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Abstract

Human skin is a soft tissue behaving as an anisotropic material. The anisotropy emerges from the
alignment of collagen fibers in the dermis, which causes the skin to exhibit greater stiffness in a
certain direction, known as Langer’s line. The importance of determining this anisotropy axis lies
in assisting surgeons in making incisions that do not produce undesirable scars. In this paper, we
introduce an open-source numerical framework, MARSAC (Multi-Axial Ring Suction for Anistotropy
Characterization: https://github.com/aflahelouneg/MARSAC), adapted to a commercial device
CutiScan CS 100® that applies a suction load on an annular section, causing a multi-axial stretch in
the central zone, where in-plane displacements are captured by a camera. The presented framework
receives inputs from a video file and converts them into displacement fields through Digital Image
Correlation (DIC) technique. From the latter and based on an analytical model, the method assesses the
anisotropic material parameters of human skin: Langer’s line ¢, and the elastic moduli £ and E; along
the principal axes, providing that the Poisson’s ratio is fixed. The pipeline was applied to a public data
repository, https://search-data.ubfc.fr/femto/FR-18008901306731-2021-08-25_In-viv
o-skin-anisotropy-dataset-for-a-young-man.html, containing 30 test series performed on a
forearm of a Caucasian subject. As a result, the identified parameter averages, ¢ = 40.9 + 8.2° and the
anisotropy ratio £,/E| = 3.14 + 1.60, were in accordance with the literature. The intra-subject analysis
showed a reliable assessment of ¢ and E;. As skin anisotropy varies from site to site and from subject
to subject, the novelty of the method consists in (i) an optimal utilization of CutiScan CS 100® probe to
measure the Langer’s line accurately and rapidly on small areas with a minimum diameter of 14 mm,
(ii) validation of an analytical model based on deformation ellipticity.
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1 Introduction

It is essential to study the mechanics of the skin since its behavior under different loads is linked to
several skin developments and regeneration dysfunctions in both cellular and tissular scales, including
wound healing and scar formation [1,/2]. A thorough in vivo analysis of the mechanisms underlying
these phenomena combined with clinical trial data may help develop novel therapeutic strategies. The
skin, considered a soft tissue, is composed of three primary layers: the epidermis, the dermis, and the
hypodermis. Each layer is made of several components. The methodology followed to characterize the
mechanical properties of the skin lies in essential steps ordered as follows, measurement, modeling, and
parameter identification. There are no general standards for measuring human skin’s elasticity in vivo.
The choice of methods and materials depends on the targeted material parameters and site accessibility.
The epidermis, a superficial layer of the skin, has a thickness of approximately 75-150 um [J3] and is
composed principally of flattened cells that overlie a base sublayer consisting of columnar cells arranged
perpendicularly. The dermis, which has a thickness of 0.87-2.65 mm (combined with the epidermis) [4],
is a dense connective tissue consisting of fibrous proteins, collagen, and elastin. Procedures used for in
vivo testing of the skin include tensile, suction, indentation, and torsion. The mechanical behavior of
the dermis, believed to dominate the mechanics of the skin, is dictated by elastin fibers at small strains
and stress and by collagen fibers at large strains [5]].

The third layer is the hypodermis, a fatty tissue composed mainly of adipose cells. Its thickness varies
all over the body and functions as an insulator, constituting about 10% of the body mass [6]]. In in vivo
extension tests, the skin is stretched parallel to its surface. The load can be uni-axial [[7H19], bi-axial [|20]]
or multi-axial [21H24]]. This experiment quantifies the skin’s stiffness and the elastic parameters along the
stretched direction(s). Those parameters can also be assessed through other techniques, suction [25H31]],
indentation [30,[3236]], and torsion [8,[37H39]]. The mechanical response of human skin undergoing
large deformation exhibits a J-shaped stress-strain curve comprising at least two different regimes. Their
respective tangents represent skin stiffness, commonly introduced as the elastic moduli. Their identified
values in the earlier cited studies range from 1 kPa to 57 MPa [40-42]]. This high variability is due to
the choice of the hypotheses involved in developing theoretical models to determine elastic properties.
Every model was built to mimic one or many aspects, such as viscoelasticity, hyperelasticity, anisotropy,
multi-layer scaling, efc. Using a complex model with all the biomechanical aspects is computationally
and mathematically challenging [43|] and makes the model prone to overfitting.

In the light of recent studies about the mechanical characterization of bi-material keloid-skin [[19,44,45],
we address the anisotropic characteristics of the healthy skin surrounding the keloid scar. It has been
asserted in [46,/47] that during the skin wound healing process, a mechanical stretch field develops in
the wound plane. Also, quantitative measurements by laser light scattering showed that the collagen
fibers are oriented along the direction of the major contraction vector of the wound rather than quasi-
randomly oriented [48]]. According to Hendriks [49], the biomechanical properties determined from
testing the whole skin are seemingly driven by the dermal collagen [[50] since those collagen fibers are
the main constituent of the dermis (77% of the fat-free dry weight) running almost parallel with the
skin surface [51]]. The density distribution of collagen fibers shows a preferential direction of lower
extensibility correlated with Langer’s lines [[52,/53] in numerous studies [[54-59]]. Therefore, it is vital
to identify, in vivo, the privileged direction of the collagen bundles in order to prevent the formation of
undesired scars after incision [[60,/61]].

The anisotropy of the skin has been characterized in vivo through different non-invasive methods in



the last decades, with optical approaches [62,/63]], elastography [64,/65]], suction tests [66,67], and
multi-axial tests [[13}/16,/17,[22,[23.|55,/6871]]. The latter method is in the form of multiple simple tensile
tests carried out in many directions. This method seems to be the most reliable as the deformations
are in-plane, corresponding to the alignment of collagen fibers parallel to the dermis layer. However, it
has several drawbacks. Conducting multiple tests to obtain a load—extension curve in each direction is
time-consuming. Conversely, reducing the number of angles with which the direction of the minimum
extensibility can be defined will affect the accuracy [72].

