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a b s t r a c t
Skin fulﬁlls several vital functions, many of which are dependent on its mechanical properties. Therefore,
as mice have become an invaluable model for skin research, determining murine skin’s mechanical properties is important. Speciﬁcally, skin’s mechanical properties are important for functional tests as well
as for prognostic and diagnostic purposes. Additionally, computational simulations of skin behavior are
becoming commonplace, rendering accurate models of murine skin’s constitutive behavior necessary. To
date, our knowledge of mouse skin mechanics shows signiﬁcant gaps. For example, there are no comprehensive reports correlating skin’s mechanical properties with region, age, and direction. Moreover, mouse
skin’s residual strain behavior has not been reported on. In our current work, we set out to ﬁll these
gaps. Based on histology, 2-photon microscopy, and planar biaxial testing, while accurately tracking various reference conﬁgurations, we report on differences in gross structure, microstructural organization,
and constitutive response of skin, and cast those properties into a versatile Fung-type hyperelastic constitutive law for three reference conﬁgurations. Our data is the most comprehensive report contrasting
the mechanical properties of young (12 weeks) and aged (52 weeks) mouse skin and will, thus, be valuable to basic science as control data, and provide accurate constitutive laws for mouse skin modeling.
Statement of signiﬁcance
Our ﬁndings are signiﬁcant as they ﬁll several gaps in our understanding of mouse skin mechanics. This
is particularly important as mouse skin is becoming a frequent and critical model of human skin for
cosmetic and medical science. Speciﬁcally, we quantiﬁed how mechanical properties of mice skin vary
with age, with location, and with direction. Additionally, we cast our ﬁndings into constitutive models
that can be used by others for predictive computer simulations of skin behavior.
© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
Skin plays a vital role in providing a physical barrier against
environmental insults to our body, and its mechanical properties
∗
Corresponding author at: University of Texas at Austin, 2501 Speedway, EER
Building, Room 7.620, Austin, TX, USA.
E-mail address: manuel.rausch@utexas.edu (M.K. Rausch).

are critical for supporting this function [1]. As a classic collagenous soft tissue, skin exhibits a nonlinear stress-stretch response
that follows from the inherent properties of its extracellular matrix constituents - ostensibly collagen and elastin - as well as their
microstructural organization and interplay [2]. Although, usually
perceived and modeled as a hyperelastic material, skin also exhibits viscoelastic traits such as hysteresis, stress-relaxation, creep,
and permanent set. These properties arise from the inherent solid
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phase viscoelasticity of its extracellular matrix proteins and their
interactions with the interspersing interstitial ﬂuid [3–5]. Moreover, the relative distribution and density of these constituents
render skin a multi-layered structure whose constitutive behavior
depends on direction and region, and varies with depth, i.e., skin
behavior is anisotropic and heterogeneous [6–8].
Dermal properties are not temporally invariant, but rather
evolve throughout our life time [1,9]. Even as adults, skin alters
its constitutive behavior in response to continuous environmental
exposure [10], hormonal changes [11], disease [12], bacterial invasion, and scarring [13]. Thus, characterization of skin’s constitutive
behavior is not only of basic scientiﬁc interest but is also of diagnostic importance and of prognostic relevance.
For skin research, mice have emerged as a powerful biological model system. Their relatively low cost, easy husbandry, fast
life-cycle, and their genetic malleability have led to the development of mouse models for many skin disorders [14–16]. Because
of skin’s mechanical behavior being of importance to both basic
science, cosmetic science, and medical science there has very recently been an accelerated push to characterize mouse skin constitutive behavior [8,9,17–22]. However, to date there are several key
pieces missing from our understanding of mouse skin mechanics.
First, mouse skin has never been tested under biaxial loading.
Previous studies have uniaxially tested mouse skin in two or more
directions, thus, quantifying its anisotropy [8,22]. However, those
tests don’t elicit the bi-directional coupling mode between dermal
constituents and are thus insuﬃcient to inform constitutive models of the planar biaxial behavior of skin [23,24]. Consequently,
there are currently no suﬃciently informed constitutive models of
mouse skin. Also, mouse skin has exclusively been tested relative
to a stress-free in vitro reference conﬁguration. In other words,
none of the available data have quantiﬁed the amount of in situ
residual strain. Filling this particular gap is vital, because in situ
residual strain results from deposition of matrix proteins by resident synthetic cells at a given prestretch. Thus, residual strain is
maintained via continued physiological matrix turn-over and may
therefore be a critical marker of tissue health [25–27]. Moreover,
models of mouse skin based on a stress-free in vitro reference conﬁguration are not predictive of the in situ behavior. We and others
have shown that neglecting residual strain in models of other soft
collagenous tissues can signiﬁcantly alter interpretations of experimental data [28,29]. Additionally, there are currently no explicit
reports on how mechanical properties of mouse skin vary with
region.
To ﬁll these gaps in our knowledge, the objective for the current work is to provide a comprehensive analysis of the biaxial
constitutive behavior of murine skin - including regional-and agedependence (12 weeks, i.e., young, versus 52 weeks, i.e., aged), microstructural composition, and residual strain - and use these data
to inform an appropriate constitutive model.
2. Materials and methods
All animal procedures described here were approved by the Institutional Animal Care and Use Committee at the University of
Texas at Austin under #AUP-2017-0 0 078. Furthermore, we strictly
adhered to NIH’s Guide for Care and Use of Laboratory Animals.
2.1. Sample preparation
Following the humane sacriﬁce of 12 week (young) and 52
week (aged) male C57BL/6 mice via CO2 inhalation, we removed
the hair from dorsal and ventral skin regions using clippers and
a chemical depilatory agent (Nair, Church & Dwight Co., Inc., Ewing, NJ, USA). Next, we applied an ink stamp of known dimensions (8 mm × 8 mm square) to dorsal and ventral skin regions at

