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Physics-Based Simulation of Contact-Induced Facial Wrinkling
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Figure 1: Facial skin simulation on the temple (top) and forehead (bottom) regions. The initial states (left) are subjected to contact forces
emulating the effect of a finger moving across the skin in the indicated direction (red arrows). Comparing against real-world reference
footage (right), the simulated results demonstrate the model’s ability to produce realistic wrinkling patterns with region-specific behaviors.

Abstract

Facial skin dynamics are inherently challenging to simulate due to a combination of geometric, material, and anatomical
complexities. Human skin is a nonlinear layered material with spatially heterogeneous attachments to the underlying tissues.
During contact events, localized compression and shear induce mechanical instabilities, leading to fine-scale wrinkling patterns
governed by a delicate interplay of geometry, boundary conditions, and through-the-thickness stresses.

We present a finite element framework to simulate contact-induced wrinkling of facial skin. We model skin as a viscoelastic
material with time-dependent relaxation that governs the rate, persistence, and damping of wrinkle formation. We employ high-
order prismatic solid-shell elements to resolve through-thickness stresses and high-frequency deformation modes. Central to our
approach, we introduce a continuum-based formulation of skin ligaments to model heterogeneous skin attachments and provide
anatomically inspired mobility constraints. These skin ligaments control the formation and appearance of facial wrinkles by
modulating their amplitude, wavelength, and spatial distribution.

We evaluate our method on a set of synthetic examples and compare simulations with real-world footage. These results demon-
strate that our skin model produces temporally coherent and visually realistic wrinkle patterns during transient contact.

CCS Concepts
* Computing methodologies — Physical simulation; Mesh geometry models;
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1. Introduction

Realistic simulation of facial skin dynamics remains a challenge
in computational biomechanics and computer graphics. Unlike
generic soft bodies, facial skin is a structurally complex, multi-
layered composite that exhibits highly non-linear behavior under
deformation. Despite significant progress in simulating large-scale
facial expressions, subtle transient mechanical interactions that oc-
cur during contact, such as a hand brushing against a cheek or a
finger pressing into the forehead, remain difficult to capture. These
interactions result in wrinkling phenomena that arise not only from
the material properties of the tissue but also from the tissue’s con-
strained mobility due to the skin’s anatomical anchoring to under-
lying muscle and bone.

When skin is subjected to compression or shearing by external
contact objects, local instabilities develop, manifesting as complex
wrinkle patterns. These patterns are governed by a delicate balance
between tissue stiffness, local geometry, and boundary conditions.
Conventional thin-shell formulations often struggle to resolve these
phenomena accurately because they neglect transverse shear and
normal stresses through the thickness of the tissue. To capture the
mechanics of contact-induced wrinkles, a simulation framework
must resolve the stress state through-thickness of the skin while
simultaneously respecting the heterogeneous mobility imposed by
the fibrous ligaments connecting the dermis to the underlying fas-
cia.

In this work, we develop a finite element model for contact-
induced wrinkling of facial skin based on higher-order solid shell
elements. Unlike standard shell elements, this discretization strat-
egy captures the full volumetric structure of the skin, enabling dis-
tinct representations of the epidermis, dermis, and subcutaneous fat
layers. Compared to conventional low-order elements, high-order
basis functions enable the representation of high-frequency defor-
mation modes, which are essential for the formation and propaga-
tion of fine-scale wrinkles during contact events.

As a central contribution of our work, we introduce a
continuum-based formulation of skin ligaments that model the
anatomical attachment of skin to the underlying tissue. Facial skin
is not uniformly attached to the skull: it slides over some regions
while being tightly tethered in others. Explicit modeling of these
attachments introduces localized constraints that govern the result-
ing wrinkle morphology, enabling us to achieve realistic and quali-
tatively accurate wrinkle formation.

Finally, the dynamic response of the tissue is essential for cap-
turing the temporal evolution of wrinkles during sliding contact.
We therefore model the skin using a viscoelastic formulation that
captures the nonlinear and history-dependent behavior of biologi-
cal tissues. Crucially, viscoelasticity enables temporal coherence,
ensuring that wrinkle patterns do not emerge or vanish spuriously.

In summary, our proposed model provides an anatomically in-
formed framework for studying how local contact, constrained mo-
bility, and tissue viscoelasticity interact to generate complex wrin-
kle morphologies. We evaluate our method on a set of synthetic ex-
amples and perform ablation studies that validate the impact of var-
ious modeling choices and parameters. Comparisons between sim-
ulation results and real-world footage demonstrate that our method

is able to produce temporally coherent and visually realistic wrin-
kle patterns during sliding contact.