A novel technique was recently used to investigate the anisotropy of soft tissue in all directions simulta-
neously, continuously, and locally. By applying a suction load within an annular surface, the central zone
is subjected to multi-axial stretch. The preferential direction of collagen fibers is precisely quantified
from the resulting full-field displacements. For that purpose, Laiacona et al. [24] have developed a
home-made device with negative pressure of 170 mbar and inner and outer diameters, respectively,
30 mm and 49 mm. A commercial device CutiScan® CS 1() utilized in [73+78]], has been introduced
in the market by Courage + Khazaka electronic GmbH, with an inner diameter of 5 mm (respectively
outer diameter of 14 mm), granting measurement of multi-axial stretch on a small region, such as the
earlobe [77]].

Although the CutiScan device is reliable and promising [78], its original software has some limitations,
as reported in [[77]. Indeed, the angle of the minimum displacement (equivalent to Langer’s line) is
given in the associated software, but access to the data of the displacement full-field is not provided.
Furthermore, the anisotropy axis is hard to estimate as the displacement field shows a symmetry axis
barely. And the displacement values given in pixels are multiplied by an unknown factor, which makes
it unable to convert the displacements into millimeters to assess the strains. Thus, we had the motivation
to adapt the Device’s output treatment according to our research context and popularize it through this

article.

In this work, we present an open-source methodology to identify the privileged direction of collagen
fibers in the skin from a multi-axial ring suction test performed by the CutiScan® CS 100 probe.
The displacement fields are computed via the DIC technique starting from a video file recorded by
the commercial device and divided into frames. From a field matching the quasi-static configuration,
displacement data are gathered on a specific circle and fitted with an analytical orthotropic linear model.
The anisotropy direction and the elastic material parameters are identified through an optimization
method. We present the application of this numerical pipeling? on a latex material and the forearm of
a 28-years-old Caucasian volunteer, whose public dataset [*| was described in the data paper [[79]. The
reader can refer to the repository https://figshare.com/s/0£3612238200cc981b27 [80] to

reproduce the results of the paper.

thttps://www.courage-Kkhazaka.de/en/scientific-products/efficacy-tests/skin?view=article&id=
179&catid=16

2https://github.com/aflahelouneg/MARSAC/

3http://dx.doi.org/doi:10.25666/DATAOSU-2021-08-25
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2 Material and methods

2.1 Experiments

2.1.1 Multi-axial ring suction test

The in vivo experimental design used to characterize the anisotropic behavior of human skin in the present
study is built around the commercial apparatus CutiScan® CS 100 (referenced CutiScan® thereafter),
developed by Courage + Khazaka electronic GmbH. It comprises two main parts (Fig. [T): a suction
probe and a central device. The probe is equipped with a black-and-white CCD camera (charge-coupled
device), including UV light (Fig.[2a). It applies a constant negative pressure p within an annular ring
area (inner diameter 5 mm and outer diameter 14 mm) to draw a uniformly soft layer for a predefined
phase fcreep (Fig. |7_5[) A double-sided adhesive prevents sliding between the probe and the skin surface.
Then, the pressure is completely and instantaneously released during another phase #j,x. For the whole
creep-relaxation cycle, the in-plane displacement of the material studied is recorded with a uEye®
camera inside a zone of interest (ZOI) of 5 mm diameter.

Figure 1: CutiScan® CS 100.

The negative pressure is supplied from the central device, where the vacuum pump is installed. The
user can set the nominal pressure p € [100; 500] mbar, suction time fcreep € [1;3] s, relaxation time
trelax € [153] 8, and fgangny € [1;10] s. The latter is the waiting time between a pre-cycle and the
principal recorded cycle. The pre-cycle can be skipped if unnecessary deformations are not desired (soft
materials may take longer to recover their initial configuration due to viscous effects). However, we
recommend maintaining the pre-cycle to regulate brightness inside the probe. To minimize unnecessary
tensions, we set fereep = 1 8 and trejax = 1 s in the pre-cycle, then fganapy = 10 s. Whilst in the principal
cycle, tereep = 3 'S, and frelax = 3 8.

2.1.2 Displacement field measurement

A closed-source framework is provided with the device to convert the videos into steady displace-
ment plots for every 360 angle through the DIC. However, the exact position of the point where
the displacement-time curve is built is unknown, and the user has no access to the full-field data.
To overcome this limitation, an open-source Python-based program, PyDIC [81]], has been adapted
(https://github.com/aflahelouneg/MARSAC/blob/main/pydic.py) to split the recorded
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Figure 2: (a) A cross-sectional view through a CAD model of the probe. The suction fits the circular opening
between the blue plastic part and the yellow aluminum reflector. The UV light is emitted from the purple rectangles
distributed around the camera lens in the center. Permission was granted from Courage + Khazaka GmbH to
publish the drawing. (b) Suction probe cross-section [77]. The aspiration uniformly applied between the cone
and the wall results in a multi-axial extension of the soft layer.

video extracted from the commercial software into frames and compute the displacement vectors at the
mapped nodes. The Lucas-Kanade method was employed to track motions [82]. The DIC technique
in this framework is implemented based on OpenCV (Computer Vision), a graphic open-source Python
library [83]. On the basis of a calibration study, the correlation parameters, grid resolution, and correla-
tion window size were fixed to be 20 pixels and 40 pixels, respectively. The coordinate grid is mapped
with 49 x 49 nodes (Fig. [3).

2.1.3 Reference material

The validation of the method was carried out on the basis of a calibration study, where we checked
the presented method’s ability to characterize the soft materials reliably. Thus, a thin homogeneous
layer of rubber latex of 220-pm thickness was subjected a the multi-axial ring suction test at constant
pressure p = 300 mbar. From the recorded video of 6 s, 81 frames were extracted and converted into
displacement fields. We retained only the frame corresponding to the quasi-static configuration at the
end of the creep phase (around 3 s). The output displacement field was expected to be purely radial. In a
parallel experiment, by means of the uni-axial tensile test, 3 rectangular samples of the same latex tissue
were cut out along the directions 0°,45°, and 90°. By calculating the initial tangent of the stress-stretch
curve, one may obtain the elastic modulus Ejyex = 2.7 +£0.42 MPa. The results from the multi-axial and
uni-axial experiments were combined to calibrate a linear orthotropic elastic model in Section [3.2.1}

2.1.4 Subject forearm test

30 series of multi-axial ring suction tests were conducted on the volar left forearm of a 28-years-old
Caucasian male (Fig.[5), following the principles outlined in the Helsinki Declaration of 1975, as revised



Figure 3: DIC coordinate grid in the initial configuration.

