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A fascinating material, skin has a tensile response which exhibits an extended toe region of minimal
stress up to nominal strains that, in some species, exceed 1, followed by significant stiffening until a
roughly linear region. The large toe region has been attributed to its unique structure, consisting of a net-
work of curved collagen fibers. Investigation of the structure of rabbit skin reveals that it consists of lay-
ers of wavy fibers, each one with a characteristic orientation. Additionally, the existence of two preferred
layer orientations is suggested based on the results of small angle X-ray scattering. These observations

g?; V;}‘;Srds" are used to construct a viscoelastic model consisting of collagen in two orientations, which leads to an
Collagen in-plane anisotropic response. The structure-based model presented incorporates the elastic straighten-
Constitutive equation ing and stretching of fibrils, their rotation towards the tensile axis, and the viscous effects which occur in
Rabbit the matrix of the skin due to interfibrillar and interlamellar sliding. The model is shown to effectively
Viscosity capture key features which dictate the mechanical response of skin.

Statement of Significance

Examination by transmission and scanning electron microscopy of rabbit dermis enabled the identifica-
tion of the key elements in its structure. The organization of collagen fibrils into flat fibers was identified
and incorporated into a constitutive model that reproduces the mechanical response of skin. This
enhanced quantitative predictive capability can be used in the design of synthetic skin and skin-like
structures.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction and background

Skin is an organ of utmost importance, and therefore has been
the subject of in-depth research for many years. In 1831, anatomist
and surgeon Guillaume Dupuytren observed a patient who claimed
to have suffered elliptical stab wounds from a blade with a circular
cross-section (a stylet). Due to his disbelief that a circular blade
could cause these wounds, Dupuytren experimented on a cadaver
and discovered that holes made with a circular knife stretched or
closed into ellipses [1]. Karl Langer expanded on this observation
and used an ice pick to perforate the skin of cadavers. From these
results he proposed lines which exist throughout our body, repre-
senting the direction of maximum tension in skin and describing
its anisotropy; these are known as Langer lines [2]. Maps of these
lines are currently used by surgeons to ensure that incisions heal
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quickly and with minimal scarring. Multiple investigations have
studied the skin of cat [3], frog [4], rhinoceros [5], and rabbit [6].

Skin is also inspiring modern technology. Replication of certain
properties of the skin is highly desirable in many applications such
as flexible electronics, soft robotics and prosthetics. The physico-
chemical and mechanical design principles of an artificial skin
are described by Yannas and Burke [7]; Burke et al. [8] made suc-
cessful use of a physiologically acceptable artificial skin to treat
burn injuries. Today there are a variety of commercial skin substi-
tutes which may be used for therapeutic and testing purposes [9].
Non-biological skins intended for other uses have also been pro-
duced; Tee et al. [10] created the first electrically and mechanically
self-healing, highly extensible skin for electronics applications by
using a composite inorganic nanostructured metal particles in an
organic supramolecular polymer host. One interesting constitutive
model for the epimysium of muscle, somewhat resembling
skin because the collagen is in a wavy configuration, is the one
by Gao et al. [11] which assumes a sine shaped collagen fiber
integrated with the ground substance.
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The objective of the investigation whose results are presented
herein is to provide a mechanistic understanding of the deforma-
tion of skin under uniaxial loading. In order to accomplish this,
experiments on rabbit skin are compared with a constitutive
model based on the straightening of fibers. This model is validated
by experiments on idealized circular segments, to which a vis-
coelastic component is added. This research extends recent work
that focused on the tear resistance of skin [6].