2. Related work

Digital Humans Creating life-like digital representations of hu-
mans has long been a central goal of visual computing research.
Over the past two decades, substantial progress has been made
in the capture, reconstruction, and animation of personalized
face [EST 20,BV99,BBB 10] and body models [LMR 15, PM-
RMBI15, OBB20]. More recently, digital humans have been aug-
mented with increasing levels of biomechanical detail, such as
bones [KZBP22, KWS 23], organs [SBJ 23, GPZ 22], and mus-
cles [KWB21,AHLG 13]. These advances open the door to biome-
chanical simulation [ZZC 23,LST09,FLP14] as a means of further
enriching digital humans with increased realism, expressiveness,
and predictive power. Our work contributes to this line of inves-
tigation with a novel anatomically-informed simulation model for
facial wrinkling.

Soft Tissue Simulation. Simulating the mechanics of soft tis-
sue has been extensively studied in visual computing [TBHFO03,
TSIF05, MZS 11, MFJ 20]. Within this domain, physics-based
simulation plays a central role in augmenting digital face models
with realistic tissue deformations arising from facial expression,
speech, and external contact [IKKP17, KK19, CBE 15, SNFO5,
KBB 17, WBS23, YZC 24]. Building on this body of work, we
expand the capabilities of digital face models with a tailored ap-
proach for simulating contact-induced wrinkling of facial skin.

Higher-Order Finite Elements. Despite their widespread use,
low-order finite elements—and especially linear tetrahedra—are
prone to artifacts such as locking and limited smoothness, par-
ticularly when applied to volume-preserving materials [ISFO7].
Numerous approaches have been proposed to alleviate these is-
sues, including averaged volume constraints [ISFO7,SLP21], mixed
formulations [FAER21, TKL22], or higher-order finite elements
[TWS06,SHG 22,LLDB 23, MTPS08, MKB 08]. A recent line of
work from the graphics community has explored prismatic solid-
shell elements as an effective approach for modeling sheet materi-
als that are thin but for which deformation in the thickness direc-
tion matters [CXY 23,MMCT24,MMDH 23]. As we demonstrate
through our work, solid-shell elements are also a highly effective
approach for modeling skin. In particular, we show that high-order
basis functions are crucial for accurate capturing wrinkle forma-
tion.

Wrinkle Synthesis The mechanics of wrinkle formation have
been extensively studied in the physics literature, where wrinkling
is commonly understood as a mechanical instability arising from
the interaction between material properties, geometry, and bound-
ary conditions [GG06,CMO3]. In the graphics community, wrinkles
have often been addressed from a geometric or appearance-driven
perspective. Prior work includes sketch-based approaches that en-
able interactive wrinkle synthesis [KOS 15,RPC 10,LSGV18], as
well as procedural methods that augment coarse-scale simulations
with fine-scale wrinkle detail [CKSV23,MC10, WMC 23,RK13].
Beyond these appearance-centric techniques, a body of work has
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focused on explicitly simulating the mechanics of skin wrin-

kling. Early approaches relied predominantly on mass-spring mod-

els [KGC 96, TW90, WVG97, AHS03, MHYH16], while more

recent efforts have transitioned toward nite-element formula-

tions that offer improved physical delity [WKT96, LSNP13,

MTKL 02]. A related line of work investigates skin mechanics

constrained to two-dimensional manifolds, such as surface-based

models for facial or body skin [LSNP13], as well as analogous

formulations for cloth-like materials [MTMP20, VH@2]. Our

work is conceptually most closely related to the recent approach of

Corigliano et al. [CMH 25], who model skin as an anisotropic elas-  Figure 2: Skin structure (from [CMH25]). Right: skin classi ca-

tic sheet augmented with ligament-like attachments. By prescribing tion in layers. Left: skin relations with neighboring structures. Skin

the spatial distribution of ligament stiffness and rest length, their ligaments crossing the adipose tissue are shown as blue threads.

method achieves anatomically inspired, spatially varying skin mo-

bility. While this approach produces realistic sliding behavior, it is

inherently restricted to a two-dimensional representation and, un-

like our method, cannot capture the volumetric mechanics required underlying tissues, and this difference in stiffness is a major driver

to predict skin wrinkling. of wrinkle formation [GGO06]. Therefore, we simplify the skin mor-
phology into two layers: the epidermis and the underlying compos-

3. Method ite tissues that aggregate the dermis and hypodermis.

To model this thin-layered but volumetric architecture of the
skin, we employ prismatic solid-shell elements. Geometrically,
skin anatomy (§3.1), which motivates our nite-element discretiza- these elements are de ned by extruding a triangular base through
tion based on high-order prismatic solid-shell elements (83.2). The the t|§sue thickness (see Flgur_e ,4)' We ut!hze a_hlgr_l-order |nt_er-
mechanical response of the skin is determined by a viscoelastic ma-Polation scheme to prevent arti cial numerical stiffening: quartic
terial model (§3.3). Contact between the skin and external objects isin-plane shape functions are used to resolve high-frequency wrin-
handled using &continuous surface representations constructed kh_e_s, while quadrgtlc thr'ough-thlck_ne_ss interpolation is aPp"ed to
via implicit moving least-squares (IMLS) or implicit functions and m|t|g§te vo!ume.tnc '°°k'”9v which is important for nearly incom-
penalty energies (§3.4). To model the anatomical attachment of skin Pressible biological materials.
to the cranium, we introduce a novel continuum-based ligament
formulation based on zero-length Fung-type springs (83.5). Finally,
all components are integrated into a uni ed energy-minimization
framework (83.6). Figure 3 provides an overview of the full frame-
work.

