shown in Figure 3.1. Every few years a new part
of the series is released, taking advantage of the technological
progress. In part one of the Gothic series, mouth opening was
not implemented in character animation at all. Such details
were roughly included in the second part for the first time and
improved for the next parts. Further progress of the gaming Non-Verbal

Communicationindustry can be expected in the future, especially in non-verbal

9



10 3 application of computer facial animation

(a) Gothic 1 (2001) (b) Gothic 2 (2002)

(c) Gothic 3 (2006) (d) Arcania (Gothic 4)
(2010)

Figure 3.1: Game Industry Improvements over the last Years us-
ing the Computer Game Gothic as an Example [got12]

communication, e.g. eye contact, which involves a camera that
is included in the display [PW08].

3.3 medicine and therapy

Facial animation is a very important topic in surgery, especially
when it comes to the surgical simulation of skin, bone, and
muscle tissues. Models of the facial tissues can be generatedSurgery
from computer tomography scans and used for surgical plan-
ning [PW08]. Such models have to be very detailed and ana-
tomically correct.

Models of the human face that come with detailed mouth
dynamics are used in therapy to train pronunciation [Kal03].

3.4 lip-reading and speech animation

Speech animation often uses a rough approximation to ana-
tomically correct speech dynamics, for example by modelling
viseme based key poses (cf. Chap. 4). One of the main topics of
speech animation deals with the simulation of co-articulation,Co-Articulation
which happens during fluent speech. Facial movements that
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occur when a phoneme or viseme is articulated are influenced
by the previous and the next phoneme or viseme. This process
is automatically done by the brain, but the transitions are hard
to do artificially. However they are very important for realistic
speech animation [DN08]. The animation pipeline of Kalberer
solves co-articulation within several steps and can be included
as plugin into animation software to support the facial anima-
tion progress [Kal03].

In the area of lip-reading, computer facial animation can be Lip-Reading
used to animate lip-readable conversations, e.g. as a commu-
nication aid for deaf people on a mobile phone [TTB+

06].

3.5 video teleconferencing and photography

The importance of video teleconferencing systems has increased
over the last years. Methods have been developed that recog- Recognition of

Facial Expressionsnise faces within the pictures of the video stream. Eyes and
mouth can be tracked and the faces can be analysed for various
purposes, for example to evaluate the emotional state of a face
and provide conversation context depending on it [DN08]. The
same principles apply to digital photography. Today’s digital
cameras analyse the scene and faces continuously and notify
the photographer when everyone is smiling, to take the picture
in the perfect moment.

Another aspect of this area is the compression of the data,
that is transmitted in video conferences. As compared to pixel-
based data compression the facial expressions can be extracted Signal Coding
from the image and get parametrised. The resulting parameters
are compressed and transmitted.

3.6 avatars and social agents

Avatars and social agents are widely used on the Internet these
days. They provide information and answers within a dialogue
system, based on an FAQ system, in real time and act like a
real person. The personification of such virtual humans is very
important for their believability. It is therefore important to
design the physical attributes, expressions, and emotions care-
fully [DN08, PW08]. The speech and facial expressions of vir-
tual agents, that interact in real time, need to be computed and Real-Time

Renderingrendered in real time. The system of Neto et al. [NCVMa06] re-
ceives spoken phonemes, maps them to visemes and sequences
of emotions and behaviors, and transforms these sequences
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into keyframes. These keyframes are used as reference to in-
terpolate frames for live agent animation. Real-time computa-
tion and rendering form a contrast to characters in animation
or video game industry, where the animation of speech and
facial expressions follows a script.
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P H O N E T I C S A N D P H O N O L O G Y

A phoneme can be regarded as an element in an abstract linguistic
system, an element which has to be realized in the physical world by

an acoustic signal produced by vocal activity.
- International Phonetic Association [Ass99]

As a subject of linguistics, phonetics deals with the sound and
signs of human speech. It is about the production, physical
transmission, reception and perception of speech sounds. In
contrast to that, phonology deals with systems of phonemes. A
phoneme is “the smallest phonetic unit in a language that is Phonemes
capable of conveying a distinction in meaning” [pho12]. For
example the m of the English word mat and the b of the Eng-
lish word bat are two separate phonemes. For the phonetic
transcription of speech, phonemes are notated between slashes,
for example /m/ and /b/. The symbols correspond to the In-
ternational Phonetic Alphabet (IPA) of the International Phonetic
Association [IPA12]. The alphabet is based on the Latin alpha-
bet and each phoneme of a language is assigned a correspond-
ing symbol. The IPA defines several types of phonemes, for
example different kinds of consonants and vowels. Figure 4.1 Types of Phonemes
shows pulmonic consonants of the English language. Consonants
in general are articulated with a closed or partial closed vocal
tract (cf. Fig. 4.2). Pulmonic consonants involve air pressure
provided by the lungs. Each column represents a different type

              THE INTERNATIONAL PHONETIC ALPHABET (revised to 2005)
CONSONANTS (PULMONIC)
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i y È Ë ¨ u
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E { ‰ ø O

a ”
å

I Y U

�Front�                       Central                           �Back
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Open
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œ

ò
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       LEVEL CONTOUR
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rising
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e— û Extra
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falling

Õ Downstep ã Global rise

õ Upstep Ã Global fall
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 DIACRITICS     Diacritics may be placed above a symbol with a descender, e.g. N(
  9 Voiceless                n9    d9   ª Breathy voiced      bª  aª   1 Dental                     t 1 d1
  3 Voiced                 s3  t 3   0 Creaky voiced       b0  a0   ¡ Apical                     t ¡ d¡
 Ó Aspirated             tÓ dÓ   £ Linguolabial          t £   d£      4 Laminal                  t 4 d4
  7 More rounded     O7  W Labialized             tW dW   ) Nasalized                      e)
  ¶ Less rounded      O¶  ∆ Palatalized            t∆  d∆  ˆ Nasal release                dˆ
  ™ Advanced           u™  ◊ Velarized              t◊  d◊  ¬ Lateral release              d¬
  2 Retracted            e2  ≥ Pharyngealized     t≥   d≥  } No audible release        d}
    · Centralized         e·  ù Velarized or pharyngealized      :
  + Mid-centralized  e+   6 Raised                  e6         ( ®6    = voiced alveolar fricative)

  ` Syllabic              n`   § Lowered              e§       ( B§  = voiced bilabial approximant)

  8 Non-syllabic       e8   5 Advanced Tongue Root          e5
 ± Rhoticity             ´± a±   ∞ Retracted Tongue Root           e∞

∑    Voiceless labial-velar fricative Ç Û Alveolo-palatal fricatives

w    Voiced labial-velar approximant   » Voiced alveolar lateral flap

Á     Voiced labial-palatal approximant Í Simultaneous  S  and   x
Ì     Voiceless epiglottal fricative

 ¿      Voiced epiglottal fricative
Affricates and double articulations
can be represented by two symbols

 ÷      Epiglottal plosive
 joined by a tie bar if necessary.

kp  ts

(

(

Figure 4.1: Consonants of the IPA [IPA12]

of consonant. When symbols appear in pairs, the right one
represents a voiced consonant.

13
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uvular

velar

palatal

postalveolar

alveolar

dental

labiallabial

root

pharyngeal

glottal
blade

tip

lip

front

back

dorsum

Figure 4.2: Places of Articulation in the Vocal Tract [Net10,
Ass99]

Bilabial consonants are the ones articulated with both lips. La-
biodental consonants are articulated with the lower lip and the
upper teeth. Dental consonants are articulated with the tongue
against the upper teeth. When articulating alveolar consonants,
the tongue is close to the sockets of the upper teeth (alveolarArticulating

different Types of
Consonants

ridge) and for postalveolar consonants the tongue is near or touch-
ing the back of it. When articulating retroflex consonants, the
tongue has a flat or concave shape and is between the alveolar
ridge and the bony plate in the roof of the mouth (hard plate).
For palatal consonants the tongue is raised against the hard plate.
When articulating velar consonants the back part of the tongue
is raised against the soft plate in the back of the roof of the
mouth (velum) and uvular consonants are articulated even fur-
ther back in the mouth. Pharyngeal consonants are articulated
with the tongue root against the throat. Glottal consonants are
articulated with the vocal folds and the space in between (glot-
tis). When articulating a plosive consonant, the vocal tract is
blocked and the airflow stops. A nasal consonant is produced
with a lowered velum that allows the air to flow through the
nose. When articulating a trill consonant, a vibration occurs
between the (active) articulator (e.g. tongue) and the (passive)
point of articulation (e.g. roof of the mouth). Flap or tap con-
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sonants are produced with a muscle contraction that causes one
articulator to be thrown against an other articulator. When ar-
ticulating a fricative or a lateral fricative consonant the air flows
through a narrow channel of articulators (e.g. lip and teeth).
Articulating approximant consonants produces turbulent airflow
with two articulators approaching each other. For lateral approx-
imant consonants the middle of the tongue touches the roof of
the mouth and the sides approach the teeth.

In contrast to consonants, vowels are articulated with an open
vocal tract (cf. Fig. 4.2). The IPA declares a range of vowels
from open to close and from front to back. The vowels of the Articulating

different Types of
Vowels

English language are shown in Figure 4.3. When symbols ap-
pear in pairs, the right one represents a rounded vowel [IPA12],
which are vowels articulated with the lip corners drawn to-
gether. When articulating close vowels, the tongue is positioned
as close as possible to the roof of the mouth. For open vowels the
tongue is located as far as possible from the roof of the mouth.
When articulating front vowels, the tongue is positioned in the
mouth as far in front as possible and for back vowels the tongue
is placed as far back as possible.
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Figure 4.3: Vowels of the IPA [IPA12]

4.1 phonemes versus visemes

The different types of consonants and vowels explained above
can be grouped by the approximate place of articulation: lips,
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tongue and throat. All three kinds are combined in phoneme-
based approaches, which is why phonemes are not considered
to be the best choice for lip-sync and speech animation [Osi10].Lip-Sync
Tongue and throat sounds are unnecessary overhead, since only
sounds made with lips can be seen by a viewer. Therefore
phonemes are good in classical animation where each frame is
drawn, but they should not be used as actual shapes or poses
respectively because the synchronisation animation will seem
very clipped. Phonemes should rather work as an idea than a
strong physical target. Because of that it is common to focus on
visual phonemes, also called visemes. In contrast to phonemes,Visemes
which are sounds, visemes are shapes.

