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Effect of collagen degradation on the mechanical behavior and wrinkling of skin
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Chronological skin aging is a complex process that is controlled by numerous intrinsic and extrinsic factors.
One major factor is the gradual degradation of the dermal collagen fiber network. As a step toward understanding
the mechanistic importance of dermal tissue in the process of aging, this study employs analytical and multiscale
computational models to elucidate the effect of collagen fiber bundle disintegration on the mechanical properties
and topography of skin. Here, human skin is modeled as a soft composite with an anisotropic dermal layer. The
anisotropy of the tissue is governed by collagen fiber bundles with varying densities, average fiber alignments,
and normalized alignment distributions. In all finite element models examined, collagen fiber bundle degradation
results in progressive decreases in dermal and full-thickness composite stiffness. This reduction is more profound
when collagen bundles align with the compression axis. Aged skin models with low collagen fiber bundle
densities under compression exhibit notably smaller critical wrinkling strains and larger critical wavelengths than
younger skin models, in agreement with in vivo wrinkling behavior with age. The propensity for skin wrinkling
can be directly attributable to the degradation of collagen fiber bundles, a relationship that has previously been
assumed but unsubstantiated. While linear-elastic analytical models fail to capture the postbuckling behavior in
skin, nonlinear finite element models can predict the complex bifurcations of the compressed skin with different

densities of collagen bundles.
DOI: 10.1103/PhysRevE.104.034406

I. INTRODUCTION

As the largest organ of the body, skin is a complex compos-
ite structure that acts as a mechanical, chemical, and microbial
barrier to the environment, regulates temperature and water
content of the body, and enables the sense of touch [1,2]. This
composite tissue consists of three major layers; the epidermis,
the dermis, and the hypodermis, or subcutaneous layer [3].
Each major layer has multiple sublayers with different com-
positions, structures, and mechanical properties. As a result,
accurate studies of skin mechanics are nontrivial. For instance,
the epidermis is the outer layer of the skin and is made up of
four or five sublayers depending on its location on the body, all
with varying mechanical properties. The outermost epidermal
layer is the stratum corneum (SC), which acts as a barrier to
the typically drier external environment and is notably stiffer
than the other sublayers. The annotated histological tissue
cross section in Fig. 1(a) shows the multilayered composite
structure of human skin.

Below the most superficial stratum corneum and living vi-
able epidermis tissue is the dermis, a dense layer of connective
tissue comprised of collagen fiber bundles, elastin, fibrob-
lasts, and extracellular ground substance. Collagen bundles
are widely believed to be responsible for the strength and
mechanical integrity of the skin and act as a compliant sub-
strate supporting the epidermis [4]. The dermis is divided into
two sublayers, a thin papillary layer above a thick reticular
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layer, respectively, composed of thin and thick collagen fiber
bundles [5]. Beneath the dermis sits the hypodermis, a soft
fatty layer primarily composed of adipose cells that connect
the superficial skin to the bones and muscles. The thickness
and mechanical properties of these layers are known to differ
considerably and vary with age and anatomical site [6,7].
Table I shows the range of thickness and elastic moduli of the
different layers of human skin from various references. The
reported values are greatly dependent on whether the skin is
assessed in vivo or in vitro and what methods are used [8—10].
A major drive by the cosmetics industry is antiaging, and
the cosmetic prevention or alleviation of wrinkles [4,7,32].
Strategies include instant-active skin tensioning agents that
temporarily pull out wrinkles through the application of a dry-
ing polymeric film on the skin, and methods to restore the skin
dermis to a less-aged state, such as increased elasticity and
collagen content to reduce the appearance of wrinkles [5,33—
36]. The mechanistic cause of how those technologies work
[37,38] and the fundamental cause of age-induced wrinkling
itself [11,16,38,39] are unclear and are being examined. In
general, however, skin aging is a complex biological process
caused by intrinsic (chronological aging) as well as numer-
ous extrinsic factors that include solar photoaging [4,40—45].
Chronological aging primarily affects the collagen of the pap-
illary dermis, while photoaging primarily reduces the stability
of collagen bundles in the reticular dermis [46]. Unprotected
sun exposure and cigarette smoking are the major causes
of extrinsic aging as they damage the connective tissue and
change material properties in the dermal layer [34,35,40].
Contemporary experimental studies have shown connec-
tive tissue damage plays a vital role in the development of
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FIG. 1. Structural properties of heterogeneous and anisotropic
human skin and their dependency on age. (a) Histological section
of full-thickness human skin tissue annotated with the different skin
layers. The hypodermis layer is not included. The scale bar denotes
200 pum. (b) The percentage of area occupied (AO) by collagen in
the reticular dermis as a function of age. AO is representative of the
density of collagen bundles and is characterized by quantifying the
ratio of the area occupied by bundles to the total area of the matrix.
Panel (b) has been modified from Ref. [5] and used with permission
from Wiley.

wrinkles during aging [47]. Fragmentation and degradation
of collagen fibers that decrease the overall density of col-
lagen bundles has been reported as a result of aging [4,48—
50]. Collagen type I makes up approximately 80% of dermal
collagen fibers, and ~70% of dry skin mass is composed of
that type [4,51]. However, there is a remarkable reduction
in collagen bundle density during aging, caused by degra-
dation by solar UV absorption or matrix metalloproteinase
(MMPs) activities [34,48,49,52]. Figure 1(b) elucidates this
age-induced decrease in collagen bundle density. Dermal fiber

bundle densities deteriorate monotonically by ~1% per year
[49]. The percentage of the area filled with collagen bundles
reduces from 80% in newborn skin to 60% aged 100 years.
Further, changes in average collagen bundle orientation vary
with age [5]. While the orientation of collagen bundles is
strongly aligned in newborn and aged skin, collagen bundles
are disorganized in middle-aged skin [5]. Complicating a clear
understanding of the mechanistic process of the aging process,
new collagen synthesis reduces with age [53].