2. Experimental methods
2.1. Natural skin and testing

Butchered and cleaned sexually mature female rabbits were
obtained immediately after slaughter from Da Le Ranch in Lake
Elsinore, CA. The rabbits were then shaved and skinned. Rabbits
were chosen due to a lack of an estrous cycle, which affects the
mechanical properties of skin. The use of females reduced variation
due to gender differences, so that the effects of varying strain rates
may be effectively quantified. Specimens for characterization were
frozen in water for preservation. Using surgical blades, skin sam-
ples with dimensions of 20 x 5 x 0.6 mm were cut along directions
parallel and perpendicular to the backbone of the rabbit. Uniaxial
tensile tests were carried out on an Instron 3342 mechanical test-
ing machine with a load cell of 500N. Preconditioning was not
used in order to measure the most natural response of the skin;
however, the lack of preconditioning also introduces additional
variability in the response. This leads to a more challenging situa-
tion with regard to fitting the results, which more closely reflect
the natural response of skin. The samples were gripped by the load
cell and allowed to hang, at which point the load was tared. Sam-
ples were tested with a span of 12 mm at strain rates of 10~! and
1072 s, and deformation was measured grip-to-grip. These strain
rates were chosen so that they would span two orders of magni-
tude and provide insight into the viscoelastic effects of skin, while
remaining within the limitations of our equipment. To retain
hydration during tests, phosphate-buffered saline solution was
sprayed on the samples periodically.

2.2. Scanning and transmission electron microscopy

For SEM observation, undeformed rabbit skin was immersed in
2.5% glutaraldehyde for 3 h to fix the structure, and subsequently
dehydrated with an ascending ethanol series. Strips of skin were
cut using a surgical blade. Some samples were fractured by freez-
ing in liquid nitrogen. The samples were then dried in a critical
point dryer (Tousimis Auto Samdri 815A). The surfaces were sput-
ter coated with iridium using an Emitech K575X and examined
using a FEI SFEG ultra-high resolution SEM. For TEM observation,
the skin was cut using a scalpel into 5 mm strips. A primary fixa-
tion was performed by immersing the tissue sections in 2.5%
paraformaldehyde, 2.5% glutaraldehyde in 0.1 M cacodylate buffer
for 2 h. Post-fixation was done for 12 h in 1% osmium tetroxide in
0.15 M cacodylate buffer. The specimens were then stained in 1%
uranyl acetate for 12 h and dehydrated with an ascending ethanol
series, followed by a 1:1 ratio of 100% ethanol and 100% acetone,
and finally 100% acetone. Samples were subsequently embedded
in Spurr’s low-viscosity resin, polymerized at 48 °C for 48 h, and
sectioned parallel and normal to the skin surface using a Leica
Ultracut UCT ultramicrotome and a Diatome diamond knife. Sec-
tions 70-100 nm thick were placed on copper grids for TEM obser-
vation, and post stained with Sato lead for 1 min.

2.3. Synchrotron X-ray characterization

Uniaxial tensile samples were prepared using a surgical blade
and sprayed lightly with phosphate-buffered saline to preserve
hydration during testing. These samples were loaded in uniaxial
tension at 25 °C, and data was collected throughout the experi-
ment. Biaxial tensile samples were stretched by hand using an
embroidery hoop to ~50% biaxial strain, measured optically using
a grid drawn on the skin. This is consistent with studies by Lanir
and Fung [12], which showed that the heel region of a biaxially
stretched sample occurs at stretch ratio of ~1.5. The samples were
then fixed in 2.5% glutaraldehyde in order to preserve the stretched
structure, followed by dehydration using a graded ethanol series. A
surgical blade was used to cut samples for observation from the
stretched and fixed skin. All samples were exposed to X-rays at
beamline 7.3.3 at the Advanced Light Source synchrotron at the
Lawrence Berkeley National Laboratory. A Pilatus2 M detector
was used to collect data at a distance of ~4 m from the sample.

2.4. Simulated tests

A beam of connected circular segments with a circular cross-
section was used to model the tensile behavior of a single collagen
fibril. The response was verified using a steel beam shaped into cir-
cular segments with radius, r,, of 30, 60 and 120 mm and angle, o,
of 30°, 50°, 70°, 90°, 110° and 130°. The beams were tested in qua-
sistatic tension to verify the model. The geometry is observable in
Fig. 5.

2.5. Calculational techniques

Model geometry was drawn using Solidworks, and imported
into COMSOL Multiphysics. One face on the end of the wire was
constrained to its initial location, but rotation was allowed. A force
was applied to the face on the other end of the wire and pulled
along the x axis, while allowing rotation of the face. These condi-
tions avoided errors due to singularities, and resulted in displace-
ments which were converted to strains. Castigliano’s theorem
was used in the derivation for the straightening of an initially cir-
cular segment of a steel wire under tension. Results were plotted in
MATLAB.