(a) Initial configuration (b) Deformed configuration (c¢) Observable zone

Figure 4: Ring suction operation performed on a latex tissue: (a) Bottom view before loading; (b) Bottom
view after loading; (c) Top view of the observable zone obtained by the camera before loading. In the central
observable zone (1), the UV camera captures the displacement of the stretched layer subjected to suction applied
to the annular zone (2). A double-sided annular sticker was settled on the annular zone (3).



in 2000. The site has been chosen for its flatness and easy access. The measured area is located at a
distance of 15 cm from the wrist. The epidermis-dermis layer has a thickness of th, = 1.47 mm and
was quantified by ultrasound echography. A single series consists of 21 cycles with pressure set-point
values varying from 100 mbar to 500 mbar with a step of 20 mbar. A delay of 2 minutes was arbitrarily
set between each complete suction cycle by considering that a weak load has a non-significant impact
on skin conditioning. It is a common practice in dermatology that a waiting period between successive
loadings is brief. In Takema et al.’s study [84]], the relaxation period was 2 seconds for 3 pressure levels,
200, 300, and 400 mbar, with a Cutometer device. In addition, the CutiScan® applies a pre-load cycle
of 10 s before each recordable load cycle, making the influence of the delay period less significant.

The video files recorded with CutiScan® software were stored as primary data in a public repository
https://search-data.ubfc.fr/femto/FR-18008901306731-2021-08-25_In-vivo-skin-a
nisotropy-dataset-for-a-young-man.html) and from which displacement fields were computed
as secondary data using our numerical DIC tool. The latter is available in the same repository, as
well as Python codes used to generate them (for more technical details about the experiment, see data

paper [79]).

Figure 5: Experimental set-up of the ring suction test performed on the volar forearm and illustration of
displacement field vectors. Source: Obtained by DIC method [79].

As the present study focuses on the characterization of the anisotropy in healthy skin independently
of viscoelastic effects, a data pre-selection was done. The displacement field resulting from the frame
captured at the quasi-static state was selected for a pressure p = 300 mbar. According to the observations,
the results are more reproducible at that pressure level. The mean displacement over 30 tests is then
computed at every node of the DIC coordinate grid. As a result, the mean-displacement field will be

used as one set of data for the primary analysis.
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2.2 Modeling

2.2.1 Problem description

The annular suction test can be modeled as a simplified 2D problem with Neumann boundary conditions
characterized by radial traction force ¢ applied to the external frontier and locking conditions (or zero
displacements) at the center of the domain to avoid rigid body displacements (Fig. [6a). The Cartesian
basis {e1, e, } (with Cartesian coordinates x; and x,) on which the model is built is not to be confused with
the basis {e], €}} used for the experimental displacement fields. They differ by an angle ¢ = (e, e1),
representing the orientation of the Langer’s line (Fig. [7).

We assume in our approach that:
* The considered problem can be treated by plane stress conditions in the (x;,x,) plane.
* The friction effects between the skin and CutiScan® probe are not considered (Fig. .

* A uniform in-plane radial stress o taking place over all the observable zone is linearly correlated
with the supplied negative pressure.

* The skin within the observable zone is subjected to small strains and behaves as a linear orthotropic
material.

Radial traction ¢ force

e4b) Reduced problem

Prescribed
displacement
u(0,0) = {0, 0}"

(a) Global problem

Figure 6: Boundary conditions of the global (a) and reduced (b) problems.

Consider the deformable body occupying a disk corresponding to the observable zone defined by Cuti-
Scan® (Fig. @) Knowing that the axes (x; = 0) and (x, = 0) are symmetry axes from geometrical and
material points of view, only a quarter of the problem is taken into account. The external boundary d€2
of the domain Q (a quarter of disk) can be split into a Dirichlet part 9€2p and a Neumann part dQy such
as 0Q = 0Qp U 0Q and 9Qp N dQN = 0 (Fig. [6b).



Similarly, as in [|85]], the local formulation of the static problem consists in finding the tensor fields of
displacements u, strains & and stresses o which satisfy the following equations:

V.-oco=0 inQ
o-n=0,n onoQn

Lt](O,)Cz):O and Ltz(X],O):O OHBQD (1)
1 T

S—E(Vu+V u)

oco=C:¢

In the absence of body forces, Eq. (Th) stands for the equilibrium equations within the deformable
domain Q. Eq. (Ib) represents the Neumann boundary conditions with r the normal vector to the
external boundary domain Q. o is the radial stress resulted from the applied ¢. Eq. (Ik) describes
the Dirichlet boundary conditions. Eq. (Id) represents the infinitesimal strain-displacement relations.
Eq. (Ip) constitutes the stress-strain equations where C is the fourth-order tensor, also called the
elasticity operator. In matrix form, Eq. (If) for an orthotropic linear elastic material under plane-stress
conditions [86] is given by:

o1 Er  vakE 0 £11

523 S — vieEy  Ep 0 £ )
- Viav2l

o2 0 0 (1 =vi2v21)G12| | 2612

where o1, 09 and oy (respectively, €11, € and €17) are the components of the stress tensor o
(respectively, the strain tensor €). E; and E; are the Young’s moduli, G is the shear modulus, and v,
and v, are the Poisson’s ratios. In the observable zone, the in-plane radial stress is presupposed to be
uniform, as o1 = 0 = 0.

For symmetry conditions on stiffness and compliance matrices, we get:

Vi2 V21

E, E 3)

Consequently, only 4 material parameters are independent: E1, E;, G2, and vy;.

2.2.2 Analytical model

As Fig.[7T|shows, the initial circular domain transforms into an elliptical deformed shape due to multiaxial
loading and orthotropic behavior. Accordingly, we assume the following analytical form for the Cartesian
displacement field:

; re|0,R] ; 6€]0,360°], )

ui(r,0) = Ayrcosé
uy(r,0) = Arrsin@

. . . —> —) . . _% .
where r and 6 are the cylindrical coordinates defined by r = ||OM|| and 6 = (e, OM), in which OM is
the position vector of a material point in the Cartesian system {O; e, e2}. The radius R corresponds to
the frontier of the observable zone. A; and A, are constants.

