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ABSTRACT

Although there are many successful descriptions of the mechanical response of dermis at different levels
of complexity and incorporating varying degrees of the physical phenomena involved in deformation, ob-
servations indicate that the unraveling of fibers involves a complex three-dimensional process in which
they interact in ways that resemble a braided pattern. Here we develop two complementary treatments
to gain a better understanding of the mechanical response of dermis: a) an analytical treatment incor-
porating fibril stiffness, interfibrillar frictional sliding, and the effect of lateral fibers on the extension of
a primary fiber; b) a coarse-grained molecular dynamics model comprised of an array of parallel curved
fibrils simulating a fiber. Interfibrillar frictional sliding and stiffness are also captured. Both analytical
and molecular dynamics models operate at a scale compatible with the wavelength of collagen fibers
(~10 pm). The constitutive description presented here incorporates important physical processes taking
place during deformation of dermis and thus represents an advance in our understanding of these phe-
nomena.

Statement of Significance

Microstructural observations of the dermis of skin during tensile deformation indicate that the unravel-
ing of fibers involves a complex three-dimensional process which replicates the effects of braiding. Two
complementary constitutive modeling treatments were developed to gain a better understanding of the
mechanical response of dermis: an analytical treatment incorporating fibril stiffness, interfibrillar sliding,
and the effect of transverse fibers; and a coarse-grained molecular dynamics model describing the fibril
bundling effect.

An important novel aspect of the current contribution is the recognition that tridimensional collagen fiber
arrangements play an important role in the mechanical response. The constitutive description presented
here incorporates physical processes taking place during deformation of the dermis and thus represents
an advance in our understanding of these phenomena.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction: constitutive modeling of skin

Skin is the outer layer of living organisms and is, by some
measures, the largest organ of vertebrates. It performs a number
of essential functions for the survival of organisms, such as pro-
tection, temperature and moisture regulation, in addition to sen-
sory functions. Constitutive modeling is essential in representing
the physical behavior of materials, and accordingly enables their
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characterization, classification, and comparison. The selection of
an appropriate formulation that accurately and consistently tracks
the mechanical behavior of a given material is therefore of fun-
damental importance. For a soft tissue like skin, with anisotropy,
non-linear elasticity, viscoelasticity, and dissipative behavior, this
choice can become complex, and as a result a variety of mod-
els have been proposed and compared [1-5]. The physical param-
eters of a model can be used to identify processes occurring in
the microstructure; they can help differentiating between healthy
and diseased tissue, or generate ideas for applications for example
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in biomimicry with synthetic grafts, wearable sensors, and dermal
armors.

The constitutive models that have been developed to describe
the mechanical response of skin can be roughly classified into
three classes:

(a) Phenomenological models, which are essentially mathemat-
ical descriptions lacking any physical insight. Examples are
the Ogden [6] and Mooney-Rivlin [7,8] models which were
originally developed for elastomers and found use in skin.
The principal advantage is their simplicity and ease-of-use.
However, their inability to capture tissue anisotropy limits
their interest. Viscoelasticity and the dissipative behavior of
skin can also be described by the Quasi-Linear Viscoelas-
tic theory [9], differential viscoelasticity [10], or the Volokh
model [11].

Semi-structural models. These formulations take into ac-
count the contribution of the main constituents of skin (i.e.
collagen, elastin, ground substance), their relative mechani-
cal properties and their structural arrangement. Anisotropy
can be included by introducing preferred directions. A
prominent example is the Arruda-Boyce eight-chain [12,13]
model for non-linear elasticity, and the Bergstrom-Boyce
[14] model which includes viscoelasticity. Extended rheolog-
ical models from Generalized Maxwell models can be found
as well [15,16].

Semi-structural models with dispersed fibers [17]. The orien-
tation and crimp of collagen and elastin fibers are described
by distribution functions, represented either in a discrete
fashion [18], or with some degree of fiber dispersion, incor-
porated by angular integration [19,20] or using generalized
structure tensors [21]. Interactions between components can
also be taken into account, with for example interfibrillar
shear [22-24]. Consequently, there tends to be a larger num-
ber of parameters to identify, but the mechanisms occurring
in the microstructure are better represented. It is important
to note that for each constituent, a phenomenological repre-
sentation is usually chosen.
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Structurally-based models require prior knowledge of the struc-
tural arrangement within the tissue, which can be quite complex
in the context of skin. Thus, their constitutive parameters have not
yet been completely defined and quantified.

2. Structure of the dermis and deformation process

There are three principal layers in skin: hypodermis, dermis,
and epidermis on the outermost side. The in-plane tensile prop-
erties of skin are to a large extent dictated by the dermis [25],
the principal structural component of skin, as it is often assumed
in several constitutive models of skin [20,22,26]. This is particu-
larly relevant for models that emphasize on the effects of the mi-
crostructure of the collagenous network in the dermis. Other com-
posite models that account for the contribution of the distinctive
layers of skin [27-29] generally focus on deformation modes in-
volving through-plane deformation, or are associated with exper-
imental studies where the skin is directly tested from the outer
surface, such as in vivo conditions [30]. Such models also often use
simpler constitutive laws for each layer, to reduce complexity. The
stratum corneum, which is the highly keratinized outermost layer
of the epidermis, serves as a first protection against the environ-
ment, and although it is generally stiffer than the dermis layers
[27], it is much thinner than the reticular dermis and has a much
lower maximum tensile stress, around 1 MPa, with a maximum of
4 MPa [31].

The dermis is comprised of a dense network of curved collagen
fibers (~70% of dry weight [2,32], or 30% volume ratio [33-35] in

a)

Fig. 1. (a) Scanning electron micrograph (SEM) of a longitudinal cross-section of
pig dermis showing a highly entangled network of wavy collagen fibers, formed
by bundles of collagen fibrils. Unpublished result, taken from the same series of
SEM images that were printed in [25], and acquired following the same methods.
(b) Transmission electron micrograph (TEM) of a section parallel to the dermis sur-
face, showing similarities in entanglement and fiber crimp. (c) Post-failure TEM of
a similar section of porcine dermis, after a skin sample has been deformed under
uniaxial tension. The tensile direction is aligned with the horizontal axis of the im-
age. In this state, collagen fibers have straightened and are more aligned with the
tensile direction. TEM images are adapted from [25]. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of
this article.)

the hydrated state) with diameters ranging 2-10 um [16,25]. These
are formed by dense bundles of parallel fibrils (~50-120 nm in di-
ameter [25]). These fibers are embedded in a viscoelastic matrix
often called the “ground substance”, and a transverse network of
elastin fibers, comprising 1-4% of the dry weight [2] (or 2-10% of
the volume ratio [33-35]) of the dermis. Additionally, two sublay-
ers of the dermis can be distinguished, with the papillary dermis
lying underneath the epidermis layer, followed by the reticular der-
mis right below. From a microstructural standpoint, the papillary
dermis is usually much thinner, and collagen fibers in this layer
are finer and more densely distributed than for the reticular der-
mis, with a prominence of elastic fibers oriented perpendicular to
the surface of the epidermis to maximize cohesion with the over-
lying layer [1,36]. Nonetheless, significantly more quantitative in-
formation is available on the fibrous networks in the thicker retic-
ular dermis [2,25,33], to which the strength and the extensibility
properties of skin are often conferred.

Fig. 1 shows a scanning electron micrograph (SEM) and trans-
mission electron micrographs (TEM) of a longitudinal cross-section
of untested pig reticular dermis for the SEM image (i.e. along the
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Langer lines, Fig. 1a) and surface sections of the reticular dermis
of pig skin for the TEM images (i.e. parallel to the surface of the
skin), taken before testing (Fig. 1b) and after application of a uni-
axial tensile load until sample failure (Fig. 1c). These images are
reproduced from the series of micrographs that were acquired for
publication in [25], where the preparation methods are described.
The fibers can be clearly seen and the bundles of fibrils that com-
pose them show a characteristic b-banding in the transmission
electron micrograph, which is caused by the 67 nm band pattern
of collagen. The collagen fibers have, for pig skin, a wavelength of ~
10 pm [25] in the resting state. As the skin is stretched in tension,
the structure undergoes a number of changes, which were classi-
fied by Yang et al. [37] into rotation, straightening, inter-fiber and
intra-fiber sliding, followed by fracture, resulting in highly aligned,
straight collagen fibers, as Fig. 1c shows. There is some residual
waviness, with a much smaller wavelength, that is attributed to
the spring-back of the collagen fibrils after unloading caused by
stress gradients. Thus, the non-linear elasticity of skin, and gener-
ally of soft collagenous tissues, can be attributed to two concurrent
mechanical processes:

- The alignment of the loaded collagen fibers in the principal di-
rection of tension by rotation.