Root-mean-square error (RMSE) values [13] were calculated
between the response predicted by the model and experimental
results at strain intervals of 0.01 at n points, until failure. The
resulting value is normalized by the magnitude of stress, resulting
in normalized root mean square error (NRMSE):

n
2
(('_model ~Oexperimental )
i=1

NRMSE = n (1)

Omax — Omin

3. Results and discussion
3.1. The hierarchy of the dermis

The dermis is the structural component of skin. It gives the
mechanical response required for protection. Collagen (80-90% of
dermis) and elastin (3-6%) are the principal proteins responsible
for the mechanical properties of the skin [14]. The dermis has been
described as an arrangement of wavy fibers, of 2-10 pum in cross-
section, which are made of randomly oriented fibrils of ~100 nm
in diameter, as shown in Fig. 1a. However, Fig. 1b, which shows
intact skin, reveals a well organized structure where the top sur-
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Fig. 1. Observation of collagen in rabbit skin by SEM. (a) Fracture surface of skin frozen in liquid nitrogen reveals wavy fibers in apparent disorder. (b) Skin prepared through
fixation and peeling: a single layer of collagen fibers is observed in plane with the surface of the skin. (c) One single layer of collagen fibers is peeled from the stack of collagen
layers which comprise the thickness of the skin. (d) Several layers of collagen sheets atop each other. (e) Cross-section of single collagen fiber.

face is what appears to be a single layer collagen fibers, aligned in a
distinguishable direction. Fig. 1c shows one single layer being
peeled from the dermis beneath, illustrating that individual layers
have some independence from the layers around them. Fig. 1d
shows a skin cross-section, where the layers are observable, and
Fig. 1e shows the ends of cut collagen fibers, revealing their shape
and cross-sectional dimensions, which are ~2 by ~10 pm.

The defining small scale features of collagen fibers are more clo-
sely observed in Fig. 2 by TEM. Fig.2a is a TEM of the highly
ordered and aligned collagen fibrils within a fiber, in which the
characteristic banding present on collagen fibrils is clearly visible.
A cut nearly parallel to the skin surface (Fig. 2b) reveals a variety of
fibers with fibrils in various orientations, and a cut perpendicular
to the surface (Fig.2c) shows fibers of ~2 um thickness stacked
atop each other in the skin.

A full hierarchical description of skin is presented in Fig. 3. Our
understanding of the structure incorporates the presence of lamel-
lae with preferred fiber orientations seen in Fig. 1b; adjacent to the
renderings of the hierarchical levels are transmission and scanning
electron microscopy images of each layer, down to the fibrillar
level (Fig. 3b-d).

The smallest spatial scale is well understood for collagen. Fib-
rils, as seen in Fig. 3b, are approximately 50 nm in diamater and
form fibers. However, the organization of fibers into lamellae is less
well characterized. We have identified that fibers assemble into

lamellae parallel to the surface of the skin. The approximate
cross-sectional dimensions of these ‘flat fibers’ are ~2 pm thick-
ness and ~10 pum in width. They form a wavy pattern which we
model in Section 3.3 as consecutively connected circular segments,
but it has also been described as sinusoidal and helical (although it
is clear that these fibers are not helical). Fig. 3c shows an SEM
image in which multiple fibers are parallel to each other in the
skin. These lamellae are arranged in distinct layers where each
layer has a specific orientation. In Fig. 3d, a cross-section of the
dermis reveals many flat collagen fibers stacked upon each other.
For the rabbit skin, the number of fiber/lamella layers is obtained
by dividing the dermis thickness (500 pm) by the thickness of each
lamella: (2 um); it is approximately 250. Non-collagenous ele-
ments, the most prominent of which is elastin, are not shown in
Fig. 3 because their relative contributions to the skin’s mechanical
properties are less important. Additionally, structural details of the
elastin network in skin are currently not well defined.