4.2 mapping phonemes to visemes

Since visemes are the visual counterpart of phonemes, each
viseme can be derived from a group of phonemes that have
the same visual appearance. Several approaches exist that map
phonemes of the English language to visemes. Such maps
usually show a many-to-one relation and can be built either
through linguistic knowledge of which phonemes might haveMany-to-One

Relation the same shape or by clustering phonemes based on several
features [CH12]. Neti et al. propose a map based on both ap-
proaches [NPL+

00]. It is composed by 48 phonemes and 10

viseme classes (cf. Tab. 1(a)). The chosen class names are based
on the phoneme types that the IPA introduced for consonants
(cf. Fig. 4.1) and vowels (cf. Fig. 4.3).

The map of Lee and Yook (cf. Tab. 1(b)) shows a many-to-
many relationship [LY02]. It contains 14 viseme classes and 41

phonemes. The ambiguity can be removed by only using the
first association of a phoneme to a viseme.

The MPEG-4 standard for compression of digital audio and
video data [PF02], as used by Yau et al. [YKA06], also spe-MPEG-4
cifies a mapping. The standard contains Face Animation Para-
meters (FAP) which represent movements of the face and head.
One group of FAPs are visemes and expressions [PF02]. The
phoneme-to-viseme map includes 25 phonemes grouped in 15

viseme classes as shown in Table 1(c).
When it comes to facial animation and speech, Preston Blair,Preston Blair

Visemes who was an American character animator for Walt Disney and
popularised basic phoneme mouth shapes, is often referred.
Figure 4.4 shows the standard Preston Blair mapping of phon-
emes to visemes as published by Martin [Pre12].
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(a) E, like in
egg, free, peach,

dream, tree

(b) A and I, like
in apple, day, hat,
happy, rat, act,

plait, dive, aisl

(c) V and F, like
in forest, daft,
life, fear, very, en-

deavour

(d) L, like in elec-
tion, alone, elicit,

elm, leg, pull

(e) M, B, P, like
in embark, bear,
best, put, plan,
imagine, mad,

mine

(f) U, like in fund,
universe, you
runner, jump,

fudge, treasure

Figure 4.4: Preston Blair Phoneme-to-Viseme Mapping [Pre12]
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(g) O, like in
honk, hot, off,
odd, fetlock,

exotic, goat

(h) W and Q, like
in cower, quick,
wish, skewer,

how

(i) C, D, G, K,
N, R, S, Th, Y
and Z, like in
sit, expend, act,
pig, sacked, bang,
key, band, buzz,

dig, sing

(j) Th, like in the,
that, then, they,

this, brother

(k) C, D, G, J, K,
N, R, S, Y and
Z, like in grouch,
rod, zoo, kill, car,
sheep, pun, dug,
jaw, void, roach,

lodge

(l) Default Shape
used when no
corresponding

Viseme exists

Figure 4.4: Preston Blair Phoneme-to-Viseme Mapping [Pre12]
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The four phoneme-to-viseme mappings have several conform-
ities in mapping. The number of viseme classes is similar and Similarities
all mappings consider a silent viseme, which represents the de-
fault mouth shape. Which set to use depends on the approach
and the intended goal. Using the MPEG-4 viseme set as a
base for facial animation has the advantage of global awareness
and standardisation and therefore reusability. For example the
voiceless speech recognition technique by Yau et al. [YKA06]
could be coupled with any MPEG-4 supported facial animation
system.
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A N AT O M Y O F T H E H U M A N FA C E A N D S K U L L

There is no landscape that we know as well as the human face.
- Gary Faigin [Fai08]

The visual identity of a face can be mostly reconstructed by
the skull. It is for example possible to distinguish between
Asian and European origin just by considering a skull. To
understand the appearances, behaviors, and functions of the Visual Identity
human head and face it is important to consider skeletal and
muscular anatomy. Anatomy of muscles is a main fact when
it comes to facial expressions and their changes in appearance,
but not less important is the structure of the skin with its dif-
ferent components. Figure 5.1 shows areas and sections of the
human face that are important in the presented approach.

Glabella
Root of Nose
Eye Cover Fold
Lower Eyelid Furrow
Infraorbital Furrow

Nostril Wing
InfraorbitalInfraorbital Triangle
Nasolabial Furrow
Philtrium

Chin Boss

Figure 5.1: Important Areas and Sections of the Face [EFH02]

5.1 skeletal anatomy of the human face

The visible appearance of the head depends on the shapes of
the neurocranium, which is the part of the skull that protects the
brain, and the ciscerocranium, which is the part that builds the
face. The frontal bone is the most important cranial bone when
it comes to the appearance of the face. It is located above the

21



22 5 anatomy of the human face and skull

Frontal bone            Coronal suture
Glabella               Parietal bone
Supraorbital
notch (foramen)

                Lesser wing of
Orbital surface             sphenoid bone

Nasal boneNasal bone                 Greater wing of
                   sphenoid bone

Lacrima bone             Temporal bone

                 Orbital plate of
Frontal process              ethmoid bone
of zygomatic               Perpendicular plate
bone                of ethmoid bone
Orbital surface ofOrbital surface of
zygomatic bone            Middle nasal concha
               of ethmoid bone
Temporal process
of zygomatic             Inferior nasal concha
bone
Zygomaticofacial
foramen offoramen of             Vomer
zygomatic bone
Zygomatic process
of maxilla             Ramus of mandible
Orbital surface
of maxilla             Body of mandible
Infraorbital foramen
of maxillaof maxilla             Mental foramen of
               Mandible
Frontal process
of maxilla            Mental tubercle of mandible
Alveolar process
of maxilla           Mental protuberance of mandible
Anterior nasal spine
of maxillaof maxilla

Figure 5.2: Human Skull, Front View [Net10]

          Parietal bone  temporal fossa
                Superior temporal line
    Greater Wing (sphenoid bone)        Inferior temporal line
    Frontal bone    Coronal structure         Squamous part of temporal bone
                        Zygomatic process (temporal bone)
      Supraorbital notch (foramen)   Pterion                  Articular tubercle (temporal bone)
       (frontal bone) 
                       Groove for posterior deep
  Glabella (frontal bone)                 temporal artery (temporal bone)
     Orbital plate 
   (ethmoid bone)                  External acoustic meatus
                       (temporal bone)
   Lacrima bone                 Mastoid process 
                                              (temporal bone)
  Fossa for lacrima sac                 Lambdois structure

    Nasal bone                 Occipital bone
                        
                       External occipital
    Frontal process                protuberance
     (maxilla)  
  
  Infraorbital foramen (maxilla)

  Anterior nasal spine (maxilla)
  Alveolar process (maxilla)
                    Head of condylar process (mandible)
                    Mandibular notch
    Zygomatic foramen             Coronoid process (mandible)
           (zygomatic bone)            Ramus (mandible)
    Temporal process             Oblique line (mandbile)
    (zygomatic bone)             Body of mandible
    Zygomatic arch             Mental foramen 
                        (mandible)

Figure 5.3: Human Skull, Side View [Net10]
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eyeballs. The lower front of the skull is built from several facial
bones: the nasal bone, the lacrima bone, the zygomatic bone, the Bones of the Skull
mandible, the maxilla and the volmer. All bones of the human
skull are shown in Figures 5.2 and 5.3. The facial bones have
outgrowths (processes) to hold muscles and ligaments and holes
through which nerves and blood vessels pass (foramina). They
also have signs of development processes (lines) and empty
spaces (sinuses) that make the bone lighter. These and other
features can vary in location, size, shape, thickness etc. and can
give information about personal or character attributes of the
person the skull belongs to (physiognomy) [ana12].

5.2 muscular anatomy of the human face

When it comes to facial expressions the anatomy of muscles is
a key fact. In general there are three types of muscles: skeletal,
smooth and cardiac (heart). Facial muscles belong to the skeletal Muscle Types
muscles and since they can merge together there exists no of-
ficial number of muscles. The structure of such a muscle is
shown in Figure 5.4. A muscle is covered by the epimysium,
a connective tissue, that protects the muscle from friction. In-
side the muscle there are bundles (fasciculi) of ten to 100 fibres Muscle Structure
surrounded by perimysium (another tissue).

     Muscle Fibre
   Epimysium

   Perimysium

Figure 5.4: Muscle Structure [mus12]

Figure 5.5 shows muscles of the human face and head that
are involved in facial expressions. The fascia is depicted. Fig-
ure 5.6(a) shows the muscles of the mouth in detail and Figure
5.6(b) shows muscles of the lips from behind. Both views are
very helpful for understanding the complex muscle structure
of this part of the human head.

In reality one differentiates between muscles of mastication
and muscles of expression, but since some muscles belong to
both groups, this distinction is not relevant in the following.
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        Epicranial aponeurosis (galea aponeurotica)
       Subcutaneous tissue     Orbital part of orbicularis oculi muscle
       Skin          Temporal fascia
   
 Palpebral part of orbicularis oculi muscle         Auricularis superior muscle
Frontal belly (frontalis) of epicranius muscle          Auricularis anterior muscle
  Corrugator supercilii muscle (frontalis
   and orbicularis oculi, partially cut away)          Occipital belly (occipitalis)
       Procerus muscle           of epicranius muscle
 
    Levator labii superioris muscle
 Levator labii superioris alaeque            Auricularis posterior muscle
 nasi muscle (partially cut away)
   Transverse part of nasalis muscle
                   Parotid fascia
     Alar part of nasalis muscle
                     Masseteric fascia
 Depressor septi nasi muscle
  Orbicularis oris muscle
 
    Zygomaticus minor muscle           Investing layer of (deep)
  Zygomaticus major muscle           cervical fascia

  Orbicularis oris muscle

      Mentalis muscle
   Depressor labii inferioris muscle           Deltoid fascia

  Depressor anguli oris muscle
             Buccinator muscle

             Risorius muscle
           Platysma muscle

             Sternum

          Clavicle
    Pectoralis major fascia

Figure 5.5: Muscles of the Face and the Head [Net10]

           incisivus labii superioris
                                          canius   pars transversa nasalis
                      orbita

             depressor
             septi
             pars alaris
zygomaticuszygomaticus          nasalis
glandula           orbicularis
parotis            oris

   masseter
     buccinator
      triangularis  mentalis
       incisivus labii inferioris

(a) Muscles of the Mouth

quadratus labii superioris
      incisivus labii superioris
       canius     orbicularis oris
  buccinator

  platysma
   triangularis   mentalis
quadratus labii inferioris incisivus labii inbferiorisquadratus labii inferioris incisivus labii inbferioris

(b) Muscles of the Lips seen
from behind

Figure 5.6: Muscles of (a) the Mouth and (b) the Lips [ana12]
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Furthermore the muscles can be grouped into the categories
linear, sphincter, and sheet. When linear muscles contract, the Muscle Categories
surrounding skin is contracted toward the static attachment to
the bone, until the force dissipates to zero at a finite distance
(cf. Sect. 7.1). Sphincter muscles squeeze the skin towards an
imaginary center (cf. Sect. 7.2). Sheet muscles act similar to lin-
ear muscles, but they consist of several parallel fibres [PW08].
When a facial muscle contracts it often causes distinct and re-
cognisable wrinkles, which are very important for understand- Wrinkles
ing facial expressions [Fai08].