- The straightening of the curved collagen fibers, which is
marked by the transition from a tensile behavior mainly dic-
tated by the bending stiffness of the fibers to a behavior im-
posed by their tensile stiffness, which is in general at least an
order of magnitude higher for slender structures.

Several structurally-based formulations have attempted to rep-
resent fiber crimp by introducing rigid corners, sinusoidal, heli-
coidal, and more recently semi-circular descriptions of collagen
fiber geometry, as reviewed by Sherman et al. [38]. The semi-
circular, or horseshoe patterns were introduced by Sherman et al.
[16] and by Ma et al. [39] independently, but were resolved us-
ing different approaches. A considerable advantage of this descrip-
tion is that it follows quite well the observed curvature of collagen
fibers in the dermis with a reduced number of descriptive param-
eters, assuming that the fiber is confined in a plane.

Another important feature of the arrangement of collagen is the
tridimensional nature of the organization of fibers. It is well known
that, in planes parallel to the outer surface of the skin, collagen
fibers follow preferred orientations, defined by the so-called Langer
lines. These correspond to directions of pre-existing tension in the
tissue, which directly affect the anisotropy of the material. Ni An-
naidh et al. [40] reported that the orientation of collagen fibers in
the dermis of human skin follows a bimodal distribution. Jor et al.
[41] measured orientations of collagen fibers in the thickness (out-
of-plane) direction of the dermis of porcine skin, with different
cross-sectional angles, taken with respect to the axis of the spine.
Interestingly, they also find a bimodal distribution of orientations
(centered around the out-of-plane axis), with principal angles and
standard deviations that vary according to cross-section and loca-
tion on the body. Such fiber distributions, in planes that are per-
pendicular to each other, are in direct contradiction with a layered
model, where collagen fibers would be confined to parallel planes.

Only a few representations of the structure of the dermis
can follow this type of arrangement. The Gasser-Ogden-Holzapfel
(GOH) model [21] has been widely used for skin [40,42,43] as well
as other soft collagenous tissues, and accounts for tridimensional
fiber dispersion (planar dispersion is also possible assuming the
fibers are confined in plane). However, in such a model, fibers de-
form independently, interactions are neglected, and the focal point
of each fiber family does not play any physical role.

Another example of a model including a tridimensional ar-
rangement is the orthotropic eight-chain model that was used
by Kuhl et al. [13] and by Bischoff et al. [15] to simulate ten-

a) ¥ ¢

Fig. 2. One dimensional S-shaped model of wavy collagen fibers. (a) Transmission
electron micrograph of a section of pig dermis parallel to the skin surface, repro-
duced from [25], showing that the neutral axis of a wavy collagen fiber of thickness
H can be approximated by semi-circular segments with radius of curvature r, and
opening angle w,. (b) One-dimensional approximation of the loading configuration,
where a tensile load F, (or reciprocally a displacement uy) is applied along the prin-
cipal axis of the fiber.

sile tests on rabbit skin that were reported earlier by Lanir and
Fung [44]. However, distribution in angular orientation of collagen
fibers in these models is reduced to two pairs of angles, symmetric
about the directions of local orthotropy. Moreover, the worm-like
chain model that was used to describe fiber deformation is purely
phenomenological, meaning that the constitutive parameters can-
not be associated with intrinsic properties of collagen fibers.

The results of SEM, TEM, and second harmonic generation
imaging (SHG) [25] indicate that a certain degree of fiber en-
tanglement or braiding should be considered in the deformation
process, adding resistive forces and a dissipative component. Pis-
sarenko et al. [25] proposed a model experiment conducted on a
triple hair braid. This experiment is also reproduced in SI I, Figure
SI I showing the deformation process of the braid and the associ-
ated stress-strain curve during a loading-unloading test. Although
this model analogy is quite simple, it captures some of the impor-
tant physical phenomena involved in the stretching of entangled
structures, as the ones that can be encountered in the dermis. We
propose here a new constitutive description incorporating the lat-
eral constraints imposed by the neighboring fibers, as well as the
inter-fibrillar shear occurring during fiber straightening. A coarse-
grained molecular dynamics model of a deforming collagen fiber
is also presented, providing additional insight into the interactions
between fibrils and the forces at stake during this process. The
complete semi-structural model describes the in-plane tensile de-
formation of skin, with the assumption that the dermis is the main
load-bearing component of the tissue for this deformation mode.
In the scope of this study, the contribution of the other layers of
skin is neglected. Here, the ex vivo uniaxial tension experiments of
porcine skin reported in [25] are used to evaluate the performance
of the model.

3. Numerical methods: constitutive model and coarse-grained
simulations

3.1. Structure and geometry of collagen fibers

In the reference state, collagen fibers in the dermis are wavy
and follow different orientations in all three directions. Using a
semi-circular approximation, as shown Fig. 2a and b, an average ra-
dius of curvature 9, opening angle @9, and thickness of the fibers
H can be obtained [25]. Fibril diameter d; and fibril density per
fiber Dy were estimated from SEM and TEM characterization of col-
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Table 1

Structural features of collagen fibers and fibrils in the reticular dermis, summarized
from [25], for the untested pig dermis. Mean values and standard deviation (SD) are
reported. Collagen orientation corresponds to the measured direction of the neutral
axis of the fibers on a given section plane, with respect to the Langer line or the
direction orthogonal to the tissue plane.* Indicates that the values provided were
obtained from a fit with a symmetric bimodal normal distribution.

Parameter Mean value + SD

Fiber radius of curvature rQ 6.56 pum £ 3.83 um

Fiber opening angle w9 32.1° 4 21.11°
Fiber thickness H 2.23 pm +0.96 pm
Fibril density per fiber Dy 0.69 + 0.06
Fibril diameter dy 82nm + 14.36 nm
Collagen orientation/Langer line (plane // dermis 33.8° £ 25.0°
surface)*
Collagen orientation/Langer line (plane L dermis 7.8° + 29.4°
surface - along Langer line)*
Collagen orientation/normal to tissue (plane L to 64.9° + 19.4°

Langer line)*

lagen in the reticular dermis, as well as the orientation of the neu-
tral axis of the fibers with respect to the Langer lines [25]. The
latter shows that fibers in this region follow a bimodal distribu-
tion, centered around the axis of the Langer line, which was also
reported by Ni Annaidh et al. [40]. Similar distributions are found
for the planes perpendicular to the surface, as Jor et al. [41] have
shown. The average values and spread of some of these parameters
are reported in Table 1. These values are used as a reference for the
model-based parameter estimation implemented in this study. As
mentioned above, these average values mainly apply to the fibrous
network in the reticular dermis. Limited data is available for colla-
gen in the papillary dermis, and a distinction between both layers
in the model would increase the number of constitutive parame-
ters of the model.

3.2. Representative cell of the constitutive model

Fig. 3 describes the representative element of the dermis that
is used in the present constitutive framework. A semi-circular col-
lagen fiber, formed of a bundle of parallel collagen fibrils, has a
neutral axis that follows the principal direction of the cell. The
cell is oriented with an angle 8 with respect to the loading di-
rection where 8 e [-m/2; m/2]. In this description, it is assumed
that loaded fibers can freely rotate, such that the realignment pro-
cess does not require any added elastic energy. The load is mostly
carried by the surrounding matrix in the realignment phase. As the
tensile load increases, the fiber starts to straighten. One can there-
fore introduce an offset stretch A, after which the fiber becomes
eventually aligned with the loading direction, and the straighten-
ing process is initiated:

b= o5 (1)
Such that:

0 ifA < A;
oA)= (2)

A
/waMAmA A >
1

Where A =1 + A — A; is the effective stretch of the fiber, and
Eapp(A) is the apparent modulus of the fiber structure, which needs
to be determined as a function of the deformation state. This ap-
proach follows the resolution for semicircular beam-like fibers pro-
posed by Sherman et al. [16] for collagen fibers.

The entanglement (or braiding) of fibers is represented here
with the addition of transverse fibers, lodged in the concavities
of the collagen fiber that is being pulled. This generates resist-
ing forces, that oppose the uncrimping of collagen, thus increas-
ing the stiffness and adding potential dissipative mechanisms. The

contact is maintained throughout the deformation, and displace-
ment of the transverse elements is allowed. This effect is repre-
sented in the schematic sequence of Fig. 3. A simplified model of
this interaction is proposed in the following sections.