From the infinitesimal strain-displacement relations (Ild) and the constitutive equations of orthotropic



linear elasticity (2), we obtain uniform strain and stress fields. Consequently, the equilibrium equa-
tions (Tj) are always satisfied. Using Neumann boundary conditions (Ib) and after computations, we
express A; and A, as:

A = Ur(lE— v12)
' (5)
A, = or(1=va1)
, = s~ U
E>

Finally, the analytical solution for the Cartesian displacement field in terms of Cartesian coordinates x|
and x; is given by:

oy (1 =vp)
Eq

or(1=v21)
E;

up(xy) =
(6)

uz(x2) =

2.2.3 FEM model

Subjected to the Dirichlet and Neumann conditions (Fig.[6), the problem can be easily written in a weak
form over skin domain Q (observable disk-zone) with boundary 9€2, and solved with Finite Element
Method (FEM) by using FEniCS software/framework [87]]. In the absence of body force, its weak
formulation writes:

Find u € U such that Vv € V), /

o(u) : V¥ dQ = / (pn) -vdl’ @)
Q oQ

Assuming U, a space of sufficiently smooth functions and 7V}, its counterpart satisfying homogeneous
boundary condition on the Dirichlet boundary dQp. The domain Q, taking the shape of a quarter of a
disk, is meshed into quadratic triangular finite elements, and the size of each element is approximately
equal to 50 um (55174 degrees of freedom).

2.3 Methodology for material parameters characterization

In the case of 2D orthotropic linear elastic material under plane-stress conditions, we present in this
section a determination methodology for the material parameters of the skin by using CutiScan®
apparatus: Poisson’s ratio vj,, shear modulus G, and Young’s moduli E| & E».

2.3.1 Determination of Poisson’s ratio and shear modulus

CutiScan® apparatus imposes a hydrostatic stress state with in-plane pressure p set at the boundary of the
observable zone. This loading implies a multi-axial stretch that does not allow to identify the Poisson’s
ratio vy, (or vp;) for skin orthotropic material. Indeed, Ting and Chen [88]] have shown that Poisson’s
ratio for anisotropic materials can have no theoretical bounds. Though, it had been fixed arbitrarily
for human skin between 0.3 and 0.5 because of its rubber-like mechanical properties [[13}40./89,90].
Destrade et al. [91] pointed out that the usual practice of arbitrarily choosing a value of Poisson’s ratio
when numerically modeling rubbers and soft tissue will, almost certainly, lead to a significant difference
between the simulated and actual normal stresses in a sheared block. Moreover, the collagen fiber
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orientation affects Poisson’s ratio variation [92]]. The modeler would need a robust hypothesis to associate
the classical Poisson’s ratio with the parameter v{>. Hence, based on an multi-axial study conducted by
Reihsner et al. [22], we define: vip = Ci2/Cyp = 0.43 = 0.09 with Cy, = B - 40106 Nm/g

1=viava
Ey

and ng = —1—V12V21

= 9.4 + 1.4 Nm/g are elastic coefficient determined by the experiment on 16 sites of
a 30-years-old subject skin [22]. Considering that no shear strain and no shear stress are activated by
CutiScan® loading within the skin observable zone, the shear modulus G, can be arbitrarily chosen:

thereafter, G;, = 1 MPa.

2.3.2 Identification of geometrical parameters and Young’s moduli

The strategy adopted to identify the material parameters consists of two steps.

First, by means of the non-linear Newton-Raphson method, the geometrical parameters m, = {a, b, ¢}
are calibrated from the elliptic deformation configuration associated with a circle with radius r in the
undeformed state (Fig. [7).

~ 0) = 0
{XI(F’ e re[0,R] ; 6€[0,360°] ®)

X(r,0) =b(r)sinf

Second, the material parameters m,, = {Ej, E»} are derived from the principal minor and major
semi-axes of the ellipse, respectively, a and b, via the model as

1.00+

0.751

0.50 1

0.251

e/
0.00 ¢ L

X5 (mm)

—0.25 1
—0.50 —— undeformed
—— deformed (data)

—0.75 1

—1.00 1

-10 -05 0.0 05 1.0
X7 (mm)

Figure 7: Initial and deformed configurations for » = 1 mm. {e/, e}} coordinate system corresponds to the probe
referential (with e} oriented along the forearm toward the hand). The model is expressed in the system {e;, €3}
to fit the targeted data.

S Gy
b(r)=r+u(r)=r (1 + or(1 _EEEZ/EO)

The material parameters can be assessed from Eqs. (6) and (9) given r as

11
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E\(r) =
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or(1-vi)r (10)

Ez(l’) - b(l - V12) +Vvpa-—-r

The inverse identification of the geometrical parameter set my is processed according to a least-squares
non-linear optimization method. By a similar method as in [36], the error function on one point
{x1%5 xZ;C}T is the mismatch of ellipses radii between the model — in the rotating system — and the data
from [[79]]. The optimization problem considers the rigid body motion, which is assessed by identifying
the coordinates x| and x5 of the center after deformation. Hence, the total parameter set to be estimated
ismg =mg U {x10,x20}. The objective function reads

2

(11)

[\/(flf(h Ok, a,b, ¢) —x10)” + (&R (r, 0k, a,b,0) - x20)° - X X

such that 6 = arctan(xz} /x1}). )?lf, and )25 (see Eq. ) result from the rotation of {e;, e;} with
respect to {e}, e} by the angle ¢ (Fig. .

| =

Jk()", ekv’hg) =

{)%lf(r, 0,a,b,¢) =a(r)cos (6 —¢)cosd — b(r)sin (6 — ¢) sin ¢ 12)

ﬁzR(r, 0,a,b,d) =a(r)cos (6 —¢)sing + b(r)sin (6 — ¢)cos ¢

Since the displacement vectors are independent of each other, the total error function for each ellipse
J(r) is quantified for all N; chosen nodes as

Ni
J(roaig) = )" Ji(r, Ok i) (13)
k=1

(0)
g

Starting from an initial guess fm, ', we compute iteratively the change on the parameters 67z, by way

of the Newton-Raphson method (see Eq. ) until reaching the absolute convergence criteria of 10~°

on every parameter. The detailed expression of the Gradient vector 6‘97] and the symmetrical Hessian
8

matrix 592712 can be found in the framework code https://github.com/aflahelouneg/MARSAC/b
8

lob/main/newton.py.