3.2. Deformation imaged by small angle X-ray scattering

Previous studies [6,15] measured the degree of fibril orientation
in rabbit skin under uniaxial tension using Small Angle X-ray Scat-
tering (SAXS). Both studies used an orientation index and con-
cluded that the fibrils align with the tensile direction under
loading, but information regarding the initial orientation is incon-
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Fig. 2. The fibers in skin observed by TEM. (a) TEM shows aligned collagen fibrils in
one fiber. (b) TEM cross-section shows multiple collagen fibrils of different
orientations. (c) TEM of three collagen fibers stacked vertically.

clusive due to the waviness of the skin which has a high influence
on the initially recorded SAXS patterns. Therefore, two deforma-
tion paths, shown in Fig. 4, were applied to the skin and analyzed
by SAXS: uniaxial and biaxial extension. In uniaxial extension the
progression of deformation was characterized along the stress-
strain curve at the points marked. Four mechanisms of deforma-
tion were found to operate: straightening, rotation (toward the
tensile axis), elastic extension of fibers, interfibrillar sliding, and
finally fracture [6].

Two positions in the uniaxial extension are marked by open cir-
cles on the stress strain curve in Fig. 4a. They correspond to the ini-
tial configuration and the one at the maximum load. The original

curved configuration of the collagen fibers and multiple orienta-
tions of the lamellae result in an in-plane equiaxed structure, man-
ifested in the SAXS pattern by circular rings which have an
intensity that is independent of orientation (Fig. 4b). As uniaxial
deformation proceeds there is a gradual alignment of the fibers
with the tensile axis. This is shown in Fig. 4c: the SAXS pattern
exhibits a higher intensity in the tensile direction (vertical axis).

Biaxial extension straightens the fibers and ideally should
enable each lamella to retain its original orientation. Although
the progression of biaxial stretching was not monitored, segments
of skin subjected to biaxial stretch and then fixed were analyzed.
Two representative scattering patterns are shown in
Fig. 4d and e. The intensity of the SAXS pattern across the circle
corresponds to the fraction of the 250 (estimated) lamellae in this
orientation. This radial intensity variation is plotted in Fig. 4f for
the four SAXS scans (b, ¢, d, e). The initial intensity is homogeneous
and does not show much variation along the orientations. Uniaxial
stretching dramatically changes the pattern and shows the align-
ment of the collagen fibers with the tensile axis. Interestingly,
biaxial stretching introduces some asymmetry in the orientation
of the collagen, with an increased intensity in two directions. We
attribute this to the preferential alignment of collagen fibers
(shown by the analysis and a simplified schematic in Fig. 4g),
which is manifested by the Langer lines. Thus, similar to rhinoceros
[5] and fish [16] skin, there is some anisotropy in the initial orien-
tations of collagen fibers in the lamellae of rabbit skin.

3.3. The constitutive model

The stiffness of collagenous materials is a consequence of the
properties, arrangement, and geometric distribution of collagen
fibrils. For example, the toe region experienced by many biological
materials corresponds to the straightening of the curved arrays of
fibrils; when the fibrils are straight the stiffness increases drasti-
cally, although it rarely approaches that of the collagen con-
stituents due to the viscous sliding of collagen fibers and fibrils.

The strength of collagenous materials is lower than that of col-
lagen fibrils, which are reported to vary from 200 MPa up to several
GPa [17]. Because the strength of skin is well below this, reaching
at most ~50 MPa (in rhinoceros), failure in tension is the conse-
quence of interfibrillar and interfiber effects, namely the strength
and viscoelasticity of bonds between fibrils. The viscoelastic contri-
bution to the failure of skin is readily apparent when observing the
fracture strength of rabbit skin measured at differing strain rates:
only ~8 MPa at a strain rate of 107> s~! compared to ~15 MPa at
a strain rate of 107! s~! [6]. The model presented is founded on
the wavy structure of collagenous materials, but the principal
parameters that dictate the response, and principally the intra
and interfibrillar shear are expressed through phenomenological
parameters leading to a viscosity .