3.3. 2D model of fiber bundles

For the determination of the apparent modulus of the collagen
fiber structure, it is considered that the fiber is already aligned
with the tensile direction, as in the configuration in Fig. 4a. Col-
lagen fibers are represented as bundles of ny parallel fibrils in a
two-dimensional array, joined by an interstitial matrix. The neutral
axis of the fiber can be approximated by a semi-circular wire, de-
scribed by its initial radius of curvature r and opening angle w?
(as described in Fig. 4b). With an applied load F, (or an applied
displacement uy) at its extremities, the fiber straightens and un-
folds, before undergoing pure tension. In order to facilitate the res-
olution of the stress-stretch response of the proposed model, the
following hypotheses are made:

« H1 - The k-th fibril away from the neutral wire is formed by

two segments with radii of curvature r,j and r;, such that:

1 =rn £ k(dy + dine) (3)

Where dy is the cross-sectional diameter of a fibril, and d;,, is the
interspacing distance between two consecutive fibrils. Note that
ding =H(1 —=Dy)/(ng — 1), with ny =[HDy/d¢] the number of fib-
rils per fiber (and [x] is the integer part of x). The radius r; de-
scribes the portion of the fibril that lies on top of the convex part
of the neutral wire, and the radius ;. corresponds to the portion
lodged in the concave part. An entire fibril is the assembly of two
segments with radii rk+ and r/, connected at the angle ). For the
sake of simplicity, it is assumed that the distance between succes-
sive fibrils does not change during deformation.

« H2 - The matrix in the interstice between fibrils is much softer
compared to the collagen fibrils. It is assumed that the shear
stress t is the only significant component of stress acting dur-
ing deformation, and it is linearly related to the shear strain
y via the shear modulus Gp,. Shear strain can be quantified by
evaluating the relative sliding occurring between adjacent fib-
rils during straightening, as illustrated in Fig. 4a,b.

H3 - During the straightening phase, the effective length of the
collagen fibrils does not change. This implies that in this phase,
the deformation of the fibrils is bending-dominated, in the ab-
sence of normal strain. Consequently, the effective fiber length
L¢ can be expressed as a product of the radius of curvature ry
and the opening angle w; of the neutral fibril, at any stage of
the deformation before the fiber is fully straightened:

Ly/4 = rjoy = rho) (4)

The superscripts 0 and t denote the initial and current configu-
rations, respectively. Consequently, for an applied displacement u,
the configuration of the neutral fibril can be fully resolved if the
initial configuration is known:

L L
u/4 = rt sin <4rft) —19sin <4rfo> (5)
n n

Following (H1), the configuration of the other fibrils can be de-
termined as well.

+ H4 - The deformation of the fiber is described using a piece-
wise function, with a distinction between the straightening
phase, and the phase where the fiber is fully taut and under-
goes tension. The behavior of the fiber switches from bending-
dominated to purely tensile. The transition stretch A, can be
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Collagen fiber
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Y L1

Fig. 3. Schematic description of the process of collagen fiber realignment and straightening, with a transverse resistance due to perpendicular fibers. (a) Periodic unit cell,
composed of an S-shaped collagen fiber embedded in the ground substance, surrounded by perpendicular fibers lodged in the concave portions. The cell is initially oriented
with an angle 8 with respect to the tensile direction. (b) A first step of the deformation process is the rotation of the unit cell in the direction of the applied load. This
occurs only at the expense of the ground substance. (c) As the fiber straightens, the other transverse fibers resist to this process and deform, conforming to the change in
curvature of the pulled fiber. They apply a force with a resultant perpendicular to the neutral axis of the unit cell. (d) Configuration with a fully taught fiber.

simply estimated as the ratio between the effective length and
the projected initial length on the tensile axis:
oy

°7 sinw? (6)
H5 - The action of the transverse fibers acting of the loaded
fiber is represented by a linearly distributed force, acting on
a delimited linear portion of the fiber, where contact initially
occurs. Friction is neglected. A simplified model is presented
on Fig. 4c. The force is modeled by a set of idealized linear
springs distributed over the contact surface, and is proportional
to the transverse displacement of points of contact on the neu-
tral wire. For the sake of simplicity, it is assumed that this force
does not compress the fibers, but only acts against the straight-
ening process.

For the resolution of the deformation of a single semicircular
fiber, Sherman et al. [16] used a force-based energy approach to
derive the stress-strain relationship, described by Eq. (2). Given
that the present model expands on this approach, and on the asso-
ciated numerical resolution, it seemed more appropriate to follows

the same methods. On the other hand, the shear energy associated
with the shear interaction assumed in (H2) is simpler to express
as a function of shear strain via the relative fibril displacement.
For the complete system, the formulation of an energy-based ap-
proach can thus become problematic. Moreover, the assumptions
of (H5) are more appropriate for a single equivalent fiber. In or-
der to address these difficulties, the problem is treated in two sep-
arate steps. First, the straightening process of the fibrils coupled
with the shearing interaction of the interstitial matrix is resolved
in the absence of transverse fibers, using a strain-based approach
in the expression for the internal energy of the system. The ob-
tained solution yields an equivalent bending modulus, which can
be attributed to an equivalent fiber. This also enables the evalua-
tion of fiber anisotropy due to the effect of fibril bundling. Next,
the problem with transverse contact forces is addressed by re-
placing the fibrils/matrix structure by the above defined equiva-
lent fiber, using a stress-based approach in the expression of the
internal energy. A stress-stretch relationship for the complete col-
lagen structure is thus obtained, through application of energy
theorems.
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Fig. 4. Mechanical models describing interfibrillar shear and transverse forces. (a) Schematic representation of a fiber being under tension. Due to relative sliding of the
fibrils during straightening, shear strain appears in the interfibrillar regions. It is null at the point of inflexion of the fiber and reaches its maximum at w,. (b) Sequence
illustrating relative sliding between fibrils during fiber stretching. From a portion of fiber spanning 0 to wy, it is clear that each fibril portion has a different arc length,
defined by rpw,. When stretched, the fibrils do not align along the same opening angle anymore; this mismatch in alignment can be quantified as the relative sliding dy.
(c) Simplified one-dimensional representation of transverse forces applied on the fiber during stretching. The transverse force is linearly distributed along the concave portion
of the fiber, and this force is proportional to the vertical displacement of each contact point, multiplied by a stiffness parameter k.

3.4. Equivalent bending stiffness of the fibril bundle structure in the
straightening phase

3.4.1. Bending energy of the semi-circular fibrils

It is considered that the deformation process of any fibril in the
bundle is equivalent to the deformation of the neutral fibril, with
an initial radius of curvature r0 and opening angle 9. The con-
tribution of all the fibrils is then obtained by summation of the
bending energies. The study of the deformation of a single fibril
can be further reduced to the analysis of one semi-circular portion
of the S-shape, using a one-dimensional curved beam analogy. It is
also convenient to introduce the fibril curvature p, = 1/r.

Following the incremental approach of Gao et al. [45], we con-
sider two successive deformation states, denoted by t —1 and t.
The increment in bending energy of the fibril AUg is expressed as
follows:

1 [ 2
AU, = i/_wo Efl (o} — pt 1) r0d60 (7)

The total internal energy of the structure is the sum of the
bending energies of all the fibrils in the fiber, as well as the shear-
ing energies between all interfaces, which need to be expressed.

3.4.2. Shearing energy due to relative fibril sliding

As stated in (H2), relative displacements occur between fib-
rils during the straightening phase, resulting in shear strains in
the matrix. This process is illustrated in Fig. 4a,b: for a portion
of the fiber delimited by [0, wf '], the arc length of each fibril
segment is conserved during fiber straightening (as imposed by
(H3)), such that in the deformed configuration, associated with a
decrease in curvature, there is relative sliding 8, between the k-th
and the (k+ 1)-th fiber, as Fig. 4b shows. The relative displace-
ment of the k-th fibril with respect to the neutral fibril Ady, at
an angle 5! < wi! between the deformation states t — 1 and ¢
can be quantified by comparing the expected arc length at t with
the unchanged effective length of the arc:

Abyn =105 — r,§*10,§*1 (8)
Thus, the relative sliding between two adjacent fibrils is the differ-

ence between their relative displacement with the neutral fibril:

A(Sk = A8k+1/n - A8I</n = (r;<+] - r}:{)eé - (T;jrll - r[t(—])ertl—l (9)

Since ryq — 1y =df +dj at all times (according to (H1)), and
Lot = 1909 the expression of Ady can be further simplified as:

A = (g +diue)1209 (o~ 01 (10)
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The increment of shear strain Ay, between two successive fibrils
is hence defined by:

Ady (6o, ) (df+di"f) 000 ( At t-1
= mo: (or — Pk 11
4dint 4dint (,0 p ) ( )

Thus, the increment of shear energy Aufh between two successive
fibrils k and k + 1 is:

Ayi(6o. 1) =

of
AUK = A GnAy? rddsdiy d6? (12)
Note that it is assumed that the shear interaction takes place over
a cross-section delimited by d¢d;,.. The total increment of shear en-
ergy is obtained by summation over the number of interfaces be-
tween fibrils. With no dependence in k, this is simply calculated
by multiplying AUK by (n; —1).