To date, it remains unclear how the degradation and frag-
mentation of collagen fiber bundles in the dermis alters the
complex mechanical properties of skin that ultimately lead
to visible signs of aging. While extensive experimental stud-
ies have revealed factors that are associated with aging,
in vivo studies cannot distinguish the relative influence of
the different tissue layer mechanical properties, and ex vivo
studies cannot mimic in vivo conditions because of the in-
herent loss of skin tension upon excision. Moreover, there
is a lack of sufficiently complex theoretical-computational
frameworks that can adequately unravel the mechanism that
causes age-based wrinkling. A majority of analytical and
computational mechanical skin models have only studied the
wrinkling mechanism when restricted to idealized conditions
[11-15,54-57]. In those prior studies, the dermis is typi-
cally modeled as isotropic or a transversely isotropic layer
to simplify the complex distributions and orientations of the
collagen fiber bundles [58—61]. The prior research primarily
examined the effect of geometry and mechanical properties
of layers on the wrinkling patterns of compressed skin [11],
rather than the aging process directly. As a step toward fill-
ing that gap, we model skin as a complex, composite tissue
with an anisotropic dermal layer of collagen fiber bundles
with distributed orientations in a soft matrix. The mechanistic
process of aging is examined via the incremental elimination
of collagen bundles. As a step toward better understanding
the role of the relationship between collagen fiber bundles
and the mechanistic process of aging and skin wrinkling, we
employ a two-dimensional model to compare computational
results with analytical results rather than utilizing a full-scale
three-dimensional model.

II. METHODS

A. Experimental method
1. Tissue preparation and paraffin-based histology

Deidentified 62-year-old abdominal cadaveric human full-
thickness skin was obtained from ConnectLife, NY. For our
study, abdominal tissue was chosen because it is an anatom-
ical site that typically experiences little ultraviolet radiation
from the sun, which is known to induce collagen degradation

TABLE I. Reported thicknesses and material properties of skin layers from various references.

Layer Thickness Elastic modulus (MPa) References
Stratum corneum (SC) 10-30 (um) 0.6-100 [6,9,11-31]
Viable epidermis 30-100 (pem) 0.1-10

Dermis 0.1-4 (mm) 0.03-0.2

Hypodermis 1.1 (um)-1.2 (mm) 0.05-0.1
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[62,63]. In accordance with the Department of Health and
Human Services regulations, 45 CFR 46.101:b:4, an exempt
approval (3002-13) was attained to perform research using
deidentified tissue samples. Adipose tissue was excised from
the dermis using a dermatome set to its maximum thickness
capacity of 2.4 mm. A circular skin specimen of radius 6 mm
is then excised with a biopsy punch. The tissue sample is
fixed, sectioned, stained, and imaged, as previously reported
[30], to obtain the histological image shown in Fig. 1(a).

2. Tissue cryosectioning and collagen fiber bundle
orientation analysis

A rectangular specimen 10 x15 mm in size is excised
from the full-thickness skin specimen and chemically fixed
overnight in 10% neutral buffered formalin solution (VWR,
LLC, Radnor, PA). The sample is then immersed in a 30%
weight/volume sucrose (sugar, crystals, Macron Chemicals,
NJ, USA) solution in 1 x PBS (Amresco, OH, USA), until the
tissues sink to the base of the container. The sunken tissue
is placed inside a plastic mold containing Optimal Cutting
Temperature (OCT) (TFM, General Data, OH, USA) medium,
which is then snap frozen using liquid nitrogen. This embed-
ded skin specimen is sectioned in the reticular dermal region
using a cryostat (CryoStar NX50, Thermo Scientific, USA).
The 14 um thick cross sections are then laminated onto a
glass slide. These cross sections are hydrated in de-ionized
water for 30 s to dissolve the OCT medium, followed by
immersion in Picrosirius stain (0.5 g of Direct Red 80, Sigma
Aldrich, India, in 500 ml of 1.2% saturated aqueous solution
of picric acid, RICCA, TX, USA) for 5 min, 1% aqueous
acetic acid (Electron Microscopy Sciences, PA, USA) for 2
min to remove any excess stain, 100% ethanol (Koptec, DLI,
PA, USA) for 2 min to dehydrate the tissue, and finally xylene
(VWR, Histology Grade, PA, USA) for 2 min to clear the tis-
sue. Sections are finally mounted onto glass cover slips using
tissue mounting medium (Cytoseal 60, Thermo Scientific, MI,
USA). Sample images are captured using a charge-coupled
device (CCD) camera (Andor Clara, Belfast, Northern Ire-
land) mounted to a Nikon Eclipse Ti inverted microscope
(Nikon, Melville, NY, USA) with a 10x (Nikon Plan Fluor)
objective lens when illuminated with a SOLA 6-LCR-SB
(Lumencor light engine, Beaverton, OR, USA). Distributions
of collagen fiber bundle orientation are quantified using the
DIRECTIONALITY tool in IMAGEJ software, with a directionality
histogram ranging between £90° in 2° bins. Figure 2 shows
the arrangement, tortuosity, and density of collagen bundles
in the papillary dermis of a 62-year-old abdominal skin spec-
imen. The normal distribution of the collagen bundles will be
used as the basis in the computational models, in agreement
with prior studies [64,65].

B. Analytical method

While studies of wrinkling in multilayer systems date back
half a century [66], recent studies have provided insight into
the fundamental understanding of buckling instabilities and
highlighted their relevance to numerous biomechanical phe-
nomena [67-69], including wrinkle formation and growth
during aging. In this study, we examine skin wrinkling un-
der compressive loading using a composite model comprised
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FIG. 2. Collagen distribution and orientation in a skin sample.
(a) Horizontal transverse cross section of skin in the reticular dermal
layer, parallel to the skin surface, displaying tortuous collagen fiber
bundles. The scale bar denotes 200 um. (b) Histogram of collagen
fiber bundle directionality from panel (a) using the DIRECTIONALITY
tool in FUI [109-111]. (Blue curve) Least square best-fit Gaus-
sian distribution (mean: 21.03°, standard deviation: 23.17°) to the
histogram revealing normally distributed collagen orientations. An
angle of 0° denotes alignment in panel (a) along the long axis of
the scale bar with positive angles increasing in a counterclockwise
direction.

Amount

of three layers: a stiff top layer representing the superficial
stratum corneum (SC), a softer isotropic intermediate layer
representing the viable epidermis (VE), and an anisotropic
substrate representing the dermis (DE). Figure 3 provides
a schematic representation of the model. The SC and VE
are distinguished intentionally because of the notably larger
elastic modulus of the SC. The hypodermis layer is excluded
from the model as it is comparatively farther from superficial
wrinkles.

In-plane compression of this three-layer structure can be
studied analytically by modeling it as a beam lying on a
foundation. A uniform compressive displacement is applied
to the right boundary, while the left boundary is longitudinally
fixed. The model base is frictionless and fixed laterally along
the y axis. The free top boundary can freely deflect.

