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a b s t r a c t 

Advanced numerical simulations of the mechanical behavior of human skin require thorough calibration 

of the material’s constitutive models based on experimental ex vivo mechanical tests along with images 

of tissue microstructure for a variety of biomedical applications. In this work, a total of 14 human healthy 

skin samples and 4 additional scarred skin samples were experimentally analyzed to gain deep insights 

into the biomechanics of human skin. In particular, second harmonic generation (SHG) microscopy was 

used to extract detailed images of the distribution of collagen fibers, which were subsequently processed 

using a three-dimensional Fourier transform-based method recently proposed by the authors to quantify 

the distribution of fiber orientations. Mechanical tests under both biaxial and uniaxial loading were per- 

formed to calibrate the relevant mechanical parameters of two widely used constitutive models of soft 

fiber-reinforced biological tissues that account for non-symmetrical fiber dispersion. The calibration of 

the models allowed us to identify correlations between the mechanical parameters of the constitutive 

models considered. 

Statement of significance 

Constitutive models for soft collagenous tissues can accurately reproduce the complex nonlinear and 

anisotropic mechanical behavior of skin. However, a comprehensive analysis of both microstructural and 

mechanical parameters is still missing for human skin. In this study, these parameters are determined 

by combining biaxial mechanical tests and SHG stacks of collagen fibers on ex vivo healthy human skin 

samples. The constitutive parameters are provided for two widely used hyperelastic models and enable 

accurate characterization of skin mechanical behavior for advanced numerical simulations. 

© 2024 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The skin is the largest organ in the human body, accounting 

or 15% of the total body weight [1] , and serves as a primary bar-

ier against various external hazards such as bacterial attack, phys- 

cal harm and sun exposure [2] . At the same time, the skin carries

ut several biological activities, including D-vitamin synthesis, en- 

rgy storage, and thermoregulation [3] . Due to constant exposure 

o external threats, the skin exhibits a complex mechanical behav- 
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or that ensures the integrity of the tissue required to preserve its 

ital functions. The dermis lies between the outermost epidermis 

nd the deeper hypodermis layers and is the main layer responsi- 

le for the mechanical strength of the skin. It has an extracellular 

atrix consisting of a dense network of wavy collagen fibers (60–

0%of dry weight) and elastin fibers (1–4% of dry weight) [4,5] em- 

edded in a semi-fluid substance of proteoglycans ( ∼ 20% of dry 

eight), known as ground substance [6] . Due to this microstruc- 

ural composition, the overall mechanical behavior of the skin is 

ighly nonlinear and characterized by a pronounced J-shaped load- 

ng curve [7] . During the initial loading phase, the waviness of the 

ollagen fibers allows for significant deformation under relatively 

ow applied loads. In this phase the mechanical response is con- 
c. This is an open access article under the CC BY license 
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rolled by the ground substance and the elastin fibers, the latter 

lso being responsible for the recoil mechanism of the collagen 

bers during unloading [8–10] . Then, as the deformation increases, 

he collagen fibers become more and more straightened in the di- 

ection of the load, ultimately reaching an almost linear phase with 

 significantly higher stiffness [11,12] . Due to the non-uniform ori- 

ntation distribution of the collagen fibers, the response is also 

nisotropic [7,13] . In particular, the mean orientation of the fibers 

nd the degree of their dispersion is not the same throughout the 

ody, but varies depending on the anatomical region. The map of 

hese fiber directions is represented by the well-known Langer’s 

ines [14] . In addition, the mechanical properties of the skin are 

ifferent in each person and are influenced by several biological 

actors, including age, sex, location on the body and pathologies 

15–18] . For example, collagen density reduces with age, thus re- 

ucing the stiffness in the final linear region and the maximum 

ensile stress [19] . 

The intricate connection between these properties and the tis- 

ue microstructure has garnered considerable theoretical interest. 

n fact, modeling such a behavior is of great interest for medical 

nd engineering purposes, including the development of drug de- 

ivery systems [20–22] , the optimization of skin correction surg- 

ries [23,24] , the analysis of skin-orthopedic tape interactions [25] , 

nd the development of stretchable electronics [26,27] and soft 

obotics [28,29] . 

There are several constitutive models in the literature to de- 

cribe the mechanical behavior of soft collagenous tissues such 

s skin, each with advantages and disadvantages. In particular, 

tructure-based constitutive models use microstructural parame- 

ers to describe the anisotropy resulting from the non-uniform ori- 

ntation distribution of collagen fibers and mechanical parameters 

o capture the strong nonlinearity. One of the most popular is the 

eneralized Structure Tensor (GST) model proposed by Holzapfel 

t al. [30] . For example, this model has been calibrated for an 

bdominal aortic aneurysm [31] , corneal tissue [32] , and mitral 

alve leaflets [33] . Another valuable approach has been proposed 

y Li et al. [34] , who developed the discrete fiber dispersion (DFD) 

odel as an alternative to the GST model to account for the non- 

ompressive behavior of collagen fibers using a computationally ef- 

cient formulation. 