In order to get a detailed insight into the function of the
muscles of a human face it is important to determine the origin
and the insertion of each muscle. The origin is an anatomical Origin and

Insertionconcept that describes the point at which a muscle is attached
to e.g. a bone. The structure that the origin is attached to is not
influenced by muscle contraction. The insertion also describes
a point at which a muscle is attached. The attached structure
(e.g. skin) has less mass then the structure of the origin and
therefore is influenced by muscle contraction. When the muscle
contracts, the insertion draws towards the origin and pulls the
connected tissues. Insertion and origin are a key fact when it
comes to modelling muscles (cf. Chap. 7). Figure 5.7 shows the
origins of the muscles on the skull. Figure 5.8 shows in detail
the origins of the muscles on the maxillary bone and part of the
zygomatic bone.

       frontal bone

           nasal bone

    procerus muscle 

   temporal line
   parietal bone &
origin of temporal muscle           orbicularis oculi muscle
      sphenoid bone
         temporal bone           orbicularis oculi muscle
   lacrima bone           tensor tarsi muscle
                 orbicularis oculi muscle
  zygomatic bone
                 quadratus labii superioris
origin of masseter muscle           muscle
          maxilla             zygomaticu muscle
insertion of temporal muscle          canius muscle
  mastoid process &           transverse part of nasalis
     sterno mastoid muscle         muscle
  insertion of masseter muscle
   buccinator muscle
               incisive muscle of upper lip
        triangularis muscle

        platysma muscle       alar part of nasalis muscle
                depressor septi muscle
  quadratus labii inferiuris muscle    symphysis
         mentalis muscle

Figure 5.7: Origins of Muscles on the Skull [ana12]
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     inferior oblique
             
              orbicularis oculi
              quadrate muscle, angular
              head
quadrate muscle,           quadrate muscle,
zygomatic headzygomatic head            infraorbital head

zygomaticus          dilator naris posterior

             transverse portion of nasalis

  masseter             alar portion of nasalis

           canius
     buccinator

Figure 5.8: Origins of Muscles on the Maxillary Bone and Part of
the Zygomatic Bone [ana12]

In the following, function, origin, and insertion of the facial
muscles that are furthermore important are described.

levator labii superioris alaeque nasi The levator labii
superioris alaeque nasi is responsible for lifting the wing
of the nose and elevating the upper lip. It has its origin
at the upper frontal process of the maxillary bone and
inserts into the lateral nostril and the skin of the the up-
per lip. The levator labii superioris alaeque nasi is also
known as “the muscle of crying with hot tears” [dBC90]
and its action can be described best by action unit 9 of
FACS (cf. Fig. 5.9) [ana12]:Levator Labii

Superioris Alaeque
Nasi in Action —

Nose Wrinkler

• The skin along the sides of the nose is pulled up-
wards, causing wrinkles.

• The infraorbital triangle is pulled upwards and the
skin around the lower eyelid is bunched.

• The upper lip center is pulled upwards and the lips
may part.

• The wings of the nostril may be widened [EFH02].

levator labii superioris The levator labii superioris, also
known as “the muscle of crying” [dBC90] has its origin
at the medial infraorbital margin under the eye. The orbit is
the cavity in which the eye is situated (cf. Fig. 5.10). The
zygomatic bone and the maxillary bone form the infraor-
bital margin. Figure 5.7 shows the levator labii superioris
as the middle spot of the quadratus labii superioris muscle.
The insertions of the levator labii superioris are the skin
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Figure 5.9: AU 9 (Nose Wrinkler) [EFH02]

  O rbital s u rface of frontal bone   Pos terior ethm oidal foram en

                   A nterior eth-
                   m oidal foram en
O rbital s u rface
of les s er w ing                  O rbital plate of
of s phenoid bone                 ethm oid bone
                                
                L acrim a bone
Su perior orbital
 tis s u e              Fos s a for
                lacrim a s ac
 O ptic canal                  O rbital proces s
 (foram en)                 of palatine bone
O rbital s u rface ofO rbital s u rface of
g reater w ing  of
s phenoid bone
 
 O rbital s u rface
 of zyg om atic
 bone
      Inferior orbital tis s u e      O rbital s u rface of m axilla
        Infraorbital g roove

Figure 5.10: Bones that form the Orbit [Net10]
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and muscles of the upper lip [ori12]. The muscle aids the
upper lip to elevate and evert. The action can be described
best with the corresponding action unit of FACS, AU 10

(cf. Fig. 5.11) [ana12]:

• The center of the upper lip is drawn straight up, the
outer portions are drawn up less.Levator Labii

Superioris in Action
— Upper Lip Raiser • An angular bend in the upper lip shape is caused.

• The infraorbital triangle is pushed up and the infraor-
bital furrow may wrinkle.

• The nasolabial furrow is deepened and raised.

• The nostril wings are raised and widened.

• The lips may part [EFH02].

Figure 5.11: AU 10 (Upper Lip Raiser) [EFH02]

zygomaticus major The zygomaticus major has its origin at
the anterior surface of the zygomatic bone and inserts into
the modiolus, a chiasma of muscles at the corner of the
mouth [ori12]. The muscle is shown as zygomatic muscle
in Figures 5.7 and 5.8. It elevates and draws the mouth
corner in a lateral way. The zygomaticus major is “the
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muscle of joy” [dBC90], its action can be described best
with action unit 12 of FACS (cf. Fig. 5.12) [ana12]:

• The corners of the lips get pulled back and upwards.

• The infraorbital triangle is raised. Zygomaticus Major
in Action — Lip
Corner Puller• The nostrils may be raised and widened.

• The skin of the chin may be flattened [EFH02].

Figure 5.12: AU 12 (Lip Corner Puller) [EFH02]

levator anguli oris The levator anguli oris, alias canius, el-
evates the corner of the mouth. Its action can be described
with the action unit 13 of FACS (cf. Fig. 5.13) [ana12]:

• The corners of the lips are pulled up and appear
tightened and narrowed. Canius in Action —

Sharp Lip Puller
• The red parts of the lips do not move [EFH02].

The canius has its origin at the anterior surface of the
maxilla below the infraorbital foramen — an opening in the
skull (cf. Fig. 5.2), as shown in Figures 5.7 and 5.8. It in-
serts into the outer end of the upper lip and the modiolus.
[ori12]

buccinator The buccinator, “the muscle of irony” [dBC90],
starts at the external alveolar margins of the maxillary bone,
shown as the respective left or right upper spots in Figure
5.7. It also starts at the mandible at the back tooth, shown
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Figure 5.13: AU 13 (Sharp Lip Puller) [EFH02]

as the lower spots. It is connected to the maxillary tubercle,
a part of the maxillary bone, and also to the pterygoid
hamulus and the mylohyoid line. It is also attached to the
pterygomandibular raphe. The muscle decussates at the mo-
diolus and interdigitates with the opposite side [ori12].
The buccinator aids the closing of the mouth, chewing,
and tenses the cheeks for blowing and whistling. Its ac-
tion can be described best with action unit 14 of FACS
(cf. Fig. 5.14) [ana12]:

• The corners of the mouth are tightened, and pulled
inwards.Buccinator in

Action — Dimpler • Wrinkles at the lip corners are caused.

• Lip corners may angle up or down [EFH02].

depressor anguli oris The depressor anguli oris, alias trian-
gularis, is “the muscle of sadness and disgust" [dBC90]. It
does not start on the skull, but at the oblique line of the
outer surface of the mandible and inserts into the modi-
olus. It is capable of lateral depression and draws of the
corner of the mouth [ori12]. Its action can be described
best with action unit 15 of FACS (cf. Fig. 5.15) [ana12]:

• The corners of the lips are pulled down.Depressor Anguli
Oris in Action —

Lip Corner
Depressor

• The skin below the lower lip corners is wrinkled or
bagged [EFH02].
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Figure 5.14: AU 14 (Dimpler) [EFH02]

depressor labii inferioris The origin of the depressor labii
inferioris is placed on the outer surface of the mandible
along the oblique line and the insertion is located in the
skin of the lower lip. It is capable of lateral depression
and therefore “the muscle complementary to irony and
aggressive feelings” [dBC90]. Its action can be described
best with action unit 16 of FACS [ana12] (cf. Fig. 5.16):

• The lower lip is pulled down and stretched. Depressor Labii
Inferioris in Action
— Lower Lip
Depressor

• The lips are parted and the lower teeth exposed.

• The chin boss is stretched laterally and down [EFH02].

mentalis The mentalis is associated with thinking, since it
wrinkles and elevates the chin and protrudes the lower
lip, but it is also called “the muscle of disdain and doubt”
[dBC90]. Its action can be described best by action unit 17

of FACS (cf. Fig. 5.17) [ana12]:

• The chin boss is pushed upwards. Mentalis in Action
— Chin Raiser• The lower lip is pushed upwards.

• Wrinkles may appear on the chin boss.

• The mouth is shaped like an inverted U [EFH02].

The originn is the incisive fossa on the anterior aspect of
the mandible, which is below the teeth and can be seen
on Figure 5.7. The insertion is the skin of the chin [ori12].
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Figure 5.15: AU 15 (Lip Corner Depressor) [EFH02]

Figure 5.16: AU 16 (Lower Lip Depressor) [EFH02]
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Figure 5.17: AU 17 (Chin Raiser) [EFH02]

zygomaticus minor The zygomaticus minor is “the muscle
of moderate crying or weeping" [dBC90]. It starts at the
lateral infraorbital margin and ends in the skin of the up-
per lip. It is shown in Figure 5.7 as the right muscle of the
quadratus labii superioris muscle and as zygomatic head
in Figure 5.8. It is capable of elevating and everting the
upper lip.

risorius The risorius muscle is used to retract the corner of
the mouth. The action can be best described by action
unit 20 of FACS (cf. Fig. 5.18) [ana12]:

• The lips are pulled back laterally. Risorius in Action
— Lip Stretcher

• The mouth is elongated.