multiple sampled locations in this unloaded in situ conﬁguration.
From these regions, we excised up to four stamped, dorsal and two
stamped, ventral skin samples.
2.2. Histology
Upon excision, we immediately ﬁxed 12 skin samples (3 per
young/aged, dorsal/ventral group from a total of 3 animals) in 10%
neutral buffered formalin for 24 h, then transferred them directly
to 70% ethanol. A commercial histology service (Histoserv Inc., Germantown, MD, USA) prepared all histological slides by embedding
them in paraﬃn, sectioning them transversely to a thickness of
5 μm and staining them with Masson’s Trichrome. In house, we additionally stained sections with Picrosirius Red. We subsequently
acquired histological images on an upright microscope (BX53 Upright Microscope, Olympus, Tokyo, Japan), where we sampled several representative regions of each section at 10x magniﬁcation.
To quantify relative mass densities of structural constituents from
Masson’s Trichrome stains (collagen, cytoplasm/muscle) via area
fractions, we utilized a custom MATLAB program [30]. To measure
layer thicknesses, we utilized a custom MATLAB program which
interactively selects orthogonal distances in Masson Trichrome images based on expected constituents within layers (i.e., epidermis –
cellular layer, dermis – collagen, subcutaneous fat – clear fatty region, and muscle – organized muscular tissue). For each image, we
sampled the thicknesses of the layers at three locations and averaged the values, avoiding areas of hair follicles.
2.3. 2-Photon microscopy
Post-mortem and upon excision, we transferred 12 skin samples (3 per young/aged, dorsal/ventral group from a total of 3 animals) to a 2-photon microscope (Ultima IV, Bruker, Billerica, MA,
USA) for the in vitro collagen ﬁber orientation analysis via Second Harmonic Generation (SHG). We acquired all images epidermis
up using a 20x water immersion objective (XLUMPLFLN, Olympus,
Center Valley, PA, USA) at an excitation wavelength of 900 nm. We
epi-collected the backscattered SHG through a PMT channel ﬁlter
(460 ± 25 nm) and acquired a z-stack of images with a step size of
10 μm until the SHG intensity diminished (∼150 μm) at several different locations in the center of the tissue. Additionally, for the in
situ analysis, we imaged depilated skin regions without excisions,
but post-mortem, of 3 young and 3 aged mice using the same 2photon microscope, objective, and imaging parameters, by placing
the recently sacriﬁced animal directly under the 2-photon objective. In those animals, we imaged dorsal and ventral skin regions,
amounting to the same group sizes as for the in vitro imaging, see
above.
To analyze the SHG images, we used ImageJ-FIJI OrientationJ
(National Institutes of Health, Bethesda, MD, USA) using its orientation distribution analysis with a Gaussian gradient method
[31,32]. We veriﬁed this method against synthetic images of ﬁbers
that were sampled from a known distribution function. Subsequently, we ﬁt a symmetric von Mises distribution to the raw data
to estimate the distribution’s location parameter μ
˜ and localization
parameter κ˜ as a function of imaging depth [33]. Supplementary
Fig. S1 depicts above pipeline and demonstrates the invariance of
our approach to image angle.
2.4. In situ residual strain calculation
Upon excision, we ﬂoated 52 skin samples (13 per young/aged,
dorsal/ventral from a total of 13 animals) on a layer of 1x PBS
with the epidermal side up. In this approximately stress-free conﬁguration, unloaded in vitro conﬁguration, we photographed the
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specimens with their stamped proﬁle clearly visible on a calibrated grid and within minutes of excision. Until biaxial testing,
see Section 2.5, we stored those samples at 4 °C in 1x PBS. To
compute in situ residual strain, we identiﬁed the coordinates of
the stamp’s corners from above photographs in a custom MATLAB
program and employed a bilinear scheme to interpolate the deformation between the unloaded in situ conﬁguration, i.e., the original
8 × 8 mm square, and the unloaded in vitro conﬁguration. Based on
this linear deformation ﬁeld, ϕr , we computed the residual deformation gradient tensor Fr as the material gradient of the unloaded
in situ conﬁguration with respect to the unloaded in vitro conﬁguration, i.e., F r = ∇X ϕr . We quantiﬁed the residual strain in terms
of the Green-Lagrange strain tensor, E r = [F rT F r − I ]/2, where I is
the second order identity tensor. In other words, if skin expanded
after incision, these strains would be negative, if skin contracted,
they would be positive.
2.5. Planar biaxial testing
Prior to mounting the samples for biaxial testing, we carefully
removed the subcutaneous layer and any remaining panniculus
carnosus, and speckled the epidermal side with graphite powder.
Additionally, before beginning the test protocol, we preloaded the
tissue samples equibiaxially to 50 mN to establish a consistent reference state and to remove any tissue slack. Note, we chose 50 mN
as the smallest force that we could reliably measure with our load
cells. Upon application of the preload, we imaged the original ink
pattern one more time to obtain the preloaded in vitro conﬁguration. Based on the same process as described in Section 2.4, we
also computed a preload deformation gradient tensor, F p = ∇X ϕ p ,
where ϕp is the deformation due to preloading. In the actual test
protocol, we loaded all samples to 10:20% off-biaxial strain in ﬁve
cycles of which we recorded the down stroke of the last cycle.
We repeated the same protocol for 20:10% off-biaxial strain, and
15:15% equibiaxial strain at a strain rate of approximately 1.25%/s.
During testing, we approximated true strains via clamp-to-clamp
distance. Simultaneous to the biaxial tests, we continuously captured images of the speckle pattern for off-line digital image correlation at 15 Hz. We performed all tests at 37 °C in 1x PBS and
within ﬁve hours of excision. After testing, we froze the samples
in optimal cutting temperature medium. Subsequently, we sliced
two transverse sections of the samples from the center of the tissue and utilized a light microscope to determine tissue thicknesses
at several locations, which we later averaged for stress calculations,
see Section 2.6.
2.6. Constitutive model ﬁtting
We acquired actual tissue strain during biaxial testing via digital image correlation of the recorded graphite pattern. To this end,
we chose the end of the ﬁfth down stroke as the reference conﬁguration to yield the elastic deformation map and deformation
gradient, i.e., F e = ∇X ϕe . Note, we disregarded the data of the preconditioning steps as we were interested in the equilibrated tissue response primarily. In the following analysis, we report model
ﬁts for stress-stretch data relative to three different reference conﬁgurations: (i) relative to the preloaded in vitro conﬁguration, i.e.,
F = F e , (ii) relative to the unloaded in vitro conﬁguration, i.e., F =
F e F p , and (iii) relative to the unloaded in situ conﬁguration, i.e., F =
F e F p F −r . Moreover, we transformed load data into Cauchy stress
via measurements of the sample’s thickness and width, which we
projected into the current conﬁguration under the assumption of
tissue incompressibility.
We ﬁt stress-stretch data from 37 samples to a Fung-type hyperelastic constitutive model superpositioned with a neo-Hookean,
isotropic component. Speciﬁcally, we employed an invariant-based