3.4.3. Total internal energy of the system

The total change in internal energy AU between the states t — 1
and t of the fiber structure is the sum of the bending energies of
all the fibers, and the shear energies in every interstice:

AU = n;AUJ + (n; — 1) AUX (13)

For a virtual displacement duy on the fiber, a force AF, is re-
quired, resulting in an external work W, = AF, - 8uy This is as-
sociated with variations in bending energy and shear energy, that
need to be developed. First, we have:

o]
[ st ok pi)p 186

n

3(au))
1
= iEfILf(pz — oy ")ép (14)
Next, the variation in shear energy is expressed as follows:
of
5(AUL) =2 /0 G AVicSVic 19 1dined00 (15)

By using the expression for Ay, and with the following differen-
tiation:

ds +d;
8= Mr%ﬁép (16)
4dint
The variation in shear energy can obtained by integration:
2
03 df(df + dint)

o
(AU = 26" L= [ (0= pi1)30 6, d6
Gl d(df + dine)”
= =& i fdim o) (= pi")dp (17)

Hence, the variation in internal energy can be rewritten as:

}(pz —pi1)8p

(18)

Moreover, following Eq. (5) in (H3), § o0 can be expressed as a func-
tion of the virtual displacement Suy:
oL’

8p = 1 ou (19)

P~ 4w cos (w}) —sin (}))
According to the principle of complementary virtual work, the
variation in external work §W, = AF,duy is equal to the variation
of the internal energy §(AU). Hence, the increment of force AF, is
obtained by isolating the factor in front of §uy in the expression of
S(AU):

2
: Gl dy(d; + dine)
§(AU)= {zn fEflLy+(ng=1) 96 dine

2
1 GmL} df(df + din[)
AF, = [anEfILf+(nf—1) % i

. Py’
4(w}y cos (wh) — sin ()}

) (oh— i) (20)

By introducing Ap = p. — p4~1, the apparent stiffness of the sys-
tem between states t — 1 and t can be defined:

2
AR, |1 Gml} dy(d; + dinc)
Ap {z”fff’“(”f‘l) %6 dm

Py’
X n (21)
4(}, cos (wf) — sin (e}))
We consider that the states t — 1 and t are sufficiently close to as-

similate the ratio above with the tangent stiffness of the system,
ie. AFy[Ap ~ Fp[0p.

3.4.4. Equivalent homogenous fiber

We now assume that the fibril/matrix structure can be assim-
ilated to an equivalent homogenous fiber, with bending modulus
(El)eq, and the same effective length Ly. In this case, the deforma-
tion of the fiber is only dictated by the bending energy. By using
a similar reasoning to the one developed above, it can be shown
that:
AV |
Ap E(EI)Equ4(

L2
z 22)
w} cos (}) — sin (w})) (
By analogy with the fibril bundle structure, an equivalent bending
modulus of the fiber is defined, from Eqs. (21) and (22):

GmLZ df df+d'n[ 2
(EI)eq :nfEfI+ (nf—l) 48f ( dint ' ) (23)

The equivalent bending modulus thus defined can then be used in
a stress-based approach to study the effect of the transverse force
on the deformation process of the collagen structure.

3.5. Resistance to straightening from transverse fibers

The problem is idealized using the simplified representation
in Fig. 4c. A semi-circular fiber with initial radius of curvature
r9, opening angle 9, and bending modulus (El)eq is subjected to
an applied force F, along its neutral axis. Hypotheses (H3), (H4),
and (H5) still hold for the equivalent fiber. In particular, the effect
of transverse fibers is represented here as a linear contact force,
applied on the concave portion of the S-shape beam, as Fig. 4c
illustrates. The maximum angle of the contact force a))or is lim-
ited by /2, after which the contact does not constrain the fiber
from straightening. Here again, we consider an increment of de-
formation between the states at t — 1 and t, associated with cur-
vatures p.~! and pf, such that Ap = pt — pi~1. We assume that

Ap/pl < 1.
The contact force is modeled by an idealized linear spring:
Afc(yt) = —kcAuy(Vt) (24)

Where Af is the increment in linear contact force, y! e [—wff; a)}],

and k. is the contact stiffness. The vertical displacement Auy(y) of
a point at an angle y is the difference in vertical distance with the
loading axis, between states t — 1 and t:

Auy(y') = %(cos ' —cosw})

1 S (-1
o cos o y' ) —coswy, (25)
n

Which after further simplification becomes:

Auy(y") ~ %(cos wh + wfsinw), — y'sinyt —cosy’)  (26)
0

n
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As a consequence of the addition of the contact force, an additional
force AF; maintains the fiber along the loading axis during defor-
mation, with:

wf
!
AR = | Afe(y)rdy!
_wlf
2kcA . .
AE = — I;t;o [} cos &, + w0} sinw), — 2sin @} + ) cos |
n

(27)

The equilibrium of a portion of the fiber, limited by an angle 6,
introduces a normal force AN and a moment AM, that can be de-
composed into contributions from the increment of applied force
AF,, the constraining force AF;, and the contact force Af;:

AN = ANp + AN; + AN,

AM = AM, + AM; + AM, (28)
With:

AN, = —AF,cos6}

ANr S —AFr sin 95 (29)
AN = sin 0} [% : fe(v)ridyt

And:

AM, = — AF,r§(cos 0} — cos o}, )

AM; = AFR1(sin wf, — sin 6f) (30)

AM, = f,ei} Afc()/t) (Sil'l )/t —sin Qﬁ)rgzdyt

The increment in tensile elastic energy AUr can be expressed
as follows:

o8 AN?
— t t
AUr = 25, rtdo: (31)
with AN? = ANZ + AN? + ANZ + 2ANp ANy + 2AN, AN +
2AN; AN

Similarly, the change in bending energy AU of the fiber is ex-
pressed as follows:

wh AM?
AUp = —rtdot 2
UB ./;w{, Z(El)eq n en (3 )
with AM? = AM3 + AM? + AM2 + 2AMp AM; + 2AM, AMc +
2AM;AM,.
Castigliano’s second theorem states that the displacement Auy

at the point of application of the force AF, can be obtained by
taking the derivative of the total elastic energy of the fiber by AF,:

d(AUr)  0(AUp)
d(AF)  9(AFR)
Hence, this eliminates the terms that do not contain AF, from
Eq. (33). It is also quite trivial to show that the term in ANpAN;
becomes zero after integration. The remaining terms are there-
fore AN%, 2ANp AN in AUr, and AMI%, 2AMpAM;, 2AMpAM,
in AUp. After several integration steps, Eq. (33) can be rewritten:

er(@) | er(@h)
(EDegpl’

EsAp;,
_ keAp [ e (wﬁ, wtf) (‘PBR (6012 w[f) + ¥sc (CU% a)tf)) (34)
p> \ EfAp; (El)eqh”

Where  ¢r(wp),  @rc(@p. o)), ¢p(@wp),  gpr(wy. o)), and
wpc(wh, a)‘f) are functions resulting from the integration of
energy terms associated with AN2, 2AN,AN;, AM3, 2AM,AM;,
and 2AMpAM,, respectively.

Next, assuming that Ap ~ dp, Auy ~ duy, and AFp ~ 0Fp, and
by using Eqs. (19) and (34) can be rearranged:

A2 = (33)

AUX/Z = AFP(

-1
Ik e e
8Ux B Eprrg’ (El)eqp%3

1 ke Prc_ | (@8R + ¢¥sc)
x| =+ + 35
|:2 4p} (wh cos wfy — sin wf) (EfA,Oﬁ (ED) g0y’ G°)

The subscript B is introduced to specify that the expression of the
tangent stiffness corresponds to the bending dominated regime,
during fiber unfolding.

3.6. Tensile regime of the fibril bundle

Once A is reached (see Eq. (6)), the fiber is fully straightened,
and the behavior of the structure is dominated by the tensile re-
sponse of the fibrils in the bundle. The transverse fibers no longer
have an effect on the deformation process, in the absence of trans-
verse displacements. Due to the parallel arrangement of fibrils in
the bundle, we have: Fp = ngF;, where Fy is the equidistributed
force per fibril. Thus, for the whole fiber in tension:

dF, } [ OF; } AfEf

LI I L (36)
|:8ux T Bux T Lf
Where Ay is the cross-sectional area of a fibril, while the subscript
T refers to the purely tensile state. By introducing A =nA; as the

effective area of the fiber, it can be noted that Eq. (35) converges
to the same value for !, — 0.