• The lips are flattened and stretched.

• The skin beyond the lips is pulled laterally.

• The skin of the chin boss is stretched in a lateral man-
ner [EFH02].

The risorius starts at the deep fascia of the masseter muscle
and the parotid gland. It inserts at the corner of the mouth
into the modiolus.

orbicularis oris This muscle encircles the lips. The origin
of the orbicularis oris is near the midline on the anterior
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Figure 5.18: AU 20 (Lip Stretcher) [EFH02]

surface of the maxillary bone and the mandible and the
modiolus at the angle of the mouth. It inserts into the mu-
cous membrane of the margin of the lips. With the buccin-
ator it also inserts into the modiolus [ori12]. Since origin
and insertion are not on the skull they are not shown in
Figure 5.7. The orbicularis oris narrows mouth opening.
It is used for pursing lips and to pucker the lip edges. Sev-
eral action units of FACS base on this muscle, like AU 22

(cf. Fig. 5.19) [ana12]:

• The lips funnel outwards.Orbicularis Oris in
Action — Lip

Funneler • The lip corners are pulled in medially.

• The teeth are exposed.

• The red part of the lips is exposed [EFH02].

platysma The platysma has its origin in the skin over the
lower neck and the upper lateral chest. It inserts into the
inferior border of the mandible (cf. Fig. 5.7), into the skin
of the lower face, and into the modiolus. The platysma
wrinkles and depresses the lower face and the mouth. It
is used for forced depression of the underjaw.
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Figure 5.19: AU 22 (Lip Funneler) [EFH02]

5.3 skin structure of the human face

Human skin consists of three layers as shown in Figure 5.20:
epidermis, dermis and hypoderm.

Epidermis

Dermis

Hypoderm

Figure 5.20: Layers of the Skin [ski12a]

The epidermis contains several sublayers and at the thinnest
point (eyelids) it is about 0.05 mm thick. The top layer is made
of dead, flat skin cells. Layers

The dermis is composed of tissues and 0.3 mm thick at the
thinnest point (eyelids).
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The hypoderm is a tissue rich of fat and blood that bolsters
muscles, bones and organs and shields from cold. The thick-
ness of this layer varies from person to person [ski12a].
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S O L U T I O N O V E RV I E W

The mouth, however, has no fixed attachment whatsoever. This,
combined with the fact that there are a host of muscles specifically

aimed at stretching and moving the mouth around, makes the mouth
the most variable feature in the face.

- Gary Faigin [Fai08]

The approach we present in this thesis makes use of state-of-
the-art muscle-based (physics-based) parametrisation in order
to control the animation of facial expressions. Phonemes and
visemes, respectively, are created as poses of realistic mouth
shapes and interpolations between them. The phonemes and
visemes used are explained hereafter. The modelled muscu-
lar anatomy is an abstraction of the real human anatomy and
will be explained in the following, as well as Autodesk Maya’s
new muscle feature that is used to model these anatomical de-
tails. This feature enables realistic skin deformation, the com-
putational costs are lower than for finite elements and it is less
abstract than the spring approach (cf. Chap. 2). The different
renderers, that come along with Autodesk Maya, are briefly dis-
cussed in the following to explain, how the rendering task of
step five of facial animation is solved in the approach.

6.1 selecting phonemes and visemes

Step one of facial animation deals with selecting phonemes and
in step two these are mapped to visemes (cf. Chap. 4). In the
chosen approach one does not decide on a specific viseme set.
In order to prove the usability of the muscle model, visemes are
selected that occur in all of the maps presented in Section 4.2.
Additionally one selects these visemes based on the phoneme
types they represent, to obtain a diverse set.

The selected phonemes /m/, /b/, and /p/, are classified as bil-
abial consonants by the IPA. These phonemes are mapped to
the bilabial viseme class in the map of Neti et al. (cf. Tab. 1(a)),
classified as P by Lee and Yook (cf. Tab. 1(b)), and mapped to Consonants
class 1 of the MPEG-4 standard (cf. Tab. 1(c)). These phonemes
correspond to the Preston Blair mouth shape in Figure 4.4(e).

37
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Also selected are the labiodental consonants /f/ and /v/ , which
belong to the same named viseme group of the map of Neti
et al. (cf. Tab. 1(a)), to class F in the mapping of Lee and
Yook (cf. Tab. 1(b)), and to class 2 of the MPEG-4 standard
(cf. Tab. 1(c)). The Preston Blair mouth shape in Figure 4.4(c)
shows the corresponding mouth shape.

In addition the following three front-vowels are selected: /i/,
/a/ and /e/. /i/ is a close-front vowel whereas /a/ is an open-front
vowel and /e/ is a close-mid-front vowel. All three are classi-Vowels
fied as lip-rounding based vowels by Neti et al. (cf. Tab. 1(a))
whereby they are only mentioned as combined phonemes (e.g.
/ih/, /ah/, or /eh/). The same applies to the map of Lee and Yook,
where each vowel is mapped as a combined phoneme to one
ore more classes (e.g. class IY, EH, AA, etc., cf. Tab. 1(b)). In
the map of the MPEG-4 standard each vowel is mapped to its
own class (cf. Tab. 1(c)). The Preston Blair mapping associates
/i/ and /a/ to the same mouth shape, shown in Figure 4.4(b). The
mouth shape corresponding to /e/ is shown in Figure 4.4(a).

Furthermore the close-mid back-vowel /o/ is selected, which
is part of the lip-rounding based vowel viseme class by Neti
et al. (cf. Tab. 1(a)), combined with /a/ in the AO class of the
map of Lee and Yook (cf. Tab. 1(b)), and mapped to class 13 of
the MPEG-4 standard (cf. Tab. 1(c)). The corresponding Preston
Blair mouth shape is shown in Figure 4.4(g).

6.2 abstracting anatomy

Step three of facial animation deals with transferring anatom-
ical conditions of the human face into a 3D model. In order to
do this, one needs to simplify. This is achieved by focusing on
the muscular anatomy of the face, and confining the skeletal
anatomy and the skin layer to the basics (cf. Chap. 5).

The different skin layers shown in Section 5.3 are neglected
and merged into one layer, represented by a polygon mesh. Fur-
thermore one does not distinguish the different bones of theSkin Abstraction
skull explained above, except for the mandible. The mandible
is the only bone involved in movement and it supports facial
expressions. The skull model used therefore consists of a separ-
ate mandible mesh and a mesh containing all other bones. TheSkeletal Abstraction
skin and the skull models are described in detail in Section 6.3.

The muscle model created in this approach is abstracted in
the following ways: Firstly, it is not necessary to consider theMuscular

Abstraction. . . complex internal structure of muscles, as explained above, in
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order to model muscle action. The abstraction of the muscle . . . of internal
Structurestructure and actions is done by Maya (cf. Sect. 6.4). Secondly,

it is necessary to abstract insertions and origins of muscles in
a way that the muscle model is accurate enough to enable real-
istic facial expression while it is not too detailed and complex
to enable efficient modelling, animation, and rendering. Taking
these limitations into account the origins of all linear muscles . . . of Insertion and

Originin the model are placed at the approximate region of the real
origin (cf. Sect. 7.1). The insertions of all linear muscles are
abstracted in order to insert into the orbicularis oris, which en-
ables control of this muscle (cf. Sect. 7.5). Origin and inser-
tion of the orbicularis oris are abstracted due to limitations of
Maya’s muscle feature (cf. Sect. 7.2). Thirdly, it is not necessary,
to model all the muscles of the face, since some muscles have
a supportive function. From Figures 5.12, 5.13 and 5.14 one
can conclude, that the zygomaticus major muscle, the canius
muscle and the buccinator muscle produce similar facial expres-
sions. The same applies to the zygomaticus minor muscle. It is . . . of Responsibility
possible to map these actions to one muscle and therefore not
necessary to model all four muscles. One could also assume,
that the actions of the mentalis muscle and the risorius muscle
could be modelled with one muscle. Nevertheless one decides
to distinguish them in order to have two muscles that connect
to the same point of the orbicularis oris (cf. Sect. 7.5). Thus one
can neglect the platysma muscle, since its action is similar to
the risorius muscle.

Table 2 gives an overview over all muscles of the chosen ap-
proach including their type. It contains only linear and sphinc-
ter muscles. The origins and insertions are given in the abstract
way described above. Figure 6.1 indicates the desired position
of each muscle in the model.

6.3 the skin and the skull model

The approach makes use of detailed 3D models of human skin
and skull that are available on the Internet.

The skull that forms the basis for the approach is part of a
very detailed skeleton model created by Andrew Klein [Ske12]. Skull Model
The mesh contains 18,651 polygons of which 1,376 build the
mandible and 3,531 build the rest of the skull (cf. sect. 5.1).
These polygons are mostly three-sided. 13,744 mostly four-
sided polygons build the teeth. The model contains separate
meshes for the mandible, the teeth and the rest of the skull.
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Table 2: Overview of the Muscles of the Model, their Category
and the abstracted Origin and Insertion.

Muscle Type Origin Insertion

Levator Labii Su-
perioris

Linear Lower Edge
of Eye Socket

Orbicularis
Oris

Levator Labii Su-
perioris Alaeque
Nasi

Linear Maxilla Bone Orbicularis
Oris

Zygomaticus Ma-
jor

Linear Zygomatic
Bone

Orbicularis
Oris

Risorius Linear Parotid
Gland

Orbicularis
Oris

Triangularis Linear Mandible Orbicularis
Oris

Depressor Labii In-
ferioris

Linear Oblique Line
of Mandible

Orbicularis
Oris

Mentalis Linear Bottom of
Mandible

Orbicularis
Oris

Orbicularis Oris Sphincter Orbicularis
Oris

Orbicularis
Oris
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Figure 6.1: Sketch of the Muscle Position
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The reference skull mesh contains 42,621 four-sided poly-
gons (quads), but does not contain details like separate meshes
[Ref12].