3

formulation introduced by Gasser et al. [34],

W (C, M ) =

μ[I1 − 3]/2 + k1 [exp(k2 [κ I1
+ [1 − 3κ ]I4 − 1]2 ) − 1]/[4k2 ],

(1)

where I1 and I4 are the ﬁrst and fourth invariants of the right
Cauchy-Green deformation tensor C = F T F , i.e., I1 = C : I and I4 =
C : M, respectively. Here I, again, is the second order identity tensor and M is a structural tensor. We computed the structural tensor as M = M0  M0 , with M0 = [cos(α ), sin(α ), 0] being the mean
ﬁber orientation vector and α being the mean ﬁber orientation
angle. μ is the shear modulus determining the isotropic material response, while k1 and k2 are material parameters determining the anisotropic material response. Both responses are coupled
via the ﬁber dispersion parameter κ , with κ ∈ [0, 1/3], where κ = 0
enforces a purely anistropic response of the exponential term in
Eq. (1), while κ = 1/3 enforces a purely istropic response of that
same term. Note, because we determined tissue thickness after
testing, we could not ensure that all samples were tested to a required value of 0.03 MPa. Those data sets that didn’t meet the minimum stress requirement were not included in the parameter ﬁt.
Using MATLAB, we performed a nonlinear least-squares ﬁt between the experimentally determined stress-stretch data and the
stress-stretch data derived from Eq. (1). Thus, we identiﬁed the ﬁve
unknown material parameters μ, k1 , k2, α , κ for each sample relative
to reference conﬁgurations i-iii). See Supplementary Fig. S2 for a
representative constitutive ﬁt.
2.7. Statistical analysis
For all data, we used a linear mixed model (LMM) as implemented in R via the package afex and performed a Tukey post-hoc
analysis, also in R. Statistical signiﬁcance was deﬁned as p values
smaller than 0.05. Data are reported as mean with the standard
error of the mean, unless indicated otherwise.
3. Results
Fig. 1A depicts representative histological images of dorsal and
ventral murine skin from young (12 weeks) and aged (52 weeks)
animals. Masson’s Trichrome stain demonstrated the cellular and
structural layout of murine skin (left to right) showing: the epidermis, bi-layered dermis, hypodermis, and panniculus carnosus
(skeletal muscle). Supplementary Fig. S3 further depicts Picrosirius Red stains of representative samples and illustrates the highly
collagenous structure of the murine dermis. Based on the LMM, we
found that dermal thickness decreased with age (p < 0.05) and that
age induced a direction effect (p < 0.05), with the post-hoc analysis revealing a signiﬁcant difference in dermal thickness between
young and aged ventral skin (p < 0.001) and the dermis being thinner on the ventral side in older mice (p < 0.05). Additionally, the
hypodermis was thicker in aged mice compared to young mice
(p < 0.05), again, with age inducing a direction effect (p < 0.05). As
above, the post-hoc analysis revealed a signiﬁcant difference on the
ventral side between young and aged mice (p < 0.001) as well as
age inducing regional variation in the hypodermis with it being
thicker ventrally in aged mice (p < 0.05). We observed no differences in epidermal layer thickness or the muscle/cytoplasm layer
thickness, see Fig. 1B. Lastly, analyzing area fractions we did not
observe regional or age dependent differences in collagen density
(Fig. 1C) [30].
Fig. 2A illustrates sampling regions for 2-photon analysis from
the dorsal and ventral locations. For the dorsal samples, we differentiated between cranial and caudal samples, but assumed symmetry across the midline, thus not differentiating between the left
and right lateral samples. Fig. 2B illustrates representative in vitro
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Fig. 1. Histological analysis of dorsal and ventral skin samples from young (12 weeks) and aged (52 weeks) mice reveal differences in layer thickness with age. Using
Masson’s Trichrome, collagen stains blue, and cytoplasm and muscle stain red. A) Representative cross-sectional images revealing murine skin’s layered structure with (left
to right) the epidermal layer (∗ ), the dermal layer (∗ ∗ ), hypodermis (including adipose tissue) (#) and skeletal muscle layer (##). B) Estimates of relative mass density
based on area fractions of collagen and cytoplasm/muscle for 12 samples. C) Layer thickness analysis of 12 histological slides. For all analyses, n=3 for each young/aged,
dorsal/ventral group. (Scale bar = 100 μm). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

2-photon images taken in the dermal layer as well as a depthdependent analysis of the collagen ﬁber orientation probability
distribution function, which were averaged among all samples.
Qualitatively, these data suggest that collagen ﬁbers are widely dispersed with a mean orientation in lateral direction (i.e., orthogonally to the cranial-caudal axis) and without signiﬁcant variation in depth (at least to the measured depth of ∼100–150μm)
(Fig. 2B). Similarly, Fig. 2C illustrates the same data collected in
the post-mortem, in situ conﬁguration, i.e., without excising the
tissue, but from different animals. Here again, qualitative observation suggests that collagen ﬁbers in situ have a mean distribution
in the lateral direction, are widely dispersed, and do not signiﬁcantly vary with depth. Statistically comparing the location parameter of the von Mises distribution for sample location, age, z-stack
depth, and in situ versus in vitro conﬁguration revealed a difference
only in location (p < 0.001). Speciﬁcally, we found that cranial dorsal samples have a mean direction larger than 90°, i.e., they are
oriented slightly in caudal direction, as opposed to all other regions. Statistical comparison between the concentration parameter
revealed, again, a difference in location (p < 0.01), but also a difference with depth (p < 0.001). Speciﬁcally, the concentration parameter decreases with depth, i.e., ﬁber orientations become more
dispersed.
Table 1 summarizes the location parameter μ
˜ and concentration parameter κ˜ for the in vitro and in situ conﬁgurations as a
function of location, age, region, and depth. Note, the von Mises
distribution parameters μ
˜ and κ˜ should not be confused with
the constitutive parameters of our Fung-type material law, μ and
κ . Moreover, please note that the concentration parameter is inversely related to the variance. Therefore, a decrease in the concentration parameter indicates an increase in variance.
Our methodology for the residual/prestrain analysis is summarized in Fig. 3A. We found that skin samples shrunk upon excision as quantiﬁed by Green-Lagrange strain. Strain appeared highly
region-dependent (p < 0.001). Speciﬁcally, we found that ventral
samples shrunk 11.4 ± 2.6% in the lateral direction and 9.0 ± 2.3%

