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Abstract
This paper presents a geometric wrinkle model based

on facial muscles for realistically and efficiently simulating
wrinkles generated in facial expressions. Our method simu-
lates wrinkles on an anatomy-based face model that mimics
the layered structure of skin, muscles, and skull for facial
animation. Corresponding to three types of facial muscles,
a geometric model is developed to govern how the wrinkle
amplitude evolves locally upon skin deformation. By taking
into account the properties of real wrinkles, it provides intu-
itive parameters for easy control over wrinkle characteris-
tics. During facial animation, wrinkles are generated in the
local regions influenced by muscle contraction, simulating
resistance to compression of tissues. In the simulation, an
adaptive refinement automatically adapts the local resolu-
tion at which potential inaccuracies are detected depending
on local deformation. It ensures the required speedup by
concentrating computational time only where needed while
ensuring realistic behavior.

1. Introduction
Facial expressions exhibit not only facial feature mo-

tions, but also subtle changes in skin appearance such as
creases and wrinkles. These details, or expressive wrinkles,
constitute major elements affecting the visual appearance
of the face, and are an important factor in interpreting the
meaning of facial expressions. Therefore, realistic model-
ing of expressive wrinkles contributes significantly to the
overall realism of facial animation.

1.1. Background and Previous Work
A few methods exist to generate facial wrinkles, which

can be classified into three groups: texture techniques,
physically-based methods, and geometric methods.

Texture techniques use bump mapping or color texture
mapping for wrinkle modeling [2, 7, 9, 11, 12, 13]. Bump
mapping produces perturbations of the surface normals that
alter the shading of a surface to give a visual impression of
wrinkles, without deforming the geometry. Although be-
ing efficient and giving acceptable visual results in simulat-
ing facial wrinkles formed due to skin texture and age, this
technique has some inherent limitations. First, it is difficult
to mimic the wrinkle dynamics during animation. Second,

as the skin geometry remains undeformed, the perceptible
structural changes can not be modeled.

Physically-based methods attempt to model the dynamic
wrinkling as the result of skin deformation by approximat-
ing the biomechanical properties of real skin [3, 15, 16, 20,
21, 23]. Typically, a particle system or a continuous system
is used for numerical simulation. Physically-based meth-
ods focus on the plastic and viscoelastic properties of the
skin: the skin deformation is determined by a biomechani-
cal model while wrinkle formation is affected by controlling
their bulge depth according to the strain of skin surface. Re-
sults of the physically-based methods are realistic, but the
process is not real-time due to expensive computation of the
underlying mass-spring or finite element system.

Geometric methods solve the difficulties associated with
two classes of methods mentioned above by simulating the
perceptible geometrical deformation of skin for rendering
at a high simulation speed. For example, Ishii et al. [8] di-
vide skin surface into polygons using a hierarchical Voronoi
division, and render each edge of these polygons as a fur-
row of a wrinkle. Wu et al. [22] employ a hierarchical
Delauney triangulation instead. Viaud et al. [17] present a
geometric model for the formation of expressive wrinkles,
where bulges are modeled as spline segments. Volino and
Thalmann [18] animate wrinkles on deformable models by
modulating the amplitude of a given wrinkle pattern on a
per triangle basis. This work was further extended for cloth
wrinkling [6]. Bando et al. [1] propose a simple method
using intuitive interface to dynamically modulate wrinkle
amplitude while animating the body part. Using a simple
geometric constraint, Larboulette et al. [10] simulate dy-
namic wrinkles on the face, joint, and garment with low
computational overhead. Although these geometric meth-
ods are efficient to produce convincing results, they reveal
the difficulties in intuitive control such as adjusting size and
position of wrinkles and involve painstaking tasks such as
manually drawing wrinkle patterns in textures.