We develop a computational framework for simulating contact-
induced wrinkling of facial skin. We begin with a brief overview of

3.1. Anatomy of Human Skin

Human skin is a complex organ composed of three primary layers:

the epidermis, dermis, and hypodermis [PM20]. As illustrated in

Figure 2, the epidermis is the outer layer that serves as the inter-Figure 3: Computational model. The skin (epidermis and dermis)
face between the body and the external environment. The dermisdomain is discretized using a single layer of solid-shell elements.
contains dense networks of collagen and elastin bers and plays a An implicit sphere represents the nger. The underlying rigid skull
central role in determining the mechanical behavior of the skin. The is modeled as an IMLS surface. A zero-length spring layer between
hypodermis is the inner layer that consists primarily of adipose tis- the solid-shell skin and the IMLS surface represents the ligaments,
sue, which reduces friction with underlying structures and enables governing the local attachment mechanics of the tissue relative to
relative skin mobility. This adipose layer is traversed by skin lig- the skull.

aments [SMP11, NPN 04] that anchor the skin to deeper tissues.

These ligaments restrict arbitrary sliding, with the degree of mo-

bility determined by their spatial density and length [BR03]. In the Displacement Interpolation. We express the kinematics of pris-
following, we describe how this anatomical structure informs the matic solid shell elements in a natural coordinate sysiem x

design of our skin simulation mode. (u;v;w). The coordinates u and v parameterize the triangular cross-
section, satisfyingu;v Oand u+v 1, while w 2[1;1] spans
3.2. Skin Model & Discretization the through-the-thickness domain. The position vector x at any

) ) ) ] point in the skin is computed via an isoparametric mapping,
The anatomical complexity of human skin requires a carefully cho-

sen level of abstraction when designing a computational model. A oy & r .
L . L . X(u; v, w) = N (U; v; W) X 5 1
key observation is that the epidermis is signi cantly stiffer than the ( ) I?‘l I )% @
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where x are the nodal coordinates of the element. The shape func- during extension and compression. Using the right Cauchy-Green
tions N : R® ! R are constructed as the tensor product of the con-  tensor C = F'F, the logarithmic strain tensor is de ned as
stituent bases,

1
E= ZIn(C); 5
Ny (Usv; W) = Pj(u;v) Tie(w) ; @) 5In(C) )

from which the isochoric strain follows as
where B(u;Vv) denotes the set ofpr= 15 quartic Lagrange poly-

nomials de ned over the triangular base andwl) represents the E=E %In(J)I 1 (6)
set of i+ = 3 quadratic Lagrange polynomials along the thickness

direction. Consequently, the element is composedsofint =45

shape functions, where the global node index | uniquely maps to a

speci c combination of in-plane index j and through-thickness in- 3.3. Material Modeling

dex k. This product structure ensures that the basis functions fully Soft facial tissue is viscoelastic: under sustained deformation its

span the three-dimensional domain of the prism. - . .
resistive stress gradually fades over time, and upon release it re-

turns to its rest con guration slowly rather than recoiling instan-

Deformation Gradient. The deformation of the skin is quanti ed ¢ . T ture this behavi doot a standard G |
by the deformation gradient F, which maps changes in reference o cOUSlY. 10 capture this behavior, we adopt a standard teneral-

con guration X to changes in the current con guration x. Because 'Ze:nMatX\ge_lr: mor(_jel, Wthhl c:n bc? plcturedrai a Sprf':gt"’r‘]”‘t’ _darrl1per
shape functions are de ned in the natural coordinate systefix connected in series, set alongside a separate spring that IS always

evaluated using the chain rule to relate spatial derivatives to the elrllgaget(rj] (see'FlgltJre IS). \lNh"? the ddef?rmattloq IS t;eld, the gamlrer
parametric domain, allows the spring to slowly relax and its restoring force gradually

decreases. The separate spring keeps carrying the load. We express
_Ix _ x 9X ) this conceptual model through its stored energy, written as the sum
F= @~ I fx ' (3) of three terms: a steady elastic termy(Y that sets the tissue's last-
ing stiffness, a dissipative term & whose resistance fades over
Volumetric-lsochoric Split. Given the nearly incompressible na-  time, and a volumetric term (%) that penalizes changes in vol-
ture of biological tissue, it is computationally advantageous to de- ume. Note that the rst two terms, shown as the spring—damper net-
couple the deformation modes into shape-changing (isochoric) andwork in Figure 5, act exclusively on isochoric deformation, while
volume-changing components . To this end, we perform a multi- the third enforces the near-incompressibility of the tissue.
plicative decomposition of the deformation gradient F. Represent-
ing the local volume change as J = det(F), the isochoric component
Fis de ned as