in cranial-caudal direction in young mice and in the same directions by 14.5 ± 3.0% and 13.7 ± 2.8% in aged mice (Fig. 3B). Only
small differences as a function of direction or age were observed,
regardless of location, neither of which reached statistical signiﬁcance. Shear strains were negligibly small and less than 2% for all
groups. Fig. 3C illustrates strain induced via preloading to 50 mN.
We found that small preloads of 50 mN imposed impressively large
deformations on the skin samples before the beginning of the biaxial tests. In fact, Green-Lagrange strains due to preloading varied
between ∼20% and ∼90% depending on location (p < 0.005), age
(p = 0.52), and direction (p < 0.005).
Fig. 4A shows a representative skin sample in (i) the preloaded
in vitro conﬁguration, (ii) the loaded in vitro conﬁguration under
equibiaxial stretch, and (iii) the sample’s mechanical response. In
Fig. 4B, we report skin stiffness as the tangent moduli (i.e., the
slopes to the equibiaxial data) in the “toe-region” of the stressstretch curves and in “calf-region” at 0.03 MPa. Additionally, we
quantify curve shifts on the stretch axis by determining the stretch
at which the stress reached 0.03 MPa. We chose 0.03 MPa as the
stress that most samples reached during testing, excluding those
from analysis which would require data extrapolation. We found
that the toe-region stiffness signiﬁcantly varied between the lateral and cranial-caudal direction (p < 0.05), with skin being stiffer
in lateral direction, but found no difference with age or region.
In contrast, we did not ﬁnd any differences in the calf-region
stiffness with direction, age, or location. Finally, the stretch at
0.03 MPa was signiﬁcantly different in direction (p < 0.001) and location (p < 0.001), but not with age. Together, these results show
that murine skin stiffens at a smaller stretch in lateral direction
relative to the midline direction and on the dorsal side relative to
the ventral side. Note, while we did not demonstrate a main effect
of age in the in the stretch at 0.03 MPa (p = 0.094), we did identify
an age-induced increase on the ventral side in the cranial-caudal
direction (p < 0.005), which we included in Fig. 4B.
Fig. 5 illustrates the predicted equibiaxial constitutive behavior of murine skin based on the assumption of three different
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Fig. 2. 2-photon analysis of skin samples from young (12 weeks) and aged (52 weeks) mice reveal that collagen is widely distributed with the mean direction pointing
laterally. A) We excited second harmonic generation signals at 900 nm, which we epi-collected with a 460 ± 25 nm PMT ﬁlter at 0–150 μm depth. Using a plugin to NIH’s
ImageJ, OrientationJ, we derived orientation histograms for each depth and ﬁt a symmetric von Mises distribution to these data. Representative B) in vitro and C) in situ
images with average von Mises distributions throughout thickness for young and aged mice, for each location. Note, circular black regions in the 2-photon images are hair
follicles. For in situ and in vitro analyses, n = 3 for each young/aged, dorsal/ventral group. (Scale bar = 100 μm).

reference conﬁgurations, as per Eq. (1) (see Method Section 2.6).
Informed via off-biaxial and equibiaxial data, Fig. 5A depicts the
response of dorsal and ventral skin of young and aged mice assuming that the preloaded reference conﬁguration is stress-free,
i.e., F = F e (average root-mean-square error: 0.01 MPa). The curves
show the classic J-shaped trajectory of soft collagenous tissues. All
curves cluster, thus giving the impression of, at most, marginal
regionally- and age-dependent differences in the material response
of murine skin. Moreover, differences in the (i) lateral direction and
(ii) cranial-caudal direction, appear trivial. Instead, deﬁning the in
situ conﬁguration as the reference conﬁguration, i.e., F = F e F p F −r ,
Fig. 5B demonstrates the biaxial constitutive behavior of dorsal and
ventral skin of young and aged mice ignoring residual strain (average root-mean-square error: 0.01 MPa). Albeit qualitatively similar, the curves shift signiﬁcantly toward larger stretches in comparison to the curves in Fig. 5A. Furthermore, the curves begin
to spread along the stretch axis. Speciﬁcally, these curves demonstrate a larger shift in the stretch direction of the 52-week-old skin,
for both dorsal and ventral samples. That is, aged skin appears to
be more compliant than young skin when deformation is calculated relative to the unloaded in situ conﬁguration. Finally, Fig. 5C
depicts the constitutive behavior of murine skin, provided a truly
stress-free reference conﬁguration, i.e., with respect to the un-

loaded in vitro conﬁguration F = F e F p (average root-mean-square
error: 0.01 MPa). Naturally, in this scenario curves are shifted the
farthest to the right on the stretch-axis. Additionally, the spread
between curves increases further showing distinct behaviors of
murine skin in young and aged mice, where the aged skin has
shifted even farther to the right on the stretch axis suggesting that
aged skin is more compliant than young skin. The mean material
parameters for the Holzapfel material model of Eq. (1) are listed in
Table 2 as a function of region and age.
4. Discussion
Mice are the most widely used animal model for human related
disease research and are the model of choice for skin research. The
ability of skin to resist deformation is a critical component of its
functionality and increasing effort has been invested in characterizing the mechanical behavior of murine skin. However, our collective knowledge of mouse skin biomechanics shows some critical
gaps related to how murine skin behaves under directional stress.
Here we simultaneously investigated age-, regional-, and directiondependent characteristics of mouse skin mechanics and demonstrate the biaxial mechanical behavior of murine skin. Finally,
we quantiﬁed residual strain in mouse skin, which is critical to
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Table 1
Mean and concentration of von Mises distributions representing the collagen ﬁber orientations derived from 2-photon microscopy dependent on age, location, imaging
depth, and in vitro vs. in situ imaging.
In Vitro
Depth(μm)

0
10
20
30
40
50
60
70
80
90
100

12 Wks, Dorsal, Cranial

12 Wks, Dorsal, Caudal

12 Wks, Ventral

52 Wks, Dorsal, Cranial

52 Wks, Dorsal, Caudal

μ˜ (°)

κ˜ (-)

μ˜ (°)

κ˜ (-)

μ˜ (°)

κ˜ (-)

μ˜ (°)

κ˜ (-)

μ˜ (°)

κ˜ (-)

μ˜ (°)

52 Wks Ventral

86.3 ± 6.7
88.2 ± 9.4
88.6 ± 9.3
88.8 ± 9.4
89.9 ± 9.9
90.4 ± 9.8
90.7 ± 9.8
92.0 ± 10.0
91.3 ± 7.6
93.1 ± 7.1
93.5 ± 7.5

1.37 ± 0.23
1.68 ± 0.13
1.56 ± 0.09
1.40 ± 0.08
1.33 ± 0.09
1.35 ± 0.08
1.22 ± 0.08
1.09 ± 0.12
1.04 ± 0.16
1.09 ± 0.17
1.03 ± 0.16

74.8 ± 15.1
79.9 ± 20.1
80.8 ± 19.6
79.4 ± 18.2
80.7 ± 20.3
82.4 ± 18.4
82.6 ± 20.2
83.7 ± 19.5
84.8 ± 20.0
83.5 ± 19.3
84.3 ± 19.4