To calibrate these models for the skin, either in vivo or ex vivo 

ests can be performed. While microstructural parameters can be 

erived from second harmonic generation (SHG) images of colla- 

en fibers using automated algorithms [31,35] , mechanical param- 

ters must be obtained through mechanical tests. In vivo tests have 

een extensively used in the literature to characterize the mechan- 

cal behavior of the skin, with techniques based on suction [36,37] , 

ndentation [38,39] and wave propagation [40,41] , to name just a 

ew. These methods have the advantage of providing information 

bout the skin in its natural state, but are affected by several un- 

ertainties regarding pre-stress and boundary conditions [5] . In ad- 

ition, due to the non-invasive and non-destructive nature of in 

ivo tests, the range of investigated deformations is constrained to 

he range of physiological strains and therefore limits the informa- 

ion required for accurate constitutive modeling [5] . On the other 

and, ex vivo experiments on representative skin samples can char- 

cterize the mechanical response over a full range of deformations. 

he current standard for investigating soft tissues properties is the 

iaxial tensile test [42] . In contrast to uniaxial testing, skin samples 

re loaded in two perpendicular directions simultaneously. Since 

he applied deformation can be controlled independently for both 

irections, different loading protocols can be performed, providing 

he necessary mechanical data to define the material parameters 

or anisotropic models [43,44] . Biaxial testing has been widely em- 

loyed to determine the mechanical parameters for several tissues, 

uch as aortic walls [31] and mitral valve leaflets [33,45] . 
267
Despite its importance, there are relatively few studies calibrat- 

ng structure-based mechanical models for the human skin us- 

ng ex vivo tests. For example, Ní Annaidh et al. [46] investigated 

oth mechanical and microstructural parameters of ex vivo sam- 

les using uniaxial tests along different directions relative to the 

anger’s lines, but provided limited mechanical data for model fit- 

ing. Other relevant studies by Tonge et al. [47] and Diab et al. 

48] applied inflation tests to obtain biaxial mechanical data, but 

hen obtained microstructural parameters through mechanical fit- 

ing rather than from images of the fiber microstructure, thereby 

educing the physical significance of their results. More recently, 

eador et al. [49] has thoroughly analyzed mouse skin, including 

iaxial testing and microstructural investigations, as well as con- 

idering the effects of physiological pre-strain on mechanical pa- 

ameters. To date, no comparable comprehensive study has been 

onducted on human skin that included both biaxial tests and mi- 

rostructural analysis. 

To close this gap, the results of an experimental campaign on 

uman skin samples are presented here. Fourteen healthy sam- 

les from the lower abdominal region were tested to obtain the 

echanical and microstructural parameters for the GST and DFD 

odels, the first representing a standard for modeling soft fibrous 

issues and the second having high potential for advanced sim- 

lations [50] . In particular, microstructural parameters describing 

he full three-dimensional fiber dispersion were derived for the 

rst time using an algorithm based on the 3D discrete Fourier 

ransform algorithm proposed by Alberini et al. [51] . Uniaxial tests 

ere also performed to investigate the volumetric change of the 

kin in the uniaxial region, suggesting some limits to the generally 

ccepted assumption of incompressibility. In addition, four sam- 

les derived from a scar tissue were analyzed to observe the mi- 

rostructural differences compared to healthy skin. 

. Methods 

.1. Tissue acquisition and storage 

Human skin samples were obtained from the surplus tissue 

f routine abdominal skin reduction surgeries at St. Olavs Univer- 

ity Hospital, Trondheim, and at the private hospital Aleris Solsi- 

en, Trondheim. All the patients provided written informed con- 

ent prior the surgical intervention. The study was approved by 

he Regional Committee for Medical and Health Research Ethics 

Project ID: 474249), and all examinations were performed in ac- 

ordance with the rules for the investigation of human subjects set 

ut in the Declaration of Helsinki. 

Fourteen square-shape samples of about 20 mm × 20 mm and 

lose to the sagittal plane were obtained from the left and right 

ides of 3 patients. Patient 1, female, 67 years old, 6 samples; Pa- 

ient 2, female, 40, 4 samples; Patient 3, male, 20, 4 samples. Four 

dditional samples were collected from an old Cesarean section 

car of Patient 2, of which 2 contained healthy tissue and 2 con- 

ained scar tissue. After excision, the x and y axes were recorded 

n the epidermis with a permanent marker and the excess adi- 

ose tissue was removed, leaving only a layer of about 1 mm . The 

 axis coincided with the frontal (horizontal) axis for the fourteen 

ealthy samples, while it was taken aligned with the scar axis in 

he other four samples. The samples were then stored at −28 ◦C 

rior to testing, within 2 h of harvest. 