Dependent on the elastic modulus of the intermediate VE
layer, two distinct wrinkling modes can occur: mode I: wrin-
kling of a composite beam (SC and VE combined) on a single
layer DE substrate, and mode II: wrinkling of the stiff SC
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FIG. 3. Schematic of the three-layer skin model which consists
of the stratum corneum (SC), viable epidermis layer (VE), and der-
mal layer (DE) Esc, EVEs EDEs l?sc, l?VE, ﬂDE’ hsc, hVE, and hDE are
Young’s modulus of SC, Young’s modulus of VE, Young’s modulus
of DE, Poisson’s ratio of SC, Poisson’s ratio of VE, Poisson’s ratio
of DE, the thickness of SC, the thickness of VE, and the thickness of
DE, respectively. (a) Mode I: wrinkling of a composite beam (SC
and VE combined) on a single layer substrate (DE). (b) Mode II:
wrinkling of the stiff top layer (SC) on a composite substrate (VE
and DE combined).

top layer on a composite substrate (VE and DE combined)
[68]. To solve this problem analytically, we first use the
Euler-Bernoulli beam theory by neglecting shear effects [68].
Secondly, we assume a semi-infinite substrate. Finally, we
consider all materials to be isotropic and linearly elastic. In
this study the term “analytical method” refers to the analytical
solution of the three-layer system described in the present sec-
tion. In this analytical method, the values of Young’s modulus
of the substrate (Epg) are obtained from the computational
models presented in the next section.

Each wrinkling mode yields a different critical strain for
the onset of wrinkling, established from the following equa-
tion:

gc = min (e}, &), (1)

where &, is the critical wrinkling strain, and ¢! and &!! are
critical wrinkling strains calculated for mode I and II, respec-
tively [70-73]. A MATLAB code was developed to solve for
both modes and determine the active wrinkling mode.

To calculate the critical strain and critical wavelength for
wrinkling in mode I, the stress equilibrium equation for a
composite beam lying on an elastic foundation is

Er P F Y ko 2
bdx4+ dx2+w_’ @
where w is the in-plane deflection of the composite beam
along the y axis; I is the second moment of inertia of the
composite beam; [ = M, and hgc and hyg are the
thicknesses of the SC and VE layers, respectively; F is the
external compressive force per unit length of the composite
beam applied to the left and right side of the beam; and
K is the stiffness of the substrate. The bending modulus of
the composite beam, Ej, is established from the following
equation [68]:

_ 1+ m?n®* + 2mn(2n?* 4+ 3n + 2) .
Ey= : EL. ()
(n+1)’(1 4+ mn)

where m and n depend on the material properties and geome-
try of the model, with

Eyr hve . Esc
= Ex 5 n= h_a SsC — 2
sc s¢ (1 - Uéc)
Eve
Ejp = — 4)
(1 - UVE)

Here, Esc and Evyg are Young’s moduli of the SC and
VE layers, vsc and vyg are their respective Poisson’s ratios,
and E§. and EJp are their respective plane-strain moduli of
elasticity.

Assuming the deflection of the beam, w, to be a cosine
function of x,

2w x
w = W, cos - ) 4)

where A is the wrinkle wavelength, and W;, is the wrinkle am-
plitude. Taking the interfacial shear stress to be negligible, the
foundation stiffness, K, is determined by the wrinkle wave-
length and the elastic material properties of the foundation as
[74]

o - Upe )’ TEf:
(3 —4dupp)r

(6)

where Ej5. = Epp/(1—v3g) is the plane-strain modulus of the
substrate (DE), and vpg is the Poisson’s ratio of the substrate.
Considering the dermis layer to be incompressible (vpg =
0.5), Eq. (6) reduces to

nEjg
-

Substituting the K and w in the governing equilibrium
Eq. (2), F can be written as

_ (27n\? E’.A
F=EI|l=— —DET 8
h(k>+4n (8)

K= )

The critical compressive strain corresponds to the mini-
mum force (F)) to onset wrinkling. Therefore, the wavelength
satisfying 0F /0A = 0 corresponds to the critical wavelength
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This optimum value for the wavelength can be used to cal-
culate the critical compressive strain for the onset of wrinkling
in mode I. The compressive strain of the composite beam

is defined as the ratio of the compressive stress, %, to the
compressive modulus of the beam, E,:
— 2
Fl' 1E, (3E}:\?
el= ¢ = 2 ZDE ) (10)
th 4 E),‘ Eb

where h = hsc + hyg and E, is the equivalent compressive
modulus of the composite beam and is calculated as
- hsc hvg
E; = Esc— + Evg——. (11)
h h
Please check the Appendix for the calculation of the critical
strain and critical wavelength of mode II.

C. Computational method

The computational analysis is performed in two sections:
linear buckling and nonlinear postbuckling. In the linear buck-
ling section, all material properties of layers and collagen
fibers are considered linear-elastic materials. With that as-
sumption, the results of the analytical and computational
methods are comparable. However, this assumption is valid
only for small strains. In the nonlinear postbuckling section,
there are large deformations in the models so all material
properties are converted to their associated hyperelastic neo-
Hookean materials.

1. Linear buckling

Developing a physiologically relevant multiscale compu-
tational model is achieved in two steps. First, the dermis is
modeled as a single isolated layer to establish its equivalent
elastic modulus for different collagen bundle densities and
average fiber orientations. Here, we do not distinguish the
papillary from the reticular dermis. In the first step, in a 10 x
2 mm rectangle model, the collagen bundles are modeled as
embedded truss elements in a soft surrounding matrix using
the embed constraint in ABAQUS finite element commercial
software [75]. An embedded element method is used in this
study to avoid extreme shear stress between stiff collagen bun-
dles and the soft matrix under large strains as the result of the
notable mismatch between their elastic moduli. An individual
collagen bundle is modeled with multiple truss elements and
the matrix is meshed using a four-node plane-strain element.
Here, soft matrix refers to all constituents of the dermal layer
except the collagen fibers. The embedded element method
allows the finite element model of the collagen bundles to
be directly incorporated into the mesh of the matrix without
preprocessing complications. The embedded element method
has been developed for composite materials with large defor-
mations where the fibers and matrix are discretized separately
and then assembled with specific constraints [76—79]. The
embedded element method is used to reduce the convergence
problem in the matrix-fiber shared nodes [80]. In this method,