1.11 ± 0.38
1.37 ± 0.33
1.26 ± 0.28
1.26 ± 0.17
1.21 ± 0.12
1.16 ± 0.12
1.10 ± 0.10
1.11 ± 0.02
1.11 ± 0.02
1.07 ± 0.05
1.09 ± 0.06

88.8 ± 6.0
88.3 ± 6.9
89.0 ± 7.2
88.2 ± 7.0
88.5 ± 6.3
89.0 ± 6.5
88.2 ± 6.9
87.8 ± 7.1
87.6 ± 6.8
86.6 ± 6.4
87.6 ± 6.1

2.04 ± 0.25
1.78 ± 0.12
1.78 ± 0.13
1.69 ± 0.13
1.68 ± 0.13
1.62 ± 0.16
1.55 ± 0.16
1.55 ± 0.16
1.51 ± 0.18
1.50 ± 0.18
1.54 ± 0.22

88.1 ± 9.6
87.4 ± 10.5
89.7 ± 10.3
92.0 ± 10.7
93.8 ± 10.3
93.3 ± 9.8
93.4 ± 9.5
93.2 ± 10.0
91.9 ± 10.2
91.0 ± 10.2
91.8 ± 10.2

1.94 ± 0.31
1.75 ± 0.21
1.51 ± 0.21
1.44 ± 0.18
1.32 ± 0.15
1.33 ± 0.11
1.30 ± 0.08
1.36 ± 0.09
1.29 ± 0.09
1.29 ± 0.10
1.21 ± 0.12

87.3 ± 18.8
84.3 ± 16.1
86.6 ± 19.0
86.8 ± 20.1
86.2 ± 18.4
88.6 ± 20.1
87.2 ± 20.0
87.1 ± 19.7
87.8 ± 20.3
84.5 ± 16.1
83.4 ± 16.4

2.35 ± 1.04
1.87 ± 0.65
1.58 ± 0.47
1.41 ± 0.54
1.37 ± 0.50
1.32 ± 0.50
1.27 ± 0.50
1.23 ± 0.47
1.25 ± 0.51
1.22 ± 0.47
1.23 ± 0.48

83.2 ± 6.7
83.5 ± 6.5
83.4 ± 6.3
83.1 ± 6.4
82.9 ± 5.8
83.2 ± 6.3
82.7 ± 6.0
82.1 ± 6.1
81.6 ± 5.6
82.2 ± 5.3
81.0 ± 3.4

2.47 ± 0.36
2.07 ± 0.22
1.89 ± 0.20
1.81 ± 0.18
1.77 ± 0.20
1.68 ± 0.20
1.66 ± 0.17
1.64 ± 0.17
1.62 ± 0.17
1.69 ± 0.26
1.66 ± 0.23

85.0 ± 5.7
85.6 ± 6.2
87.3 ± 5.4
88.4 ± 6.1
89.8 ± 6.2
90.3 ± 6.7
90.4 ± 6.3
90.4 ± 6.5
90.4 ± 6.3
92.0 ± 6.0
91.5 ± 7.2

1.99 ± 0.46
1.85 ± 0.41
1.70 ± 0.42
1.68 ± 0.41
1.66 ± 0.35
1.71 ± 0.40
1.62 ± 0.39
1.56 ± 0.38
1.69 ± 0.49
1.78 ± 0.55
1.63 ± 0.44

82.1 ± 4.7
86.0 ± 6.8
84.4 ± 6.3
81.8 ± 5.8
79.4 ± 5.9
79.2 ± 6.1
79.4 ± 6.1
80.9 ± 7.1
79.0 ± 5.6
84.4 ± 7.1
83.3 ± 8.8

1.46 ± 0.23
1.47 ± 0.18
1.38 ± 0.20
1.29 ± 0.16
1.30 ± 0.21
1.23 ± 0.15
1.22 ± 0.16
1.18 ± 0.17
1.31 ± 0.17
1.24 ± 0.15
1.16 ± 0.19

85.4 ± 9.5
99.4 ± 9.6
83.9 ± 10.1
84.9 ± 9.1
84.9 ± 9.1
85.0 ± 9.1
84.7 ± 8.7
86.2 ± 8.4
86.2 ± 7.7
86.0 ± 7.6
80.2 ± 6.4

1.71 ± 0.27
1.63 ± 0.30
1.48 ± 0.23
1.48 ± 0.29
1.49 ± 0.30
1.39 ± 0.20
1.40 ± 0.18
1.33 ± 0.19
1.41 ± 0.20
1.39 ± 0.19
1.37 ± 0.16

97.3 ± 3.6
92.8 ± 5.0
92.4 ± 6.1
93.5 ± 5.7
94.1 ± 4.5
92.0 ± 6.4
90.9 ± 7.2
93.9 ± 4.5
92.8 ± 5.1
92.7 ± 5.4
94.5 ± 5.2

1.33 ± 0.27
1.21 ± 0.22
1.09 ± 0.18
1.03 ± 0.20
1.02 ± 0.21
1.03 ± 0.23
1.11 ± 0.21
1.11 ± 0.21
1.06 ± 0.22
1.08 ± 0.22
1.05 ± 0.22

86.7 ± 6.9
84.1 ± 6.2
82.6 ± 6.4
83.9 ± 7.0
85.4 ± 7.6
84.3 ± 7.9
86.2 ± 7.9
87.8 ± 8.2
86.2 ± 8.6
87.2 ± 8.3
86.0 ± 7.5

1.69 ± 0.32
1.52 ± 0.37
1.34 ± 0.27
1.09 ± 0.16
1.01 ± 0.15
0.98 ± 0.15
0.98 ± 0.14
1.05 ± 0.13
0.97 ± 0.15
1.05 ± 0.20
0.98 ± 0.20

81.1 ± 9.7
81.9 ± 8.3
83.2 ± 8.6
85.3 ± 8.6
86.5 ± 8.7
86.2 ± 9.0
85.1 ± 9.0
83.8 ± 8.7
87.3 ± 9.0
87.8 ± 8.7
86.5 ± 8.8

1.12 ± 0.13
1.15 ± 0.12
1.13 ± 0.12
1.11 ± 0.13
1.08 ± 0.11
0.99 ± 0.11
0.86 ± 0.11
0.85 ± 0.11
0.93 ± 0.10
0.86 ± 0.12
0.74 ± 0.12

κ˜ (-)