1.2. Our Approach
As expressive wrinkles are formed due to compression

of the skin surface as a result of muscle contraction, we
believe that wrinkle simulation can be greatly facilitated
if anatomical face structure is used. Therefore, our goal
is to realistically and fast simulate wrinkles according to



the influence of virtual facial muscles. In this paper, we
present a geometric muscle-driven wrinkle model to effi-
ciently simulate expressive wrinkles on the face. Wrinkles
are generated on an anatomy-based face model that mim-
ics the skin-muscle-skull structure and dynamics of the hu-
man face. Corresponding to three types of facial muscles,
a geometric model is developed to govern how the wrin-
kle amplitude evolves locally upon skin deformation, tak-
ing into account the properties of real wrinkles. The model
provides intuitive parameters for easy control over wrinkle
characteristics. Our facial animation system automatically
adapts the local resolution at which the inadequacy of mesh
approximation is detected depending on a refinement cri-
terion, where different levels of resolution are provided in
order to reduce the overall complexity by only simulating
relevant levels of detail. Thanks to its simplicity and ge-
ometric nature, our method simulates wrinkles that can be
dynamically rendered at interactive rates.

This paper is organized as follows. Section 2 briefly
summarizes the physiology and properties of wrinkles. Af-
ter presenting our anatomy-based face model, Section 3 de-
scribes the geometric muscle-driven method for simulating
expressive wrinkles. Section 4 elaborates on the adaptive
refinement of face mesh . The simulation results are shown
in Section 5. Section 6 presents our conclusion.

2. Physiology and Properties of the Wrinkle
Facial skin is built by three layers of tissue: the epider-

mis, dermis, and hypodermis [5]. The general appearance
of skin and the wrinkles and other lines are determined by
the combined effect of the three layers. Since skin itself is
incompressible, when the skin surface shrinks, the excess
skin buckles and forms wrinkles. There are two major fac-
tors to describe the characteristics of wrinkles: the furrow
and the bulge. The furrow defines the location of the curved
line of a wrinkle, and the bulge gives the shape of its curved
surface. Wrinkles have the following property: each has a
sharp inward furrow with a round outward bulge.

Facial wrinkles can be classified into two types: expres-
sive wrinkles and wrinkles due to age. Expressive wrinkles
are formed due to deformation of the skin as a result of mus-
cle contraction. The position of the wrinkle is vertical to
the muscle contraction direction, and the depth of its furrow
depends on the amplitude of muscle contraction. The skin
cells regenerate themselves at slow rate with age, and tend
to favor a specific orientation, thus creating aging wrinkles.
We will only be concerned with the expressive wrinkles.

3. Modeling of Expressive Wrinkles on An
Anatomy-Based Face

3.1. Anatomy-Based Face Model
We have developed an anatomy-based face model

that encapsulates a layered skin-muscle-skull structure for
physically-based facial animation [24] (see Fig. 1). The
skin surface is represented as a triangular mesh, consisting
of 4,517 triangles. The edges and vertices of the skin mesh

Frontalis Major (sheet)

Frontalis Outer (sheet)

Nasalis (linear)

Zygomaticus Major (linear)

Mentalis (linear)

Orbicularis Oris (sphincter)

Frontalis Inner (sheet)

Corrugator Supercilliary (linear)

Zygomaticus Minor (linear)

Risorius (linear)
Depressor Anguli (linear)

Orbicularis Oculi (sphincter)

Figure 1: The anatomy-based face model. Left: face geometry.
Right: anatomic structure of the skin, muscles and skull.

are converted to springs and point masses to simulate dy-
namic deformation of the soft tissue. A layer of 23 mus-
cles is attached to the skull and inserted into the skin to
control facial movement. We use three kinds of physically-
based facial muscle models that are based on Waters’ mus-
cle model [19]: the linear muscle for the majority of fa-
cial muscles, the sheet muscle for the forehead muscles
(Frontalis), and the sphincter muscle for the muscles sur-
rounding eyes and mouth (Orbicularis Oculi and Orbicularis
Oris). Our muscle models simulate the distribution of mus-
cle force exerted on the facial skin. When muscles contract,
the surrounding skin tissue is dynamically deformed under
a field of muscle forces. An animation of facial expressions
is carried out by a deformation of the skin mesh resulting
from the combined contractions of a set of muscles based on
the Facial Action Coding System (FACS) [4]. The reader is
referred to [24] for more detailed description of this model
and animation approach. In the following subsections, we
first give a brief description of each muscle model and then
present the corresponding muscle-driven wrinkle model.