1

The total energy density of the skingy is de ned as the sum
of these three terms,
F=J 18 E. 4) Yskin=Y 1 +Y m+Y yo ! (7)
By construction, the isochoric component has unit determinant, We de ne each term below.
det(F) = 1. This decomposition ensures thatonly describes pure
distortion, while J exclusively describes volume change, allowing
the strain energy density to be divided into their respective contri-
butions.

Steady Elastic Energy Term The steady elastic term represents
the long-term, non-relaxing stiffness of the tissue . We model
this using a Fung-type strain energy density Ybased on the
isochoric logarithmic straife. This formulation accounts for the
Strain We measure deformation using the logarithmic Hencky rapid “strain-stiffening” behavior typical of biological membranes
strain tensor E and its isochoric counterpﬁrtThis measure pro- [Fun8i], h .
vid(_asanatural_extension ofthelinearstra_into the Iarge deformation Y1 (E)= [ exp Ctr(Ez)l 1 ®)
regime, ensuring a symmetric and physically consistent response Cc

Figure 5: Spring-and-damper picture of the tissue model. A sin-

gle spring (Y1 ) sets the lasting stiffness, while a spring paired
Figure 4: Solid-shell element con guration. The elementis de ned with a damper (¥n) adds resistance that fades over time as the
by a 15-node triangular base and a quadratic interpolation through damper gradually takes up the deformation from its spring. Both
the thickness, involving a total of 45 nodes. terms share the same deformation F.
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where 4 and C are material constants that govern the initial stiff-

ness (linear regime) and the exponential stiffening rate, respec-

tively.

Dissipative Energy Term To model the relaxation of the tissue,
we split the deformation gradient multiplicatively into an elastic
component E (spring) and a viscous componerit @amper),

F=F°F, 9)
where F is the standard deformation gradient, obtained directly
from the displacement eld, and“Fis an internal state variable

tracking the viscous history. The deformation gradient of the elastic

component is then recovered a&FF (FY) 1 .

To describe the energy stored within the elastic spring element,

we implement an isochoric Saint Venant—Kirchhoff (StVK) energy
density potential. Formulated in terms of the isochoric elastic log-
arithmic strainE®, the potential is expressed as

Ym(E®) = pmtr [E ; (10)

5o0f12

3.4. Contact

Skin interactions are modeled using a penalty-based contact formu-
lation, where external objects and the skull are represented as rigid
implicit surfaces. This approach avoids irregularities in the tangen-
tial forces that arise in©meshes [DLCT24]. The contact condition

is enforced through a gap function g, which represents the signed
distance between the two bodies. To prevent non-physical interpen-
etration without adhesion artifacts, we de ne a one-sided penalty
function

(
kg® ifg O

; 13
0 ifg>0 (13)

Y contact=
where k is a penalty stiffness parameter.

Fingertips External collision objects, such as a ngertip, are mod-
eled using an implicit sphere,

OspherdX) =kx X ¢k R; (14)

where pn represents the elastic modulus of the spring. Because where x is the center and R is the radius of the sphere. This ensures

the isochoric logarithmic strain is tracelessEfj = 0), any corre-
sponding volumetric energy term vanishes. At the onset of loading,
the damper has not yet relaxed' (£ 1), meaning that the elas-

tic component temporarily carries the entirety of the deformation
(F® = F). Over time, however, the damper gradually absorbs the
isochoric portion of the deformation (F  F), which subsequently
reduces E strictly to pure volumetric deformation. Because the en-
ergy potential ¥n depends solely on this isochoric elastic strain,

a smooth localized pressure distribution in the epidermis.

Skull We use a smooth surface representation to ensure that the
soft tissue layer can slide freely over the underlying bone structure.
We represent the skull geometry through a point cloud P sgp

and a corresponding set of unit normajsextracted directly from

the interior surface of the initial face mesh. Following the Implicit
Moving Least Squares (IMLS) approach, the skull surface is rep-

the system naturally drives toward a zero-energy state as the elasresented as the zero-level set of a smoothe@ntinuous implicit

tic deformation becomes purely volumetric, ultimately leading to
the limitsE®! 0 and Y m!0. Consequently, the dissipative term

eventually ceases to contribute to the macroscopic stress response.