The skin mesh is going to be deformed by muscle actions,
therefore a mesh with only quads would be perfect. Other
shapes (e.g. triangles or n-gons) cause a central pinch and their
flow and bend is harder to handle, since they tend to cause Quads or Triangles
artifacts. Such shapes also cause problems when adding edge
loops or trying to smooth the mesh [Cho11]. Moreover the
paint weights tool used works better with quads.

The mainly used skin mesh consists of 4,362 polygons, which
are mostly four-sided, and about 600 are three-sided. This is an
acceptable amount and will not cause problems, since only a
few triangles are used in the important mouth area (cf. Fig. 6.2). Skin Model
The model contains many details, like eyeballs, eyelids, teeth,

Figure 6.2: Quads (highlighted) and Triangles of the Skin Mesh

and tongue, but there is no differentiation between the single
layers of the skin (cf. Sect. 5.3) [Ski12b].

The reference skin mesh is the male counterpart of the de-
scribed mesh. It has the same structure and a similar amount
of triangles and quads.
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The models were built independently, so the proportions of
the skin do not match any of the skulls perfectly. One goal ofIndependence
the chosen approach is to perform the matching by modelling a
muscle layer based on the skull mesh and applying influences
to the muscles based on the skin mesh. The muscle layer will
act as an interface that could match any skin model to any skull
model.

6.4 autodesk maya

Autodesk Maya is the 3D animation software used to complete
steps three to five of the described facial animation method.
The software is based on an extensible production platform
and comes along with tools for modelling, simulation, anim-
ation, rendering, etc. It is used in a wide range of 3D anima-Animation Software
tion projects such as game development. The current software
version (2013) enables parallel workflows and complex tasks
[May12a]. Bibliowicz has shown that facial animation is solv-
able with Maya. He uses joints of Maya’s character rigging
feature to model facial muscles. These muscles are attached to
parts of the skin mesh by point constraints in order to cause
deformation [Bib05]. The new muscle feature can be seen as
an advancement of character rigging. It is more flexible and
powerful as will be shown in the following chapters.

6.4.1 Deformers of the Maya Muscle System

Since 2009 Autodesk Maya comes with a muscle system that en-
ables sophisticated character rigging and realistic skin deform-
ation. Used in concert or independently the tools can deform
geometries in order to simulate muscle bulging and stretching.

Muscle            Bone           Capsule

Figure 6.3: Maya Muscle, Bone and Capsule [DTM08]
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The muscle system includes three main deformers: Muscles,
bones and capsules (cf. Fig. 6.3). Muscles are the most power-
ful component. They are created from NURBS and have one
connection point per end. It is possible to flex, extend, bounce,
etc. a muscle.

Bones are derived from polygons and can have any shape.
They are used for simulating bone sliding beneath the skin and
do not necessarily refer to Maya bones, that connect joints in
skeletal rigging.

Capsules are like joints and shaped like a pill. In conjunction
with a skin deformer and skin geometry they can produce fast Muscles, Capsules,

and Bonessliding effects. The shape of the capsule is driven by a formula
and therefore fast to solve.

Muscles, bones and capsules are used together with skin de-
formers, which are binding systems. This causes deformation
to geometry and enables weighting (e.g. sticky, sliding, jiggle,
cf. Sect. 8.1) [DTM08, PK11, May12b].

6.4.2 Muscle Types

As described above, muscle objects are created from NURBS
surfaces. Maya knows two different types of muscles, (new)
Muscles and Simple Muscles. Simple muscles use regular NURBS
surfaces with a spline and a special spline deformer used to
bend them. New muscles are parametric-style NURBS shapes
that can deform and pose.

There are different ways to create a simple (spline-based)
muscle. One can apply a spline- or stretch-deformer and a
muscle object to a NURBS surface in order to create the muscle.
The muscle gets a number of controls applied that cannot be
changed once the muscle is created. This approach is straight- Creating Simple

Musclesforward and works well for simple shaped muscles. Simple
muscles can also be created using the muscle builder tool. One
can specify two objects that the muscle will attach to. Within
this tool one can specify cross sections and segments of the muscle.
The cross sections are used to control the muscle, while the seg-
ments are used to shape it. In the finalisation step a deformer
is selected. Muscle parameters like fat, jiggle, etc. or poses for
stretch and squash can also be modified.

In order to create (new) muscles one makes use of the muscle
creator tool, which is quite similar to the muscle builder. Within
this tool one can specify cross sections and segments of the
muscle. The muscle attaches to a selected start object and an
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end object. The tool also enables sculpting of the muscle. Con-Creating New
Muscles trols can be easily adjusted and poses can be specified e.g. for

stretch and squash. It is also possible to grow muscles to sur-
faces in order to get the right shape [MMA12, May12b].

6.4.3 Renderers

To illustrate steps three and four of facial animation within the
next chapters, step five is anticipated by explaining the render
options of Autodesk Maya.

Several renderers are provided in the current software ver-
sion (2013). One of them is the software renderer, which en-Software Renderer
ables ray tracing, particles, fluids, paint effects, etc.

The Maya vector renderer can be used to create artificial ren-
derings, like cartoons or wireframes, that do not need specialVector Renderer
effects like bump maps, fluid effects, particles, post-render ef-
fects, etc.

In the following most of the time the mental ray renderer is
used, which enables 3D rendering of photorealistic and unreal-Mental Ray
istic scenes likewise. It provides the largest set of features, like
special materials and shaders, global illumination, ray tracing,
depth of field, motion blur etc. [Ren12].

Directional Light

Figure 6.4: Directional Light illuminating the Material and Skin
Shader of the Skin Mesh

In order to render images of the skin mesh that is deformed
by muscle actions with mental ray, several features are com-
bined. The goal is to produce a simple image structure withSetting
highlights on the features caused by facial expressions. First of
all, a shiny mental ray material, combined with a mental ray
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skin shader is applied to the skin mesh, in order to achieve a
natural look of the skin. Next, a directional light with a white
color and an average intensity is added to the scene, pointing
towards the head as shown in Figure 6.4. The light rays are
parallel and simulate illumination from a far distance. Finally,
contour rendering is enabled to produce a glow around the
head, similar to the glow that occurs in three-point illumina-
tion. The contour intensifies the contrast between the head and
the background of the scene.

For rendering images of the skull mesh with mental ray, the
same light setup is used, but contour rendering is disabled. The
mesh gets a shiny material applied that simulates bone texture
with a bump map and is available on the Internet [Bon12].

The Maya hardware renderer makes use of the computational
power of today’s graphic cards. It enables displacement map- Hardware Renderer
ping, shader translucency, specular lights, reflections, shadows,
etc. The hardware renderer 2.0 also enables real-time rendering.
This real-time renderer together with the light setup and mater-
ials mentioned above is used to render images of the skull and
the skin that also show the mesh structure.

6.5 prospective application areas

The approach does not provide a 100% anatomical correct and
complete model of the human musculature. It’s rather an ab-
straction based on the basic muscles that are necessary to model
facial animation. Therefore it cannot be applied in the area of
medicine. Since one goal of the discussed approach is reusabil-
ity, one could apply the derived model in situations, where the
visual appearance of a face might change often, but the underly-
ing logic stays the same. Another goal is the mimic articulation
of phonemes or visemes. A lip-reading application, where one
can select between a female social agent and a male equivalent,
is just another example of an application.
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C R E AT I N G A M O D E L O F FA C I A L M U S C L E S

Facial expressions come and go. They pass over the surface of the face
like ripples on the surface of a pond.

- Gary Faigin [Fai08]

In Section 5.2 it has been shown that facial muscles have a
complex outer structure, consisting of origin, the muscle itself
and the insertion. On the inside muscles consist of bundles
of fibres (cf. Sect. 5.2). This level of detail is not relevant for
models dedicated to facial animation. In this scope a muscle
consists of the insertion, the origin, and the belly, which is the
part that does the tightening and contraction. The size and the
shape of a muscle are in addition almost neglectable for anim-
ating facial expressions. Instead, the motion of each muscle is
the important aspect [Pal11]. This simplification a of a muscle Direction and

Magnitudecan be described as a direction and magnitude in two and three
dimensions. The direction is toward the origin at the bone. The
displacement depends on the muscle contraction [PW08].

7.1 linear muscles

Except for the orbicularis oris muscle, all muscles in the presen-
ted approach are linear muscles.

7.1.1 Mathematical Description

For linear muscles one can describe the effect of a muscle vec-
tor contraction on an arbitrary point P on the skin. Figure 7.1 Muscle Vector

Contractionshows a vector representation of a muscle with the originO and
the insertion I. O and I are located on a two-dimensional plane.
The maximum influence of the muscle is denoted as ω. It is as-
sumed that no displacement happens at the origin and that the
deflection increases to a maximum right before the point of in-
sertion. Therefore, a decline of the displacement runs through
the skin [Wat87]. Rs denotes the fall-off start radius and Rf the
finish radius. The point P is located on the skin mesh. The

47
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Figure 7.1: Linear Muscle Description: The displacement of P to
P ′ is calculated

displacement of this point to a point P ′ towards O along the
vector

−→
PO, can be written as:

P ′ = P+AKR
−→
PO (7.1)

The angular displacement factor A is defined as:Angular
Displacement

A = cos
( µ
ω
· π
2

)
(7.2)

where µ denotes the angle between the vectors
−→
OI and

−→
OP. The

radial displacement factor R is defined as:Radial
Displacement

R =


cos

((
1−

D

Rs

)
· π
2

)
for D < Rs

cos
(
D− Rs
Rf − Rs

· π
2

)
for Rs < D < Rf

(7.3)

where D = ‖P −O‖. K is a constant factor that represents the
elasticity of the skin [PW08].

7.1.2 Modelling Linear Muscles

When modelling muscles of a linear shape Maya’s straightfor-
ward approach for muscle creation can be used. In the follow-
ing the modelling process is explained for the zygomaticus ma-
jor muscle on the left side of the face. As mentioned before the
base of a Maya muscle is a NURBS surface. One does not start
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with a NURBS but a polygonal cylinder, in order to make use
of nDynamics features as follows: The cylinder is translated
and scaled into the desired position and form. Its bottom and
top need to get shrunken by merging the respective vertices to
a point. Next, the vertices are aligned to the approximate posi- Shaping with

Polygonstion at the zygomatic bone and a dummy orbicularis oris object.
In order to get the muscle as close to the skull as possible one
could either use the soft select tool or the nDynamics features.
The latter enables the geometry to be placed at an exact dis- nDynamics
tance from the skull. To achieve this, one makes the skull mesh
a passive collider. Passive objects do not take part in interaction
with forces, but in collisions. The muscle becomes an nCloth ob-
ject, which is also part of the dynamic simulation framework.
In order to attach the muscle to its origin and insertion, a dy-
namic point constraint is applied. Now, a gravity field can be
applied to influence the nCloth object. The gravity needs to
act towards the skull. For the case of left zygomaticus major
muscle, gravity in negative X and Y axes will force the muscle
to nestle to the shape of the skull as shown in Figure 7.2. The
pressure value determines the distance from the skull. Since
the nDynamics feature calculates natural forces in an iterative
manner, one needs to run the animation until the desired influ-
ence on the shape is calculated.