unlike other methods such as direct partitioning, each node of
the fiber is connected to all nodes of the associated matrix’s
element. This method has several advantages over the direct
method, such as avoiding high shear stresses between col-
lagen bundles and the matrix, providing direct computation
of bundles’ strains, easily tracing the history of individual
bundles, and reducing the computational cost. There is no
interaction between crossing fibers at their intersecting points.
However, the effect of interfiber interaction on the mechanical
behavior of the bulk tissue is an interesting topic for further
investigation [81,82]. A two-dimensional (2D) plane-strain
element (CPE4R) is used to mesh all three layers. As wrin-
kling occurs in the model, a very fine mesh is needed at the
top layer to eliminate the effect of mesh size in the model.
After the mesh convergence process, the optimum mesh size is
determined to be 4 um at the SC layer. The density of collagen
bundles is characterized by quantifying the ratio of the area
occupied (AO) by bundles to the total area of the matrix.
Therefore, AO is a parameter that represents the density of the
bundles. Individual collagen bundles distributed in the dermis
have elastic material of Ec = 68 MPa equal to the average
reported Young’s modulus for skin collagen fibers, and a
diameter of 8 um equal to the average collagen fiber bundle
diameter [5,12]. The elastic modulus of the ground substance
is set to 8.5 kPa, equal to the average of the reported range
[12]. Bundle lengths vary randomly between 1 and 2 mm
[5]. For simplicity, all collagen fiber bundles are taut and
recruited in an unstressed state, rather than their tortuous
in vivo configuration. For each collagen density, the model is
subjected to a compression load, and the composite dermal
elastic modulus is extracted from the recorded stress-strain
curve. All analyses in this section are performed by the static
general analysis in ABAQUS. To model age-induced collagen
degradation, changes in the composite elastic modulus of the
dermis are established for collagen densities declining from
80% AO to 50% AO [Fig. 1(b)], in 5% increments. As de-
tailed in Fig. 4, this characterization is completed for models
with six different collagen bundle arrangements: normally
distributed bundles with average orientations (a) parallel with
the uniaxial loading axis, (b) at 15°, (c) at 30°, (d) at 45°,
(e) at 60° to the uniaxial loading axis, and (f) a random
orientation of collagen fiber bundles. A normal distribution
is used to distribute collagen bundle directions in agreement
with the experimental evaluation in Fig. 2(b). However, we
do recognize that other distributions of collagen bundle ori-
entation have been reported [58]. A fixed standard deviation
is set for all orientations as 23.17 equal to the obtained value
from the experimental result. Figure 4(g) shows the collagen
fiber configuration of an 80% AO dermal model with random
distribution of orientations.

The second modeling step is to integrate the dermal model
into a three-layer finite element composite skin model, as
depicted in Fig. 3, to perform a linear buckling analysis. From
this, changes in buckling with the different dermal layer me-
chanical properties are quantified. As detailed in Table I, the
thicknesses of individual layers are held constant, with Agc =
15 pm, hyg = 65 um, and Apg = 2 mm. While we recognize
that the thickness of the layers varies during aging [5,47];
this aspect is not considered in this study. Moreover, while
several models for the material behavior of the different skin
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FIG. 4. Probability density of bundles’ angles for models with distributions that are (a) horizontal, (b) 15°, (c) 30°, (d) 45°, (e) 60°, and
(f) random. A 2D finite element model (g) of the dermal layer with randomly distributed collagen bundles at random angles. The layer is filled
with 80% collagen bundles (AO = 80%). Blue depicts the soft matrix. The collagen bundles have not been rendered to the actual diameter to

make visualization easier.

layers exist [8], in this section we assume that all layers of
the skin model are linear and elastic. This assumption allows
us to link analytical and computational models and compare
their results. In this matter, the elastic modulus for SC and VE
are assigned as Egc = 20 MPa [29], and Evg = 5 MPa, re-
spectively. Except for the elastic modulus of the SC layer, the
elastic moduli and thicknesses of each layer are selected equal
to the average value of the reported range in Table I. A very
large elastic modulus of the SC layer corresponds to the dehy-
drated skin [83,84]. Therefore, the elastic modulus of the SC
layer is selected equal to 20 MPa to represent the normal skin.

2. Nonlinear postbuckling

In this section, the dynamic implicit method is used to
study the effect of collagen degradation on the mechanical

properties of the skin under large deformations. A 2D multi-
layer model as depicted in Fig. 5 is developed for the collagen
bundles’ orientations and densities. In contrast to the linear
buckling, the whole analysis is performed in one step because
the dermal layer includes collagen bundles. The material prop-
erties of collagen bundles, SC layer, viable epidermis, and
ground substance are converted to neo-Hookean hyperelastic
material models and their shear moduli are set to 11.41 MPa,
3.35 MPa, 0.84 MPa, and 1.4 kPa, respectively. To be com-
patible with the linear buckling section, the shear modulus of
each layer is calculated using the linear relation between shear
modulus and elastic modulus and considering Poisson’s ratio
equal to 0.5. The thickness of each layer and the diameter
of the collagen bundles are identical to the linear buckling
section and the collagen bundles are embedded in the ground
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Ground
Substance

Collagen
Bundle

FIG. 5. A 2D dynamic finite element model of the skin with
randomly distributed collagen bundles at random angles. The dermal
layer is filled with 80% collagen bundles. Blue, gray, red, and green
depict the ground substance, collagen bundles, viable epidermis, and
SC, respectively. The collagen bundles have not been rendered to the
actual diameter to make visualization easier.

substance. For each orientation of collagen fibers (0°, 15°,
45°, 60°, and random) two cases with 80% AO and 50% AO
of collagen bundles are studied. Figure 5 shows a model with
the 80% AO and random distribution in the orientation of the
collagen bundles.

Each case is subjected to a 30% compressive strain. The
amplitude (roughness) of wrinkles is measured by the rough-
ness average (R,) and root mean square (R,) parameters using
the following equations:

1 [
R, = —/ |z(x)| dx, (12)
lr 0

1 -
Ry=7 /0 200d, (13)

where [, is the projected length along the horizontal x axis of
the system after deformation, and z(x) is the equation of the
deformed profile.

III. RESULTS AND DISCUSSIONS

A. Effect of collagen degradation on the mechanical
behavior of dermis

Full-thickness human skin is compositionally and mechan-
ically heterogeneous because of the fibrous structure of the
dermal layer. This heterogeneity is revealed in Fig. 6(a), which
shows the stress distribution in a dermal layer model exhibit-
ing an 80% AO compressed with 10% strain. AO is the ratio
of the area occupied by collagen bundles to the total area of
the matrix. Here, the average collagen alignment is parallel
with the axis of compression loading. Figure 6(b) shows an
equivalent stress distribution after a reduction of collagen fiber
density by 37.5%. Figures 6(c) and 6(d), respectively, show
equivalent stress distribution to those in Figs. 6(a) and 6(b);
however, here the collagen fibers are averagely oriented at
60° from the horizontal line. Stress distribution in the models
shows that bundles with orientations closest to the compres-
sion direction experience the larger compressive stresses and
support more of the load. This aligns with in vivo behavior,
where the average orientation of the collagen fibers in those
models is associated with the orientation of maximum skin
tension. Patterns of maximum tension orientation are simply
characterized by Langer’s lines [85] in human skin; however
recent studies have revealed subject-to-subject variations in
orientation at identical anatomical sites [61]. Understand-
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FIG. 6. Von Mises stress distribution (MPa) within a dermal tis-
sue model subjected to a strain of ¢ = (0.1. Dermal tissue models
exhibit (a) 80% and (b) 50% AOs for average collagen orientation
aligned with the loading axis and (c) 80% and (d) 50% collagen fiber
densities with 60° distributions of collagen orientations. (e) Axial
stress distribution in the collagen fibers for the cases with 0° and
60° orientations in two different collagen densities under ¢ = 0.1
compressive strain.