The exact kinetic law governing the evolution of Bver time is
detailed in Section 3.6.

Volumetric Penalty To account for the nearly incompressible na-
ture of the tissue, we introduce a volumetric penalty term,

1
Ywi@)= SK@ 1) *; (11)
where K denotes the bulk modulus.

Multilayered Material Integration To capture the strati ed ar-
chitecture of the skin—thin, stiff epidermis and soft underlying tis-

function, which serves as the gap functiogg for the internal

contact interface,

dipw( Akx p iKhni;x p i
&ipw(x) d(kx p ik)

Oskull(X) = ; (15)

where (
@ $H* ifd<h

d)=
a(d) 0 ifd h

(16)

is a compactly supported radial weight function and W(x) denotes
the local neighborhood of points where q(d) > 0.

Friction We integrate friction into our variational framework

sue (dermis and fat)—a separate layer of elements could be usedhrough a dissipative potential densitysition(d), where d =

for each anatomical layer. However, this approach would lead to

kv(x)k is the relative tangential velocity magnitude. Following Li

unmanageably large problem sizes and long computation times. Weet al. [LFS 20], we use the lagged normal forcg ffom the pre-
instead use a single layer of elements combined with a compositevious converged timestep. The corresponding potential density is
integration scheme that accounts for material variation through the de ned as

thickness. To this end, we partition the through-the-thickness do-

main into two distinct sub-domains corresponding to the stiff epi-

dermis and the soft tissue layer below. To capture the sharp me-

chanical contrast necessary for surface wrinkling, we employ a full

Gaussian quadrature rule for each sub-domain. The total strain en
ergy Uskin is calculated as the summation of the skin strain energies,

de ned in (7), contributed by each skin layer |,
z

a Y sking AW : (12)

12epi, soft

Uskin =

© 2026 Eurographics - The European Association
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>3 ifd<
5 ifd

(g
d@+

Y friction(d) = ufn (f (7)

In the sticking regime (d < ), the high-order polynomial provides a

smooth, zero-gradient start at d = 0. In the slipping regime (d ),
the potential becomes linear, resulting in a constant force magni-
tude pf. This specic formulation ensures?@ontinuity across
the transition, eliminating numerical singularities and providing a
stable foundation for the solver.
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Numerical Integration Standard quadrature rules often fail to ad- effects are assumed to be negligible and are omitted from the for-
equately model the pressure distribution when there is a signi cant mulation. The discrete unknowns to resolve are the spatial positions
geometric mismatch between the skin mesh and the implicit col- x and the local viscous variables Bt each quadrature point. Be-
liders (the sphere and the IMLS skull). To address this problem, cause E enters the energy exclusively through the dissipative term
we increase the density of integration points on the contact sur- Y m, its temporal evolution can be decoupled from the global spatial
faces, effectively performing a more ne-grained sampling of the degrees of freedom and resolved via a constitutive ow law.

gap function g and the frictional potentiajdion- This re nement

prevents aliasing artifacts in which the skin might locally penetrate vjiscous Time Integration The damper follows a linear relaxation

an implicit surface between sparsely distributed nodes. law: its viscous strain grows at a rate proportional to the strain cur-
rently carried by the spring,
3.5. Ligaments 1=
. . o . E'= ZE®; (21)
The mechanical anchoring of skin tissue is governed by a Fung- t

type strain energy potential, ifamens integrated over the area of  \yhere t js the relaxation rate of the material. To advance from step
the inner shell surface. Because this surface is initialized in direct ; step i+ 1, we hold the damper xed at its previous stateafd
contact with the implicit skull surface, we model ligaments as zero- form the trial elastic gradient, the stretch the spring would carry if
length springs where the displacement d = kx g,k character- the damper did not move during the step
izes the deviation from the rest state. The potential is de ned as _

F'= Fia (PN (22)

K pd
Yii {d)= - € 1 (18)
‘gament b(x) whose principal stretches and directions we extract via SVD,

where k is the base stiffness scaling factor and b(x) is a dimen- F&"'=UeSeV¢ .

sionless. parameter determineq by a spatially varyin.g heat.mf?lp. BY We assume that the viscous increment (the deformation the
modulating b(x), we can precisely control anatomical "pinning” 4, ner takes up during the step) is coaxial with this trial elas-

points, using high values to restrict skin mobility and lower values tic state, sharing the same principal axes (dn assumption on

to allow for sliding of the soft tissue over the skull. the increment alone, not on the full deformation history). Along

each principal axis, the one-dimensional analogy applies: multi-
plying stretches is equivalent to adding log-strains, just as In(ab) =

ness eld from discrete, empirically determined source locations . .
; - e In(a) +In(b). Since the damper absorbs from the spring at a rate
using a variational diffusion framework based on the Vector Heat = ‘1= . ; oo .
of £E, holding the total deformation xed at its trial value gives