3.2. Linear Muscle
3.2.1 Muscle Model and Wrinkling Region
A linear muscle is defined by an insertion point, the end of
the muscle attached to skin; an attachment point, the end of
the muscle fixed to bone; and the area of influence (AOI),
the portion of the surface affected by muscle contraction.
The effect of muscle contraction is to pull the facial skin
from the area of the muscle insertion point to the muscle at-
tachment point on the bone. Fig. 2 shows the linear muscle
model with the following definitions:

xi: arbitrary facial skin point
fi: muscle force applied to xi

mA: attachment point of linear muscle at the skull
mI : insertion point of linear muscle at the facial skin
φ: maximal angle of muscle influence
ϕi: angle between the central muscle fiber mAmI and mAxi

R: maximal radius of influence
li: distance between xi and mA projected onto the central mus-

cle fiber

Figure 2: Linear muscle model.
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The AOI of the linear muscle is completely defined by
four parameters: mA, mI , φ and R. For an arbitrary skin
mesh vertex xi, its distance from the muscle attachment
point projected onto the central muscle fiber mAmI is

li = ‖mA − xi‖ cos(ϕi) (1)

where ‖ · ‖ denotes the Euclidean norm. li and ϕi weight
the influence of the linear muscle at vertex xi separately for
length factor λi and angular factor γi:

λi =
li
R

, γi =
ϕi

φ
(2)

λi defines the normalized longitudinal distance of vertex xi

to the muscle attachment point. γi represents the distance
between xi and the central muscle fiber in the angular di-
rection. The wrinkling region of the influenced skin surface
is a sub-area of muscle’s AOI. The set of skin mesh ver-
tices inside the wrinkling region is Sw = {xi|λw ≤ λi ≤
1 and 0 ≤ γi ≤ 1} where λw is a factor defined in [0,1]
to control the size of wrinkling region. The smaller λw,
the larger the wrinkling region. With a value equaling to 0,
the wrinkling region is exact the same as the muscle’s AOI,
whereas equaling to 1, the wrinkling region vanishes.

3.2.2 Muscle-Driven Wrinkle Model
Under the contraction of a linear muscle, the skin surface
shrinks and wrinkles appear. The wrinkle amplitude is cal-
culated for all vertices that are originally (before activating
the muscle contraction) inside the wrinkling region. The
wrinkle amplitude at a vertex xi is given as wrinkle ampli-
tude function W (xi):

W (xi) = H(wi)A(εi)At(ϕi) (3)

where H(wi) is the shape function used to obtain natural
wrinkle shape, anisotropic function A(εi) modulates the
wrinkle amplitude to model irregularity of wrinkles, and
At(ϕi) is the attenuation function.

Wrinkle Shape
The cross sectional wrinkle shape is defined by the shape

function H(wi), a height function of the vertex 3D position:

H(wi) =

{
k0(1 + (wi−u

u
)2)α(wi−u

u
) + d 0 ≤ wi ≤ u

−k0(1 + (wi−u
u

)2)α(wi−u
u

) + d u < wi ≤ 2u
(4)

The H(wi) curve depicted in Fig. 3 illustrates how wrin-
kling amplitude evolves. In Eq. 4, u is the half cycling
length. Given a predefined value to the number of wrinkles
nw, u is obtained as:

u =
(1 − λw)R

2nw
(5)

In Eq. 4
wi = li − λwR − int(

li − λwR

2u
)2u (6)

As int(·) truncates a real number to the biggest integer num-
ber that is smaller than it, Eq. 6 periodically maps li into
[0,2u] with a frequency of nw.

Three intuitive parameters are introduced in H(wi) to
control wrinkle characteristics. k0 controls the depth of the
furrow in a wrinkle and is called furrow depth factor, α is
the shape modulation factor that controls the modulation of
the wrinkle shape, and d is the bulge height parameter that

Figure 3: The shape function with different parameter values
(u=1.0).

defines the maximal height of the bulge in a wrinkle. By
adjusting these three parameters, H(wi) can be chosen to
simulate the real wrinkle property: the furrow of a wrinkle
is sharp and the bulge is round. Moreover, the shape func-
tion should satisfy the following equation:∫ 2u

0

H(w)dw = 0 (7)

This means that the volume depressed at the furrow goes
to the side to make up the bugle, which simulates the
incompressibility of skin. Using this equation, we can
express the bulge height parameter d as a function of k0

and α, which reduces the parameter tuning. Therefore, the
merits for using Eq. 4 as the wrinkle shape function are: 1)
it simulates the realistic wrinkle cross-section; 2) it creates
wrinkles by taking into account the incompressibility of
real skin; and 3) it provides easy control over wrinkle
characteristics by using intuitive parameters.