ing the orientation of maximum skin tension is important
to the cosmetics industry, dermatology, and surgery. Age-
induced wrinkles typically align parallel with collagen fiber
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orientations while incisions made across collagen fibers can
lead to a greater risk of keloid scar formation [86].

Figure 6(e) shows the histogram graph of the stress distri-
bution in the collagen bundles for the 0° and 60° cases with
80% and 50% AOs. For both cases, the number of collagen
fibers that experience greater stresses is greater when the
dermal layer is 80% collagen. In the cases with 80% AO,
a greater number of fibers bear loads. For the same strain,
the greater density collagen model experiences larger stresses
than the reduced collagen density model. Furthermore, the
results indicate that most of the collagen bundles in the 0°
case are in compression, while for the 60° case most of the
collagen bundles are in tension. The reason is that in the 0°
case, collagen bundles resist against horizontal compression,
while in the 60° case, collagen bundles are under tension to
resist against the transverse expansion of the matrix because
of the Poisson’s ratio effect. Figure 6(e) indicates that the
reduction of the collagen density in the dermal layer decreases
the load-bearing capacity of the dermal layer.

Figure S1 in the Supplemental Material [87] shows the
dependency of the elastic modulus of the dermal layer to the
collagen densities and their orientations in the dermal layer.
Results are presented for the cases with 0° orientation and 60°
orientation of collagen bundles. The reduction in the density
of collagen fibers reduces the elastic modulus of the dermal
layer. When the collagen density decreases from 80% AO to
50% AO, the elastic modulus of the dermal layer decreases
35.98% and 25.44% for 0° and 60° distributions of collagen
fibers, respectively. The dependency of the elastic modulus
of the dermal layer to all of the densities and orientations is
summarized in Fig. 7(a). Figures 7(a) and 7(b), respectively,
show the effect of age-induced changes in average collagen
fiber bundle density and average fiber orientation relative to
the loading axis on the dermal elastic modulus. Dermal elastic
moduli are extracted from stress vs strain slopes provided in
Supplemental Fig. S1 [87] and other orientations (30°, 45°,
and 60°) that have not been shown for ease of viewing. In Fig.
S1, for each collagen density represented by AO, the model is
subjected to a compression load, and the composite dermal
elastic modulus is extracted from the recorded stress-strain
curve; see the Methods section. The age-based degradation
of collagen bundle density, established from Fig. 1(b), is em-
ployed to correlate elastic moduli with age effects in Fig. 7(b).
Relative to randomly oriented fibers, dermal models with an
average fiber orientation aligned along with the compression
axis exhibit a greater elastic modulus for equivalent fiber
bundle densities in Fig. 7(a). The elastic modulus further
decreases when tensile loads are applied at increasingly more
oblique angles to the average collagen fiber orientation, in
agreement with the anisotropic mechanical behavior of skin
established from in vivo and ex vivo experimental studies
[59,61]. Moreover, decreases in collagen fiber density that
occur with aging decrease the elastic modulus of the tissue
layer, as shown in Fig. 7(b). The sensitivity of the dermal
elastic modulus to the orientation of bundles is small for
angles between 0° and 15°, in comparison with larger angles.
This highlights the fact that degradation of fibers more aligned
with the skin tension axis will play a comparatively larger
role in the mechanical softening of the dermis, and the aging
process. Aging for a century resulted in a 20% decrease of
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FIG. 7. (a) Variation of equivalent elastic modulus of the dermal
layer during the aging process according to the different orientations
of collagen bundles. (b) Variation of equivalent elastic modulus of
the dermal layer by the decrease in AO by aging. AO is the ratio of
the area occupied by bundles to the total area of the matrix.

AO [5], which results in dermal softening by a maximum of
23.04%.

B. Dependency of the wrinkling mode to the elastic
modulus of the dermal layer

With a clear understanding of how collagen fiber degra-
dation alters the mechanical properties of the dermis, the
effect of aging on composite skin wrinkling can now be
investigated. Figure 8 shows the critical strains of the two
wrinkling modes for different Esc and Eyg values from Ta-
ble 1. The two thickness values, hsc and hyg, are assumed
to be the mean values of the ranges mentioned in Table I
(hsc = 20 um, hyg = 65 um). Based on Eq. (1), for a certain
set of (Eyg, Esc) in Figs. 8(a), 8(c), and 8(e), the active wrin-
kling mode is either mode I or mode II, whichever is lower.
Figures 8(b), 8(d), and 8(f) demonstrate the active wrinkling
modes in the variable space (Evg, Esc). The boundary be-
tween the two regions of the wrinkling mode plots is staggered
because the computation was performed for a discrete sets of
variables (Evg, Esc). The critical strain graphs are plotted for
three different values of Young’s modulus of the substrate:
minimum [Epg = 0.030 (MPa)], mean [Epg = 0.115 (MPa)],
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FIG. 8. The critical strains of the two wrinkling modes for different Esc and Evg values. (a), (c), (e) are the critical strain curves for both
of the wrinkling modes, and (b), (d), (f) are the wrinkling mode region plots. The values of the Young’s modulus of the substrate for (a), (c),
and (e) are 0.030 (MPa), 0.115 (MPa), and 0.200 (MPa), respectively. Plots (b), (d), and (f) are the corresponding mode regions of (a), (c), and

(e), respectively.

and maximum [Epg = 0.200 (MPa)] values, based on the
range specified in Table I. As shown in Fig. 8, regardless of the
wrinkling mode, a stiffer SC layer results in a lower critical
strain. That suggests the elevated stiffness of the outermost
layer of the skin caused by dehydration or photoaging [83,88]
facilitates the onset of wrinkling. This reduction in the critical
wrinkling strain of skins with a greater SC’s stiffness is con-
sistent with the work of Kuwazuru et al. [88]. Furthermore,
as demonstrated in Figs. 8(b), 8(d), and 8(f), a greater Egc
contributes to the transition from wrinkling mode I to mode II.
If the SC is stiffer than a certain value, it tends to wrinkle alone
on a composite substrate composed of VE and DE (mode II).

