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Fold and Wrinkle Formation
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Abstract—This paper presents a computational model for different skin layers or the importance of the different skin
studying the m_echanical properti_es of skin_ with ag_ing. Ir_1 partic- components on the skin's global properties.
ular, attention is given to the folding capacity of skin, which may This paper focuses on the skin simulation concentrating on

be manifested as wrinkles. The simulation provides visual results both the Vi | and bi hanical ts. | ticular. thi
demonstrating the form and density of folds under the various 0 € visual and biomechanical aspects. In particuiar, this

conditions. This can help in the consideration of proper measures Paper concerns, in a firstinstance, the design of a computational
for a cosmetic product for the skin. multilayer skin model relevant for assessing the folding capacity

of the skin with age. Further, a comparison with experimental
measurements is presented. The physical characterization of the
folds appearing in such conditions in a young population versus
. INTRODUCTION an old one, demonstrates that folds are numerous and of low am-

KIN is a composite pseudosolid made of two main |ayer§]itude_in young skin but fewer and of higher ampli.tude in aged.
S(epidermis and dermis), which are themselves inhomogEhe primary concern here is to study the behavior of wrinkle
neous in terms of structure and composition. The skin’s firlgrmation and its correlation with certain physical properties
function is to contain the internal organs and muscles and@gd their variation with age as opposed to the visual realism of
protect them from the eventual physical, biological, and cherthe skin surface considered in the earlier work [1]. The present
ical trauma caused by the environment. The skin is also a bar$édy is related to skin modeling pertinent to cosmetic and skin
ensuring the homeostasy of the internal medium by limiting, fé@re. We believe that this model may also be relevant for plastic
example, the evaporation of the internal water. Finally, skin isS4'gery, where wrinkles and folds are treated.
sensitive organ containing different receptors specialized in thel his paper is organized as follows. First, we provide some
detection of thermal and/or mechanical stimuli and pain. ~ Packground on the skin and wrinkle physiology (wrinkles are,

Furthermore, due to its outside visibility and aesthetic valul) SOme sense, the manifestation of the folding capacity of skin).
people tend to give a lot of attention to skin. It is a challenging€n. some related work in connection with the study and com-
task to accurately model the appearance of skin and its detaitfiational models for simulating and visualizing the various ef-
behavior; this modeling has a variety of applications from efects are briefly described. The relevant data with the acquisition
tertainment to cosmetics and plastic surgery. process for the present study is provided in Section IV. Next, our

During the last 30 years, several noninvasiveivo physical skin model and the simulated results are presented. Finally, we
methods were proposed to describe the skin's viscoelagdi¥€ Some concluding remarks.
propertiesIn vitro methods in previous publications have also
given precise information on the stress-strain relationship and Il. SKIN AND WRINKLE PHYSIOLOGY
the relaxation and creep processes taking place in skin. Thesgyygh our intention here is not to model and simulate the
studies allow us to know which parameters can influence thact hiological form and functions of human skin, it is, how-
skin properties (site, orientation, age, pathology, thicknegger, important to study and analyze the skin’s physiology in

etc.), but have failed to relate them to the main elements gfyer to determine the relevant properties that are necessary for
the skin's structure. In that respect, the different attempts t9,jistic skin modeling and simulation.

model a skin’s mechanical properties by combining different
rheological elements (spring, dashpots, etc.) only provided gyin Composition and Structure
an approximate fitting of the experimental curves with the
mathematical expression of these models. In addition, they' X !
did not provide any information about the influence of th@’p'Cal surface area_ofl.5t02.03rlm adults, and has a thickness
from 0.2 mm (eye lids) to 6.0 mm (sole of foot).
The skin consists of three layers: the epidermis, dermis,
Manuscript received December 20, 2000; revised June 20, 2001. Manuscéidd hypodermis. The epidermis thickness ranges between
accepted December 21, 2001. 50 to 100pm. It is composed of a “dead” layer of cells called
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layer” is the result of two biological processes: differentiation
and proliferation of keratinocytes that compose the living
epidermis. The dermis, depending on the anatomical sites, is
mainly composed of collagen and elastin fibers embedded in
a viscous medium made of water and glycoproteins. Fibers of
the upper dermis (or “papillary dermis”) are thinner than those
present in the deep dermis. Total thickness varies according
to the site from 1 to 3 mm. Hypodermis is quite variable in
thickness depending on the person, and the position on the
body; it is mainly composed of cells (adipocytes).