.2. Planar tensile tests 

To prepare the samples for the mechanical tests, the remaining 

ayer of adipose tissue was carefully removed while still frozen, en- 

uring that the dermis was not damaged during this process. Sam- 

les were then trimmed to an approximate size of 15 mm × 15 mm , 
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Fig. 1. Location of samples and views of a representative sample: (a) schematic 

representation of the approximate location (not to scale) and nomenclature of the 

samples. In the lower left corner of each sample, the corresponding x and y axes 

are shown; (b) side view of the sample ABR3-p1 used for thickness measurement; 

(c) top view of the same sample mounted on the biaxial machine, with a dashed 

line highlighting the effectively tested sample area enclosed by the hooks with hor- 

izontal and vertical sizes lx and ly , respectively. The four fiducial markers at the cor- 

ners are used to compute the deformations with the DIC software, while the fifth 

marker in the top row is used to keep track of the x axis during the preparation 

prior mounting on the biaxial machine. 
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nd allowed to thaw at room temperature ( 20◦C). A schematic rep- 

esentation of the approximate sample location and corresponding 

omenclature is shown in Fig. 1 (a). This sample size is sufficient to 

llow for an accurate constitutive modeling of soft tissues through 

iaxial tests [42] . A side view image of the samples resting on a

ustom 3D printed template, as shown in Fig. 1 (b), was acquired 

nd used to measure the thickness in the open-source software Fiji 

52] . The samples were then attached to four hooks (Ahrex, Den- 

ark) on each side with a distance of ≈ 3 mm . On the epidermis 

ide, four fiducial markers were placed in the center of the sam- 

les, enclosing an approximate area of 5 mm × 5 mm ( Fig. 1 (c)). 

The samples were mounted on a custom-built biaxial machine 

33] with surgical Gore-Tex CV5 sutures (Gore Medicals, USA) at- 

ached to the hooks. The machine was equipped with rotating 

ars on each arm, allowing the samples to balance during load- 

ng and minimizing shear stresses. The deformations were com- 

uted based on the position of the fiducial markers tracked with 

 custom digital image correlation (DIC) software [53] , allowing us 

o obtain a complete description of planar deformations, including 

hear deformations due to material anisotropy. Data were synchro- 

ized with the measured forces at a frequency of 2 Hz. Through- 

ut the tests, the samples were immersed in water bath filled with 

 . 1 ×phosphate buffered saline (PBS) solution at 37 ◦C. 

After mounting, the samples were pre-loaded with 0 . 01 N in 

oth the x and y directions, defining the zero-strain reference 

onfiguration, and preconditioned with 5 loading-unloading cycles 

ith dx : dy = 1 : 1 at a rate of 0 . 1 mm/s , where dx and dy are the

isplacements along the x and y directions, respectively. Four load- 

ng protocols were then performed, each repeated three times at a 

ate of 0 . 1 mm/s : biaxial test 1 : 1 , biaxial test with increased dis-

lacement along the less rigid direction 1 : δ, 0 . 75 ≤ δ ≤ 1 . 25 , uni-
268
xial test along x , and uniaxial test along y . In all tests, only the

oading phase is recorded and used for the subsequent calibration 

f the mechanical models. 

.3. Second harmonic generation imaging and volume reconstruction 

After completing the mechanical tests and within two hours 

rom thawing, the samples were prepared for the second harmonic 

eneration (SHG) imaging [55] . Samples were chemically fixated in 

% paraformaldehyde for at least 12 h to prevent tissue degrada- 

ion and preserve collagen fiber structure. The samples were then 

ptically cleared according to the SeeDBp protocol [56] to facil- 

tate SHG imaging of deeper dermis layers. Clearing was carried 

ut step by step by incubating the samples in 6 fructose solutions 

f increasing concentration at 25 ◦C. Specifically, the samples were 

ncubated in a 20% , 40% , 60% w:v fructose: 0 . 1 ×PBS solution for 4

 each and then in a 80% w:v fructose: 0 . 1 ×PBS solution and 100%

:v fructose: distilled water solution for 12 h each. In the final step 

he samples were incubated in a fully saturated fructose solution 

SeeDB solution), 80 . 2% w:w fructose:distilled water, for 24 h. This 

echnique allows biological tissues to be cleared while preserving 

heir morphology [57] . However, compared to other tissues doc- 

mented in the literature [58] , the treatment enhanced the clar- 

ty of the samples but complete transparency is not achieved. This 

s likely due to the increased density of the collagen network in 

he dermis layer. This makes it difficult for the solution to pen- 

trate deep into the tissue. After the clearing process was com- 

leted, the samples were placed in a press-to-seal silicone isola- 

or (CoverWellTM Imaging Chambers, Grace BIO-Labs, Oregon, USA) 

lled with SeeDB solution and sealed at the top and bottom with 

wo rectangular glass coverslips ensuring no bubbles are placed 

ver the acquisition site ( Fig. 2 (a)). To prevent any compression of 

he sample against the glasses, resulting in possible alterations of 

he fiber arrangement, silicone isolators were stacked to match the 

hickness of the sample. Sealing also prevents SeeDB to evaporate 

nd increases its concentration, thereby altering the refractive in- 

ex of the solution with negative impact on the quality of the im- 

ge due to the increased light scattering. 