9%J aJ
e[

2.4 Statistical analysis

The interquartile range method was used in this study to discard the outlier values among the results of
30 tests. Therefore, 12 values were removed for E, 4 values for E;, and 3 values for ¢. We denote E,
E,, and ¢, the average values over the tests of E;, E», and ¢, respectively. The global uncertainty of £ I
(j = {1, 2}) takes into account the day-to-day variation of mechanical response and A,,, (uncertainty of

12
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v12). They were computed according to the weighted standard deviation method.

nj (i)
5 Zi] lEj
’ Z:lj Wi
- - 15
S ED gy -
Ej = ST
(n] - 1) lnj

2
with n; the number of admissible values within the interquartile range, and the weights w; = 1/ Ag]) ,

such that Ag,) is the uncertainty of EJ(.i) for each test i. Therefore, £ ;= E IE: Ag ;

3 Results

3.1 FEM versus analytical model

The solution of the linear elastic problem defined by Eq. (1)) was computed by FEM, and the analytical
model with ranges of material parameter set coming from skin’s literature ( 8,/ 10~14},(17,/19,41]]). For
different orders of E|-magnitude, E| = {0.01,0.1, 1, 10} MPa, we set the following ranges: E{/E; =
{1,2,...,19,20}, v = {0,0.05,...,0.90,0.95} and G| = 1 MPa. Thus, (4E1) X (20E;) X (20v}3) =
1600 FE simulations were performed. The minimum and maximum absolute errors between FEM
and analytical solutions evaluated on nodes are 2.81 x 107 and 3.0 x 10", respectively. For the
arbitrary choice of parameter set (E; = 10 kPa, E; = 0.5 kPa, vi = 0.5, G; = 1 MPa), the
displacement vector fields for analytical (#) and FEM (upgym) models have been carried out along
circles r = {0.5,1.0,1.5,2.0,2.5} mm in Fig. |8| A full-field displacement map obtained by FEM is
presented in Fig. 9] for the same parameter set.

3.2 Material characterization

3.2.1 Calibration study

The presented method was validated based on two significant features: radial displacement and stiffness.
As the radial in-plane stress o, is uniform, the anisotropy is due only to the directional variation of
the stiffness. Thus, using an isotropic latex material for validation of an orthotropic model (Eq. (6))
is plausible for the condition E; = E,;. The data acquired from the experiments are described in

Section2.1.31

Firstly, we check that the deformation of the reference material captured by the camera is radially
regular. In Fig.[I0] we plotted the mechanical response of the latex material in the quasi-static state.
It consists of a displacement field captured by DIC and the deformation of the circle with 1 mm
radius in the undeformed state. By using the linear interpolation all over the grid (provided by SciPy
library), the values of the radial component of the displacements (#,) were computed and displayed
in Fig. [IT] as a form of contour lines, as well as along the radial lines with the respective orientations
{0°;45°;90°;135°}.

Starting from an initial guess corresponding to an anisotropic situation 7 g)) ={a =1.0mm;b =
1.1 mm;¢ = 0°x;9p = 0 mm;x3p = 0 mm} and by choosing Ni = 100, the inverse identification
performed on each test data over the circle ( = 1 mm) results in the following converging parameter set
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parameter set (E; = 10 kPa, E; = 0.5 kPa, v, = 0.5, G1» = 1 MPa).
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Figure 10: Mechanical response of the latex material under multi-axial ring suction load.
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Figure 11: Radial displacement component of the latex material under multi-axial ring suction load. Data on
circles and cutlines are extracted from the displacement field.

(I, I, and 111, stand for 3 tests, respectively) ﬁz}g ={a =1.0708 mm; b = 1.071 mm; ¢ = —0.67°;x1¢ =

—11.2 ym; x29 = —9.8 um} with coeflicient of correlation R o = 0.973. The model fitting is represented
in Fig. Results from 2 similar test conducted in the same conditions are ﬁzg = {a =1.0706 mm; b =
1.0722 mm; ¢ = —17.97°x19 = —11.7 pmixzg = —12.1 pm} (Reor = 0.9813) and iy = {a =

—10.8 ym;xy¢p = —11.0 uym} (Reor = 0.9753).
Consequently, the ratio u1/u; used to quantify the isotropicity of the latex material over the 3 tests is

0.9875 £ 0.0097, whereas the uncertainty on the captured displacement was evaluated to be Aeyp =
2.7 pm.

1.0718 mm; b = 1.0727 mm; ¢ = —34.53°%;x19

Secondly, we investigate the correlation between the applied pressure on the annular section and the
radial stress in the observable zone. This study was performed on the basis of a frictionless contact-based
2D axisymmetric simulation model built in COMSOL Multiphysics® software (Fig. . The details
about the mesh and the boundary conditions are reported in Appendix[A.I] Before exploiting the model
to establish a link between p and &5, we validate it using the data of the first multi-axial test conducted
on the latex material, whose elastic modulus is Ejyex = 2.7 + 0.42 MPa. G, represents the radial stress
in the 2D axisymmetric FE model, while o is associated with the analytical plane model (Eq. (6)).
A corrective coefficient 77 is used to guarantee that the elastic moduli in both models are equivalent.
Thus, o = no,. To simulate incompressibility, the Poisson’s ratio was set to viyex = 0.495. Once the
rigid body motion was removed, the displacement of the latex was confronted against the simulation in
Fig.[13b]
The simulation was run for different values of pressure p € {50, 100, 150, 200, 250, 300} mbar, where
g, was evaluated on the top surface, for each step. Fig. [I4] exhibits a linear correlation between p
and &, with a correlation coefficient R,y = 0.995 and a slope of ¢ = 633. Consequently, we can
establish the function o (p) = np/& to assess the radial stress for any applied pressure between 0 and
300 mbar at least. Given the stress value &, = 0.47 MPa (corresponding to p = 300 mbar), the measured

displacements along one principal axis a —r = 71 um, and n = 0.81, the elastic modulus was evaluated
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via Eq. as Flaex = 2.7 MPa.
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Figure 14: Correlation between the suction pressure p and the radial stress o, with the slope & = 633.

3.2.2 Application to human forearm

Analogically, the application of our methodology to the data from a human forearm introduction in
Section [2.1.4] is presented in this part. The mechanical response consists of displacement vectors
(Fig.[I5) and their relative radial component evaluated on circles and radial cutlines (Fig.[16).

x5 [mm]
o

Figure 15: Displacement vector field for test 1 evaluated at the quasi-static state on DIC nodes for p = 300 mbar.