B. Mechanical Properties and Aging

The important mechanical properties of the skin are exten-
sibility, resistance to friction, and response to lateral compres-
sive loading [2]. Skin properties vary with species, age, ex-
posure, hydration, obesity, disease, site, and orientation. The
other material properties of skin are nonlinearity, anisotropy,
and visco-elasticity, incompressibility, and plasticity [3].

The aging process considerably alters both the structure and
the mechanical properties of skin. Aged skin is less extensible L
and less elastic than adult skin [4]. These alterations could be re- (b)
lated to important modifications occurring in the upper dermigg 1. skin folds (a) young (b) old skin.
where fibers are markedly modified, thinned and/or fractionated

as revealed by ultrasound imaging [5] and ultrastructural [§]e|s using either a particle system or a continuous system.
studies. In adqmon, ultrasound imaging ;tudles have de.mq\l;‘ény geometrical models have been developed, such as para-
strated the existence of a poor echogenic layer located in i@ model [11], [12], geometric operators [13] and abstract
upper dermis; the thickness of which increases with age [S]. i, scle actions [14]. There are also different kinds of physi-
. . cally based models, such as the tension net model [15] and the
C. Lines, Wrinkles, and Folds three-layered deformable lattice structure model [16], [17]. The
As skin changes with age, wrinkles emerge and become méirdte-element method has also been employed for a more ac-
pronounced. Wrinkles depend on the nature of skin and muscl@ate calculation of skin deformation, especially for potential
contraction; in this article two types of wrinkles are considereghedical applications such as plastic surgery [18]-[20]. Some
expressive wrinkles (particularly relevant for the face) and wrinvork based on finite-element methods has also been reported
kles due to age. Folds appear when skin is deformed but disap-the Internet [21], [22]; however, not many details are pro-
pear after removal of the deformation. Repetition of skin foldingided. There are a few animation models with dynamic wrin-
on the same site would progressively give rise to permandés; Viaudet al.[23] have presented a geometric hybrid model
wrinkles. Wrinkles are important for understanding and intefer the formation of expressive and aged wrinkles, where bulges
preting facial expressions and can provide some indication afd folds are modeled as spline segments and determined by an
the age of a person. age parameter. There are also physically based facial animation
models, where some wrinkles appear as the outcome of the skin
Ill. RELATED WORK deformation [11], [24].

Changes in the mechanical properties of skin versus age have
been extensively studied with noninvasive physical methods in
the last decade [4], [7]-][9]. After a long period of debate on Recently, a hew experimental approach was developed to
some conflicting results, most of the specialists now agree dascribe, quantitatively and clinically, the changes in the skin
the following points: 1) the elastic part in the total strain of skiproperties versus age. It consists of compressing the skin
(after the application of a given stress) is reduced in aged skimorizontally by using a quite simple original device called
2) the total strain is reduced. This means that the elastic modulsnsiscore [31]. The skin compression ratio was found to
is increased. This elastic modulus ranges from 0.2 to 3 MPa [8f 40% when considering the experimental zone to be the
and during aging it increases by about 30%. dorsal site of the arm [9]; by quantifying the width of the folds

Not much work has been done in the computer simulation agdnerated by the compression process, it has been demonstrated
visualization of human skin in general, although some work h#sat folds are thin and numerous in a young population and
been done in the simulation of facial skin deformation. Variousider but fewer in an old population (see Fig. 1). According to
models have been proposed to simulate facial animation ahé work, these changes in the folding capacities of skin could
skin deformation for different purposes [10], and some of thebe related to the existence of a region in the upper dermis of
models could be extended to any part of the body. These aged persons, where collagen and elastin are less dense and
geometric models, physically based models, and biomechanigaly present under thinner bundles, compared to the upper

IV. FOLDING PROPERTIES OFSKIN: RECENT FINDINGS
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dermis of a young population. This interpretation is also syStratum corneum

ported by previous work, now generally accepted, describing Epidermis —» [
nonechogenic (or weakly echogenic) zone that is taking pla :
. . . ! . . Outer _—7
in the upper dermis region, as viewed in the ultrasound imag dermis

of skin [5]. A supplementary measurement of the chang
in the folding properties of skin versus age comes from tt x
measurement of the elastic extensibility of the stratum cornet Deep _ , -
and of the total skin assessed by a torsional device. In b dermis °
cases, extensibility is reduced in the aged population, whi
can be interpreted by an increase of the “elastic modulus”
the two tissues (thickness of stratum corneum and total skin i
constant).