Method [SSC19]. We de ne two auxiliary scalar elds: an unnor-  — t =" — o o et
malized stiffness eldb, and a magnitude-normalization eld f E®= {E", whose exact solution iE*(t) = E™"e™ . After a
where t is the diffusion time. At each discrete source point location, step Dt, de ning a = eP=t | the spring's log-strain decays by a

by is initialized with the desired ligament stiffness, while the nor- along each principal axis, so the damper absorbs the complemen-
malization eld is set to § = 1. To ensure compatibility with high- tary fraction,
order shape functions and prevent numerical artifacts (e.g., nega- DEV=(1a) EOW 23)
tive gradients on high-order nodes), we de ne the initial elds as '

a weighted sum of sources using the locally supported smoothing and the remaining fraction is elastic after the step,
function (16). The time-evolved auxiliary elds and f; are com-

Ligament Heat Map We construct the continuous ligament stiff-

puted by solving heat equations, and the ligament stiffness heatmap Eﬁ»l =a E°" (24)
is then computed as the node-wise quotient of the auxiliary elds,
b= fﬁ : (19) The spring now holds the straingf™", so the stress it exerts is
t
TYm TYm(ES™) .

= 2umaE™ = a

2
3.6. Time Stepping TE® ,Eer qEStr (25)

The system is advanced in time using an implicit Euler scheme. This is the gradient of a%(ge;tr) with respect to the trial elastic

For a time increment Dt, the updated con guratigm xand inter- strain, so the incremental energy density for the dissipative term is
nal viscous variablesif; are determined by minimizing the total

incremental potential [GS35, MTGG11], yrex_ gy o, EST - (26)
eV - H .=V
Xi+1;Fis1 =arg T,':U Uskin(X; F") +U contac{X) This energy density contributes alongside Yand Y, to the total
(20) Y skin in EQ. (20); once the minimizerix is found, the damper is
* Ufriction(X) +U ligamentdX) advanced by applying the absorbed fraction 1 a to the principal

where Wontactand Wriction are updated at each step by translating stretches of the trial elastic state,

the centers x of the implicit collision spheres to track the pre- Yy
scribed kinematics of the ngers. While the system exhibits rate- !
dependent dynamic behavior via its viscous components, inertial

VeSi?® VI FV: 27)
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Non-Linear Solver For high-order elements, computing and fac-
torizing the system matrix (i.e., the energy Hessian) is the com-
putationally most intense part of a Newton step when solving for
the updated positions. . For this reason, we compute and fac-
torize the system's Hessian once at the beginning of the simulation
and subsequently apply L-BFGS updates to approximate the in-
verse Hessian. To ensure robust convergence for this quasi-Newton
method, we recompute and refactorize the Hessian every 50 itera-
tions or if the step size returned by line search falls belof 10ve
consider the system converged, once the gradient norm falls below

6

10 Figure 6: Impact of ligament stiffness parameter b on wrinkle mor-
phology. As ligament stiffness increases (left to right), the mobility
of the skin is progressively restricted.

4. Results

In this section, we evaluate the performance of our framework

by analyzing how individual mechanical parameters in uence the

emergent shape of skin wrinkles. We rst explore the sensitivity of

the model to ligament stiffness, observing how the internal tether-

ing of the tissue induces changes in the amplitude and frequency

of the wrinkles. We then proceed to analyze the interlayer stiffness

ratio between the epidermis and the underlying tissue, which we

nd to be an important contributor to high-frequency surface wrin-

kles. To capture the time-dependent nature of skin deformation, we

examine the effect of viscoelasticity, speci cally focusing on how

stress relaxation in uences the dynamic behavior of wrinkles under Figure 7: Sensitivity to interlayer stiffness. Increasing the stiffness
contact. Finally, we provide a qualitative comparison between our ratio between skin layers results in ner wrinkling details.
simulated results and real-world footage, demonstrating that the in-

terplay of these mechanical factors enables the model to replicate

the complex, dynamic wrinkling patterns observed in real faces.

We follow [FLR 22] and set Young's modulus to 4 MPa for the 4.1. Ligament Stiffness

epidermis and 20kPa for the underlying tissue, giving a stiffness The ligament stiffness acts as a fundamental control parameter for
ratio of 200 : 1. Both layers share a Poisson's ratio of n = 0:49, the spatial frequency and amplitude of the skin's buckling patterns.
chosen to enforce near-incompressibility. The stiffening rate of the Figure 6 highlights the impact of ligament stiffness on wrinkle mor-
steady elastic term is set to C = 1 for both layers. The shear mod- phology. Low-stiffness ligaments result in skin that is loosely teth-
ulus p and bulk modulus K are then derived from standard linear ered, allowing compressive stresses to spread over a wide domain

elastic relations, and resulting in large-scale, long-wavelength wrinkles that span ex-
tensive areas of the surface. As stiffness increases, ligaments pro-

W= L; = _E (28) gressively restrict the movement of the skin to smaller, constrained

2(1+n) 3(1 2n) regions. This constraint on movement forces the skin into a higher

energy state characterized by higher frequency, lower amplitude
wrinkles that are tightly localized around the contact points. Fi-

nally, as the stiffness reaches the limit of full attachment, the skin
is effectively pinned to the substrate, causing wrinkles to largely
disappear.