The parameter identification was performed on the 1 mm radius circle to avoid edge effects. As an
example, the best-fit solution for the data set of the test 1 is shown in Fig.|17] for a converging parameter,
set i) = {a = 1.0029 mm;b = 1.0632 mm; ¢ = 60.24°x19 = —17.8 pm;xz9 = 14.9 um} with
Reor = 0.9849. The latter was juxtaposed with a simulation-based study carried out for the thickness
thy = 1.47 mm and for different elastic modulus values to calibrate the coefficients ¢ = 24300 and
n = 1.03. By applying Eq. (I0) (where - = 0.0123 MPa), Young’s moduli along and across Langer’s

line are E\") = 2.42 +0.38 MPa and E}") = 0.188  0.002 MPa, respectively.
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Figure 16: Mechanical response of the forearm skin subjected to multi-axial ring suction load. In (16al), the
deformation is scaled by a factor of 2.

Skin material is known to exhibit a non-linear stress-strain curve; therefore, Eq. (6) can be applied
only under a certain restriction: the correspondence between the incremental stress do- and strain de is
described by an elastic constant [22]]. In other words, the applied stresses and their respective strains
must have linear dependence, which can occur within the first and second linear regimes. However, in a
non-unidirectional stretch, the slope do-/de = cte does not represent the real value of the elastic moduli
E| and E, but ensures their constancy. In our case, the stress-strain curve for pressures between 100
and 500 mbar revealed that the elastic behavior is associated with the second linear regime, where the
collagen fiber bundles are no longer crimped.

The identification results of i for all tests are listed in Tablem Once outliers had been discarded based
on the interquartile range [93], the resulting material parameters were similarly calculated (Fig. [T8).
Subsequently, ¢ = 40.9 + 8.2°. Using the formula , we obtained £; = 1.35 + 0.65 MPa, and
E, = 0.43 + 0.07 MPa. Through Eq., we obtained Ag, = 0.86 MPa and Ag, = 0.03 MPa.

4 Discussion

The solutions of the static problem (T)) given the boundary conditions on dQp and dQy were calculated
numerically and analytically for numerous sets of material parameters (Section [3.1)). Fig. [§|shows that
the analytical solutions fit the FE data for a given parameter set. Similar results were obtained for the
other parameter sets. Therefore, the proposed analytical model (6)) has been validated in an unclassical
approach. One of its relevant benefits is its application as a forward solver in stochastic optimization
algorithms requiring thousands of computations, such as the Bayesian calibration [94]95]].

In Section [3.2.1] the model parameters of two soft materials were identified using an inverse solver
using the Newton-Raphson algorithm. A sheet of homogeneous latex material was analyzed in the
context of a calibration study to verify the developed framework’s capability to accurately characterize
the mechanical behavior of soft tissue with data issued from the CutiScan® apparatus. Figs. and
demonstrate the material’s isotropy and linear elasticity spatial linearity behaviors but within a limited
area. Indeed, the displacement data captured between the circles of r = 1.3 mm and r = 2 mm (zone
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Table 1: Numerical results of the inverse identification of #izg. The initial parameter values were fixed to be
{¢ = 45°,x19 = 0 mm;xpg = 0 mm}, whereas a and b are chosen according to the circle used for identification
such that a < b. In our case, for r = 1 mm, we choose ¢ = 1 mm and b = 1.01 mm. The best-fit curves of the 6
first test are available in Appendix

Test a(mm) b (mm) ¢(°)  xijo(um) xp9(um)  Reor

1 1.0029 1.0632 60.24 -17.80 14.9 0.9849
2 09990 1.0072 72.21 -8.3 1.7 0.9424
3 0.9992 1.0290 30.77 -4.7 =2.7 0.9687
4 1.0028 1.0306 27.61 -2.6 3.0 0.9685
5 1.0035 1.0282 31.25 -3 -8.0 0.9578
6 1.0020 1.0221 50.26 =2.7 18.9 0.9813
7 1.0039 1.0337 33.41 1.3 5.8 0.9774
8 1.0078 1.0381 43.09 -1.0 9.5 0.9868
9 1.0041 1.0301 42.35 -0.9 8.4 0.9774
10 1.0039 1.0485 36.95 -6.3 21.5 0.9889
11 1.0073 1.0321 50.80 -8.1 9.2 0.9648
12 1.0061 1.0363 46.39 2.3 13.4 0.9585
13 0.9948 1.0230 40.82 4.6 0.7 0.9826
14 1.0024 1.0265 26.25 -8.7 8.5 0.9834
15 1.0004 1.0316 37.36 -1.5 -19.5  0.9865
16  1.0058 1.0337 40.65 -6.9 6.5 0.9710
17 09991 1.0289 42.15 -4.0 0.3 0.9696
18 1.0063 1.0327 64.82 -94 -13.3  0.9866
19  1.0002 1.0260 28.81 6.0 7.0 0.9730

20 0.9960 1.0255 48.23 -1.7 17.0 0.9887
21 1.0017 1.0323 4345 -11.7 6.7 0.9727
22 1.0002 1.0266 30.70 -1.3 12.1 0.9700
23 1.0024 1.0165 42.41 -1.9 -20.4  0.9902
24 09975 1.0266 49.16 3.0 3.4 0.9751
25 1.0077 1.0408 49.72 6.3 -13.0  0.9820
26 1.0039 1.0287 45.48 -2.2 -20.9 09786
27 1.0007 1.0201 43.09 54 -5.6 0.9660
28 0.9960 1.0368 46.48 12.9 -0.1 0.9861
29 0.9986 1.0175 63.46 6.7 7.5 0.9487
30 1.0024 1.0376 36.34 -0.2 8.6 0.9746

20



1.01 1.10
—— model
experiment
1.08 A —— model (recentred)
0.51 —— undeformed experiment (recentred)
—— deformed (model) :
. — 1.06 1
E deformed (experiment) E
£ 0.0 o
o -
3 g 1.04
3
—0.5 1 1.02 A
1.00
-1.01
-1.0 -05 0.0 0.5 1.0 0 50 100 150 200 250 300 350
x1 [mm] 6'[°]
(a) (b)

Figure 17: (a) Model fitting with the identified parameters of the skin on the day 1, ﬁz‘i,l). The center position

shifted from the black to the green dot. (b) Radius change rgeformed Of the deformed ellipse before and after
removing the rigid body motion (recentring). More details are available in Fig. @

Z,) are highly perturbed. While between r = 2 mm and » = 2.5 mm (zone Z;), the displacements
decrease drastically until they reach 0 mm. This edge effect occurs because the material slips under
the observable limit during the ring suction process. The disappearing zone is then interpreted as zero
displacements with the DIC reader. This abnormality spreads toward the center and impacts the data in
zones Z, and Z,.