Suchresults, clinically and objectively supported, can be us
to check the validity of any mathematically based models. The
interest of such a model is not only to fit with the experimentalg. 2.  multilayer aspect of the skin computational model.
data (which is the minimum requirement), but also to help in
foreseeing the influence of other skin parameters, present in #igin in an explicit manner. The principal stresses are computed
model (different layers thickness or the shape of the dermal-egking Hooke’s law as follows [26]:
dermal junction etc.), which can hardly be modified by simple
skin treatments. o1 =

Dermis
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(1-v2) (1-v2)
whereE is the Young’'s modulusy the Poisson ratio, angl
ande, are the principal strains.
In many of the earlier models, the skin had no real thickness;Once the in-plane stress has been computed, it is then con-
it was basically modeled as an elastic membrane [25]. The werted to the forces at the vertices (nodes) of the triangle. A
compressibility was treated in a “loose” manner and the systamnstant mass is assumed, and distributed over the triangle and
relies on user inputs in many cases. In addition, these earlier Hpe acceleration is determined using Newtonian mechanics. The
proaches required the specification of wrinkle lines with their Iderm of acceleration is then integrated using an implicit method
cations [25]. However, for a realistic simulation, wrinkles neef27] to obtain the new position of the triangle vertex.
to be simulated with all of the properties that contribute to their
equilibrium state. The proposed model is devised by taking info Wrinkle Simulation
account some of these issues; we consider the different layers ofhe model allows for the simulation of both the temporary
the skin with each given thickness and their mechanical prognd permanent wrinkles. In the following sections, we provide
erties such as elastic modulus and Poisson ratio. The modehis basic concept for the simulation of the two types.
intended to provide the different characteristics of wrinkles: lo- 1) Temporary Wrinkles:In previous models, simulations
cation, number, density, cross-sectional shape, and amplitudea@s performed on an abstract, simplified, piece of skin. The
a consequence of skin deformation caused by a muscle actigiocess of deformation does not use explicit definition of a
muscle in the current simulation. The two ends, whose position
A. Layered Structure is a consequence of a muscle action, act as input to the simula-
n. The upper surface layer responds to this compression with
Iging out of its original line, whereas, the underlying layer
gulates this deformation. In other words, where the surface
lﬁlges up, the underlying tissue stretches (extends vertically,
?rtens horizontally), and where the surface bulges down,
ne underlying tissue squeezes (shortens vertically, extends
orizontally). These deformations appear in a periodic pattern,
ending up with a sinusoid like line of the surface as illustrated
in Fig. 3.
Such a sinusoidal pattern does not show enough similarity to
The behavior of tissue is controlled by elastic deformatiomrinkle. The cross-sectional curve of real wrinkles has similar
thatis, each layer here is considered as a linear, isotropic, elahiits, but sharp valleys in contrast to these smooth ones. We
material. By using Hooke’s law, strains are measured along thehieve this more realistic type of wrinkle cross-section by using
principal axes; the principal axes are found by using only asinusoidal interface between the two layers (Fig. 4). It is also
few geometric operations aligning the original and deformed tiobserved in the real structure of skin that the interface between
angle and computing the oriented bounding box or ellipse to tepidermis and dermis is not flat, rather it is close to a sinusoidal
triangle. The major and the minor axes, therefore, provide tharve, as shown in Fig. 2.
two principal axes. The advantage of measuring strains alon@) Permanent WrinklesEvery triangle that the tissues con-
the principal axes is that we do not have to account for the sheist of has a shape memory, i.e., its rest shape. We can introduce

V. SKIN MODEL

The skin is considered as layers of different type of tissu%g
having different properties as shown as a cross section in Fig.
This multilayer notion corresponds to the reality, as previous
described. The layered structure provides the notion of ea
layer having substance and therefore allows the preservatio
the volume. The entire medium is meshed into triangles wi
different layers as shown in Fig. 3.