SHG imaging was performed with a Leica TCS SP8 (Leica Mi- 

rosystem, Germany) confocal multiphoton microscope using the 

eica HCX IRAPO 25 ×, NA 0.95 water objective with a working 

istance of 2 . 4 mm . The second harmonic of collagen was induced 

ith a multiphoton laser source tuned to 890 nm (Chameleon Ultra 

; Coherent Corp., Saxonburg, PA, United States), while the signal 

mitted at 445 nm was detected in the forward and backward di- 

ections with standard photomultiplier tube (PMT) and highly sen- 

itive HyD (GaAsP) detectors, respectively. No aperture was placed 

n front of the laser source, nor in front of the detectors. The scat- 

ering that occurred at greater depths in the tissue was compen- 

ated for by linearly increasing the laser power. Images were ac- 

uired on a 465 μm × 465 μm square target within the fiducial 

arkers using an x − y resolution of 0 . 454 μm/px ( Fig. 2 (b)). To

nable a volume reconstruction of the target region, images are 

ecorded every 0.57 μm in the z direction. This represents the 

ower system-optimized vertical step size in relation to image res- 

lution, numerical aperture, refractive index, and acquisition wave- 

ength. For the additional 4 samples from Patient 2, the 2-photon 

xcited fluorescence (2PEF) signal was also recorded to observe the 

ifference of elastin fiber content between the healthy and scarred 

amples. Due to the non-optimal transparency of the samples, only 

bout 300 μm tissue thickness from the epidermis side could be 

canned. 

To compensate for the blurring in the lateral ( x − y ) and ver-

ical ( z) directions due to the inherent specimen-induced aberra- 

ions and light scattering, which could alter the results of the mi- 

rostructural analysis, the SHG stacks were then deconvoluted. This 
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Fig. 2. SHG stack acquisition for volume reconstruction of collagen fibers: (a) sample ABL1-p3 (cropped) in the silicone isolator filled with See DB solution and the represen- 

tative square SHG target (at scale); (b) representative 465 μm × 465 μm SHG image taken at 51.9 μm below the epidermis of the sample in (a); (c) representative collagen 

fiber volume of sample ABL1-p3 (first 116 μm for visualization purposes) after the deconvolution process with DeconvolutionLab2 [54] . 
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rocedure, applicable to SHG images [59] , was performed in the 

pen-source image processing software Fiji [52] using the Decon- 

olutionLab2 plugin for deconvolution microscopy [54] . In partic- 

lar, the Richardson-Lucy algorithm with total variation regular- 

zation (regularization parameter λ = 10−3 , 25 iterations) was em- 

loyed. The point spread function required for the process was de- 

ived using the Gibson and Lanny 3D optical model [60,61] adopt- 

ng the refractive index of the collagen fibers in the SeeDB solu- 

ion, ns = 1 . 48 [62] . Finally, to achieve a uniform voxel size �x =
y = �z required for a consistent measurement of the fiber ori- 

ntation distribution, the number of images along the z direction 

s increased so that the distance �z is reduced from 0.57 μm to 

x = �y = 0 . 454 μm. This reslicing process is performed in mat-

ab with the built-in function imresize3 by applying a stretch 

actor of �z/ �x = 1 . 255 along the z direction and maintaining a

tretch of 1 along the x and y directions and using a linear inter-

olation sampling scheme ( Fig. 2 (c)) [51] . 

.4. Microstructural analysis of collagen fiber orientation 

The microstructural data of the collagen fiber networks were 

easured from the SHG stacks using the algorithm described in 

ur recent work [51] . The algorithm uses the directional informa- 

ion of the discrete 3D Fourier transform to obtain a detailed de- 

cription of the fiber orientations over the three-dimensional an- 

ular domain. The result is a discrete fiber orientation distribu- 

ion d(θ, φ) , where θ ∈ [ −π/ 2 , π/ 2] denotes the azimuthal angle 

rom the x axis in the x − y plane and φ ∈ [ −π/ 2 , π/ 2] its ele- 

ation angle. The distribution provides the normalized amount of 

bers within a finite number of amplitude directions �θ = �φ = 

◦. Note that the angular domain is limited only to the right side of 

he spherical domain because fiber orientations can be described 

y both directions (θ, φ) and (θ + π, −φ) . 

By introducing the Cartesian basis vectors { E1 , E2 , E3 } , which 

re assumed to be coaxial with the x, y, z axes, respectively, 

 general fiber direction in the stress-free reference configura- 

ion can be described by the unit vector N (θ, φ) = cos φ cos θE1 + 

os φ sin θE2 + sin φE3 ( Fig. 3 (a)). To obtain the relevant fiber dis- 

ribution parameters required for the mechanical models (see 

ection 2.5 ), the distribution d(θ, φ) was fitted with a combina- 

ion of m distributions, each of the following representing a fiber 

amily, according to 

(N ) =
m ∑ 

i =1 

νi ρi (N ) , (1) 
269
here νi represents the fiber family volume fraction ( 
νi = 1 ), 

hile ρi (N ) = ρip ,i (N ) ρop ,i (N ) is a bivariate distribution that de- 

ends on two independent in-plane and out-of-plane von Mises 

istributions, respectively defined as [30] 

ρip ,i (N ) = exp [ ai (2(N · Mi / | Nip | )2 − 1)] 