K is then split between the steady and dissipative terms|0:2

and |y = 0:8u. The time-dependent response is de ned by a vis-
coelastic relaxation time tzllzs and a simulation step size of
Dt = 2%15. For contact, we use a penalty parameter of k = 10 MPa
and a friction coef cient of u=0:8.

L . 4.2. Interlayer Stiffness Ratio
Quadrature Rules Numerical integration uses the fully symmet- 4

ric, positive-weight rules of [WV15]: the 85-point degree-10 prism  Similar to ligament stiffness, the stiffness ratio between skin layers
rule for skin layers, to densely sample the spatially varying viscous (i.e., the stiff epidermis and the more compliant underlying sub-
deformation gradient, and the 25-point degree-10 triangle rule for strate) also in uences wrinkle frequency. Figure 7 demonstrates
contact integrals. For the elastic sheet experiments in Figure 10,that a low ratio (100 : 1) produces a smooth response where the
sparser rules suf ce: 11 points at degree 4 for quadratic elements, layers deform in a uni ed bulk manner. In contrast, a larger stiff-
16 points at degree 5 for cubic, and 29 points at degree 6 for quar-ness ratio (1000 : 1) ampli es the disparity between epidermis and
tic. Linear elements use the 2-point rule of [CXX3]. Precise rule substrate, leading to surface instability and the formation of high-
data are provided in the supplementary material of [WV15]. frequency wrinkles. These observations suggest that ligament stiff-
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ness controls the macro-structure of the folds whereas the interlayerdisplaced skin is forced toward the temple, it encounters the denser

ratio modulates the frequency.

4.3. Viscoelasticity

Viscoelasticity in uences how human skin deforms under lateral
pressure, a phenomenon we test in the supplementary video. In th
rst simulation, we treat the skin as a fully elastic material, which
results in a spring effect: the skin recovers instantly and tension is

redistributed across the surface, causing the deformation to move

smoothly with the contact point. In the second simulation, the vis-

coelastic model introduces a rate-dependent delay where internal

friction prevents the skin from redistributing tension immediately.

This delay creates a memory effect in the tissue, as seen in the

real-world footage. Because the skin cannot relax instantly, once a
wrinkle is formed, it is sustained in the tissue as the nger moves
forward. This leads to a progressive accumulation of folds that are
held in place by the material's internal resistance.

4.4. Qualitative Evaluation

To evaluate the qualitative accuracy of our model, we collected sev-
eral videos of a human subject creating facial wrinkling using their
nger. We compare speci ¢ anatomical regions of the face (Fig-
ure 8), such as the temples or the forehead, for localized simula-
tion and evaluation. This setup allows us to maintain a signi cantly
higher mesh resolution within the contact zone, ensuring that the
buckling instabilities and dissipative effects are captured with the
precision required to match the dynamics observed in the captured
footage.

First, we evaluate the temple and upper cheek area by simulating
a nger dragging the skin upward (Figure 1-top). This region is
characterized by a distinct gradient in ligament density: the cheek

ligamentous anchors and begins to gather. This accumulation of
tissue triggers a buckling response, resulting in the formation of a
high-amplitude wrinkle pattern, which is captured by our model.

In our second experiment, we drag the skin horizontally from the
temple toward the center of the forehead (Figure 1-bottom). In this

efegion, the skin near the temples is relatively sparse in ligamen-

tous attachments compared to the center of the forehead, where
the tissue is much more rmly anchored to the underlying frontal
bone. As the nger moves through the sparser temple-side area, the
skin is easily displaced, allowing high-frequency wrinkles to form
ahead of the contact point (Figure 9-b). However, as the nger pro-
gresses toward the center, it enters the zone with higher ligament
density. At this stage, the skin is pulled taut against its central an-
chors, causing the wrinkles to vanish as the tissue reaches a state
of high tension (Figure 9-c). This transition illustrates the model's
ability to balance external contact forces with localized anatomical
constraints to produce realistic, non-uniform skin behavior.

4.5. Performance of High-Order Solid Shells

To create realistic facial wrinkling, it is essential for our model to
capture high frequency wrinkling patterns. To validate our choice
of high-order solid shell models for producing high quality wrin-
kles, we replicate the shearing experiment of Wong and Pellegrino
[WPOQO6]. Our experiment consists of a thin rectangular membrane
(380 128 0:025 mm) with a Young's Modulus of 3:5 GPa and

a Poisson's ratio of 0:31, and the membrane is subjected to a 3
mm horizontal shear. This setup is a well-established benchmark
for triggering buckling instabilities that should result in a pattern of
19 wrinkles.