In Situ
0
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Cranial Caudal

A

Lateral

unloaded in vitro
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Fig. 3. Residual strain and pre-strain analysis of dorsal and ventral skin samples from young (12 weeks) and aged (52 weeks) mice reveal that ventral mouse skin is under
residual strain in situ. (A) We stamped skin regions in situ (“unloaded in situ conﬁguration”) before excising them and photographing them ﬂoating on 1x PBS (“unloaded in
vitro conﬁguration”) and after applying 50 mN of equibiaxial preload (“preloaded in vitro conﬁguration”). Note, samples were photographed within minutes from excisions.
Using a large deformation kinematic approach, we computed the respective deformation gradients to compute Green-Lagrange strain between each conﬁguration. (B) GreenLagrange strain between the unloaded in vitro conﬁguration and unloaded in situ conﬁguration, i.e., residual strain. (C) Green-Lagrange strain between the unloaded in vitro
conﬁguration and preloaded in vitro conﬁguration, i.e., prestrain. For residual strain and pre-strain analysis, n = 13 for each young/aged, dorsal/ventral group.
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Fig. 4. Biaxial skin mechanics show differences in tangent modulus with direction (at 0.03 MPa) and demonstrate that mouse skin becomes more compliant with age on the
ventral side. (A) A representative skin sample in the (i) unloaded in vitro conﬁguration, the (ii) equibiaxially loaded in vitro conﬁguration, and (iii) the mechanical response
of a representative skin sample in the lateral direction to equibiaxial loading. (B) (i)Toe-region stiffness, (ii) calf-region stiffness, and (iii) stretch at 0.03 MPa as they vary
with direction, region, and age. For these analyses, only samples which reached 0.03 MPa were included: Young Dorsal n = 10, Young Ventral n = 7, Aged Dorsal n = 7, Aged
Ventral n = 4.
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Fig. 5. Constitutive response (mean ± standard error) of dorsal and ventral skin samples from young (12 weeks) and aged (52 weeks) mice signiﬁcantly varies depending on
the choice of reference conﬁgurations. (A) Response to equibiaxial loading based on the preloaded in vitro reference conﬁguration in (i) lateral direction and (ii) cranial-caudal
direction. (B) Response to equibiaxial loading based on the unloaded in situ reference conﬁguration in (i) lateral direction and (ii) cranial-caudal direction. (C) Response to
equibiaxial loading based on the unloaded in vitro reference conﬁguration in (i) lateral direction and (ii) cranial-caudal direction. For these analyses: Young Dorsal n = 11,
Young Ventral n = 7, Aged Dorsal n = 9, Aged Ventral n = 10. Note, while only the constitutive response to equibiaxial data is shown, these ﬁts where informed by all biaxial
protocols, including off-biaxial protocols.
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Table 2
Mean material parameters for the Holzapfel material model [34] for young and aged mice, for both regions, and all three reference conﬁgurations. These parameters were
determined via simultaneous ﬁts to the down-strokes of the ﬁfth equi- and off-biaxial loading cycles. For these analyses: Young Dorsal n = 11, Young Ventral n = 7, Aged
Dorsal n = 9, Aged Ventral n = 10.
Preloaded In Vitro Conﬁguration

Young Dorsal
Young Ventral
Aged Dorsal
Aged Ventral

μ (MPa)

k1(MPa)

k2 (-)

α (°)

κ (-)

RMSE (MPa)

3.89e-03 ± 4.70e-03
2.92e-03 ± 3.63e-03
5.93e-03 ± 5.93e-03
6.19e-03 ± 4.57e-03

4.87e-01 ± 5.54e-01
2.02e-01 ± 1.28e-01
3.51e-01 ± 4.11e-01
1.73e-01 ± 1.57e-01

94.01 ± 76.00
100.80 ± 87.12
110.84 ± 89.29
96.59 ± 63.12

82.13 ± 49.54
82.01 ± 35.45
110.00 ± 70.66
98.12 ± 50.86

0.26 ± 0.08
0.23 ± 0.08
0.28 ± 0.06
0.27 ± 0.04

0.012 ± 0.008
0.011 ± 0.011
0.009 ± 0.010
0.006 ± 0.004

Unloaded In Vivo Conﬁguration
Young Dorsal
Young Ventral
Aged Dorsal
Aged Ventral

8.57e-04 ± 1.24e-03
5.43e-04 ± 7.93e-04
2.06e-03 ± 1.93e-03
1.13e-03 ± 1.87e-03

2.03e-02 ± 1.59e-02
1.88e-02 ± 1.85e-02
1.17e-02 ± 2.21e-02
2.25e-02 ± 1.67e-02

13.27 ± 6.03
15.32 ± 7.26
8.71 ± 5.18
8.31 ± 5.19

76.20 ± 52.85
102.86 ± 31.49
74.47 ± 41.69
80.32 ± 43.30

0.29 ± 0.05
0.28 ± 0.03
0.27 ± 0.10
0.30 ± 0.04

0.012 ± 0.007
0.010 ± 0.010
0.010 ± 0.010
0.007 ± 0.004

1.78e-02 ± 1.64e-02
2.39e-03 ± 3.09e-03
1.49e-02 ± 1.12e-02
7.79e-03 ± 1.24e-02

11.13 ± 4.12
3.74 ± 1.55
5.94 ± 3.90
2.08 ± 1.68

81.82 ± 25.87
94.60 ± 11.26
110.00 ± 66.33
99.01 ± 42.50

0.29 ± 0.06
0.18 ± 0.08
0.31 ± 0.02
0.27 ± 0.06

0.013 ± 0.008
0.010 ± 0.010
0.011 ± 0.010
0.007 ± 0.004

Unloaded In Vitro Conﬁguration
Young Dorsal
Young Ventral
Aged Dorsal
Aged Ventral

6.82e-04 ± 1.01e-03
4.04e-04 ± 4.46e-04
1.64e-03 ± 1.68e-03
3.19e-04 ± 3.21e-04

accurate models of mouse skin mechanics, and may be an important mechanical marker of skin health.

in Lynch et al.’s study. Future studies will extend our analysis to
mice of older age.