Modulation of Wrinkle Amplitude
Obviously, expressive wrinkles do not all react in the

same way to skin deformation, varying according to their
alignment with the direction of skin compression. An
anisotropic function A(εi) is introduced, which modulates
wrinkle amplitude according to skin surface deformation.
The most direct measure of the deformation of the skin
mesh is found by comparing the current length of the edges
to their rest length. Suppose a skin mesh vertex xi is con-
nected to one of its neighbors xj by an edge with the rest
length Lij (see Fig. 4 (a)). During animation, we compute
at each time step the edge shrinkage τij for the edge xixj :

τij =
Lij − ‖xi − xj‖

Lij
(8)

τij is the amount of shortening relative to the original
length, which equals 0 in the rest state. τij becomes neg-
ative when the edge expands, and increases up to the maxi-
mum value of 1 as the edge shrinks. As described in Section
2, the skin is deformed in the direction of muscle contrac-
tion and wrinkles become more pronounced when the skin
surface shrinks perpendicularly to their directions. There-
fore, the more the direction of an edge runs parallel to the
direction of muscle contraction, the more the wrinkle am-
plitude will react to variation in that edge’s length. The
compression rate εi at the vertex xi is a normalized func-
tion defined by the current edge length variation:

εi =

∑
j∈Ωi

τij cos(θij)∑
j∈Ωi

cos(θij)
(9)
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where Ωi is the set grouping all neighboring vertices linked
to xi, and θij is the angle between edge xixj and the di-
rection of muscle contraction ximA (see Fig. 4 (a)). The
weight cos(θij) measures the direction similarity of the con-
sidered edge to the muscle contraction direction, and favors
edges with direction similar to that of muscle contraction.

(a) (b)
Figure 4: (a) Shorting of an edge contributes to the compression
of the skin surface at a vertex. (b) Plot of the anisotropic function.

Typically, the wrinkle amplitude varies from maximal
amplitude for maximal compression (εi = 1) to null for
expansion. Negative value of εi means that stretching tends
to make the wrinkles disappear. We model it by defining the
following anisotropic function A(εi):

A(εi) =

{
cos(π

2
(1 − εi)) 0 ≤ εi ≤ 1

0 εi < 0
(10)

From a maximal amplitude of 1 corresponding to maximal
compression, it decreases to 0. A(εi) = 0 for εi < 0, and
wrinkles disappear unless the skin surface is compressed
(see Fig. 4 (b)).

Attenuation of Wrinkle Amplitude
The wrinkle amplitude is also scaled by the attenuation

function At(ϕi) that is defined as:

At(ϕi) =

{
1 0 ≤ ϕi ≤ ϕc

− 1
2
(1 + (ϕi−ϕc

φ−ϕc )2)(ϕi−ϕc

φ−ϕc ) + 1 ϕc < ϕi ≤ φ

(11)
where ϕi is the angular distance of a vertex from the central
muscle fiber mAmI . At(ϕi) defines an attenuation profile
which dictates the way the wrinkle amplitude decreases and
then vanishes when wrinkles go away from the central mus-
cle fiber (see Fig. 5 (a)). ϕc, in the range [0,φ], controls
the angular distance from the central muscle fiber where the
wrinkle amplitude begins to decrease (see Fig. 5 (b)).

(a) (b)
Figure 5: (a) The attenuation function. (b) Attenuation area (gray
area) in the wrinkling region of the linear muscle.