In Figure 10, we compare wrinkle frequency across linear,
quadratic, cubic and quartic interpolation orders and demon-

tissue is loose and lacks deep anchors, whereas the temple skin iStrate that the higher-order models converge to the expected high-

relatively attached to the underlying tissues. As the nger drags
the tissue, the loose cheek skin is easily displaced upward. As this

Figure 8: Spatial distribution of the ligament stiffness parameter
b. The heatmaps illustrate the mapping of the exponential stiffness

frequency morphology. We evaluate convergence with respect to
simulation time and adjust mesh resolution such that each sim-
ulation nishes within the given time window (0 100s, 100
200s, 200 300s, 300 400s). While simulations with linear and
guadratic elements do not even reach the full wrinkle frequency
within the 300 400s window, cubic and quartic shells converge
to the expected high-frequency morphology. Notably, quartic ele-
ments reach this stable state slightly faster than their cubic coun-
terparts. This experiment demonstrates that high-order functions
combined with L-BFGS offer a promising solution for simulating
the smooth, high-frequency displacement distributions necessary to
recreate skin wrinkles.

4.6. Performance and Statistics

All simulations were conducted on a MacBook Pro M1 Pro with
16 GB of RAM. Table 1 provides a detailed breakdown of simu-

parameter b across the forehead (left) and temple/cheek regions!ation and performance numbers for our experiments. Our exper-
(right). Higher values (red) denote dense ligamentous anchoring. IMents demonstrate that L-BFGS consistently outperforms New-
Moderate values (white) indicate transitional zones with balanced ton's method in terms of total computation time. Although L-BFGS

skin tethering. Lower values (blue) indicate areas of high skin mo- typically requires a higher number of iterations to converge, it also
bility. avoids the costly, repeated factorization of the system Hessian. For

the elastic sheet benchmarks, L-BFGS remains highly competitive

© 2026 Eurographics - The European Association
for Computer Graphics and John Wiley & Sons Ltd.



Montes Maestre, et al. / Physics-Based Simulation of Contact-Induced Facial Wrinkling 9o0f12

Figure 9: Comparison between forehead simulation and real-world reference. (a) Lateral displacement from the temple toward the center of
the forehead; the simulation (top) captures the localized buckling and wrinkle accumulation seen in the video reference (bottom). (b) and (c)
Medial displacement from the temple toward the center of the forehead. In (b), high-frequency wrinkles emerge in the lateral region where
ligaments are moderately attached, whereas in (c), these wrinkles vanish as the skin reaches the strongly attached central region.

Figure 10: Evolution of wrinkle frequency across interpolation orders. Comparison of wrinkle formation over time (0s to 400s) using linear,
guadratic, cubic, and quartic interpolation. While the linear and lower-order formulations predict fewer wrinkles within the given simulation
window, the cubic and quartic elements converge toward a consistent high-frequency morphology (highlighted in red). Notably, the quartic
formulation reaches this stable wrinkle state slightly faster than the cubic one, demonstrating superior ef ciency in capturing complex
buckling instabilities within the same time budget.

and stable even as the interpolation order increases, maintainingthrough-the-thickness interpolation, to accurately capture the trans-
consistent timings for similar node counts. In contrast, Newton's verse normal and shear stresses that govern contact kinematics
method shows signi cant performance degradation with higher- and the non-linear stress gradients induced by nger interactions.
order elements. This is due to the increasingly dense Hessian struc\We model the multi-layered nature of skin with heterogeneous
tures associated with quartic and cubic elements, which signi- viscoelastic material parameters at quadrature points with time-
cantly raise the computational cost of each Newton step. dependent relaxation for realistic damped wrinkle formation. Fi-
nally, we handle skin attachments to the underlying skeletal struc-
ture using spatially varying ligament-like structures that effec-
tively constrain skin mobility. By integrating these geometric and
We presented a facial skin model capable of capturing high- anatomical elements into a robust framework, we obtain simulation
frequency wrinkling details under contact. Our approach relies results that qualitatively match the response of human skin. Our
on three key components: a high-order geometric formulation, a performance analysis demonstrates that combining high-order solid
heterogeneous viscoelastic material model, and an anatomically-sheu elements with an L-BFGS quasi-Newton solver enables supe-

informed constraint system. Our framework employs high-order rior ef ciency and accuracy compared to conventional low-order
prismatic solid-shell elements with quartic in-plane interpolation elements and standard Newton solvers.
to resolve bending modes responsible for wrinkles, and quadratic

5. Conclusions
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