If the multi-axis ring suction experiment was somehow identical to Laiacona et al.’s [24]], the analysis
approaches were quite different. the anisotropy angle is determined by fitting a deformed-and-rotated
circle instead of fitting the radial strain, and the directional variations in Poisson’s ratio were considered.
In the given study, the data subjected to model optimization are gathered on a circle of radius r = 1 mm.
The consistency of the mechanical response within the circular zone » < 1.3 mm and the deterministic
nature of the inverse problem justify the choice of data quality over quantity. However, it is not
recommended to select data near the center » < 0.5, where the experimental uncertainty Acxp, is not
neglected with respect to small displacements.

Identifying the offset rigid body motion parameters, {x¢, x2¢} is of major concern. The consequence of
the offset is exhibited in Fig. [I2] where the model and experimental data expressed with respect to the
new origin are seemingly isotropic. The relative positions of the identified center shift are of the order of
magnitude of the displacements. Thus, they cannot be neglected. Two technical reasons may describe
the necessity of recentering. First, the origin of the DIC grid was fixed such that the width matches the
diameter of the observable zone of the CutiScan® probe (Fig. . The real center of the deformed skin is
then flexible. Second, even though the pressure is uniformly applied around the observable zone, many
factors may lead to imperfect load distribution. Among them are the curvature of the forearm and the
non-perpendicularity of the probe. In the latter situation, the device is not perfectly tangent to the skin
surface.

A simulation FE model was developed in COMSOL Multiphysics® software to support the calibration
study, where the ring suction experiment was modeled in a 2D axisymmetric geometry with a frictionless
contact between the probe and the material surface (Figs. and[19). The elastic modulus assigned
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to the material was identified from a parallel uni-axial tensile test according to 3 directions with
Elaex = 2.7 £ 0.4 MPa. In the first step, the simulation was validated by comparing the calculated
displacements along 4 directions of the deformed latex rubber versus the experimental data, which
can be observed in Fig.[I3b] A series of computations were performed for different negative pressure
p values, where the radial stress in the observable zone was evaluated in post-treatment. Therefore,
a linear correlation between p and o, was noticed, which validates the third hypothesis formulated
in Section 2.2.1] Such a result would help simplify the full configuration into a radial stretch since
the stress can be deduced directly from the applied pressure (Fig. [6a)). Calibrating only the slope, &,
would not be enough to evaluate the elastic moduli accurately. We introduced a corrective coefficient
to compensate for the discrepancy resulting from the transition from a 2D axisymmetric to a plane
model. We recommend that values & and 1 should be calibrated according to the material’s thickness
and stiffness by virtue of the simulation.

Once the methodology had been explored and verified based on the latex material, it was applied to
30 series of data acquired from the multi-axial ring suction test (CutiScan®) conducted on the forearm
of one patient. Figs. [I5] [I6a] and [I6b| show that the human skin behaves as anisotropic material
with two principal directions neighboring 45° and 135°, and that the validation limit of the spatial
linearity is around » = 1 mm. Directions 0° and 90° with mostly identical mechanical responses
indicate that the angle between the two principal axes is about 90°. The material is intended to
be orthotropic. Since collagen fibers are stiffer than the ground substance, their axis of minimum,
respectively maximum displacement is aligned along Langer’s line, respectively across Langer’s line
[11/13}[22L/30,[37]. Therefore, the Langer’s line on the studied subject is oriented obliquely at a mean
angle ¢ = 40.9 + 8.2° relative to the forearm axis (Fig. . This result is in accordance with the
literature [17,(71,/96,97]] but sensibly different from Khatyr et al. [[13|] (0-10°) . If the symmetry is
admitted in the contralateral study on the right forearm, our result is similar to one reported by Lakhani et
al. [67] and Kirby et al. [65]. Nevertheless, most recent studies, including ours, described efficient tools
and methodology to determine the Langer’s line orientation, historically defined on the forearm to be
parallel to the forearm’s long axis of the forearm [52}|53}98]].

The model parameters were identified with MARSAC for every test to investigate day-to-day varia-
tion material parameters and explore the proposed method’s sensitivity (Table [T). The values of the
correlation coefficient witness an accurate model fit for 28 tests (Rcor > 0.95). The parameters were
retrieved from 7, through Eq. (I0) and have been projected in Fig. [T8] for better visualization. As
a result, Young’s moduli along and across Langer’s line are, respectively, £} = 1.35 + 0.65 MPa and
Ez = 0.43+0.07 MPa. The plots reveal that the deviations on ¢3, A¢ = 8.2°,and on Ez, AEZ = 0.07 MPa,
whose removed outliers were no more than 4, are relatively low, unlike E, (A g, = 0.65 MPa), whose 12
outliers were discarded, as occurring in one of the two following situations: (i) u; is almost zero along
Langer’s line, and thus E; reaches higher stiffness, (ii) E; takes a negative value. In the latter scenario,
negative E indicates that the skin is compressed along Langer’s line instead of being stretched. A dome
inside the observable zone takes shape by pressing the probe strongly against the skin, and the mechan-
ical response becomes unpredictable. The high sensitivity of E; assessment can be related to the fact
that u; values are within the measurement uncertainty evaluated earlier in Section[3.2.1} Aexp = 2.7 pm.
On the other hand, the displacement u, across the higher stiffness direction is substantial compared to
Aexp, which may justify the reliability of its assessment. As for ¢, completely dissociated with E; and
E,, regarding the deviation A¢ = 8.2°, the process of its identification can be considered robust.