3.3. Sheet Muscle
A sheet muscle neither emanates from a point source, nor

contracts to a localized node. In fact, it is a series of almost-
parallel fibers spread over a rectangle area and it contracts
to a group of separated muscle fiber nodes. The obvious
example is the Frontalis, which lies on the forehead. Fig. 6
(a) illustrates the sheet muscle model.

mA1

mA2

mAc

mI1

mI2

mIc

Ls

Ws

xifi

li hi

(a) (b)
Figure 6: (a) Sheet muscle model. (b) Attenuation area (gray area)
in the wrinkling region of the sheet muscle.

Two points mA1 and mA2 specify the attachment line of
the sheet muscle. mAc is the middle point of the attachment
line. Similarly, the points mI1 and mI2 specify the insertion
line of the sheet muscle, and mIc is the middle point of the
insertion line. Vector mAcmIc is the central muscle fiber.
The denotations of other model parameters are as follows:

xi: arbitrary facial skin point
fi: muscle force applied to xi

Ws and Ls: width and length of the sheet muscle’s AOI.
li: distance between xi and the muscle attachment line
hi: distance between xi and the central muscle fiber
The AOI of the sheet muscle is rectangular and com-

pletely defined by the parameters Ws and Ls. Similar to
the linear muscle model, the length factor λi and width fac-
tor γi associated with a vertex xi are defined as:

λi =
li
Ls

, γi =
2hi

Ws
(12)

The wrinkling region is a sub-area of sheet muscle’s AOI.
The set of vertices inside the wrinkling region is Sw =
{xi|λw ≤ λi ≤ 1 and 0 ≤ γi ≤ 1} where λw in the
range [0,1] controls the size of the wrinkling region.

The wrinkle amplitude function defined in Eq. 3 is em-
ployed for wrinkle generation, after modification of some
parameters. For the shape function H(wi), parameter R in
Eq. 5 and 6 is replaced by Ls, the length of sheet muscle’s
AOI. For the anisotropic function A(εi), since the direction
of muscle contraction is parallel to the central muscle fiber
mAcmIc, θij in Eq. 9 becomes the angle between the mesh
edge and mAcmIc. The attenuation function is modified as:

At(hi) =

{
1 0 ≤ hi ≤ hc

− 1
2 (1 + (

hi−hc

W s/2−hc )2)(
hi−hc

W s/2−hc ) + 1 hc < hi ≤ Ws/2

(13)

where hi is the distance between the vertex and central
muscle fiber, hc controls the starting position of attenuation
(Fig. 6 (b)).

3.4. Sphincter Muscle
The sphincter muscle consists of fibers that loop around

facial orifices; an example is the Orbicularis Oculi, which
circles the eyes and can squeezes the eyelid. In sphincter
muscle, the skin tissue is squeezed towards a virtual cen-
ter. This squeezing can be described as occurring uniformly
about a point of contraction. The sphincter muscle can be
modeled as parametric ellipse as shown in Fig. 7 (a). The
model parameters are defined as:

xi: arbitrary facial skin point
fi: muscle force applied to xi

o, a, and b: epicenter, semimajor, and semiminor axes of the
muscle’s AOI, respectively.
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xi

fi

a

b

o si

ti

(a) (b)
Figure 7: (a) Sphincter muscle model. (b) Wrinkling region (green
area) of the sphincter muscle.

si and ti: lateral and vertical coordinates of xi in the muscle’s
AOI, respectively.

Let ri measure the relative distance of a skin point from
the epicenter along the radial direction:

ri =

√
a2t2i + b2s2

i

ab
(14)

The set of vertices inside the sphincter muscle’s AOI is
Sm = {xi|0 ≤ ri ≤ 1}. In the actual expressions, con-
traction of the Orbicularis Oculi often results in large-scale
wrinkles in the region near the external corner of the eyes,
and orientation of the wrinkles is perpendicular to the or-
bital cavity. To model these characteristics, the wrinkling
region is defined as a sub-area of the sphincter muscle’s
AOI as shown in Fig. 7 (b). The parameters defining the
wrinkling region are as follows:

ϕi: angle between the skin point xi and the major axis
a
′
: minimal radius of the wrinkling region

β1 and β2: angles between the wrinkling region boundaries
and the major axis

The set of vertices inside the wrinkling region
P1P2P3P4 is Sw = {xi| − β1 ≤ ϕi ≤ β2 and rw ≤
ri ≤ 1} where rw = a

′
/a.