I0 ( ai ) 
, 

ρop ,i (N ) = 2

√ 

2 bi 

π

exp [ −2 bi (N · Mop ,i )
2 ] 

erf(
√ 

2bi ) 
. (2) 

erein, the orthonormal basis vectors { Mi , Mip ,i , Mop ,i } were intro- 

uced to identify the orientation of the ith fiber family in which 

he vector Mi represents the mean fiber direction, { Mi , Mip ,i } de- 

nes the mean plane of the fiber family, and Mop ,i is the out-of- 

lane normal. Accordingly, in Eq. (2) 1 , | Nip | denotes the projection 

f N onto the { Mi , Mip ,i } plane ( Fig. 3 (b)). The rotation of the prin-

ipal basis of the fiber family relative to the Cartesian basis can be 

escribed with a triplet of angles αi , βi , γi , where the first two de- 

ote the azimuthal and elevation angle of the mean fiber direction, 

i = N (αi , βi ) , whereas the last one is the rotation of the frame

bout Mi ( Fig. 3 (c)). The constants ai and bi are parameters that 

efine the in-plane and out-of-plane concentrations, respectively. 

he limit case of ai , bi → ∞ corresponds to perfect fiber alignment 

long the mean fiber direction Mi , while for ai , bi → 0 an isotropic 

istribution is obtained. Finally, I0 (•) and erf(•) are the zero-order 

essel function of type I, and the error function of (•) , respectively, 

hich ensure the normalization condition over the unit sphere S , 
1 

4 π

∫ 
S 
ρi (N )d S = 1 . 

The particular choice for the distributions in Eq. (2) verifies the 

ymmetry requirement for Eq. (1) , i.e. ρ(N ) = ρ(−N ) , or equiva-

ently ρ(θ, φ) = ρ(θ + π, −φ) . Therefore, each fiber family is fully 

escribed by the parameter set { ai , bi , αi , βi , γi , νi } . Alternatively 

o ai and bi , the fiber dispersion can be described by two scalar 

ispersion parameters derived from Eq. (2) , i.e. 

ip ,i =
1 

2 

(
1 − I1 (ai ) 

I0 (ai ) 

)
, κop ,i =

1 

2 

− 1 

8 bi 

+ 1 

4 

√ 

2 

πbi 

exp (−2 bi ) 

erf(
√ 

2bi ) 
, 

(3) 

here 0 ≤ κip ,i < 1 / 2 , and 1 / 3 ≤ κop ,i ≤ 1 / 2 , for ai , bi ≥ 0 [30] . 

To determine the number of families of each skin SHG stack, 

he measured distribution d(θ, φ) was fitted stepwise with an in- 

reasing number of fiber families m until a quality of fit R2 > 0 . 9

as achieved. 
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(a) (b) (c)

Fig. 3. Schematic representation of the orientation of the unit fiber N (in black), the global Cartesian basis { E1 , E2 , E3 } (in blue) and the principal fiber family basis 

{ Mi , Mip ,i , Mop ,i } (in red): (a) unit vector N in the global frame; (b) unit vector N in the principal fiber family basis and its projection Nip onto the mean fiber plane 

{ Mi , Mip ,i } ; (c) rotation of the principal basis with respect to the global basis using the angles αi , βi , γi . Dashed vectors represent Mip ,i and Mop ,i before the rotation about 

Mi . 
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.5. Material model 

We introduce the deformation gradient F = ∂ x /∂ X , which de-

cribes the deformation of a material point X from the stress-free 

eference configuration to a point x (X ) in the deformed configura- 

ion. The right Cauchy-Green tensor is then calculated as C = FT F . 

e describe the material as an incompressible superposition of 

n isotropic ground matrix, representing the ground substance and 

he elastin fibers, and an anisotropic dispersion of collagen fibers. 

ccordingly, we adopt a decoupled strain-energy function � of the 

orm 

= �g +
m ∑ 

i =1 

νi �f ,i − p(J − 1) , J = det F > 0 , (4) 

here �g (C ) is the isotropic ground matrix strain energy, �f ,i is 

he contribution of the i- th fiber family weighted by the volume 

raction νi , and the last term is introduced to enforce the incom- 

ressibility constraint using a Lagrange multiplier p, representing a 

ydrostatic pressure. 

Following [30] , we use a neo-Hookean model for the ground 

atrix, i.e. 

g (C ) = μ

2 

( I1 − 3) , I1 = C : I , (5) 

ith μ representing the shear modulus at incipient deformation, 

1 the first invariant of C , and I is the second-order identity tensor. 

For the fiber strain energy, we adopt two different formulations, 

ne using a generalized structure tensor (GST) approach and one 

sing a discrete fiber dispersion (DFD) method. In the GST formu- 

ation, �f ,i is written as [30] 

f ,i =
k1 

2 k2 

{
exp 

[
k2 (I∗4 ,i − 1)2 

]
− 1

}
, I∗4 ,i = C : Hi , (6) 

here k1 is a stiffness-like parameter and k2 a dimensionless pa- 

ameter controlling the stiffening, while I∗
4 ,i 

is a generalized fourth 

nvariant weighted with the fiber family distribution. This quan- 

ity is computed using the structure tensor Hi depending on the 

n-plane and out-of-plane dispersion parameters (3) , expressed as 

30] 

i = 2 κip ,i κop ,i I + 2 κop ,i (1 − 2 κip ,i ) Mi � Mi 

+(1 − 2 κop ,i − 2 κip ,i κop ,i ) Mop ,i � Mop ,i . (7) 

n the DFD approach, the overall strain energy is given by the sum 

f the strain energy contributions of a finite number n of represen- 

ative fiber directions over the unit sphere S [34] , i.e. 