3.4. Elastic component: Derivation

In order to better understand the mechanical response of skin,
we model the response of a single collagen fibril. The underlying
assumption of this model is that these repeating units dictate the
macroscopic material response; by quantitatively characterizing
the elastic response of one fibril and the viscous interactions with
the matrix we gain an understanding of the mechanical response.
Materials consisting of collagen fibrils have been modeled using
different shapes including zig zags [18], helices [19,20], and a sine
function [21,22]. The limitations of these models were analyzed by
Sherman et al. [17], and a circular segment model was suggested as
an improved representation of the in vivo shape of collagen. Thus,
these fibrils are modeled as circular segments, shown in Fig. 5a.
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Fig. 3. The full hierarchy of collagen in the dermis. (a) Schematic which represents the hierarchy of skin. The hierarchical order is: (i) Tropocollagen chains form right handed
triple helices. (ii) Schematic of i. (iii) The fibril is formed through the quarter-staggered arrangement of tropocollagen molecules which leads to a gap region, an overlap
region, and characteristic d-banding. (iv) Fibrils are long strands, and the d-banding is clearly evident. (v) Many fibrils are arranged to form wavy parallel fibers, which are
flattened in the plane of the skin. (vi) Parallel fibrils form lamellae; these lamellae exist through the thickness of the skin. (b) Transmission electron micrograph of collagen
fibrils that are curved and parallel, and form a fiber. (c) Parallel fibers in a single lamella of the skin. (d) Cross-section of skin with multiple lamellae.

In the circular segment model, adjacent segments connect with
no discontinuities. Under applied strain, the radius of curvature
increases, leading to a decreased segment arc, measured in
degrees. One characteristic of these semicircular segments is that
there are no discontinuities at their junction, independent of
extension. The mechanism of deformation is graphically illustrated
in Fig. 5b. Based on the assumed shape and deformation method,
the tensile response of a fibril may be calculated using Castigliano’s
theorem. The problem that must be solved is the following: a
curved beam is subjected to a force P at the ends; determine the
load-displacement relationship. The required geometric measure-
ments are schematically described in Fig. 5c and d; Table 1 shows
the parameters used in the derivation. In addition to these param-
eters, relationships between the force, shear force, and bending
moment applied to the beam are necessary. These relationships
are based on Fig. 5d which shows a cut of the beam. Q is the shear-
ing force acting on the cross-section:

Q = Psina (2)
N is the normal force acting on the cross-section:
N = Pcoso (3)

and M is the bending moment:

M = —P(y — r.sinf) 4)

The strain energy is expressed as the sum of components due to
bending, normal force, and shear force, whose equations may be
found in Beer et al. [23]. The total strain energy is the sum of the
three components of the strain energy obtained from Eqns. S1, S2,
and S3 (details provided in Supplementary Materials). From Casti-
gliano’s second theorem, the displacement at the point of applica-
tion of an external force may be expressed as [23]:
_oU 09Uy  0U,  0Us 5
~op~op " op " op ©)
The extension u in the direction of applied load P is determined
using Eq. (5). Since lp = r. cos 6, strain is:
u u
E=—=—
Iy rccosb

(6)

From the definition of Young's modulus, strain may also be
expressed by the ratio of stress/elastic modulus [24]. The modulus
is replaced with a pseudo modulus, E/, as it is not the material mod-
ulus, E, but the result of both structure and material modulus.

_P/A _rccos(6)P/A
e u

E )
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rhinoceros [5] and fish [15]. (f) Schematic showing two preferential lamellar directions; these are the two most common of many orientations.

Substituting Eq. (5) into Eq. (7):
p_re cos(6o)P/A
B+ %+

8)

Accounting for eccentricity and inserting the results into Eq. (8)
leads to a representation of the pseudo modulus in terms of various
shape factors, where ¢ = % a,=1.33, and E/G=2(1 +v):

, E cos 0y

F_ _ ©)
$2(00) + ¢3(00) & + ¢1(0o) 1

1- 52/4
(- vTD09)

E' is a function of the shape of the circular wire segment. Specifi-
cally, the shape parameters required to calculate E' are thickness
(H), the initial radius (r;), initial degree of curvature
(0o = 90 — @y), and the material modulus E. Holding arc length con-
stant, the relationship between the strain (¢), current radius (), ini-
tial radius (r.), current degree of curvature (w), and initial degree of
curvature (wy) is:

11y rsin(=wg) —resin(mo)

e -
lo resin(wo)

(10)

After several additional steps, one arrives at the relationship:

B , [cscmy { . rca)()) B <1’cwo ]
o= /E {—rcr rsm( . Te(o COS (— ) dr (11)
Eq. (11) is integrated from r. to r to produce a stress vs strain rela-
tionship based on the initial circular shape.