4.1. The effect of age

4.2. Heterogeneity

Comparing animals in early (12 weeks) and late adulthood
(52 weeks) we found that the composition, microstructural organization, and general mechanics of murine skin were, at most,
marginally changed during normal aging. We found that as mice
age, the dermis becomes thinner and the hypodermis increases
its adipose fraction on the ventral side. A deeper analysis using
2-photon microscopy showed marginal changes in the microstructural organization of collagen. Although the mean ﬁber direction
signiﬁcantly shifted in some regions, those changes were minimal and are unlikely of mechanical signiﬁcance. While our limited
analysis of collagen content revealed no changes in collagen density between young and aged mice, total collagen content (as the
product of dermal thickness and collagen area fraction) decreased
with age. With respect to stiffness, there appears to be no agreed
upon deﬁnition of stiffness to describe the mechanical behavior of
mouse skin. While stiffness in general denotes some relationship
between stress and strain, there is no one stiffness value that can
suﬃciently describe a non-linear material such as skin. Hence, a
tangent modulus, i.e., a stiffness for a given strain or stretch, may
be the best option for reducing an analysis to one single metric.
The only other publication on the mechanical properties of aging murine skin reports stiffness values as the tangent modulus
to the “linear portion” of a uniaxial stress-strain curve [9]. However, this study did not report the stretch at which this modulus was computed. Moreover, their reference conﬁguration was deﬁned as the stretch at which no further vertical displacement of
their sample was observed under the 2-photon microscope, which
is diﬃcult to reproduce. Finally, Lynch et al. did not precondition
their skin samples. Lack of these data makes a quantitative comparison with our data diﬃcult. However, it appears that our data
qualitatively agree with their ﬁndings and they also report an ageinduced increase in the stretch at which they observed the tissue’s “toe-region”, i.e., with age the stress-stretch curves shifted
toward larger stretch suggesting that skin becomes more compliant. In contrast to Lynch et al., however, we found that our tangent
modulus at 0.03 MPa didn’t increase with age. Differences may be
due to any of above limitations of their study. Overall, marginal
changes between young and aged mice are likely due to our “old”
mice only being 52 weeks old as opposed to, say 60–80 weeks, as