Conversely, when the SC is not stiff enough, it is more likely
that the two top layers wrinkle together on the DE layer as a
substrate (mode I).

The stiffness of the VE layer is another parameter affecting
the wrinkle mode transformation. As shown in Fig. 8, a stiffer
VE layer results in a transition from mode II to mode I. As
such, when the intermediate layer, VE, is stiff, it tends to wrin-
kle together with the superficial layer, SC. However, when the
VE layer is not stiff enough, it is more likely to function as
a substrate in combination with the DE layer, while the SC
layer would wrinkle solely on top of this composite substrate.
In addition to the stiffness of the top two layers of the skin
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with hyg/hsc, Eve/Esc, Epg/Esc. Wrinkling mode region plots for (¢) hyg/hsc = 2, (d) hve/hsc = 3.5, and (e) hyg/hsc = 5.

(SC and VE), the elastic modulus of the DE layer influences
the wrinkling onset. As shown in Figs. 8(a), 8(c), and 8(e),
an increase in the stiffness of the substrate, Epg, results in
greater values of the critical wrinkling strain. Although Epg
influences the wrinkling onset by affecting the critical strain,
it has almost no effect on the instability mode transformation.
As demonstrated in Figs. 8(b), 8(d), and 8(f), an increase in
Epg does not affect the wrinkling mode region diagrams.
Figures 9(a) and 9(b) show the variation of critical
strain (¢.) and normalized critical wavelength (A./hsc) with
three dimensionless ratios, namely, hyg/hsc, Evg/Esc, and
Epg/Esc. Figure 9(c)-9(e) demonstrate the wrinkling mode
regions corresponding to hyg/hsc = 2, hyg/hsc = 3.5, and

hve/hsc = 5, respectively. As demonstrated in Figs. 9(a)—
9(c), when the intermediate layer, VE, is not much thicker
than the topmost layer, SC, e.g., hyg/hsc = 2, the VE and
DE tend to function as a composite substrate and the only
active wrinkling mode would be mode II. However, for
greater hyg/hsc ratios, e.g., hyg/hsc = 3.5 and hyg/hsc = 5
as shown in Fig. 9, both modes are possible, depending on
the elastic modulus of the layers. Regardless of the wrinkling
mode, an increase in the relative thickness of the intermediate
layer (hyg/hsc) results in larger critical strains and critical
wavelengths, as exhibited in Figs. 9(a) and 9(b). Another
parameter affecting the wrinkling mode is the dimension-
less elastic modulus of the intermediate layer, Evg/Esc. As
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shown in Fig. 9, wrinkling mode transformation occurs when
the Evg/Esc reaches a certain value. For example, Fig. 9(e)
demonstrates that for Ayg/hsc = 5, wrinkling mode trans-
formation occurs at approximately Evg/Esc = 0.11, which
means that for Eyg/Esc < 0.11 mode 1II is the active insta-
bility mode, while for Eyg/Esc > 0.11 mode I occurs first.
This observation is consistent with Fig. 8, where higher values
of Evg increase the possibility of wrinkling mode I. Con-
trary to the VE layer, the stiffness of the DE layer does not
significantly influence the wrinkling mode, as depicted in
Figs. 9(c)-9(e). This was also observed in Fig. 8 where the
wrinkling mode diagrams were approximately the same for
different Epg values. Although the stiffness of the substrate,
Epg, does not affect the wrinkling mode, it influences the
critical strain and critical wavelength. As shown in Figs. 9(a)
and 9(b), an increase in Epg results in a higher critical strain
and a lower critical wavelength, which means that keeping all
the other parameters (hyg, hsc, Eve, Esc) constant, a stiffer
DE layer (corresponding to higher densities of collagen fibers)
leads to a greater critical strain and produces a shorter wrinkle
wavelength.

C. Effect of collagen degradation on the mechanical
behavior of skin

Here finite element modeling is used to establish changes
in the critical wrinkling wavelength and strain of a com-
pressively strained three-layer composite skin model whose
dermal elastic moduli varies with collagen fiber density and
average orientation. Based on the model geometries and ma-
terial properties presented in the linear buckling section of the
Methods section, the wrinkling mode in this model remains
consistently mode I, where the SC and VE layers collectively
buckle on the dermal layer.

Table S1 in the Supplemental Material [87] compares the
critical wavelengths calculated by the finite element method
(FEM) and the analytical method (AM) for skin models with
varying collagen fiber densities and average collagen fiber
orientations. This table also shows the percentage of the dis-
crepancy between the two methods (A). The average (n = 42)
discrepancy is 2.17% with a standard deviation of 0.65%.
These data are graphically represented in Fig. 10. For all
average collagen fiber bundle orientations, reductions in col-
lagen bundle density lengthen the wrinkling wavelength. This
result is consistent with observations that pinching of more
aged skin results in the formation of larger wrinkles relative
to younger skin [14]. Moreover, the orientation of the bundles
has a pronounced effect on the critical wavelength. For fixed
collagen fiber densities, the wrinkling wavelength increases
as the average fiber orientation increasingly varies from the
applied compressive loading direction. This result agrees with
the in vivo characterization of Kraissl lines, where pinching
the skin perpendicular to the local collagen bundle orientation
results in larger wavelength and amplitude wrinkles relative
to pinching parallel to the orientation [89,90]. The differ-
ence between the wavelength for 80% and 50% AOs varies
in the range of 10%-16%, depending on the orientation of
the collagen bundles. When the orientation varies from 0°
to 60°, the analytical and the FEM results show a decline
in wavelength increase. The analytical results show that the
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FIG. 10. Critical wavelength vs AO (ratio of the area occupied
by bundles to the total area of the matrix) for various orientations of
bundles.