3.7. Apparent modulus of the fiber structure

The stress in the deforming fiber is approximated by o = F,/Ae,
where Ae = Hdy is the effective area of the fiber and H is its thick-
ness. As stated in Section 2.2, the applied stretch is separated into
two components, namely the stretch required to rotate the fiber in
the tensile direction A,, which occurs without any applied force,
and the stretch applied once the deformation of the fiber is initi-
ated A, with dA; = duy/(4r} sin}). Thus, the apparent modulus
of the fiber structure Eqpp is expressed as:

do  4rfsinwl OF

Eapp(2f) = 9, Hd; Ouy (37)
More particularly:
4rt sinw}, | 0F, .
Hidf Tux B, if )\f < )\-C
Eqpp = (38)
4rtsinwl,  AfEf .
HidfnfT’ if Ap>Ac

The total stress-stretch relationship of the fiber structure is then
obtained by numerical integration of Eq. (2).

3.8. Constitutive framework of the tensile behavior of the dermis

3.8.1. Experimental dataset

In a recent study [25], uniaxial tensile tests on ex vivo samples
of porcine skin were conducted, with changes in applied strain
rate. Samples were cut parallel (longitudinal) and perpendicular
(transverse) to the direction of the spine. For the purpose of the
present study, experimental results from 29 uniaxial tensile tests
(17 longitudinal and 12 transverse samples), tested under four dif-
ferent strain rates (0.0001 s~1, 0.001 s~1, 0.01 s~1, 0.1 s~1) were
extracted to test the ability of the proposed model to capture the
nonlinear elastic behavior of skin and time-dependent effects.
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3.8.2. Distribution of collagen fibers

As illustrated by the sequence Fig. 3, it is assumed that a repre-
sentative element lies with an angle 8 with respect to the tensile
direction, where 8 €]-90°; 90°[. In reality, collagen fibers in the
dermis follow many different orientations, which have been often
described using probability distribution functions, for which angles
are either contained in planes parallel to the surface of the der-
mis [34,40,42,46], or span three dimensions [41-43]. In the present
representation of fiber realignment by rotation, there is also no
distinction between positive and negative orientations, as well as
between in-plane and out-of-plane arrangement, so the range for
B can be restrained to [0; 90°[. Based on the hypothesis formulated
by Ridge and Wright [47], also adopted by Ni Annaidh et al. [40],
it is assumed that the distribution of collagen fibers is symmetric
about the tensile direction (0°), and that it follows a bimodal nor-
mal distribution. To reduce computational cost, angular distribu-
tion is discretized in increments of 2.5°, resulting in the following
modified distribution function:

2 2

_ (25k/180 — B)’
20f2

D(B|pm.oy) = (39)

Zﬁ; exp (

Where Bp, is the average angular orientation, and o is the stan-
dard deviation.

3.8.3. Matrix component

With the description of the collagen fiber component, the re-
mainder of the representative element is occupied by the ground
substance, described by the neoHookean behavior:

om(A) = Mm(xz - %) (40)

Where o, is the component of the stress applied to the ground
substance (or matrix). Note that the derived stress-stretch relation-
ship corresponds specifically to uniaxial tension, which is the type
of experiment that the constitutive model is compared to in this
study. We assume that the contribution of the elastin network is
captured by the matrix component. It is considered that the con-
tributions of the fibers and the matrix in the unit cell can be taken
in parallel.

3.8.4. Quasi-linear viscoelastic component

Time-dependent effects in skin are exhibited by a change in tis-
sue response with changes in strain rate (increase of the modulus
of the linear region, higher failure stress) [25,48,49], and during
stress relaxation [25,44,50]. It is also observed that the loading his-
tory of a sample has an impact on the time-dependent behavior.
For example, Liu and Yeung [50] showed that the shape of the re-
laxation curve is affected by the level of strain at which relaxation
is initiated. The quasilinear viscoelastic theory (QLV), first intro-
duced by Fung [9], incorporates simultaneously time-dependent ef-
fects and loading history-dependence by convolution of the purely
elastic response o ,(t) with the time derivative of a reduced relax-
ation function g(t):

t
o (t) :ael(t)+/ ae,(r—r)a‘%(” dr (41)
0 T

Note that this definition of the stress in the QLV theory requires
that the time derivatives of o,(t) and g(t) are continuous over
the considered interval. In the present constitutive framework, the
purely elastic response is obtained by resolution of the stress state
for the unit cell, as derived above. A three-term Prony series is
used for the reduced relaxation function:

g(t) = a+be /7 4 ce7t/™ (42)

Ground substance
+ Elastin network

/\/v\/

Collagen network

g __| Conv ;

Fig. 5. Schematic representation of the elements of the constitutive model of the
dermis. The collagen network, formed by an assembly of distributed collagen fiber
structures, is in parallel with the neoHookean ground substance, which also cap-
tures the contribution of the elastin network. The time-dependent behavior of the
material is modeled by convolution of the elastic response with a reduced relax-
ation function, as defined by the QLV theory. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

Where (a, b,c) are Prony constants and (tq,7,) are the time con-
stants of the material, and g(0*) = 1. This is the same reduced re-
laxation function that was used to fit normalized relaxation plots
in [25], for which average values of the constants were reported
and showed good consistency.

3.8.5. Constitutive model and parameter identification

The entire constitutive model of the dermis consists of the as-
sembly of the distributed collagen network, with a volume fraction
¢, the neoHookean matrix, with a volume fraction (1 — ¢.), and
the QLV component, for which the time derivative of the reduced
relaxation function is convoluted with the elastic response of the
structure. This representation is illustrated in Fig. 5, showing the
assembly in parallel of the constitutive elements.

The complete resolution of the constitutive model is achieved
by summation of the stresses for the elastic component, after nu-
merical integration of Eq. (2), and discrete convolution with the
QLV component, equivalent to Eq. (40). This is executed in Matlab.

In total, there are 16 constitutive parameters that need to be
identified. These are listed in Table 2, some of which were already
listed in Table 1. With such a large parameter set, it becomes diffi-
cult to guarantee the uniqueness of a solution that minimizes the
optimization problem. In order to facilitate this process, and re-
duce computational cost, some of these parameters were pre-set,
using values that have been reported elsewhere in the literature.
This generally concerns parameters for which the reported values
are quite consistent, or which have a relatively low influence on
the behavior of the model. These are highlighted in bold in Table 2.
For example, average values of the reduced relaxation function pa-
rameters (a, b, ¢,tq,7,) were reported in [25] with good consis-
tency, and small standard deviations, without much influence due
to sample orientation. For the identified parameters, a physically
reasonable range of values is indicated, to assist the optimization
algorithm and to reduce the field of search. These values are also
indicated at the bottom of Table 2.

Identification of the six remaining parameters is executed us-
ing the Parameter Estimation tool in Matlab, by minimization of
the Sum Squared Error cost function with a nonlinear least-squares
optimization method and a trust-region-reflective algorithm.
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Fig. 6. Initial configuration of the coarse-grained model. An array of collagen fibrils makes a collagen fiber. Each collagen fibril is alternatively colored red-blue-red-blue for
visualization purposes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2

Summary of the constitutive parameters used in the constitutive model of the
dermis. Pre-injected parameters are highlighted in bold, other parameters were
calculated with the provided ranges, taken from previous studies, except for Gp,
which was roughly estimated based on a reasonable ratio between the straight-
ening phase and the purely tensile regime.

Parameter Value Set/Calculated
Collagen volume fraction ¢, 0.3 [34,46] Set

Fiber thickness H 2.5 ym [25] Set

Fibril diameter df 80 nm [25] Set

Fibril density D, 0.7 [25] Set

Fiber initial curvature r 5 um [25] Set
Matrix shear modulus p, 1 kPa [34] Set
Prony constant a 0.6 [25] Set

Prony constant b 0.21 [25] Set

Time constant 7, 12.9 s [25] Set

Time constant 7, 1.05 s [25] Set
Collagen fibril stiffness E¢ 30-1570 MPa [38] Calculated
Fibril interspace shear modulus G, ~ 0-10 MPa Calculated
Fiber initial crimp angle @9 0°-60° [25] Calculated
Fiber average orientation S, 0°-90° Calculated
Orientation standard deviation oy 0.01-1 Calculated
Transverse stiffness k. 0—0.1 N/m? Calculated

3.9. Coarse-grained model of collagen fibers

Molecular dynamics computations are a powerful tool and can
capture essential aspects of the physical phenomena. In the present
case a coarse-grained model, based on a simple elastic network
[51-54] and inspired from studies of Arapaima fish scales by Yang
et al. [55], was used to theoretically investigate the mechanisms
of the deformation in a two-dimensional S-shape curved collagen
fiber under uniaxial tension, equivalent to the continuum descrip-
tion developed in Section 3.4. In order to capture the essential
physics at an acceptable scale, the collagen fiber consists of an
array of adjacent collagen fibrils (see Fig. 6), whereby each colla-
gen fibril is modeled as a series of beads connected by harmonic
springs. The initial inter-bead distance is rp= 82 nm, which is the
same as the average diameter of collagen fibrils df, as reported
from electron microscopy images. Since the density of collagen is
1.34 - 103 kg/m?3, the mass of each bead is equal to 5.8-10~ 1 kg.
The total deformation energy of the simulation system is given by:

Utotal = UT + UB + Uweak (43)

where Uy, Ug and U,y are the energies of all pair wise, three-
body and weak inter-fibril interactions, respectively, such that:

Ur =Y or(r)

pair
wﬂ%?KU—mf (44)
K=

2r0

K being the stiffness of the pair wise interaction spring between
neighboring beads on the same fibril, e.g. beads ((j,i—1), (j,i))
as illustrated on Fig. 6. K is estimated from the Young’s modulus
Ef and the cross-section area A of the collagen fibril. The triplet
energy is expressed as:

U= > os(r)

triplets
@s(r) = Ks(6 — 6p)> (45)
Ky= — L1

32 To

Kp being the bending stiffness of the angular spring of the triplet
of beads. Finally, the weak inter-bead energy is defined as:

Uneak = Z Pueak (1)
I<Teutof f
Pueak (1) = 4€[(a/1)"? = (0 /1)°] (46)

Where € is the interaction energy between to inter-fibril beads that
is given by € =droy where y is the surface energy of the colla-
gen fibrils, and o = d./¥2, the equilibrium distance between two
neighboring fibrils, so that d. = df + d;y; . To ensure that each col-
lagen fibril only interacts with its nearest neighbors in adjacent
fibrils (j, j+ 1), the cutoff of the interaction is set as Teyorf =
1.1d,. For full derivation of Eqgs. (43) through 46, the reader is re-
ferred to references [51-54].

For the sake of simplicity, the model is two-dimensional,
and inspired by electron microscopy images (see Fig. 1). In this
concept-case study, our model fiber is made of 15 adjacent col-
lagen fibrils with an inter-fibril separation of de =dj+dj; ~
120 nm, for a total thickness of 1.8 wm. We include periodic
boundary conditions in the direction parallel to the principal axis
of the fiber, hence assuming fiber continuity. Prior to deformation,
the fibril bundle was minimized and relaxed for 100,000 integra-
tion steps.
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Uniaxial tensile strain was applied to the entire multi-fibrillar
arrangement in a quasi-static manner. For every deformation in-
crement, a uniaxial strain of 0.004 was applied to the model,
carrying out energy minimization and equilibrium for 100,000 in-
tegration steps. The stress-strain response of the structure during
deformation was recorded. In order to visualize and quantify rel-
ative sliding of fibrils, the deformation of all the collagen fibrils
during the entire loading process was monitored. Simulations were
carried out with LAMMPS [56], and visualization was performed
using OVITO [57].

4. Predictions of models and comparison with experimental
results

4.1. Parameter influence on the fiber structure model

Fig. 7 shows the effect of different constitutive parameters on
the stress-strain response of the two-dimensional fibril bundle
structure, in the absence of the surrounding ground substance. As
expected, the Young’s modulus of the fibrils E; mainly affects the
stiffness in the purely tensile region, as shown in Fig. 7a. Because
the combined stiffness of the fibrils is divided by the effective area
of the fiber (Af = Hdy), the measured slope is smaller compared
to the value of E; In contrast, the shear modulus of the inter-
fibrillar matrix G, mainly affects the stiffness of the structure in
the straightening phase Fig. 7b). The contact stiffness k. caused
by the structural entanglement has a comparable effect on the
straightening phase, except that it also triggers an earlier activa-
tion of the purely tensile regime (Fig. 7c). This can be explained
by the fact that for a certain threshold of the contact force, resis-
tance to unfolding becomes too large and the tensile component
dominates, which can be assimilated to the tightening effect that
is seen in braided structures (see Fig. SI I) The value of the ini-
tial radius of curvature rQ of the neutral fibril has a similar effect
on the stress-strain curve (Fig. 7d), because r9 is mainly a scal-
ing parameter of the fiber, as no notable effect of the fiber thick-
ness H was observed. With a fixed opening angle »? (in this case
9 = 30°), a larger radius simply provides a larger contact length
for the linearly distributed contact force f.. This further justifies the
pre-setting of r§ and H is the parameter estimation, and to avoid
coupled effects with the identification of k.. On the other hand, a
variation of the initial opening angle ®? directly impacts the un-
dulation of the semicircular fiber and thus affects the transition
from unfolding to tensile regime, as Eq. (6) describes (Fig. 7e). As
prescribed by Eqgs. (1) and ((2), the fiber alignment angle 8 simply
offsets the initiation of the deformation process, as Fig. 7f shows.
Hence, with distributed fibers (see Eq. (39)), the process of gradual
fiber recruitment can be captured, which also affects the nonlin-
earity of the J-curve.

4.2. Tensile behavior of the coarse-grained model

4.2.1. Deformation sequence

For comparison purposes, a series of simulations was performed
with different Young’s moduli for the collagen fibrils, namely
0.5 GPa and 1.0 GPa, which is within the average estimates from
collagen fibrils from both computational and experimental ap-
proaches [38,58]. The value of 1J/m? was attributed to the sur-
face energy of the inter-fibrillar weak interaction. Although it is
expected that this energy depends on the degree of hydration,
mineral composition and protein sequence, among other factors,
the selected value is within the standard range that is found in
the literature [38].

Using the present model, one might obtain a diversity of
stress—strain curves by using different geometrical parameters (e.g.
fibril diameter, fiber radius, fiber opening angle) and collagen

mechanical properties (e.g. surface energy, elastic moduli, etc.).
Such a parametric study is beyond the scope of the present work
and is left for future research.

Instead, a first assessment of the model is proposed by modi-
fying the value of E; (0.5 GPa and 1.0 GPa) which in turns affects
the tensile and bending stiffness through Eqs. (44) and 45, respec-
tively. As Fig. 8 shows, the coarse-grained tensile responses follow
a typical J-curve shape, with a first stage where the load slightly
increases as the fiber unfolds from its most curved configuration
(0 < & < 0.04), with a bending dominated behavior through Kg.
As the strain keeps increasing (0.04 < ¢ < 0.07, Stage II), the fiber
not only continues straightening but stretching starts playing an
important role, so the slope of the loading curve increases. Finally,
in stage IIl (¢ > 0.07), the fiber is fully taut and deformation is
mostly dominated by the constant K of the pair-wise interaction.
The rather wavy behavior of the loading curve for 0 < ¢ < 0.07
can be understood by tracking the trajectory of the beads over time
(strain), see Fig. 9.

For the magnitude of strain attained in this simulations, the
stresses on each fibril are within the experimental values of
single fibril stress-strain experiments by Shen et al. [59]. By
comparing the simulation snapshots shown in Fig. 9 and its ac-
companying schematics, one can better interpret the deformation
process. Starting from the initial semicircular undeformed configu-
ration, the application of subsequent strain steps is accommodated
by three concurrent effects, in a manner similar to the analyti-
cal model: (a) straightening of the fiber comprised of circular seg-
ments, producing the rotation of transverse sections; (b) chain ex-
tension through separation of neighboring beads due to the tensile
strain (stretching); (c) sliding between neighboring fibrils (shear-
ing), as suggested by the description of relative sliding (Fig. 4a-b).
The latter effect is not homogeneously distributed across the en-
tire section, but rather takes place as discrete bursts, which are
quite marked for tags B-B’, C-C’ and, to a lesser extent, A-A’. There
are other parts e.g. above A’ or below C, where shear is homo-
geneously distributed. The total displacement between the left-
topmost and the right-bottommost green beads is of the order of
0.9 wm for an applied strain of & = 0.14, past the complete un-
folding of the fiber. From the value of the initial parameters used
for this simulation, the analytical description of shear, described in
Section 4.3.2, predicts a final cumulative relative sliding displace-
ment of ~0.89 pwm, which is in excellent agreement with the mea-
sured value.

4.2.2. Comparison with the analytical description

The CG approach shares some features with the analytical
model, such as the consideration of a tensile stiffness and bend-
ing stiffness but also a considerable difference, which is notorious
after inspection of Eq. (46). In the proposed CG approach, cohesion
in the collagen fiber is provided by the weak interaction between
beads from adjacent fibrils, which is different to the continuous
shear occurring in the interstitial matrix in the analytical descrip-
tion. This can be rationalized as the effect of inter-fibril crosslink-
ing acting on the fiber and preserving its shape, also acting during
deformation.