Figure 7.2: Modelling Zygomaticus Major as Polygonal Muscle

After deleting the dynamic information, the polygon muscle
is converted to a NURBS object and a spline deformer is ap- Conversion
plied, resulting in a simple muscle. For a linear muscle the fol-
lowing three cross sections are sufficient: origin, insertion, and
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body. The cross sections of the insertion can be constrained to
any other object, like a control point of the orbicularis oris.

7.2 sphincter muscles

The orbicularis oris is the only sphincter muscle that is modeled
in the chosen approach. The squeezing that occurs on contrac-
tion can be considered to be uniform around the mouth [PW08].

7.2.1 Mathematical Description

Figure 7.3: Sphincter Muscle Description: The displacement of P
to P ′ is calculated

A sphincter muscle has an approximately elliptical shape.
When such a muscle contracts, the surface around the imagin-
ary central point is contracted. Therefore, the angular displace-Ellipse
ment needed for linear muscles is no longer required [Wat87].
An elliptical representation of a sphincter muscle is shown in
Figure 7.3. Let Lx denote the semi-major axis and Ly its semi-
minor axis. The displacement of a point P to a point P ′ can be
described by the ellipse equation:

0 = 1−

√
L2yP

2
x + L

2
xP
2
y

LxLy
(7.4)
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which describes the possible locations of P on the ellipse. Since
P, Lx and Ly are given, one can calculate the angle between the
vector

−→
CP and the semi-major axis, which results in:(
Px

Py

)
=

(
Lx cosα
Ly sinα

)
. (7.5)

When the muscle contracts, the ellipse shrinks uniformly by
the factor K, resulting in L ′x and L ′y. A displacement of P occurs
along the vector

−→
CP and the displaced point P ′ moves to the

grey-colored ellipse described by L ′x and L ′y. Since α does not
change, P ′ can be written as:(

P ′x
P ′y

)
=

(
K · Lx cosα
K · Ly sinα

)
(7.6)

where K denotes the elasticity of the skin as a constant.

7.2.2 Modelling Sphincter Muscles

In 2005 Bibliowicz presented his model of facial muscles. At
this time it was not possible to model sphincter muscles with
help of the character rigging feature of Maya and led to limit-
ations of his approach [Bib05]. With Maya’s new muscle fea-
ture sphincter muscles are still not built-in. Maya muscles
are designed to represent linear muscles, therefore modelling
a sphincter muscle is a challenge. A straightforward approach
would be to create a NURBS curve for the inner and one for
the outer edge of the muscle, and then loft the curves. For the Converting

NURBS to Muscleresulting NURBS surface an offset is created to generate thick-
ness. This approach can lead to a very detailed orbicularis oris
muscle shape, but a spline deformer applied to this NURBS ob-
ject is resulting in an inappropriate simple muscle. Maya does
not apply the muscle controls in an elliptic way, but very close
around a point on the surface. Due to this the muscle could
never contract or tighten correctly.

Another approach would be to use Maya’s muscle creator
to create a muscle with a start and end point and then form
the muscle into the desired elliptical shape. The initial start Made of one Muscle

Objectand end would be connected. Bringing the muscle into a flat
circular shape is hard. The shape is controlled by several seg-
ments and adjusting one segment influences a wide range of
the shape. If one segment is shaped correctly and one tries to
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adjust the next segment, the shape of the first segment might
get worse.

A more promising way would be to split the orbicularis oris
into two parts: an upper and a lower part or a left and a rightMade of two Parts
part (cf. Fig. 7.4). Both parts share an origin and an insertion.
Modelling the orbicularis oris as a left and a right part seems

insertion of
upper part

origin of
lower part

origin of
upper part

insertion of
lower part

(a) Upper and Lower Part

origin of
left part

insertion of
left part

insertion of
right part

origin of 
right part

(b) Left and Right Part

Figure 7.4: Modelling Orbicularis Oris (a) as upper and lower
Part and (b) as left and right Part

to be more sensible at first glance, since this would be close to
the real anatomy. Each corner of the mouth would be formed
and controlled by a solid muscle. All muscles that insert intoLeft and Right Part
the modiolus would have a solid base to attach to. The connec-
tion of both muscle parts happens in the center line of the skull.
Almost no muscle attaches there, so the resulting force of the
connection points is low. But due to the functional principle of
Maya’s muscle feature, modelling a left and a right part of the
muscle is not feasible. Muscle movement deforms skin accord-
ing to the weights that are painted to the corresponding faces
of the skin mesh. The left part of the orbicularis oris influences
the left part of the upper lip and the left part of the lower lip.Upper and Lower

Part Therefore one has to paint weights to both lips. It is not pos-
sible to distinguish them. The consequence is that pulling the
muscle upwards will lift upper and lower lip at the same time.
Opening the mouth is not possible. This fact leads to the con-
clusion that the orbicularis oris muscle needs to be modelled as
an upper and a lower part. The upper part influences the up-
per lip and the lower part influences the lower lip. Lip opening
can be achieved easily. In the discussed approach each part of
the muscle is modelled as (new) muscle with six cross sections
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and segments in order to get a sufficient amount of attachment
points to attach other muscles (cf. Sect. 7.5).

7.3 mirroring muscles

All linear muscles that are modelled in the proposed approach
exist twice in the human face — mirrored at the center line.
Modelling just half of the muscles and mirroring them speeds
up the modelling process. Since a 100% symmetric face can- Symmetry
not be found in nature, one should consider to slightly ran-
domise the shape of the muscles after mirroring them. During
this thesis this modification was predetermined, since the skull
model itself was not 100% symmetric.

7.4 finalising the muscle model

After modelling seven linear muscles, mirroring and slightly
modifying them, the final muscle model is obtained as shown
in Figure 7.5. It contains 14 “real” linear muscles and one
sphincter muscle made of two linear muscles. Before starting

Figure 7.5: Final Muscle Model

to animate the muscle model, a “snapshot” is taken. Based on
the final shape of the muscles, a base pose is created for each
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of them. The base pose enables adjustment of the muscle atCreating Base Poses
a later point in time without having to delete or recreate skin
deformation information. This is a key fact for the reusability
of the whole model (cf. Sect. 7.6 and 8.4).

7.5 connecting muscles

Considering the muscular anatomy of the human face, one
might conclude that the linear muscles around the mouth in-
sert into the orbicularis oris. This approximation is used in the
following. The connection is done by point-constraining thePoint Constraints
cross section of the insertion of each linear muscle to a cross
section of the orbicularis oris. The linear muscles act as drivers,
the cross sections of the orbicularis oris act as driven. This res-
ults in the orbicularis oris being moved indirectly when other
muscles move. This approach is more powerful than connect-
ing the muscles to single vertices of the skin mesh, like Bib-
liowicz proposed in his approach [Bib05]. The reason is that
painting weights to the skin has the same effect: the muscles
are quasi connected to the skin, but their influence is control-
lable and easy to refine.

The orbicularis oris contains 12 cross sections, but 14 linearConnecting Linear
Muscles to the

Sphincter Muscle
muscles are modelled. Thus, two linear muscles on each side
of the face need to share an attachment point. As mentioned
in Section 5.2 the zygomaticus major muscle and the risorius
muscle both insert into the modiolus, which is located at the
corner of the mouth. This fact is simplified by allowing both
muscles to attach to one cross section of the upper part of the
orbicularis oris. Furthermore the levator labii superioris and
levator labii superioris alaeque nasi are attached to the upper
part. The triangularis, mentalis and depressor labii inferioris
are constrained to the lower part.

7.6 reusing the muscle model

A major advantage of the approach developed in this thesis is
the reusability of the created muscle model.

Once the base pose for each muscle is created, the muscles
can be exported and imported again to any skull model. In case
the muscle shape needs to be changed in order to match a new
skull, it is possible to set the new shape as base pose. In orderExchanging the

Skull to test the reusability, a reference skull model [Ref12] is impor-
ted (cf. Fig. 7.6(a) and (b)) and the origins of all muscles are
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translated to match the new mesh as shown in Figure 7.6(c). It
is also possible to rearrange the muscles when their influences
on the skin mesh are already painted (cf. Chap. 8). In this case
the skin deforms during rearrangement (cf. Fig. 7.6(d)), but as
soon as the new base poses are set, the initial pose is adopted.

(a) Reference Skull,
Front View

(b) Reference Skull, Side View

(c) Rearranged
Muscles

(d) Influence on the Skin Mesh

Figure 7.6: Reference Skull Model requires Rearrangement of
Muscles
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I M P L E M E N T I N G M U S C L E B E H AV I O R

When you feel worried and depressed, consciously form a smile on
your face and act upbeat until the happy feeling becomes genuine.

- Jonathan Lockwood Huie

Once the base pose for each muscle is specified one can start
to animate correct muscle behavior. As explained in Chapter 6,
Autodesk Maya’s muscles are controlled by deformers. In or-
der to declare which part of the skin should deform when
a muscle action occurs, weights are painted. There are sev-
eral types of weights available. Their usage for the linear and
sphincter muscles of the presented approach is explained in the
following.

8.1 modelling linear muscle action

The most important weights are sticky weights, which allow the Sticky Weights
direct attachment of the skin mesh to Maya’s muscles, bones or
capsules. The weights are normalised, i. e. the weights of all
muscles, bones and capsules that influence a vertex of the skin
add up to one:

1 =

n∑
i=1

WBi +

l∑
j=1

WCj
+

o∑
k=1

WMk
. (8.1)

WBi denotes the weight of a bone i, WCj
is the weight of a

capsule j, and WMK
represents the weight of muscle k that is

painted for a vertex of the skin mesh. If the overall influence
would be less than one, the vertex would be left behind when
moving a muscle. If the influence would be greater, the vertex
would move too much. It is important to consider this fact at
the beginning of the weighting process since it is recommended
to start with a root object with a weight of one in order to Root Object
prevent displaced vertices [May12b]. In the presented model
the upper skull is selected as root bone (cf. Fig. 8.1(a)), since it
is the only part of the skull that cannot cause deformation of
the skin. The polygon representation of the upper skull gets
converted to a bone object and connected to the muscle system

57
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of the skin. The sticky weight is flooded to one as shown by the
red color in Figure 8.1(b).