lengthening in the wavelength decreases from 16.01% in the
case with 0° orientation to 10.28% in the case with 60°
orientation. The reduction of collagen fiber density through
aging decreases the stiffness of the substrate. This makes
the SC layer dominant during bending. Therefore, based on
Eq. (9), the wavelength increases. A larger wavelength results
in a larger amplitude because the amplitude is proportional
to the wavelength. While analytical and finite element results
show the same trends, they exhibit small differences. This
is most likely attributable to the analytical model employing
Euler-Bernoulli beam theory, while no similar assumption
is made in the finite element model. Euler-Bernoulli beam
theory neglects the shear deformation effect, which results
in a systematically higher wavelength compared to the finite
element analysis (FEA) results [68]. Considering the change
of various other properties of skin such as the thicknesses
of its different layers through aging [91], the results of our
study cannot be straightforwardly compared with the experi-
mental measurements in the literature. However, despite this
limitation, our results can be qualitatively compared with the
experimental measurements of wrinkles on human skin. As
illustrated in Fig. 10, for a random distribution of collagen
fibers, the reduction of collagen fiber density from 80% AO
to 50% AO during aging results in a 13.6% increase of crit-
ical wavelength. This increase of wavelength with aging is
consistent with the study of Kuwazuru et al. [92]. They used
image processing to measure the wrinkle area of compressed
facial skin of female subjects aged 25-56. The parameter
“skin wrinkling rate (SWR)” was used to study the difference
in skin morphology through aging. They observed a sudden
rise in SWR after the age of 30. A larger area of detected
wrinkling lines qualitatively corresponds to a larger wrinkle
wavelength. Therefore, their measurements show that aged
skin experiences longer wavelengths than young skin.
Supplemental Table S2 [87] shows the critical wrinkling
strain for varying collagen fiber densities and average fiber
orientations away from the compressive loading direction for
the FEM and analytical approaches. Critical strain is defined
as a strain in which the stress (S11) shows a significant change
in the SC layer during the compression process. Similar to
Supplemental Table S1 [87], the discrepancy between the
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two methods is provided. Figure 11 displays this data graphi-
cally. The critical strain for all collagen densities and average
fiber orientations falls below strains of ¢ = 0.05, with the
smallest occurring at a strain of ¢ = 0.025, when fibers are
least aligned with the compressive loading axis. This suggests
that skin is prone to wrinkling even when subjected to small
compressive strains from muscle tension or external stimuli.
This is primarily brought about by the discrepancy in elastic
modulus between skin layers; a stiff outermost SC adhering
to the softer dermal tissue results in wrinkles rather than other
surface instabilities [93-95]. Further, for all fiber orientations,
the critical strain for wrinkles decreases with age-based degra-
dation of collagen fiber bundle density. An analysis of the
critical strain of the cases with 80% AO and 50% AO shows
a reduction in the range 17%-26%, depending on the orienta-
tion of the collagen bundles. A lower collagen density reduces
the stiffness of the substrate and makes the SC the dominant
layer during buckling. Therefore, based on Eq. (10), the criti-
cal strain has a lower value compared with the 80% AO model.
The analytical and FEM results show that the sensitivity of
the critical strain decreases while the orientation varies from
0° to 60°. For instance, the analytical results show that the
difference between critical strain for 80% AO and 50% AO
decreases from 25.70% to 17.78% in the cases with 0° and
60° orientation, respectively. Both the wavelength and crit-
ical strain results indicate that the skin with aligned collagen
fibers in the tension-compression direction is more sensitive to
collagen degradation. We anticipate, therefore, that age-based
dermal softening will likely result in skin undergoing larger
in vivo strains parallel with Langer’s lines because of the
in vivo skin tension. In turn, the Poisson-based lateral contrac-
tion orthogonal to the average collagen alignment will readily
surpass the critical wrinkling strain, resulting in wrinkling.
Certainly, this would explain the alignment of wrinkles with
Langer’s lines [96]. It is worth noting, however, that critical
wrinkling strain is not only dependent on the collagen den-
sity. Other parameters such as thickness and individual layer
material properties will be influential [11,16]. However, these
parameters are not examined in this study. Moreover, pre-
tension or residual stresses have been ignored here because
the dependency of residual stress on collagen fiber orientation

remains unclear. Experimental studies exploring this relation-
ship exhibit contradictory results regarding the expansion or
shrinkage of excised specimens [59,97-99], signs of the inher-
ent tensile or compressive stresses. Nonetheless, while these
inherent stresses may act to cause wrinkling, they do not affect
the critical strains detailed here.

The results detailed in Figs. 10 and 11 are valid for small
compressive strains that result in sinusoidal wrinkles. For
larger compressive strains, however, Egs. (9) and (10) are no
longer valid, and only the nonlinear finite element model can
capture the postbuckling topographies.

D. Effect of collagen degradation on the
postbuckling behavior of skin

The results detailed in Figs. 10 and 11 are valid only for
small compressive strains resulting in symmetrical sinusoidal
wrinkles. For larger compressive strains, Eqs. (9) and (10)
are no longer valid, and only a nonlinear model can capture
the postbuckling topographies. Figures 12(a) and 12(b) show
how a three-layer skin model with two different densities of
collagen bundles responds to a large compressive strain. The
color bar depicts the deformation along the Y axis. Zoomed
images show that collagen bundles buckle inside the ground
substance. An individual fiber is created using multiple truss
elements inside the matrix. In the absence of the matrix,
a single fiber, meshed with multiple truss elements, cannot
resist the compression load. However, in the presence of the
matrix, because fibers are embedded in the matrix they can
resist compression. Collagen bundles in the model can buckle
because an individual collagen bundle is meshed with multiple
truss elements. The truss elements embedded in the matrix can
rotate around their shared nodes to model the buckling. Figure
12(c) shows the profile of the outer layer of the deformed
skin with 0° orientation and 80% and 50% AOs. Figure 12
indicates that a reduction in collagen fiber density results in
larger wavelength and amplitude folding patterns, consistent
with the larger and deeper wrinkles that form in aged skin
[92]. Big wrinkles can penetrate to the dermal layer and in-
duce large bending stresses and possibly damage the dermis.

Figure 13 shows the calculated roughness parameters after
30% compressive strain for the cases with different orien-
tations with 80% and 50% AOs of collagen bundles in the
dermal layer. Here, the roughness is a representation of the
wrinkles’ amplitudes. As depicted in Figs. 13(a) and 13(b),
both average roughness (R,) and root mean square roughness
(R,) are smaller for younger skins (80% AO) compared to
older ones (50% AO). The roughness increases between cases
with 80% and 50% AOs by 13.5% and 18.9% according to R,
and R, parameters, respectively. For a random distribution of
collagen fibers, R, and R, of the old skin are 18% and 25%
higher than the young one. This result is consistent with the
observation of Trojahn et al. [100]. They measured the rough-
ness parameters of 38 male and female volunteers of three age
groups (14 children, 12 younger adults, and 12 older adults).
For most of the roughness parameters measured in their study,
differences between age groups were statistically significant.
Average roughness was about 10% higher in younger adults
compared to children, and about 50% higher in older adults
compared to younger adults.
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FIG. 12. Wrinkled skin under 30% compressive strain with 0°
orientation and with (a) 80% AO and (b) 50% AO inside the dermal
layer. (c¢) Comparison between the profiles of the wrinkles after
deformation.