f ,i =
n ∑ 

j=1 

ρi, j � j (I4 , j ) , I4 , j = C : N j � N j , (8) 
270
here ρi, j is the relative amount of fibers within the subdomain 

S j associated with the representative fiber direction N j , com- 

uted as 

i, j =
1 

4 π

∫ 
�S j 

ρi (N )d S , j = 1 , . . . , n, (9) 

nd � j is the single fiber strain energy, defined as 

j (I4 , j ) =
{ 

c1 

2 c2 

{
exp 

[
c2 (I4 , j − 1)2 

]
− 1

}
, I4 , j ≥ 1 , 

0 , I4 , j < 1 , 
(10) 

here c1 and c2 are two material parameters, analogous but not 

quivalent to k1 and k2 . Eq. (10) is intended to exclude the neg- 

igible strain energy contribution of the compressed fibers when 

he fourth invariant I4 , j , which denotes the square of the stretch 

n the direction N j , is smaller than 1. Since ρi (N ) is normalized, it 

ollows from Eq. (9) that 
∑ 

j ρi, j = 1 . Any discretization of the unit 

phere S can be used to compute the weights ρi, j . Here we adopt 

he adaptive meshing algorithm proposed in [63] , which iteratively 

efines the discretization using spherical triangles until each ρi, j is 

maller than a threshold ρmax = 0 . 001 . 

Note that the material parameters for both the GST and DFD 

ormulations do not depend on the specific fiber family, as the ma- 

erial is assumed to consist of collagen fibers of the same type, 

hereas the families are introduced to approximate the measured 

ber distribution d(θ, φ) . 

The second Piola-Kirchhoff stress tensor S is determined by dif- 

erentiating the strain-energy function with respect to C / 2 [64] . 

herefore, from Eq. (4) we get 

 = 2
∂�

∂C 

= Sg +
m ∑ 

i =1 

νi Sf ,i − pC−1 , (11) 

here Sg = μI is the contribution of the ground matrix and Sf ,i is 

he stress component of the ith fiber family. By using the strain- 

nergy functions in the Eqs. (6) and (8) , the stress tensors for the 

ST and DFD models, respectively, read 

f ,i = 2
∂�f ,i 

∂ I∗
4 ,i 

Hi , Sf ,i = 2

n ∑ 

j=1 

ρi, j 

∂� j 

∂ I4 , j 

N j � N j . (12) 

hen the first Piola-Kirchhoff stress tensor P , which is used in 

he following to fit the models to the experimental mechanical 

ata, is derived from the relationship P = FS [64] . Therefore, from 

q. (11) we get 

 = μF +
m ∑ 

i =1 

νi FSf ,i − pF−T . (13) 

inally, the Cauchy stress tensor σ is obtained by right-handed 

ultiplication of Eq. (13) with J−1 FT . 
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The main advantage of the GST model is its computational ef- 

ciency, which lies in the ability of the structure tensor Hi to ac- 

ount for fiber dispersion regardless the deformation state. There- 

ore, Hi can be pre-computed and used throughout the analysis. 

n the other hand, the GST model includes all fibers and can- 

ot exclude the compressed ones without compromising its effi- 

iency. In this case, the DFD model is practical and provides a sim- 

le fiber exclusion criterion with a higher but reasonable compu- 

ational cost [34] . 

We also emphasize that despite the similarities, the two models 

iffer substantially and agree only in the case of perfectly aligned 

bers, ai , bi → ∞ , or for m → ∞ . As a consequence, the two sets of

echanical parameters { k1 , k2 } and { c1 , c2 } are not interchange- 

ble between the two models. 

.6. Model fitting 

Planar tensile tests were performed before SHG imaging, thus 

ithout prior knowledge of the fiber distribution. Due to the con- 

guration of the biaxial testing machine, the samples can deform 

reely during testing, allowing material anisotropy with shear de- 

ormations even when no shear stress is applied. Therefore, the ex- 

erimental deformation gradient, say Fe , was computed from the 

osition of the four markers placed on the sample surface and 

racked using a DIC system. Assuming that the strain field between 

he markers is homogeneous, we computed the planar components 

f Fe using a bi-linear iso-parametric element with 4 nodes, where 

he only non-planar component Fzz was determined from the in- 

ompressibility assumption J = det Fe = 1 [44,65] . 

The nominal stress components of the experimental first Piola- 

irchhoff stress tensor Pe were computed from the recorded forces 

fx and fy acquired during the loading phase. Given the relatively 

arge length of the surgical sutures threads compared to the size of 

he samples, the applied forces produce negligible rotation (shear) 

uring loading, so the tangential components are assumed to be 

ero. Therefore, the nominal Piola-Kirchhoff stress tensor is ex- 

ressed as [44,65] 

Pe 
]

= diag 
[

fx / (t ly ) , fy / (t lx ) , 0
]
, (14) 

here t is the sample thickness, measured as described in 

ection 2.2 , while lx and ly are the width and height of the sample 

elative to the area within the hooks ( Fig. 1 (c)), measured from the

rst DIC image of the test using Fiji [52] . 