3.5. Elastic component: Comparison of experimental, analytical and
computed results

In order to validate the model, macroscale tests described in
Section 2.4 were performed. By comparing testing results to calcu-
lations, we confirm that our model is accurate. The tension setup
and stress mapping from a simulation are also shown in Fig. 6a.
The results are illustrated in Fig. 6b for three curves with 30 mm
radius and wq = 70°; one from calculations (solid line), one from
tensile tests (dashed line), and one from simulations (dotted line).
There is excellent agreement among them. Fig. 6¢ shows the dra-
matic effect that varying the curvature can have on the elastic
response, as larger values of wo substantially increase strain
achievable at low stresses. Similarly, calculations with a constant
degree of curvature but different radii are shown in Fig. 6d, indicat-
ing the profound effect that radius (more precisely, ratio of beam
thickness to radius) can have on test results. In the biological con-
text of collagen, this indicates the substantial effect that the thick-
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Fig. 5. Circular segment model of collagen. (a and b) Behavior of model under
extension. Initial curvature wo decreases to . Initial radius r. increases to r. Total
length increases from [y to L. (c) A section of the circular segment collagen model,
showing relevant parameters which are required for the strain energy and
corresponding stress calculation using Castigliano’s theorem. (d) Free-body dia-
gram of a wire segment showing P (applied force). The method-of-sections replaces
the removed part with N (normal force), Q (shearing force), and M (bending
moment).

Table 1
Parameters used in derivation of constitutive equation.
Symbol Parameter
o Initial angle of waviness
0] Current angle of waviness
Ti Inner radius of curvature
To Outer radius of curvature
Te Radius of curvature at the centroidal axis
T Initial radius of curvature for the neutral axis
e Eccentricity, e=r. — 1,
A Cross-section area
H Height of the curved beam, H=r1, — 1},
0o Description of degree of curvature
0 Description of location on the semicircular curve

ening of fibrils (often associated with ageing) may have on the
mechanical response of collagenous materials.

3.6. Elastic component: Application

The complete calculation of the elastic component of stress
involves three stages:

1) Stress on a straightening circular segment is calculated. Fib-
ril dimensions are applied, as estimated from SEM images.
Strain is calculated using Eq. (10), and stress is calculated
using Eq. (11).

2) The calculated strain from Eq. (10) is divided by the cosine of
the estimated average degree of misorientation from the
tensile axis (y), determined by comparing the onset of the
heel region of different orientations. This is based on the
biaxial SAXS data which suggests two preferred fibril direc-
tions, as shown in Fig. 4f. This step accounts for the ability of
fibrils to rotate.

Esemicircular
— 12
cos(y) (12)

3) A maximum stiffness is applied which reflects the physical
response of the skin [6], and is a property of collagen fibers
in tension:

dasha i i
: pe orientation
O-shape.orientationﬁber—stiffness = /mln (T,Emax de

(13)

This effect may be due to the stretching of the bonds between
fibrils and fibers, and the continued recruitment of fibrils. These
affect the true strength and stiffness of collagen fibrils, which are
not reached in the skin, and leads to the presence of a linear region
which is at a substantially decreased stiffness compared to that of a
collagen fibril.

3.7. Incorporation of viscosity into the elastic model

Uniaxial tests show clear differences from the model which are
attributable to the viscosity of skin [6]. The viscous effects of skin
dissipate a large amount of energy, and lead to lower failure
strengths, due to the larger sliding time. Previous descriptions of
the elasticity and viscoelasticity of skin have resulted in a number
of constitutive equations and mathematical curve fits. However, no
relationship which directly considers the physical shape, viscosity,
and orientation effects of skin has been successfully developed,
other than the model by Yang et al. [6]; it approximates the tensile
response of the skin with circular segments in a Maxwell arrange-
ment, and produces acceptable results for curves with a small toe
region. This relationship, representative of a spring and dashpot in
series, leads to a large extension with low levels of stress at a suf-
ficiently low strain rate, and decaying stress when strain is no
longer applied. However, Shaw and MacKnight [25] suggested that
the Maxwell model is a poor representation of viscoelastic bodies
such as polymers.