E. Limitations of the study

The models we employ in this work incorporate simpli-
fications and limitations that prevent them from accurately
capturing the complex nonlinearity, anisotropy, heterogeneity,
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FIG. 13. Variation of (a) R, (average roughness) and (b) R, (root
mean square roughness) in cases with different orientations and with
80% and 50% AOs in the dermal layer. The unit of R, and R, is mm.

and viscoelasticity of human skin. In the analytical method,
the Euler-Bernoulli beam theory that has been assumed does
not account for shear strain and unrealistically considers the
dermal layer to be infinite in size. In the computational
models, collagen bundles were modeled with straight truss
elements without any interaction between crossing bundles,
unlike actual dermal tissue that contains tortuous and inter-
twined collagen fibers. Moreover, except for the equivalent
elastic modulus of the dermis, all other age-dependent geo-
metrical and material properties of the skin model are fixed.
In reality, the thickness of the stratum corneum, viable epi-
dermis, and the diameter of the collagen bundles and their
mechanical properties also alter with age [4,5,7]. The effect
of the residual stress of natural skin was not considered in
the models [101-103]. In a part of this study, linear elasticity
was assumed for all tissue layers to enable comparisons of
analytical and computational results. We recognize that hyper-
elastic and hyperviscoelastic material models provide more
accurate predictions of the mechanical behavior of the skin
[12,16,58,60,104—106]. In our two-dimensional study, it was
only possible to consider the in-plane orientation of collagen
bundles. However, apparently there is a three-dimensional
distribution of collagen bundles inside the dermal layer [107].

Despite all these simplifications, the developed models
provide a clear indication of age-induced mechanical degrada-
tion of dermal tissue, and how this leads to the development of
wrinkles. Nonetheless, more extensive experimental and com-
putational studies employing more accurate skin parameters
should be completed to build upon the results presented here.
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IV. CONCLUSION

The dermal layer of skin is largely composed of collagen
fiber bundles, which provide structural strength and elasticity.
Extensive collagen fragmentation and degradation have been
observed in aged or photodamaged skin. In this paper, ana-
lytical and computational methods are used to examine how
age-induced degradation of collagen fiber bundles in dermal
tissue affects the mechanical behavior of skin, resulting in
the promotion of wrinkles. The results of the study show
that despite the orientation of bundles, the elastic modulus
of the dermal layer decreases with age, with the effect of
collagen fiber bundle degradation occurring more strongly
when aligned with the loading axis. Results further show that
age-based dermal softening results in an increase in wrinkling
critical wavelength. This critical wavelength varies notably
with fiber bundle orientation. Moreover, the critical wrinkling
strain decreases both with age and misalignment of the col-
lagen bundle orientation to the loading axis, making aged
skin more susceptible to wrinkling from smaller compressive
stimuli. Finally, finite element postbuckling analyses show
that the elastic modulus of the dermis, which is dependent on
the density of collagen bundles, regulates the wrinkle patterns
of the compressed skin in high strains. These results provide
insight into the mechanistic process of softening SC or stiffen-
ing dermis to reduce signs of aging. It also reveals mechanistic
insight useful for advancing cosmetic antiaging formulations,
where stiffening of the dermis, or softening of SC is needed
to alleviate wrinkles and reduce signs of aging.

The complete data supporting the results discussed in this
study are available from the corresponding author upon rea-
sonable request.
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APPENDIX

To calculate the critical strain and critical wavelength of
mode II, the governing equation for deflection of a single layer
beam (the SC) resting on a composite two-layer foundation
(composed of the VE and DE) is

E-I d4_w F dz_w Kw=0
scSCdx4 + dx2+ W =V,
where Isc = hgc /12 and K, is the effective stiffness of
the composite foundation. To find the effective stiffness of the
composite substrate, K,, the substrate is considered to have
a distributed pressure p(x), induced in the interface of the
substrate with the top layer. There is an analytical solution for
the displacement of the surface of the foundation under this
normal stress p = pocos(wpx), where py and wy are the am-
plitude and the angular frequency of the distributed pressure,
respectively. Then, the effective stiffness for the composite
foundation is obtained as

(AL)

K =2 (A2)
uy

According to Porter et al. [108] the deflection of the upper
surface of the substrate is obtained as

1 [
Uy = ——— / {[05(/(2 — l)B —C - Da)hVE]coshwh2
T2 Jo

+ [—A — Bwhvyg + 0.5(k» — 1)D]sinhwh;}

cos (wx) J

X pe(®) , (A3)

where

o0
suggestions. This work, for a part of the computational simu- Pe(w) = f p(x)cos(wx)dx, (A4)
lations, used the Extreme Science and Engineering Discovery 0
Environment (XSEDE), which is supported by National Sci- A = P(QB + RD), (A5)
ence Foundation.
|
B— (PR + 1) sinh (whyg) — (PQ — whyg)cosh(whvyg) (A6)
"~ (whvg)? — PS(PR + 1) + P(S — R)cosh2(whvg) + PQO[sinh Qwhyg) — PO]’
C =P(SB—Q0D), (A7)
D— —(Ps + 1) cosh (whyg) — (PQ + whyg)sinh(whyg) (AS)
"~ (whye)* — PS(PR + 1) + P(S — R)cosh?(whvg) + PQ[sinh Qwhyg) — PO’
[
2 = 3 — duy. (A9) Pz (A1)
4B —a)1+B)
Evg R=(0—-a)a—-1-28), (A12)
M2 = m, (A10)
VE S=(+a)P+2B(a—1-2p8), (A13)

034406-14



EFFECT OF COLLAGEN DEGRADATION ON THE ...

PHYSICAL REVIEW E 104, 034406 (2021)

where « and 8, the Dundurs constants, are

o — Ckg+1)— (k2 + 1)
T+ DA G+ 1)
k= D= (-1

= Al
p Ckes+ 1D+ (e +1)° (A13)

(Al4)

ks =3 — 4vupg, (A16)
¢ =5 (A7)
s
Epg
= PE Al8
= 20+ vpe) (A18)

Assuming the beam deflection to be w = Wy cos(2wx /A1),
the force can be derived from the governing

equation as

20

. Al9
ﬁwH ( )

F = Eiclscof —
Similar to the first wrinkling mode, the critical wrinkling
wavelength of the second mode of wrinkling should satisfy
this condition:
oF
— =0. (A20)
dwn
Hence, the critical compressive strain for wrinkling
mode II becomes
I _ F, CH

SC—E*h .
sctsc

(A21)
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