(a) Geometry (b) Initial Sticky Weight

Figure 8.1: (a) Geometry and (b) initial Sticky Weight of the Up-
per Skull

When sticky weights are painted to a polygonal bone, skin
deformation is caused by translating, rotating or scaling the
whole bone. This fact is useful when dealing with the mandible.
The mandible rotates around a pivot point approximately in
the middle of the skull (cf. Fig. 8.2). Besides the rotation therePolygonal Bone
is also protrusion and retrusion possible, which translate the
mandible forwards, backwards or sidewards. Combinations of
these transformations cause the mouth to open. By painting
sticky weights for the polygon representation of the mandible
bone it is possible to achieve this behavior in the presented
model. Figure 8.3(a) shows the influence of the mandible to the
skin of the lower face. The yellow and green colors represent
medium and low influence, black areas are not influenced by
the mandible bone at all.

As stated above, the muscles of Maya’s muscle system are
built from NURBS. When painting sticky weights to NURBS
muscles, the points of the skin mesh are actually attached to
the muscle surface. As a consequence the skin will move evenNURBS Muscles
if the pivot point of the muscle stays and only the shape of
the muscle changes or some point is transformed. This fact is
very useful when reproducing the anatomical behavior of real
muscles (cf. Sect. 5.2). For example the levator labii superioris



8.1 modelling linear muscle action 59

(a) Front View (b) Side View

Figure 8.2: Pivot Point of the Mandible seen from (a) Front and
(b) Side.

(a) Sticky Weight (b) Sidewards
Translation

(c) Translation &
Rotation

Figure 8.3: (a) Sticky Weight of the Mandible. (b) Translation,
Rotation and (c) Combinations of them enable Mouth Opening
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alaeque nasi muscle pulls up the skin along the sides of the
nose as shown in Figure 5.9. Wrinkles are caused, the upper
lip center is pulled upwards, the lips may part, and the wings
of the nostril widen, too. In order to apply this description
to the model, sticky weights are increasingly painted to the
upper lip and the nostril as shown in Figures 8.4(a) and (b).
The heavy weights are indicated by a reddish color whereas
blue illustrates a weight close to zero. When the skin mesh

(a) Front View (b) 45° View

Figure 8.4: Painting Sticky Weights for Levator Labii Superioris
Alaeque Nasi (left Side).

is very detailed, it is possible to paint weights in more detail.
This way one could force fine wrinkles of the skin of the nose by
applying heavy weights to small areas of the nose as indicated
by the upper red part. Figure 8.4(b) shows that the skin mesh
used in this approach is not detailed enough to produce fineWrinkles
wrinkles. However Maya allows to split faces of a mesh in order
to get a higher level of detail, but it is not recommended when
painting weights, since it degrades performance. Nevertheless
the mesh is detailed enough to give weight to the nasolabial
furrow. Since this furrow is pointed out most by actions of the
levator labii superioris the weights are increasingly painted for
this muscle (cf. Fig. 8.5).

Another type of weights are sliding weights. They enable
muscles, bones or capsules to push out the skin mesh for slid-Sliding Weights
ing effects. Sliding weights are not normalised, so multiple
muscles may affect a vertex for 100% each. They can be con-
trolled with direction weights in order to get better results in
regions where skin movement may cause penetration. Calcu-
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Figure 8.5: Painting Sticky Weights for Levator Labii Superioris
(left Side) focusing on the Nasolabial Furrow.
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lating sliding information takes a lot of time, especially for
NURBS muscles. Because of this, sliding weights are rarely
used in the presented approach. This is not a problem at all,
since the muscle and bone layers are not displayed when ren-
dering [May12b].

Jiggle weights are used to apply jiggle effects to vertices. They
support a realistic inertia of the skin in movement, but the cal-
culations are very expensive. As with sticky weights, the pointsJiggle Weights
of the skin mesh are attached to the muscle surface when paint-
ing jiggle weights. The presented model does not make use
of jiggle weights, since jiggling effects are less pronounced in
facial expressions and therefore negligible [May12b].

Relaxing weights are useful to apply wrinkle effects to the
skin without causing artifacts. When vertices get further apart,Relaxing Weights
relaxed areas are kept at their original relative distance. When
they get close, wrinkles are caused. It is also possible to spe-
cify relax and wrinkle weights for each muscle in detail. The
skin mesh of the presented muscle model makes use of relax-
ing weights globally set to one, in order to produce smooth
deformations of the skin as shown in Figure 8.6 [May12b].

(a) Without Relaxing
Weights

(b) With Relaxing Weights

Figure 8.6: Same Mouth Shape (a) without and (b) with Relaxing
Weights enabled

8.2 modelling sphincter muscle action

Modelling the behavior of the orbicularis oris muscle is a chal-
lenge. As explained above, the action of linear muscles is dif-
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ferent from the action of sphincter muscles. Linear muscles
displace a point on the skin mesh towards the static origin. As
an abstraction from nature in the presented approach sphincter
muscles do not have a static origin. Admittedly the orbicularis
oris is modelled with two linear muscles, which have a defined
origin and insertion, however upper and lower part arise from
and insert into each other as the corners of the mouth. There is
no static attachment to the skull. This design enables the trans-
lation of all control points, comprising cross sections, and inser-
tion and origin. Thus it is possible to model sphincter muscle
behavior by combining translation and the painting of weights. Combination of

Weights and
Translation

In order to implement an action of the orbicularis oris, sticky
weights are applied to both parts of the muscle (cf. Fig. 8.7).
Next, the translations of control points required to achieve a lip
funneling pose (cf. Fig. 8.8) are identified. Finally, the cross sec-
tions of the orbicularis oris are translated by the action of the
respective linear muscle which is attached. The mouth corners
are translated independently.

(a) Upper Part of Orbicu-
laris Oris

(b) Lower Part of orbicu-
laris Oris

Figure 8.7: Sticky Weights applied to (a) the upper and (b) the
lower Part of Orbicularis Oris

On the one hand it is difficult to model realistic lip funneling
with an orbicularis oris made of two linear muscles, since linear
muscles are not meant to squeeze and cause wrinkles around a
center point. On the other hand orbicularis oris actions involve
the upper and lower lip. Therefore a mesh of high quality is im- Limitations
portant. A mesh that is not very detailed or built from triangles
can cause artifacts when a funneling action squeezes the lips to
much. Thus the funneling action is limited to a soft bulging of
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(a) Funneling Pose with
Jaw closed

(b) Funneling Pose with
Jaw opened

Figure 8.8: Funneling Pose with (a) Jaw closed and (b) Jaw
opened.

the two muscle parts in order to adumbrate the pose. In this
way wrong skin squeezing and wrinkling as well as artifacts in
the corners of the mouth caused by a small amount of triangles
(cf. Sect. 6.3) are prevented.

8.3 resulting muscle actions

After painting the sticky weights for all muscles and defining
possible translations for the control points of all muscles, the
muscle model is ready for facial animation. The possible single
muscle actions are illustrated in Figure 8.9(a-p). By combining
several of these muscle actions the articulation of visemes or
expressions is possible.

8.4 reusing the muscle behavior

In addition to reusing the muscle model on another skull mesh
(cf. Sect. 7.6) the painted weights can be saved and imported
to influence any other skin. In order to test this part of the re-
usability the sticky weights that were painted to the muscles,
the upper skull, and the mandible get saved. Then the skin
is detached from all deformers and removed from the model.
The initial skull model and the muscles remain without func-Exchanging the

Skin tion. As a new skin model the male counterpart of the initial
model is imported. Since both models have the same source, a
similar level of detail of the mesh can be assumed. It is tried to
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(a) No Action (b) Orbicu-
laris Oris

(c) Levator
Labii Superi-
oris, Left and

Right

(d) Lev-
ator Labii
Superioris,

Left

(e) Levator
Labii Superi-
oris Alaeque
Nasi, Left

and Right

(f) Levator
Labii Superi-
oris Alaeque

Nasi, Left

(g) Zygo-
maticus
Major, Left

and Right

(h) Zygo-
maticus

Major, Left

(i) Triangu-
laris, Left

and Right

(j) Trian-
gularis,

Left

(k) Depressor
Labii Inferi-
oris, Left and

Right

(l) Depressor
Labii In-
ferioris,

Left

(m) Mentalis,
Left and

Right

(n) Mentalis,
Left

(o) Risorius,
Left and

Right

(p) Risorius,
Left

Figure 8.9: Mouth Shapes resulting from single Muscle Action
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place the new skin at the same location. The more the old skin
model resembles the new skin model in proportions, detail and
position, the better results can be expected. The new skin is at-
tached to the muscles, the upper skull, and the mandible. ThenLoading Weights
the saved weights can be loaded to the skin. Having a look at

Figure 8.10: Reference Skin Mesh influenced by the reused Mand-
ible Weights.

the painted weights shows that they are placed approximately
correct. Figure 8.10 shows the influence of the mandible after
copying it to the new skin. Subsequent work needs to be ap-
plied merely to parts of the lower lip. The same applies to the
weights that were copied to the muscles. However this effort is
just a small fraction of the effort that is needed to paint whole
new weights for all muscles and bones to influence a new skin!



9
A N I M AT I N G P H O N E M E S A N D V I S E M E S

God has given you one face, and you make yourself another.
- William Shakespeare

When the muscle system is modelled and the muscle beha-
vior is implemented, one can start to animate the actual facial
expressions in order to test the muscle system. As mentioned
in Section 6.1 two mouth shapes for sets of consonants and
three mouth shapes for sets of vowels are selected for this test. Iterative Process
Since applying such a shape to the model is an iterative process,
composed of translating muscle cross sections and refining the
weights that were painted in the last chapter, this process refers
to steps three and four of facial animation. In the following this
process and how the resulting shapes can be captured as poses
are described.

9.1 applying mouth shapes for selected phonemes

As described above all linear muscles insert into cross sections
of the orbicularis oris. In order to implement a mouth shape
these cross sections need to be translated by actions of the linear
muscles, until a sufficient shape is reached. The Preston Blair
visemes explained in Section 4.2 are used as reference mouth
shapes.