Subsequently, the mechanical parameters of each sample were 

etermined by simultaneously minimizing all 4 objective functions 

qr , q, r ∈ { x, y } , defined as 

qr =
K ∑ 

k =1 

(Pe 
qr − Pqr (Fe ))2 

k , (15) 

ncluding simultaneous mechanical data from the two biaxial tests 

 dx : dy = 1 : 1 , 1 : δ). In Eq. (15) , K denotes the total number of

ata points between the two tests, while Pqr is the qr component 

f the theoretical first Piola-Kirchhoff stress tensor P in Eq. (13) , 

n which the hydrostatic pressure p was expressed using the plane 

tress constraint Pzz = 0 . From Eq. (14) it follows that this method 

lso enforces the planar shear components to zero. Note that only 

he parameters μ, k1 , k2 (for the GST model) and c1 , c2 (for the 

FD model) need to be fitted since the microstructural parameters 

re obtained from the SHG stack ( Section 2.4 ). 

The analysis was performed using a custom matlab code (v. 

2023a; The MathWorks Inc., Natick, MA, USA) based on the built- 

n nonlinear least squares function lsqnonlin using the trust- 

egion-reflective algorithm. To ensure convergence to the same set 

f fitted parameters, the analysis was repeated several times for 

ach sample, initiating the process from different combinations of 

nitial parameter values [33] . 
271
.7. Statistical analysis 

The metrics used to assess the goodness of fit are the coefficient 

f determination R2 for the fiber orientation distributions data and 

he weighted mean absolute percentage error (wMAPE) for the me- 

hanical data, defined as 

MAPE =
∑ 

q,r∈{ x, y } 

∑ K 
k =1 wk 

| Pe 
qr − Pqr |k 

| Pe 
qr |k ∑ K 

k =1 wk 

=
∑ 

q,r∈{ x, y } 

∑ K 
k =1 | Pe 

qr − Pqr |k ∑ K 
k =1 | Pe 

qr |k 

(16) 

n which the weights wk were assumed to be equal to | Pe 
qr | k . Dif- 

erences between values associated with the GST and DFD models 

mechanical parameters and wMAPE) were compared with paired 

-tests, while significant linear correlations between the mechan- 

cal parameters were tested using the Pearson correlation coeffi- 

ient. The analysis of the angular data was performed according to 

ircular statistics and took into account the symmetry mentioned 

n Section 2.4 , according to which (θ, φ) and (θ + 180◦, −φ) rep-

esent the same orientation. Specifically, the Watson-Williams high 

oncentration F-test was used to test the difference between the 

verage collagen fiber orientation of the samples from the left and 

ight sides of the human body. Differences and correlations were 

onsidered significant when the P -value was less than 0.05 ( 95% 

onfidence). Data analyses were carried out employing the Real 

tatistics Resource Pack software [66] . 

. Results 

.1. Healthy skin 

Fig. 4 shows the measured distributions computed from the 

HG stacks of 14 healthy skin samples and the corresponding fit- 

ed bivariate distributions ρ(θ, φ) . The mean fiber directions and 

tandard deviations computed from the measured distributions are 

ummarized in Table 1 together with the SHG-scanned skin thick- 

esses. After the clearing process with SeeDBp, 311 . 8 ± 50 . 7 μm

issue thickness could be scanned from the epidermis side. The 

HG stacks only included the dermis layer because the epider- 

is does not contain collagen fibers. However, due to sub-optimal 

learing, only the backward SHG signal was suitable to obtain col- 

agen fiber volumes of satisfactory quality. 

In particular, all samples showed a fiber distribution with low 

verage elevations and small standard deviations, φ = −2 . 6 ± 2 . 2◦

nd σφ = 21 . 4 ± 6 . 5◦ for the right samples, and φ = −0 . 8 ± 1 . 7◦

nd σφ = 20 . 4 ± 6 . 3◦ for the left ones, with no significant differ-

nces between the two groups. This indicates that the fiber dis- 

ersions lie mainly in the x − y plane, i.e. the skin mean plane. 

ooking to the azimuthal quantities, a symmetry is observed al- 

hough not significant for either the mean angles or the standard 

eviation. In particular, the distributions for the right samples were 

ainly oriented downward, with average azimuth θ = −82 . 8 ±
7 . 4◦, and mostly upwards for the left ones, θ = 82 . 0 ± 32 . 2◦. Fur-

hermore, as expected, the fiber distributions were broader in the 

zimuthal direction with a standard deviation of σθ = 38 . 9 ± 13 . 8◦

nd σθ = 39 . 0 ± 16 . 3◦ for the right and left samples, respectively.

espite the limited number of samples, these observations re- 

ealed a fiber organization consistent with the Langer’s lines in the 

ower abdominal region, see Fig. 5 , which represent the cleavage 

ines, i.e. the average direction of the collagen fibers in the human 

ody [14,67] . 

Table 2 summarizes the microstructural parameters of the fit- 

ed von Mises distributions ρ(θ, φ) shown in Fig. 4 (wireframe 

lots). The families are sorted in descending order by volume frac- 

ion ν so that the first family has the largest contribution to the 
i 
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Fig. 4. Measured fiber orientation distributions d(θ, φ) (colored), computed from the SHG stacks, and the fitted von Mises distributions ρ(θ, φ) (wireframes) of the analyzed 

samples (results for ABR3-p1 and ABR4-p1 are here omitted). The distributions are normalized so that the integral over the unit hemisphere is one. 