All previous studies of mouse skin have focused on either dorsal skin samples [9,17,35,36], or ventral skin samples [18], but not
both. The only exceptions are studies by Karimi et al., who omitted any discussion on variations in skin behavior between the two
regions [22], and Seifert et al., whose analysis focused on work to
fracture [37]. In this study, we found that murine skin properties
do vary by anatomic locations. Although skin composition did not
vary between the dorsal and ventral side in young mice, age induced a marked difference between the two locations in dermal
thickness and adipose deposition. While we found that concentration of collagen orientation varied between the dorsal and the
ventral side, as do the mean ﬁber directions, those changes were
small and are unlikely to affect the mechanical behavior of the
skin. In addition to age-related alterations in skin layer thickness,
we also found that residual strain varied by location such that ventral skin is subject to signiﬁcant residual strain, while dorsal skin
is not. Finally, we found the mechanical response of murine skin
had an earlier stiffening point (i.e., toe-region) in the dorsal versus
ventral region. Although, it is unclear what causes these mechanical differences between the dorsal and the ventral skin samples,
it may be hypothesized that they are functionally related to differences in dynamic range during daily use (i.e., ventral skin may undergo larger deformations and may thus have adapted accordingly).
Note, in addition to heterogeneity between skin regions, there may
also be heterogeneity within samples. In our current work, we collect samples of small dimensions (8 × 8 mm) to minimize withinsample variation. However, future studies may combine spatiallyresolved strain maps with inverse analyses to correlate variations
in tissue composition and structure with changes in mechanical
properties. Such ﬁndings may reveal the structure-function relationship of skin at a sub-millimeter scale.
4.3. Anisotropy
Skin is famously anisotropic with Langer having meticulously
mapped out the axes of skin anisotropy across the whole human
body [38]. Mouse skin, just like human skin, was previously shown
to be mechanically anisotropic [8]. It is understood that the direction of highest stiffness in soft collagenous tissues is determined
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by the mean ﬁber direction of the tissue’s extracellular matrix [39].
Our data support this understanding with 2-photon-derived collagen orientation probability functions showing means that coincide
with directions of higher toe-region and calf-region stiffness. We
would like to note, however, that collagen ﬁbers in our study were
broadly distributed with large variances, a ﬁnding that renders the
idea of perfectly “aligned” ﬁbers an oversimpliﬁcation.
4.4. Residual strain & reference conﬁguration
Residual strain is a known phenomenon in many engineering
materials, but most characteristic for living materials [40–42]. Fung
et al. famously performed opening angle experiments on segments
of the aorta [43]. Since then, residual strains have been demonstrated in many other tissues. They are characterized by their presence despite the absence of external forces. Human skin is known
for its demonstration of residual strain [44,45]. However, residual
strains have never been demonstrated in murine skin. Indication of
residual strain may be an indicator of tissue health and thus it is
important to understand if it occurs in particular tissues. Speciﬁcally, residual strains likely arise from deposition of collagen at a
prestretch by ﬁbroblasts and thus this measure may be a surrogate for a healthy matrix turnover which in turn indicates an equilibrated mechanobiological balance of resident skin cells [25,26].
Additionally, residual strains markedly alter the mechanical behavior of soft tissues, largely owing to the multiplicative nature of the
deformation gradient under large deformation. Thus, even small
amounts of residual strain can, when omitted, result in drastically
erroneous predictions. For example, we found residual strains, predominantly in ventral skin samples, on the order of ∼10% which
can result in errors of the same magnitude if omitted. Interestingly, we did not observe any gross microstructural differences between the dorsal and ventral side that would explain the absence
and presence of residual strain in the respective samples. Future
studies that include analyses of ﬁber crimp and ﬁber-matrix coupling may be able to explain our observations.
4.5. Constitutive model
This is the ﬁrst study to have biaxially informed a material law
for mouse skin. Although others have studied mouse skin in various directions using repeated uniaxial tensile tests, those tests do
not excite the biaxial coupling modes of skin and can thus not
replace actual biaxial tests. To this end, we chose a Fung-type,
invariant-based, hyperelastic material law suggested and popularized by Gasser et al. [34]. Among the advantages of this law are (i)
its applicability to large deformations and compatibility with the
ﬁnite element framework, (ii) its microstructural motivation and
thus the possibility of interpreting its material constants in a nonphenomenological manner, (iii) its implementation in most commercial and non-commercial ﬁnite element packages, and (iv) its
consistently good ﬁts to the J-shaped material behavior observed
in all collagenous soft tissues.
Interestingly, the material parameters identiﬁed for the
Holzapfel model indeed reﬂect the microstructural information as
observed via 2-photon analysis. Speciﬁcally, α and κ , the mean
ﬁber angle and the ﬁber dispersion parameter of the Holzapfel
model, reﬂect the location parameter and concentration parameter of the von Mises distributions describing the collagen orientation as measured via 2-photon microscopy. While at ﬁrst this
may not appear surprising, it implies i) an inherent consistency
between the microstructural data and the force data that informed
the constitutive ﬁt, and ii) that the constitutive model as suggested
by Holzapfel et al. indeed allows for a microstructural interpretation of its parameters. The latter point dictates a superiority of this
model over other, more phenomenological ones.
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In our current work, we chose to model skin samples as a homogenous membrane. In fact, skin is a multi-layered structured as
revealed in our histological data. Therefore, future studies may attempt to separate skin layers and test their histomechanics individually toward layered models of murine mouse skin.
We are reporting the mean material parameters for all groups
and for all reference conﬁgurations. Thus, when using our material parameters to model murine skin, the modeler can choose to
impose our reported residual strains in the unloaded in situ conﬁguration and subsequently use the material parameters as reported
for the unloaded in vitro conﬁguration. Alternatively, the modeler
can choose to model mouse skin as stress-free in the unloaded in
situ conﬁguration and use our material parameters as determined
using the unloaded in situ conﬁguration as the reference.
4.6. Relationship between murine and human skin
Mice are the most common model for human skin disease. For
example, mouse models have been used to study basic wound
healing biology, hypertrophic scarring, and chronic wounds [46–
49]. The use of murine skin models is motivated by a common
skin structure. Skin in both species consists of a superﬁcial epithelial layer (epidermis), a connective tissue layer beneath it (dermis), and a subcutaneous fatty layer (hypodermis). However, there
are also signiﬁcant differences between murine skin and human
skin [49]. Murine skin has a subcutaneous layer of skeletal muscle called the panniculus carnosus which is not present in humans
with few focal exceptions. The panniculus carnosus is apparent as
mouse skin is loose, i.e., unattached from underlying tissues, unlike
in humans. This anatomical difference impacts the wound healing
response. Murine wounds heal primarily by contraction, whereas
human skin healing is driven by granulation tissue remodeling and
re-epithelialization. Additionally, mice do not have rete ridges at
the interface between epidermis and dermis whereas humans do.
Mouse skin is also thinner and more compliant with respect to human skin. Also, mouse skin has a high hair density with a 3-week
hair cycle, whereas human skin hair density is highly variable between individual and depends on anatomical location. Differences
in follicle density should be considered before extrapolating information on skin from mice to human. Finally, we found that Movat’s
Pentachrome staining (data not shown) revealed little to no elastin
staining in either young or aged skin samples. As elastin effects the
elastic recoil of skin, it may be critical to investigate in the future
to what degree elastin content differs between murine and human
skin and how a possible discrepancy may affect mouse skin as a
mechanical model for human skin [50].
Anatomic similarities between human and murine skin lead to
similarities in mechanical properties [8]. Mechanical testing of human skin has revealed characteristic features of collagenous soft
tissues, demonstrating anisotropy and nonlinear behavior that can
be captured with microstructurally-based strain energy functions
[6,51–54]. We and others have shown that murine skin behaves
similarly. While it is possible that anatomical and structural differences between murine and human skin can lead to speciﬁc differences in mechanics, this remains to be studied in detail. For
instance, the hair cycle has been shown to alter hypodermis thickness, but its effect on mechanical properties has not been resolved
[20].
In humans, age induces thinning of the dermis and increases
skin laxity as compared to young adults [55,56]. Both results are
congruent with our results of aged murine skin. In humans, age
also induces changes in tissue stiffness, notwithstanding the concept of stiffness is rather vague for a nonlinear material. For instance, a vast collection of suction test data suggests that older
adults have stiffer skin [57], which aligns with previous work on
murine skin [9]. However, in the current study, we don’t ﬁnd the
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same trend, although we do observe a shift of the stress-strain behavior of murine skin toward larger strains. Therefore, reports of
stiffening or softening of skin with aging must be further studied,
both for murine and human skin, under the premise of using more
detailed, nonlinearly sensitive metrics for “stiffness”.
4.7. Limitations
We see the largest limitation of our study in the use of 52
week-old mice as representative for old age. As pointed out in
Section 4.1, Lynch et al. used 60–80 week-old mice and reported
signiﬁcantly stiffer behavior of the skin in terms of the tangent
modulus. Thus, the reader may be warned that our data is representative for post-reproductive, late-adulthood rather than old
age, which is why we refer to the older group as “aged” throughout the manuscript. Moreover, we computed collagen content as
a function of region and age using histology-based area fractions.
Of course, this approach is limited to a two-dimensional analysis
and thus is insensitive to three-dimensional variations. Therefore,
our inability to demonstrate differences in collagen content with
region and age, may, at least in part, also be related to this limitation. Additionally, our 2-photon analysis is limited to a depth of
∼100 μm, at which point our SHG signal diminished. In the future,
we plan on performing optical clearing to increase the penetration
depth. However, given the clear trend toward depth-independence
of the SHG signal, we doubt that there would be drastic changes
at deeper tissue levels. Also, by reporting tissue stress as force divided by current area, we implicitly assumed that skin is homogeneous throughout its thickness. Given the layered structure of
skin this is only an approximation. However, given that the dermis
occupies most of the tissue’s cross-section, this homogenization is
a good approximation of the stress state for most of the tissue.
Lastly, we used a depilatory agent to remove hair from the mouse
skin. While we minimize exposure time and use an FDA-approved
agent, there is a potential risk that it may alter skin properties
slightly.
4.8. Conclusions
In this current work, we present a comprehensive study on
murine skin mechanics. Combining histology, 2-photon microscopy,
and detailed biaxial mechanical tests, we delineate regional-, age-,
and directionally-dependent structural, microstructural, and stressstrain responses of mouse skin. Moreover, we cast the mechanical
behavior of mouse skin into a versatile constitutive law. In detail,
we re-conﬁrm that mouse skin shows the classic J-shaped constitutive behavior of all collagenous soft tissues, that it is anisotropic
with the predominant direction being lateral, which is explained
by the microstructural organization of its extracellular matrix, and
that it shows signiﬁcant variations between the ventral and dorsal
side. Additionally, we found that skin is under signiﬁcant residual
strain, albeit, mostly on the ventral side. Importantly, we ﬁnd that
inclusion of residual strains in the mechanical analysis of mouse
skin signiﬁcantly alters the stress-strain curves and should always
be considered in models. Lastly, we found that the skin of mice at
52 weeks, representative for late adulthood, shows only marginal
differences to the skin of young mice. Structurally, aged skin becomes thinner and fattier. Mechanically, aged skin’s stress-strain
curve shifts toward larger strains, i.e., becomes more compliant,
but the tangent modulus at a stretch representative of calf-region
of the stress-strain curve does not change signiﬁcantly. In conclusion, our study ﬁlls signiﬁcant gaps in our knowledge of mouse
skin. Besides adding to our basic biomechanical understanding of
mouse skin, our data will be valuable as baseline data for future
studies on genetically modiﬁed animals or other strains and provides critical data toward accurate models of mouse skin.
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