For wrinkle generation, we use the wrinkle amplitude
function (Eq. 3). Some modifications are needed to adapt it
to the sphincter muscle. The shape function becomes:

H(wi) =

{
k0(1 + (wi−u

u
)2)α(wi−u

u
) + d 0 ≤ wi ≤ u

−k0(1 + (wi−u
u

)2)α(wi−u
u

) + d u < wi ≤ 2u
(15)where

u =
β1 + β2

2nw
, wi =

{
β1 + ϕi − int(β1+ϕi

2u
)2u ti ≥ 0

β1 − ϕi − int(β1−ϕi
2u

)2u ti < 0
(16)

The above equations define the cross sectional shape of the
wrinkle as a function of angular distance from the skin point
xi to the wrinkling region boundary P1P2, producing wrin-
kles vertical to the angular direction. For the anisotropic
function A(εi), since skin is deformed along the angular di-
rection, θij in Eq. 9 now is measured as the angle between
the mesh edge and the angular direction at the considered
vertex, as shown in Fig. 8 (a). Wrinkle amplitude is atten-
uated in the skin area near the wrinkling region boundaries
P1P4 and P2P3. The adapted attenuation function is:

At(ri) =

{
1 rw + ∆r ≤ ri ≤ 1 − ∆r

− 1
2 (1 + (

rw+∆r−ri
∆r )2)(

rw+∆r−ri
∆r ) + 1 rw ≤ ri < rw + ∆r

− 1
2 (1 + (

ri−1+∆r

∆r )2)(
ri−1+∆r

∆r ) + 1 1 − ∆r < ri ≤ 1

(17)
where ∆r controls width of the attenuation area (Fig. 8 (b))

∆r =
ac − a

′

a
(18)

(a) (b)
Figure 8: (a) Measurement of the angle between an edge and the
angular direction at a skin point for evaluating the skin surface
compression. (b) Attenuation area (gray area) in the wrinkling
region of the sphincter muscle.

4. Adaptive Refinement of Wrinkling Region
When polygonal face model is animated to generate

wrinkles, the coarse mesh results in visual inaccuracies we
would like to avoid: The surface mesh is unable to rep-
resent shape details smaller than the size of the triangles
themselves. In order to generate realistic wrinkle simula-
tion while guaranteeing frame rate, we adaptively refine the
face mesh at runtime, concentrating the computational load
in the regions where wrinkling might occur.

4.1. Triangle Splitting
The basic idea behind mesh refinement is to split the

sparse discrete triangles to create additional degrees of free-
dom (vertices and edges) for animation. We use a quater-
nary split scheme. As shown in Fig. 9, each edge of a large
triangle is bisected to form three new nodes, and the new
nodes are then connected to create four sub-triangles which
are all similar to the original triangle. This type of split pro-
duces fine meshes with the same triangular structure, which
is appropriate for recursive subdivision. However, this ap-
proach will result in a nonconforming mesh. The hanging
nodes having no connection to adjacent triangle may lead
to cracks in the representation. This problem is solved by
propagating the refinement to adjacent triangles with one
nonconforming edge through bisection, see Fig. 9 (b). For
the triangles that have two or more nonconforming edges,
the quaternary split is used.

(a) (b)

 

Figure 9: Triangle splitting: (a) quaternary split; (b) Consistent
split of adjacent triangles through bisection.

4.2. Splitting Criterion
In wrinkle simulation, surface curvature increases in

the mesh region undergoing significant local deformation.
Highly curved surface requires more discretized elements
to capture the shape and thus indicates the need for refine-
ment. Consequently, we find edges of triangles with large
curvature using a simple and efficient test:

γ =
n0

i · n0
j − ni · nj

n0
i · n0

j

(19)

where n0
i and n0

j are the normals of two vertices at both ends
of an edge in the undeformed mesh, and ni and nj are the
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vertex normals at any time during simulation. Computed
at each edge in the wrinkling region, this splitting criterion
only uses the dot product between vertex normals. More
complex criteria can be used as well, e.g. measuring dis-
crete curvature on the mesh [14]. The criterion has proven
to be sensitive to the skin deformations that occur in our
wrinkle simulation. Additionally, it has the advantage of
low evaluation cost, since the dot product value has been
precomputed for the undeformed geometry and the current
vertex normals have already been computed for rendering.
A user-specified threshold γc controls triangle splitting. If γ
increases above γc, there is more “curving” and local reso-
lution will be adjusted to ensure an adequate linear approx-
imation of the deformations.