In the case of rabbit skin, a low strain rate leads to reduced
maximum stress levels; however, the amount of extension is not
largely affected when the strain rate varies by a factor of 100.
Therefore, we apply a Kelvin-Voigt model, which is better suited
for use in a viscoelastic solid [25]. The spring, shaped as consecu-
tively connected circular segments, is in parallel with a dashpot.
As the parallel spring and dashpot experience equivalent strain,
the total stress is equal to the sum of the elastic stress and viscous
stresses.

The elastic stress is obtained from Eqs. (11) to (13). There are
two regimes: straightening of the fibers (Eq. (11)) and their elastic
extension; both are incorporated into Eq. (13). For the viscous com-
ponent, the general form is used (e. g., Meyers and Chawla [26]):

7= Kir (1)

Eq. (14) adjusts viscosity based on strain rate; n <0 is shear thin-
ning, n=0 is Newtonian viscosity, and n >0 is shear thickening.
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Fig. 6. Validation of elastic model. (a) Tests performed by mechanical testing (left) and finite element analysis (right). (b) Comparison of results obtained by testing,
calculations, and simulations for r=30 mm and wg = 60 show close agreement. (c) Calculation and testing results from various degrees of curvature while holding r =30
constant show close agreement between calculations and tests, and illustrate the drastic effect that increasing the degree of curvature may have on both stress and strain. (d)
Calculation results showing the effects increasing radius for wq = 70°. Increasing radius reduces the ration of beam thickness to radius, which significantly reduces stress

values.

Shear thinning is a reduction in viscosity with increasing strain rate.
Finlay [27] studied viscosity in human skin, and concluded that vis-
coelastic models of skin should account for shear thinning phe-
nomenon if the theoretical results were to bear any relation to
real life data under both static and dynamic conditions. The viscous
stress occurs within the ground substance that connects fibers and
fibrils of collagen. During the toe region of the curve, reorientation
does not involve viscous effects in a significant manner. In the heel
and linear region, the fibers are stretched and the viscous effects
become more prominent. Therefore, the viscous component of
stress is applied proportionally to the ratio of current strain (¢) to
the strain at the onset of the heel, (&xee), raised to the power of «;
this is the fibril recruitment fitting parameter. Each viscoelasticity
parameter (a, K, n) has a unique effect on the response. The param-
eter o affects the rate at which viscosity is applied to fiber recruit-
ment; a value of 1 means that the fiber recruitment (and application
of viscous stress) is proportional to the strain. As o increases above
1, low strain recruitment and corresponding viscous stress is
reduced. K assigns a conventional viscosity value, which is adjusted
by n, in order to account for the shear thinning. The resulting equa-
tion describes the gradual recruitment of fibers throughout exten-
sion and the strain-rate dependency of viscosity:

(e N (8
6(1/’) B <£heel) e = (Sheel) ke (15)

The full model’s required inputs are summarized in Table 2, which
includes values known from literature (a), structural values esti-
mated from microscopy (b), and parameters which were estimated
by phenomenological fitting (c). Currently progressing studies are
employing stress relaxation, loading-unloading hysteresis, and
microstructural observations during deformation in order deter-

Table 2

Parameters used in the viscoelastic model.
Model parameters Values
Modulus of collagen fibril (E) 1 GPa?®
Thickness of collagen fibril (H) 0.13 um®
Radius of curvature of collagen fibril (r.) 7 um®
Degree of curvature of collagen fibril (®y) 70°P
Average misorientation from longitudinal axis () 70°P
Maximum fiber stiffness (Ejqx) 10 MPa*“
Fiber recruitment parameter (o) 2¢
Viscosity coefficient (K) 25 Pas©
Viscosity parameter (n) —0.6¢

mine real viscosity values; from these studies a physically based
relationship between «, K, and n, and the value of E,. will be
established.