9.1.1 Bilabial Consonants /m/, /b/, /p/

The bilabial consonants /m/, /b/, and /p/ — as in man, bed, and
spin — are articulated with both lips pinched. The red part
of the lips gets narrowed and the shape of the mouth gets
straightened. Considering the respective Preston Blair mouth
shape, the upper lip might bulge a bit (cf. Fig. 9.1(a)). In order
to produce this shape the levator labii superioris and levator Implementing /m/,

/b/, and /p/labii superioris alaeque nasi are used to push the upper part
of the orbicularis oris and therefore the upper lip down. Zygo-
maticus left and right are translated towards the middle of the
mouth in order to narrow the upper lip. The mentalis muscle

67
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(a) Preston Blair Mouth Shape seen from the
Front and the Side

(b) Front View of
Implementation
without Self

Collision

(c) Front View
of Implement-
ation with Self

Collision

(d) 45° View
of Implement-
ation with Self

Collision

(e) Side View
of Implement-
ation with Self

Collision

(f) Side View
(X-ray) of Im-
plementation
without Self

Collision

(g) Side View
(X-ray) of Imple-
mentation with

Self Collision

Figure 9.1: /m/, /b/, /p/ Viseme Pose
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pushes the lower part of the orbicularis oris and therefore the
lower lip upwards.

Muscle action alone is not sufficient to accomplish the de-
sired mouth shape. By default Maya does not calculate any
collision information when two parts of the mesh collide. Thus,
the mesh parts of the upper and lower lip intersect instead of Self Collision
pressing against each other. In order to implement real lip com-
pression, self collision of the skin needs to be enabled. Calcu-
lations for self collision are based on area groupings. In the
presented approach the vertices of the skin mesh that define
the upper lip are grouped into one area and the vertices of
the lower lip into another area. Self Collisions are not based on
time and can be refined by additional weights. Figure 9.1 shows
the resulting mouth shape (b) without and (c-e) with self colli-
sion enabled. However the important difference is only visible
at the lips region in Figures 9.1(f) and (g), that show an X-ray
view of the skin mesh: with self collision enabled the mesh
does not intersect.

9.1.2 Labiodental Consonants /f/, /v/

(a) Preston Blair Mouth Shape seen from
the Front and the Side [Pre12]

(b) Side View of Im-
plementation

(c) 45° View of
Implementation

(d) Front View of
Implementation

Figure 9.2: /f/, /v/ Viseme Pose
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When articulating the labiodental consonants /v/ — as in
valve — and /f/ — as in fly — , the upper teeth are exposed and
touch the lower lip as shown by the Preston Blair mouth shape
in Figure 9.2(a). In order to achieve this pose, the mandible is
rotated, resulting in mouth opening. The triangularis, mentalisImplementing /f/

and /v/ and depressor labii inferioris muscles, that are attached to the
lower part of the orbicularis oris, need to push that muscle in
order to lift the lower lip slightly upwards and inwards until it
touches the upper teeth. The vertices of the mesh that define
the lower lip and the teeth are grouped for self collision in or-
der to prevent the mesh to intersect. The resulting mouth shape
is presented in Figures 9.2(b-d).

9.1.3 Front Vowels /a/, /i/, and /e/

(a) Preston Blair Mouth Shape seen from the
Front and the Side [Pre12]

(b) Side View of Im-
plementation

(c) 45° View of
Implementation

(d) Front View of
Implementation

Figure 9.3: /a/, /i/ Viseme Pose

The shape for the front vowels /a/ and /i/ — as in stack and
five — is similar to the shape for the front vowel /e/ — as in
lean — as the Preston Blair mouth shapes in Figures 9.3(a) and
9.4(a) show. The biggest difference between the shapes is the



9.1 applying mouth shapes for selected phonemes 71

(a) Preston Blair Mouth Shape seen from
the Front and the Side [Pre12]

(b) Side View of Im-
plementation

(c) 45° View of
Implementation

(d) Front View of
Implementation

Figure 9.4: /e/ Viseme Pose

mouth opening, which is slightly bigger for /a/ and /i/. An- Implementing /a/
and /i/other difference is the shape of the upper lip, that is somewhat

curved when articulating /a/ and /i/ and very straight for /e/.
For articulating /a/ and /i/ the levator labii superioris and lev-
ator labii superioris alaeque nasi lift the upper part of the or-
bicularis oris and therefore the upper lip, resulting in exposed
upper teeth. The zygomaticus major is used to lift the corners
of the mouth and to narrow the mouth a bit. Depressor labii
inferioris and mentalis muscle act together to pull the lower
part of the orbicularis oris and the lower lip down. Mandible
rotation ensures mouth opening. Figures 9.3(b-d) show the res-
ulting mouth shape for /a/ and /i/.

When /e/ is articulated, the mouth opening is less extreme.
Additionally zygomaticus major lifts the angles of the mouth a
bit higher in order to achieve the straight shape of the upper Implementing /e/
lip. The resulting mouth shape is shown in Figure 9.4(b-d).

9.1.4 Back Vowel /o/

When articulating the back rounded vowel /o/ — as in go — the
corners of the lips are narrowed as shown in Figure 9.5. The
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mouth shape is similar to the funneling pose explained before
(cf. Fig. 5.19) with the difference that articulating /o/ requiresLimitations
mouth opening. As stated before the funneling action of the
orbicularis oris needs to be restricted in order to avoid artifacts
and odd looking squeezing and wrinkling of the skin of the
lips. As a result it is not possible to articulate the viseme /o/
with the presented approach in a realistic way.

Figure 9.5: /o/ Viseme Pose

9.2 capturing mouth shapes

In order to reuse the mouth shapes, Maya’s character features
are used. Animated objects or attributes can be collected within
a character. In the presented approach the character comprisesCharacter
the handles of all control points of the muscle model that were
explained above. In order to implement mouth shapes, these
handles need to be adjusted. When a mouth shape is finished it
can be captured as a pose, which is a snapshot of the character’sPose
current position. Poses can be exported and imported for use
with other characters. They can also be scaled, repeated, and
combined with other poses in order to produce clips.Clip

A pose for each implemented viseme and one for the basic
mouth position is created. To test the reusability of the poses
and the transitions between them, all poses are applied to the
muscle model at an interval of 50 frames. Now Maya’s default
interpolation is used for animating the co-articulation. The res-
ulting sequence is rendered with the setup described above
(cf. Sect. 6.4).
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C O N C L U S I O N A N D F U T U R E W O R K

In this master thesis an approach to facial animation using the
muscle feature of Autodesk Maya has been described. Facial an-
imation is an active research topic since the 1970s (cf. Chap. 1),
which contains many different aspects (cf. Chap. 2) and extens-
ive application areas (cf. Chap. 3).

Treating the five steps of facial animation, it has been shown
that the field of phonology deals with phonemes, which are lan-
guage units that deliver a unique meaning. It has been shown Phonemes &

Visemesthat phonemes are not sufficient for speech animation and that
it is common to map them to visemes, their visual counter-
parts. This mapping process groups phonemes that produce
similar mouth shapes during articulation into the same class
(cf. Chap. 4).

The skeletal, muscular and skin anatomy of the human face
have been introduced to demonstrate their effect on facial ex-
pressions (cf. Chap. 5). It is not necessary to include all facial
muscles into the 3D model, since some muscles produce sim-
ilar actions by supporting each other. The anatomical structure Anatomy of the

Human Faceof a muscle needs to be abstracted, as well as the origins and
insertions of each muscle, in a way that the resulting model is
detailed enough to produce realistic facial expressions and not
too detailed to harm performance (cf. Chap. 6).

Autodesk Maya’s new muscle feature has been introduced
and evidence has been provided that it can be used to imple-
ment a model of facial muscles. Modelling linear muscles can
be done straightforwardly, whereas sphincter muscles, like the
orbicularis oris, pose a challenge (cf. Chap. 7). It has been
shown that muscle behavior can be implemented by painting
weights to the skin mesh and that the results are sufficient for Modelling &

Animating
Muscles. . .

linear muscles, but proved elusive when it comes to sphincter
muscles (cf. Chap. 8). Since sphincter muscles are not provided
by Maya, the orbicularis oris muscle has been modelled by com-
posing two linear muscles — an upper and a lower part — and
weights have been applied to both of them. This limits the
present approach, since the linear muscles prevent the proper
articulation of funneling poses or phonemes like /o/ that require
mouth contraction. The lack of built-in sphincter muscles is a

73
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fact that could be the topic of future research. By implement-
ing the mathematical description, a real contraction around the. . . Limitations
center of the mouth could be created, leading to more realistic
orbicularis oris actions.

Aside from this limitation it has been shown that the muscle
model is capable of articulating visemes in an extremely real-. . . Possibilities
istic way, by applying mouth shapes for a diverse set of phon-
emes: the bilabial consonants /m/, /b/, and /p/, the labiodental
consonants /v/ and /f/, as well as the front vowels /a/, /i/ and /e/.
The implementation of further phoneme mouth shapes would
be a meaningful extension of the presented approach.

Furthermore it has been shown that the muscle model cre-
ated in the presented approach is reusable. It can be applied to
any skull model and any skin model. A few adaptions of theReusability
muscle shapes to the new skull or the skin weights to the new
skin can be done easily. The effort is small compared to the
effort caused by the creation of new muscles or the painting of
new weights.

Additionally the visemes created have been captured as poses.
In this way it is possible to reuse them and append them in an
arbitrary order to animate speech. A simple interpolation, that
is performed by Maya automatically, has been used to test the
transitions from one mouth shape to the other. Of course these
transitions are not lifelike and should be refined as part of theCo-Articulation
implementation of co-articulation for the presented model. Ad-
ditional animation of the tongue would be worthwhile, since
it would upgrade realistic speech animation. Animating other
regions of the face (e.g. eyes) using Maya muscles is anotherFurther Animations
imaginable extension of the model that would enable a broad
set of facial expressions.

With real-time interaction of characters becoming more im-
portant (e.g. for social agents), real-time rendering is an im-
portant area of future research. A possible application is theReal-Time

Rendering interaction of a human being with a character based on the
presented muscle model, that is integrated in a web application.
It would be necessary to preprocess the interaction in order to
prepare a response, then pass this information to Maya. In a
next step Maya would append appropriate visemes to an anim-
ation sequence, calculate co-articulation, and render the image
sequence on the fly. The output would be passed to the web
front-end for display.
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