4.3. Online Local Refinement
During online simulation, each edge of the deformed

mesh is examined to decide whether the adjacent triangles
should be split into four sub-triangles or bisected. We make
use of a number of adjacency relations that are defined on
the triangular mesh, such as circulating through the vertices
adjacent to a given vertex, finding the triangles sharing a
given edge etc. If the splitting criterion indicates that the
resolution is too coarse near an edge, then a subdivision is
applied to the adjacent triangles which contain this edge.

We use a hierarchical data structure which models the
network at different levels of refinement. Such a nested
structure would make it possible to quickly adapt the mesh
density locally by moving up and down in the hierarchy. We
begin with a mesh M0. When splitting criterion is reached,
refinement of a triangle mesh is carried out by splitting each
edge of the triangle at its midpoint. As refinement propa-
gates, any triangle with at least two nonconforming edges is
also quaternarily split. When only triangles with one non-
conforming edge remain, this nonconforming edge is bi-
sected. Thus, every triangle in Mn+1 either is similar to
a triangle in the old mesh Mn or is similar to a triangle ob-
tained by the bisection of a triangle in the Mn. Fig. 10
illustrates the refinement of the triangles in the mesh as an
edge (orange line) has been detected with relatively large γ.

Refinement level n

Spring where the refinement
condition occurs

Refinement level n+1

Newly inserted mass points
and springs

Figure 10: The single hierarchical refinement around an edge of
the face mesh. The blue lines represent the new edges created by
quaternary split, while the red lines represent the edges that bisect
the adjacent triangles.

Note that the refinement is used for wrinkle generation
and rendering only. We do not update the original mesh
in physically-based facial expression animation. Therefore,
the geometric wrinkle simulation with adaptive refinement

can be regarded as an independent layer added onto the
physically-based facial expression animation, leaving the
physically-based animation unchanged. For wrinkle sim-
ulation, we calculate the evolution of wrinkle amplitude for
each vertex using the geometric model described in Section
3. As in Eq. 3, the wrinkle shape and attenuation func-
tions only depend on the vertex position on the original un-
deformed mesh surface. We thus use linear interpolation,
based on the barycentric coordinates of the newly created
vertex in the triangle of mesh M0 to calculate its position
on the undeformed face surface. The shape and attenuation
functions are then computed only once and their product
averaged by the number of iterations is saved in the mem-
ory. During each iteration, only the value of the anisotropic
function is updated, based on the current position of the ver-
tex. Its value is multiplied with the saved averaged product
and then applied in the direction of the normal of the mesh
vertex on the undeformed surface. Fig. 11 shows the pseu-
docode for implementation of wrinkle simulation.

Figure 11: Pseudocode for simulation with adaptive refinement.

5. Results
The expressive wrinkle simulation is implemented on a

2.8GHz P4 with an ATI FireGL X1 graphics board. The
wrinkle’s intensity changes when the muscle contracts with
different strengthes. For three kinds of facial muscle mod-
els, the strength of muscle contraction is controlled by a pa-
rameter muscle contraction rate. A graphical user interface
is provided to facilitate the user to easily tailor this parame-
ter of all muscles for expression animation (see Fig. 12 (a)).
The furrow depth factor k0 is associated with the muscle
contraction rate by a linear relationship that is obtained em-
pirically. Fig. 12 (b) shows various intensities of wrinkles
under different contractions of the same muscles.

Fig. 13 shows examples of some facial expressions sim-
ulated with and without wrinkles, and compares them with
the actual ones. Each expression is generated by activating
a group of muscles (see Fig. 1 for the locations of muscles):

• Surprise: The contractions of pairs of Frontalis Major,
Frontalis Inner, and Frontalis Outer (sheet muscles) raise the
eyebrows and cause wrinkles generated on the forehead.
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• Frowning: The contractions of the pair of Corrugator Super-
cilliary (linear muscle) result in frowning of the eyebrows
and large-scale wrinkles that appear between the eyebrows.