To elucidate the variability of the material parameters from one day to another, we display in Ap-
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pendix [A.3]a series of skin pictures recorded at the first 6 tests. A change in the topography of the skin
surface was visually noticed. A correlation between the skin lines’ main direction and the anisotropy
axis may appear. If we look at the tests {3,4,5, 6}, the furrows are mostly oriented along the same
Langer’s line identified in Table [1| with the respective angles 30.77°, 27.61°, 31.25°, and 50.26°, but
not on test 1 with ¢ = 60.24°. This result confirms the observations made in [96,99]. Nevertheless,
the correlation cannot be established on test 2, witnessing an absence of skin lines, and the relative ¢ is
the most extreme with respect to the median. The skin microrelief network may depend on hydration
conditions: the wrinkles are more pronounced in a dry stratum corneum [100]. The experimental
protocol should consider particular attention to skin hydration to reduce the fluctuations of the material
parameters, for instance, avoiding exposing the studied site to any liquid. Despite that, the day-to-
day variation of skin wrinkles observed in Appendix [A.3] could be associated with the change in the
anisotropy axis. Considering that the uppermost layer’s deformation is directly correlated to the radial
stretch, any change in its texture would have an impact on the radial displacement distribution, and thus
on ¢. As for the rigid body motion, the identified values of x;(y and x( in Table [1| witness randomness
over the 30 tests. Two causes can be suggested for this center shifting: the probe alignment with
the skin surface and the friction between them. For the former, a manual setup of tangential contact
would definitely be imperfect, and the skin slippage under the probe could not be uniform. As for the
latter, a thorough tribology investigation is suggested to study the friction’s effect on the center shifting.
Regarding the recent observations in our experiments, we recommend carrying out the multi-axial ring
suction test enclosed by a strictly standardized protocol. The protocol would include the following steps,
reproducing the hydration conditions (e.g., drying the measured site many hours before the test to ensure
the appearance of the furrows), and holding the probe in a perfect perpendicular position to the skin
surface with zero-load contact.

Since the value of the parameter vi; = 0.43 + 0.09 were fixed, based on the literature, the impact of its
uncertainty on the identification accuracy had been studied. By averaging the standard deviations of the
calibrated E; and E, for each test, we determined A g, = 0.86 MPa and AEZ = 0.03 MPa. By comparing
the uncertainties and the average values, one could notice that a 21% change in v, with regard to the
displacement occurs in a change of 26% in £ and 3% in E,. The uncertainty on E is weakly correlated
to v12 because of the predominant displacement u, against u;. However, as u is low, E; is highly
affected by A, ,.
measurement. To do this, a uni-axial test should be performed along the anisotropy axis ¢ identified by
the MARSAC method.

It is greatly suggested that particular attention must be given to the precision of vy,

Two topics regarding the material parameters are addressed hereby, their comparison to the previous
studies in the literature and their physical interpretation. The ratio £{/E> = 3.14 + 1.60 is conform to
the results in [8},/11,/13,/16,/17,98]]. However, El = 1.35 £ 0.65 MPa and Ez = 0.43 + 0.07 MPa are in
good agreement with Young’s modulus in some of the earlier cited papers [8}/13] but higher compared
to [16,[17]]. This latter behavior may occur when the effect of the epidermis layer (known to be stiffer
than the dermis [40,48,101]]) on the mechanical response is not neglected. This assumption is adequate
with the CutiScan® device’s function, which applies out-plane suction to cause an in-plane stretch in
the superficial layers. Although the epidermis under superficial stretch dominates the skin stiffness,
the dermis has a major effect on the mechanical response because the collagen and elastin fibers are
present in the dermis, not in the epidermis. As an attempt to associate the material parameters with
the micro-structure components, we state the following. Along Langer’s line, E| describes the stiffness
of the combination epidermis-collagen. While across Langer’s line, £, describes the stiffness of the
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combination epidermis-elastin. On the bright side, the anisotropy direction angle ¢ is insensitive to skin
stiffness and purely driven by collagen’s highest distribution angle.

5 Conclusions

MARSAC, an open-source framework coded in Python language, was built to characterize the anisotropic
mechanical behavior of soft tissues. From an output video file gathered with the CutiScan® device during
aring suction test, MARSAC computes the displacement field using DIC and identifies the Langer’s line
direction ¢, as well as the elastic moduli £ and E;, along and across Langer’s line, for a given Poisson’s
ratio value. An analytical orthotropic linear model was built and used to solve the displacement for
applied pressure. In the first instance, the pipeline was applied to a homogeneous latex material as a
verification and calibration step. Then, it was applied to public data consisting in a series of 30 multi-
axial ring suction tests, at pressure p = 300 mbar, performed on a forearm of a 28-year-old Caucasian
subject. The identification of Langer’s line, ¢ = 40.9 + 8.2°, interpreted as collagen fiber preferred
direction, and the anisotropy ratio, E,/E; = 3.14 + 1.60, were in good agreement with the literature.
The presented method showed a precise assessment of ¢ and E», but not E1. The measured displacement
along the stiffest direction is most of the time smaller than measurement error Aexp = 2.7 um; hence E;
is less reliable. To conclude, the developed numerical method combined with the CutiScan® is a fast
and accurate means to determine Langer’s line locally in small areas. It would help the experimentalists
efficiently use the commercial tool whose associated original software showed a lack of reliability [78]].
The presented methodology will be applied to analyze clinical trial data of 30 volunteers to study the
inter-subject variability. Also, It will also be integrated into a bi-material characterization software [45]]
to enhance its accuracy by adding the anisotropy aspect to the healthy skin around the abnormal scar.
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A Appendix

A.1 Calibration study: Simulation model

A FE model was constructed in COMSOL Multiphysics® that simulates the multi-axial annular suction
test. It was used to validate and calibrate the radial stress in the othrotopic linear elastic model (Eq. (6))
for assessing accurate values of the elastic moduli. In this 2D axisymmetric problem a thickness of
0.22 mm, the linear material elastic was adopted with Young’s modulus E = 2.7 MPa and Poisson’s
ratio v = 0.495. The boundary conditions are described in Fig.[19]

A.2 Model fitting
See Fig.[20]
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Figure 19: 2D axisymmetric model boundary conditions.
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Figure 20: Model fitting along the circle of 1 mm radius for some tests.
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A.3 Test snapshots

See Fig.[21]

(c) Test 3

(d) Test 4 (e) Test 5 (f) Test 6

Figure 21: Skin texture snapshots for some tests.
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