The tensile response of the above described coarse-grained fiber
for Ef =1 GPa is compared with the response of the continuum
representation, resolved in the absence of resistive forces due to
transverse fibers (k. =0 MPa) in Fig. 10. For the same initial con-
ditions, ie. Ef=1 GPa; ) =5 pm; ) =30%H=18 um;d; =
82 nm; Dy = 0.7, the analytical model (gray dotted line in Fig. 10)
shows an earlier transition from the unfolding phase to the ten-
sile regime, and a stiffer linear behavior compared to the atom-
istic simulation (blue circles). The former can be explained by
the fact that in the coarse-grained simulation, initial equilibration
(minimization and relaxation) of the structure slightly affects the
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Fig. 7. Effect of different parameters of the fiber structure model on the stress-strain response. Parameters H = 3 wm; d; = 80 nm; D; = 0.7; are maintained constant for all
simulations. (a) Effect of the collagen fibril Young's modulus Ef, for G = 1 MPa; ke = 0 kPa; 0 =5 pum; @) = 30°; 8 = 0°. (b) Effect of the interfibrillar shear modulus Gy,
for Ef =1 GPa; ke = 0 kPa; 13 =5 pm; ) = 30°; B = 0°. (c) Effect of the contact stiffness parameter k., for E = 1 GPa; G =1 MPa; 13 =5 um; 0} = 30°; = 0°. d) Effect
of the initial neutral radius of curvature r9, for Ef =1 GPa;: Gy =1 MPa; ke = 0.1 MPa; @ =30° B = 0°. (e) Effect of the initial opening angle of the neutral fibril w2, for
Ef =1 GPa; Gu =1 MPa; ke = 0.1 MPa; 13 =5 pm; 8 = 0°. Effect of the initial orientation between the principal axis of the fiber and the tensile direction, described by the

10

angle B, for Ef =1 GPa; Gy = 1 MPa; ke = 0.1 MPa; ) =5 pm; ) =30°.

geometry of the S-shape, and thus the opening angle. Estimates
show that the opening angle of the semi-circular portion after re-
laxation is closer to 37°(see Supporting Information (SI) II). Thus,
the value of ¢ in the continuum (analytical) model was modified
accordingly, and as a result the red curve in Fig. 10 more accurately

captures the unfolding-stretching transition of the coarse-grained
model. The value of the fibril Young’s modulus was adjusted to
Ef = 0.92 GPa to better fit the linear regime. In the coarse-grained
model, the tensile modulus is slightly below the prediction, pre-
sumably due to effects of the weak interaction (Eq. (46)), when
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Fig. 8. Loading curves showing the influence of Young’s modulus. Visualization of
the intermediate configuration for a strain of 0.04 shows what seems and uneven
deformation state. Reasons explained in main text.

the bead-to-bead distance increases (i.e. while the pairwise inter-
action is dictated by a harmonic spring, the weak interaction obeys
a Lennard-Jones potential law with a different power law to that
of a spring. It is reasonable to expect a slight deviation from the
theoretical value associated to the pairwise spring). Notwithstand-
ing these adjustments, Fig. 10 shows that a very good agreement
is obtained between the responses of the atomistic model and of
the adjusted continuum representation, for an interfibrillar shear
modulus of G, =5 MPa.

Given that the most important contribution of the CG model
presented here is, perhaps, the consideration of the geometrical
aspects of fibril/fiber arrangement in skin, most of the collagen
mechanical constants used in our study were taken to match ex-
perimental records. Further parametric studies are needed to fully
assess the potential of the proposed CG model. Corr and Hart
|60] determined the mechanical properties of scar tissue in porcine
skin and observed that it has a different mechanical response,

inset
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Fig. 10. Comparison of the stress-strain curves obtained for the coarse grained (CG)
atomistic model, and the analytical model with equivalent initial values (gray dot-
ted curve), and with adjusted parameters (red curve), showing a better agreement
between both descriptions. The optimal value of 5MPa was used for G,. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

characterized by a greatly reduced to failure stress, reduced low-
load compliance, and altered fiber directionality. Our coarse grain
model can help us to assess the changes in skin response as
changes occur.

4.3. Parameter identification from the constitutive framework

The Parameter Estimation tool in Matlab determines the opti-
mal values for the set of parameters listed in Table 2, for each
given experimental curve. Examples for one longitudinal sample
and one transverse sample, tested at a strain rate of 103 s — 1,
are shown in Fig. 11. The constitutive model matches very well
the different deformation stages of the J-curve of skin, with coef-
ficients of determination R above 0.99. This is in majority due to

(d) Concurring effects

&
-0
é

@ -------—--

stretching

Fig. 9. (a) The inflection section of the bi-curved fiber is identified and tracked during deformation. (b) and (c) present the initial configuration and its £=0.14 counterpart,
corresponding to a fully stretched state. Note the changes A-A’, B-B' and C-C’. The deformation can be interpreted as the result of three concurring effects, rotation of the
section, stretching and shear.
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Fig. 11. Perfomance of the model with two selected experimental (Exp.) curves, a longitudinal sample (SL2), and a transverse sample (ST1), both tested at a strain rate of
10-3s~'. Fitted curves display the good ability of the model to capture the nonlinear elastic behavior of skin for two perpendicular orientations. The legend on the side of

the graph also indicates the identified values of the constitutive parameters.

Table 3

Average values + S.D. of the constitutive parameters after curve fitting of experimental
results, sorted by sample orientation (17 longitudinal samples and 12 transverse).

Longitudinal (Mean + S.D.)

Transverse (Mean + S.D.)

Total (Mean =+ S.D.)

Ef 420.4 + 138.1 MPa 435.0 + 165.2 MPa 426.5 + 147.2 MPa
Gm 1.31 + 0.87 MPa 2.02 + 1.84MPa 1.61 + 1.37 MPa
ke 14.1 £ 11.4kPa 47.0 + 56.2kPa 27.7 + 39.9kPa
o 36.7° £ 5.3° 39.5° + 8.4° 37.9° £ 6.8°

Bm  20.5° + 4.94° 29.6° £+ 10.1° 24.2° + 8.6°

oy 0.084 + 0.040 0.244 + 0.318 0.150 + 0.217

Table 4

Spearman correlation analysis of the six identified constitutive parameters, also compared to the applied strain
rate and sample orientation. The spearman rho coefficient (in bold) indicates the strength and the direction of
the correlation, while the p-value (in italic) provides the significance (*=p-value<5%).

Ey e ke of Bm Oc
Gm -0.342
0.069
ke 0.275 0.120
0.148 0.536
o -0.321 0.440 -0.178
0.090 0.017* 0.355
Bm -0.259 0.261 0.105 0.493
0.175 0.171 0.586 0.007*
o 0.071 0.139 0.009 -0.057 0.291
0.715 0471 0.962 0.769 0.126
Strain rate 0.155 -0.113 0.057 0.015 0.181 0.039
0.422 0.560 0.770 0.939 0.348 0.842
Orientation 0.008 0.209 0.209 0.071 0.427 0.393
0.966 0.276 0.276 0.714 0.021* 0.035"

the combined contribution of the gradual realignment of collagen
fibers and the straightening process which the model captures.
The complete dataset of identified parameters for all experi-
mental curves is provided in SI IIl. For the sake of conciseness,
only average values and standard deviations for transverse and lon-
gitudinal sample orientations are presented in Table 3. Addition-
ally, a Spearman rho correlation analysis was conducted in order
to identify potential correlations between the constitutive parame-
ters, as well as the experimental conditions, i.e. sample orientation
and applied strain rate (see Table 4), and a parameter sensitivity
analysis is also detailed in SI III, identifying the parameters with
the highest influence on the response of the model. At first glance,
it is interesting to point out that the applied strain rate does not

correlate with any of the estimated parameters, suggesting that the
QLV component adequately captures the time-dependent behavior
of the tissue.

An average Young’'s modulus of 426.5 + 147 MPa was found
for collagen fibrils, which falls in the lower range of experimen-
tally reported values [38]. Intrinsic phenomena such as fiber and
fibril sliding can contribute in decreasing the apparent stiffness
of collagen. Nonetheless, the estimated stiffness is in reasonable
agreement with the values found by Jor et al. [46] (~360 MPa)
and Meijer et al. [34] (360 MPa — 518 MPa) with the Lanir model.
No significant effect of orientation was found, indicating that
material anisotropy is dictated by other constitutive parameters.
The inter-fibril shear modulus G;; displays rather large variations
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(1.61 £ 1.37MPa in total), especially for transverse samples
(2.02 4 1.84 MPa), but the average values are about two orders of
magnitude below the fibril modulus, as expected from the estima-
tions with the coarse-grained model.