In order to illustrate the contributions of various parameters,
the supplemental material shows multiple plots; in each case,
one input is varied and the result on the mechanical response is
plotted. In some cases varying certain parameters have similar
effects; for example, increasing the degree of waviness and misori-
entation from the tensile axis both result in an extended toe region
of the curve, and it is possible that similar curves can be repre-
sented with different parameters. Another example is that set ¢
ratios (fiber thickness to radius of curvature) have identical
responses. However, both parameters have physical significance
and thus are included individually in the constitutive equation.

The four mechanisms of deformation—elastic straightening,
stretching, reorientation, and sliding are accounted for in the calcu-
lated response of the skin shown in Fig. 7. The quality of fit for the
various curves is quantified by calculating the average normalized
root-mean-square error (NRMSE) for the various orientations and
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Fig. 7. The model as applied to test results. Tensile engineering stress-engineering strain plots made using the constitutive model are shown by the solid lines, while physical
tests are shown by the dotted lines. Experimental results on rabbit skin along two orientations: longitudinal (perpendicular to Langer lines) and transverse (parallel to Langer
lines) [6]. Note considerable variability among experimental results, a characteristic of skin. The model is shown to match the experimental results reasonably well, and
intrinsically all values are based on the physical processes that are occurring in the skin.

strain rates. In each case, the NRMSE values (longitudinal
£=10":13%, £=107°:13%; transverse &=10":12%,
&=10":12%) indicate a reasonable fit, and it is shown that the
model accurately describes the response of transverse and longitu-
dinal skin. Thus, the principal features of deforming skin are cap-
tured by the constitutive equation proposed, and are directly
related its microstructure and mechanical response.

4. Conclusions

This investigation connects the mechanical response of rabbit
skin in uniaxial extension to the changes in the structure by pro-
viding a new constitutive equation that captures the most impor-
tant processes. The following principal results are obtained:

e The dermis of the rabbit is composed of sheets or lamellae
which are assemblages of curved parallel collagen fibers. In
these assemblages, each layer is comprised of curved fibers with
a preferential direction, different layers having different orien-
tations. It is estimated that 250 sheets with different orienta-
tions comprise the dermis of rabbit. The fibers are, in turn,
composed of fibrils.

In tension, the collagen in these sheets straightens and aligns
with the tensile direction. This requires considerable interfiber
shear and sliding, and generates viscous stress as alignment
leads to high stress and strain values. The combined elastic
and viscous effects lead to the unique tensile response of skin,
as well as its strength, versatility, and tear resistance.

The presence of some extremely wavy fibrils is responsible for
the large amounts of strain that the skin can undergo before
straightening. As the less curved fibrils straighten and align,
the more curved remain non-aligned. As stretching continues,
the previously straight fibrils break and misalign, transferring
the load to the straightening curvier fibrils. The variance
between fibrils results in a large heel region as certain fibers
enter their linear region, and a large failure region due to the
successive breaking of the most highly stressed fibrils.
Processes that occur in the skin during tension are represented
in a constitutive equation in which the waviness is modeled as
circular segments whose radius increases with extension. By
including the most important physical processes in our calcula-
tions, namely straightening, stretching, reorientation and slid-
ing (through viscosity), the stress-strain response is
successfully modeled.

e Our mechanical results are limited to uniaxial testing, in which
most fibers reorient parallel to the loading direction. A future
possibility is to apply the model to biaxial tension; this would
reduce the tensile alignment, and result in a response domi-
nated by the straightening and sliding of collagen, but with lim-
ited reorientation.

Understanding of the layered structure which leads to the ani-
sotropic response, large extensibility, or tear resistance of skin
has the potential to affect the development of new hyperplastic
materials and synthetic skin. Biodegradable skin-like scaffolds
are crucial for the improvement of integration and quality of
healing; the large influence that material properties such as
substrate stiffness can have on tissue growth is being increas-
ingly recognized. By more precisely understanding the wavy
structure and how it determines the stiffness of skin, biological
elements of healing are likely to perform their functions more
effectively, while the potential discomfort of having an inexten-
sible or stiff synthetic skin attached to the body may be avoided.
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