B. Skin Deformation Model
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Fig. 3. Concept of temporary wrinkle generation.
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Fig. 4. Simulation result using a sinusoidal interface between the two tissues.
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Fig. 5. Effect of plasticity factor in the formation of wrinkles.

plasticity effects into this model by constantly adjusting the rest TABLE |
shapes of the triangles based on the current deformations. This SKIN PROPERTIES FORY OUNG AND AGED PEOPLE
causes a slow adaptation to the deformations with a new rest Young Aged
shape. As a result, the overall shape of skin reflects its history. First Layer
In addition, it is observed that the wrinkles that are formed, nat- a) Thickness | 0.015 0.015
urally guide the location of future wrinkles. Fig. 5 illustrates the b) Modulus | 6 i(z)rgd;ﬁr) stratum
influence of the plasticity factor. Second Layer
¢) Thickness 0.050 0.2
D. Experimental Results d) Modulus | 0.05 0.05
. . Third Layer
1) Two-Layer Skin Modelin a first approach, we looked at ¢) Thickness | 1.235 1.085
the folds of compressed skin in a two-layer model (epidermis f) Modulus | 0.6 1 ( total skin

thickness is 1.3,

and dermis). This model demonstrated that the modulus of the
constant)

second layer (the dermis) should be decreased in aged persons
in order their skin displays the characteristic folding aspect;
as is found from clinical tests. However, this model leads tocntradiction between the prediction of the folding capacity of
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Fig. 6. Simulation of a three-layer model representing young and old skin.
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Fig. 7. Effect of the hydration on the stratum corneum in old skin (decreasing the elastic modulus of the first layer).

aged skin and the actual clinical observations. This model pteénated fibers of elastin and collagen. This part of skin would
dicts the folding properties in accordance with the clinical findhave a very low elastic modulus and would explain the loss of
ings only if the Young modulus of the second layer (dermis) &kin elasticity in aged skin [29]. It is well known that the thick-
lower for aged than for young skin. This is contradictory to theess of the living epidermis is only marginally modified up until
evidence presented in relevant literature [4], [7], [8]. the age of seventy [30] although SENEB markedly increases in
2) Three-Layer Skin ModelBy taking into account the re- aged skin and can represent more than half the skin [28]. The
sults of two-layer model, which was found in contradiction withotal skin thickness is relatively constant up until 65 years of
the actual properties of aged skin, we tried a three-layer modage. In this model, the third layer is the deep dermis.
In such a model, Layer One is the stratum corneum, the modulug he main hypothesis made in this case concerns the value at-
of which is roughly 100 times higher than of the dermis (whenitibuted to the Young modulus of the second layer. There is no
is dry) and is highly dependant on its water content [28]. Layelata in the literature concerning living epidermis or papillary
Two is the part of skin corresponding to both the living epidermis. What is almost certain is that these tissues, mostly com-
dermis and the subepidermal nonechogenic band (SENEB)pased of living cells (epidermis) and thin fibers embedded in
defined by De Rigatt al.[5], and is composed of thin and frac-an aqueous medium (upper dermis) have a much lower Young
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modulus than both stratum corneum and reticular dermis. Dif-[g]
ferences in the skin parameters between young and aged skin
are summarized in Table I.

With such parameters, the values of which are supported by
literature references and by the results of our last clinical study,”]
the three-layer model predicts quite well the clinical aspects of
the skin folding, as can be seen in Fig. 6.

Itis interesting to look more systematically at the influence of
the different parameters on the aspect of the folds. For example[,9 ]
the decrease of the first layer modulus of about 50%, which
would correspond to a hydration of the stratum corneum, has d¥°!
a consequence a quite marked change in the folds which appeay;
lower in amplitude and more numerous, as illustrated in Fig. 7.
Such changes are in accordance the clinical observations aftéf!
treating the skin with an efficient cosmetic product.

It is worth noting, that even with the introduction into the
model of a second layer having a very low modulus, the tot
skin modulus is higher for aged than for young skin. It may b
noted that in our simulation we have considered Poisson’s ratio
as 0.5 for each layer. [15]

(8]

14]

[16]
VI. CONCLUSION

This paper presents a computational model of skin to predicliw]
its folding capacity under longitudinal compression. A layered1sg]
structure is used for modeling skin, where each layer may have
different biomechanical properties. Two approaches have beq[b]
employed. First, we consider a two-layer model, and observe a
contradiction with respect to the actual properties of skin Youn
modulus of the second layer (dermis); where it is lower in th 20
case of aged skin than for young skin. In the second approach
we consider a three-layer structure and notice that the model i31]
pretty much in accordance with the clinical observations. Th 2]
model developed is not tailored for real-time applications; how-
ever, we plan to investigate its suitability as part of our future
work. [23]

[24]
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