The average curvature of collagen fibers (w = 37.9° +6.8°) is
consistent with the measured values for a radius of curvature of
9 =5 wm, and does not show any dependence on orientation. An
increase in opening angle is significantly correlated with an in-
crease in Gy (p-value = 0.017). This can be interpreted by the ef-
fect of a more curved initial state, but also by the notion that with
a fixed radius of curvature a larger opening angle increases the ef-
fective length of the fiber Ly, and therefore the contact area with
the interfibrillar matrix is increased, which could affect the effect
shear in a nonlinear fashion.

The calculated average orientation of collagen Bm, Bk = 20.5° +
4.9° for longitudinal samples and B, =29.6° +10.1° for trans-
verse samples, shows a significant correlation (p-value = 0.021)
between the initial alignment of collagen fibers and the orientation
of the tested sample. However, the difference between both orien-
tations is well below the expected trend, as perpendicular orien-
tations should yield average alignments approximately 90° apart.
This observation highlights two limitations of the present repre-
sentation: a) an increase of the angle 8 substantially delays the
onset of fiber deformation (cf. Fig. 7b), and the gap in response
between two subsequent angular increments becomes more pro-
nounced, which yields a more discontinuous response for a higher
value of B; b) the proposed fiber distribution imposes symmetry
around the loading axis, which may not be a realistic assumption.
These shortcomings also explain the highly significant correlation
(p-value = 0.007) between Bm and w9, which should not be ob-
served, as one is an effect of the loading configuration and the
latter is an intrinsic property of the collagen fibers. Still, as both
parameters have an effect on the transition of the J-curve, it is
understandable that the model finds a correlation between their
distinct influences. As mentioned earlier, fiber unfolding and re-
alignment are concurrent processes in skin [37]. It is therefore
preferable that one of them would be determined a priori in the
model, which is also reflected by the sensitivity analysis (see SI IV)
which indicates that both parameters have a high influence on the
model response.

The standard deviation in fiber distribution o is also an intrin-
sic property of the sample, and should not be influenced by sam-
ple orientation, which is in this case confirmed by a weak correla-
tion between the two. As a direct measure of tissue anisotropy, the
standard deviation would probably be more affected by the region
of the body from which the sample is extracted, which was not
systematically reported for this experimental dataset. As a matter
of fact, most skin samples were extracted close to the spine, which
is generally less anisotropic compared to other regions [47,61]. In
fact, the identified average of o, = 0.15 £0.22 yields an estimated
fiber dispersion coefficient [21] that is at least one order of magni-
tude below other reported values for skin [40,42]. This is another
consequence of the strong effect of the initial alignment of fibers in
the model. A wider distribution effectively reduces the fraction of
collagen fibers that contribute to the deformation process, which
is in contradiction with the consistency of the measured stiffness.
With a maximum strain of ~0.6 prior to failure, following Eq. (1),
the maximum angle for which a fiber participates in the response
of the tissue is approximately 52°, hence directly eliminating the
contribution of fibers with a higher alignment angle. This further
indicates that the representation of realignment needs to be re-
fined, and that o should preferably be predetermined, as also sug-
gested by the sensitivity analysis (SI IV).

Finally, the estimated contact stiffness from transverse fibers
ke (27.7 £ 39.9kPa in total; 14.1 + 11.4kPa for longitudinal sam-
ples; 47.0 + 56.2 kPa for transverse samples) appears to be slightly

affected by sample orientation, however the correlation analysis
rejects this hypothesis. It is however possible that a larger cell ro-
tation is more likely to result in highly entangled structures. Cur-
rent lack of knowledge on the interactions resulting from fiber en-
tanglement in collagenous tissues, and on the transverse stiffness
of collagen fibril bundles renders the interpretation of the obtained
data more complicated.

5. Conclusions

The present constitutive model of skin proposes a new ap-
proach to the mechanical behavior of the dermis, based on obser-
vations of the arrangement of the collagenous network. In particu-
lar, two microscale characteristics were incorporated:

(a) The effect of fiber braiding, following recent observations
which suggest a certain level of inter-fiber entanglement
(see also Figure SI I). Coincidentally, uniaxial tensile tests on
braided structures reveal physical features, such as nonlin-
ear elasticity and dissipative behavior, that are reminiscent
of some aspects of the tensile behavior of skin;

(b) The effect of shear at the interface between adjacent fibrils
in a fiber bundle, as a result of fiber undulation. This process
is prominent in the bending-dominated straightening phase
of the fiber.

These characteristics are implemented in the model within a
representative element, comprising a two-dimensional semicircu-
lar bundle of collagen fibrils, transverse fibers that generate in-
teraction forces opposing to the straightening process, and a sur-
rounding hyperelastic ground substance. The effects of shear are
described in the interstitial matrix between the fibrils. The ge-
ometry of the unit cell is dictated by the average dimensions of
the collagen fiber: fiber thickness H ~ 2.5 pwm, fiber neutral ra-
dius of curvature rd = 5 wm, opening angle of the circular segment
9 ~37.8°+£6.8°, and a fibril diameter dy ~ 82nm. It is important
to point out that these dimensions are mostly reflective of an av-
eraged description of collagen fibers, based on observations made
in the reticular dermis. Variations in fiber geometry, either due to
differences found between the papillary dermis and the reticular
dermis, or simply due to the fact that in reality, these dimensions
are more sparsely distributed across the tissue, are not represented
in the proposed model. With the appropriate knowledge, these as-
pects could be incorporated with a layered model, or with the im-
plementation of distribution functions for some parameters. This
would however introduce additional parameters to the constitutive
model that would considerably complicate the parameter estima-
tion, given that the current description already requires the iden-
tification of 16 constants, unless some of them are initially pre-
set. Hence, the present model assumes that the reticular dermis
is mainly responsible for the large strain tensile response of skin,
with collagen fibers that follow a similar curved geometry.

The following are the principal results of this investigation:

« Predictions are in reasonable agreement with the tensile re-
sponse that has been reported elsewhere, either experimentally
or with comparable modeling approaches. However, some large
variations in the estimated values of some parameters or unex-
pected trends reveal some limitations of the constitutive frame-
work.

In the present description, the rotation process of the fibers
does not require the application of any force; instead an “align-
ment” stretch dictates the onset of fiber deformation. During
the realignment phase, the ground substance mainly bears the
load. This representation is analogous to a fiber network where
all fibers are connected by ball-and-socket joints [62]. How-
ever, results of the parameter estimation point out that this
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representation yields unrealistic effects, where only a reduced
portion of the fibers are recruited, or highly concentrated fiber
alignments are found. Experiments using in situ small angle
x-ray scattering (SAXS) or multiphoton imaging with a ten-
sile setup generally show that a significantly larger population
of fibers gets recruited during tensile deformation [37,63,64].
Notwithstanding, still little is known on the actual arrange-
ment of collagen fibers in the dermis, most particularly on the
persistence length of the fibers, their respective interactions,
and the nature/type of the connection between them. Future
work on the topic would provide clues that could inform fur-
ther improvements of the constitutive model. Moreover, a bet-
ter knowledge of the arrangement of collagen and its evolution
would remove uncertainties in the model caused by fiber ori-
entation and dispersion (or standard deviation), as the results
of the sensitivity analysis suggest.

The time-dependent behavior of the material is described by
the quasilinear viscoelastic theory (QLV) theory, with a three-
term Prony series relaxation function. Changes in the parame-
ters of the QLV component were not considered in this study,
as the approach mainly focuses on the elastic contribution. A
notable interest in implementing viscoelasticity was to observe
whether the effect of applied strain rate can be entirely cap-
tured by this component, without affecting the other structural
and elastic parameters. This was then correctly established in
the correlation analysis. Besides the fact that some limitations
of the QLV theory have been reported for skin [65,66], future
developments of the model should aim to replace this compo-
nent with structural features that incorporate time-dependence
and the dissipative behavior of skin. Indeed, the definitions
of the interfibrillar shear interaction and of the contact be-
tween entangled fibers can be expanded to include viscoelastic-
ity, dissipative behavior, irreversible damages, and friction. Fib-
ril discontinuity should be further studied to account for effects
of shear-lag [67]. Lastly, relative sliding between fibers, which
could explain the low values that were found for the Young'’s
modulus E., were not directly investigated here.

The proposed coarse-grained model has the potential to allow
for a systematic investigation of how different geometric and
mechanical characteristics influence the response of fibers to
loading, e.g. radius of curvature, fiber thickness, number of fib-
rils, spanned angle, inter-fibril interaction strength and the stiff-
ness of a single collagen fibril. Moreover, further iterations of
the model could incorporate features such as a post-elastic be-
havior (damage) [68], or irreversible deformations caused by
relative displacements of beads, which could be evidenced un-
der cyclical loads.
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