• Closing eye : The dominant contraction corresponds to the
left Orbicularis Oculi (sphincter muscle), which closes the
eyelids and creates wrinkles around the external eye corner.

• Stretching mouth: The contraction of right Zygomaticus Ma-
jor (linear muscle) stretches right side of the mouth upward.

• Fear: Pairs of Frontalis Inner and Corrugator Supercilliary
are activated to raise the inner portion of eyebrows and to
pull eyebrows towards the face center, respectively.

Results reveal that the generated expressive wrinkles sat-
isfactorily enhance the realism of facial animation, making
the simulated expressions more convincing.

Fig. 14 shows the snapshots of the dynamic wrinkle gen-
eration in simulating different expressions. In each exam-
ple, the second row of images gives a more detailed pre-
sentation of the topological changes of the facial mesh for
rendering by depicting its wire-frame representation.

Computational time  (s) 
Expressions  

Initial 
NT 

Final  
NT Tp Te Ta Tw Tr 

Frame 
rate (fps)  

Surprise  4517 8245 1.86 6.17 0.53 0.65 5.08 18.5 
Frowning  4517 5847 0.54 4.34 0.20 0.34 3.94 29.6 

Closing eye  4517 5395 0.38 3.25 0.14 0.26 3.73 33.5 
Stretching  mouth  4517 6328 0.96 3.73 0.28 0.41 4.19 28.2 

Fear 4517 7453 1.37 5.32 0.41 0.52 4.62 23.5 
 Table 1: Performance of expressive wrinkle simulation. Notation:

number of triangles (NT ), pre-computing time (Tp), facial expres-
sion simulation time (Te), adaptive refinement time (Ta), wrinkle
simulation time (Tw), and rendering time (Tr).

Table 1 shows the measured execution time for the gener-
ation of wrinkles in each expression. For calculating wrin-
kle amplitude of skin vertices, the calculations of the shape
and attenuation functions are done in the offline precom-
puting process. The online computation time of wrinkle
generation only depends on calculations of the anisotropic
function, and is small. The proportion of the computation
caused by splitting criteria evaluation and online refinement
introduces extra load. But, this extra time consumption is
relatively small compared to that of the expression anima-
tion and rendering processes. For the expressions requiring
more local refinement, such as surprise, although the final
triangle number is increased to 8.2k, the frame-rate can still
reach about 18 fps. We can clearly verify that the geometric
wrinkle model and adaptive refinement technique guarantee
a high-speed performance while ensuring the visual realism.

6. Conclusion and Future Work
This paper has presented a geometric wrinkle model that

is defined according to facial muscle anatomy for efficiently
simulating expressive wrinkles. The original contribution of
our method is given in terms of the following advantages:
• As expressive wrinkles are formed due to compres-

sion of the skin as a result of muscle contraction, our
method is to automatically determine their locations
and directions according to influence of facial muscles.

• The wrinkle model provides intuitive parameters to
easily control wrinkle characteristics by taking into ac-
count the properties of real wrinkles.

• Our muscle-driven method is efficient in time com-
plexity, simple to implement, and performs fast.

• The automatic adaptive refinement that couples multi-
resolution and deformation maximizes the overall re-
alism while ensuring frame rate.

For future work we intend to incorporate more types
of facial muscles (e.g., triangular muscles) for animation.
With them, more wrinkle patterns can be generated and
combined to simulate more complex deformations. In or-
der to prevent neighboring folds from intersecting, we will
introduce a collision detection procedure in our implemen-
tation. Additionally, the current wrinkle simulation uses a
linear relationship between the muscle contraction and the
wrinkle depth. Give more quantitative data about the inten-
sity of wrinkles with respect to the muscle action, it should
be possible to obtain the accurate relation. Moreover, we
would like to apply the wrinkling simulation to the texture-
mapped face models of individuals. Finally, we are plan-
ning to extend our method to simulate static aging wrinkles.
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(c) Closing eye (d) Fear
Figure 14: Dynamic simulation of expressive wrinkles with adaptive refinement.
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