272
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Table 1 

Overall collagen fiber data determined from the SHG stacks: volume thickness t , average fiber azimuth θ and 

elevation φ, circular standard deviations along the azimuth σθ and elevation σφ . Averages and standard devia- 

tions for the angular data are reported separately for the right (R) and left (L) samples. 

Sample t ( μm) θ ( ◦) φ ( ◦) σθ ( ◦) σφ ( ◦) 

ABR1-p1 301 .7 –84 .6 –3 .8 56 .1 11 .8 

ABR1-p2 271 .9 –71 .5 –1 .6 54 .9 14 .4 

ABR1-p3 381 .3 –78 .3 –4 .9 47 .2 19 .4 

ABR2-p1 350 .6 82 .4 –0 .5 26 .1 27 .0 

ABR2-p2 290 .7 –41 .8 –4 .5 35 .7 18 .0 

ABR2-p3 216 .6 66 .8 –2 .5 41 .3 28 .8 

ABR3-p1 360 .8 –52 .0 –4 .6 16 .2 23 .8 

ABR4-p1 322 .1 57 .6 1 .9 33 .8 27 .9 

ABL1-p1 238 .8 –65 .3 –0 .6 42 .7 16 .6 

ABL1-p2 258 .8 68 .9 0 .2 26 .4 18 .9 

ABL1-p3 312 .9 80 .8 2 .0 45 .0 14 .7 

ABL2-p1 344 .9 9 .4 –3 .4 29 .9 24 .3 

ABL2-p2 354 .0 68 .8 –2 .1 23 .1 31 .4 

ABL2-p3 360 .2 –79 .8 –0 .7 67 .1 16 .5 

Average 
(R) 311 .8 –82 .8 –2 .6 38 .9 21 .4 

(L) 82 .0 –0 .8 39 .0 20 .4 

St. Dev. 
(R) 50 .7 27 .4 2 .2 13 .8 6 .5 

(L) 32 .2 1 .7 16 .3 6 .3 

Table 2 

Microstructural parameters of the fitted distributions in Fig. 4 and goodness of fit ( R2 ). 

Fiber family 1 Fiber family 2 Fiber family 3 

Sample a1 (-) b1 (-) α1 ( °) β1 ( °) γ1 ( °) ν1 (-) a2 (-) b2 (-) α2 ( °) β2 ( °) γ2 ( °) ν2 (-) a3 (-) b3 (-) α3 ( °) β3 ( °) γ3 ( °) ν3 (-) R2 

ABR1-p1 0 .5 24 .8 46 .3 –3 .8 8 .5 0 .63 1 .9 17 .9 –60 .2 –6 .2 –3 .0 0 .33 0 .0 22 .5 25 .0 –16 .4 44 .4 0 .04 0 .98 

ABR1-p2 0 .3 19 .0 71 .9 –0 .7 2 .9 0 .77 2 .0 25 .2 –52 .3 –2 .7 2 .9 0 .23 0 .97 

ABR1-p3 6 .9 2 .4 –74 .4 –10 .9 10 .7 0 .54 1 .4 11 .5 90 .0 –0 .5 1 .3 0 .46 0 .89 

ABR2-p1 1 .4 10 .9 69 .5 –1 .8 6 .2 0 .77 2 .4 31 .2 –61 .4 –2 .8 –4 .5 0 .23 0 .95 

ABR2-p2 2 .1 8 .5 –38 .0 –6 .0 –7 .5 0 .60 0 .3 21 .8 70 .7 –1 .1 1 .1 0 .40 0 .84 

ABR2-p3 6 .0 3 .6 66 .8 –2 .5 –4 .7 1 .00 0 .93 

ABR3-p1 1 .4 8 .5 –58 .1 –4 .1 12 .6 0 .45 11 .0 0 .2 –40 .0 –26 .9 12 .4 0 .33 0 .0 21 .3 90 .0 2 .0 –0 .8 0 .22 0 .95 

ABR4-p1 0 .7 17 .1 –84 .7 –3 .5 –5 .1 0 .54 2 .1 10 .3 45 .4 2 .0 22 .6 0 .46 0 .96 

ABL1-p1 3 .1 13 .7 –64 .2 –1 .2 –4 .5 0 .76 0 .5 46 .5 90 .0 –3 .4 1 .7 0 .24 0 .95 

ABL1-p2 0 .6 11 .8 68 .7 0 .2 7 .0 1 .00 0 .95 

ABL1-p3 1 .7 7 .9 90 .0 4 .6 5 .0 0 .77 3 .9 13 .8 55 .7 –5 .4 5 .0 0 .23 0 .92 

ABL2-p1 0 .4 20 .6 –26 .6 –3 .9 –1 .1 0 .79 2 .9 13 .5 52 .5 1 .8 17 .6 0 .21 0 .97 

ABL2-p2 1 .4 11 .4 64 .9 –2 .0 5 .6 0 .83 1 .5 44 .8 –45 .9 –0 .6 –4 .3 0 .17 0 .93 

ABL2-p3 2 .3 12 .9 77 .8 –1 .4 10 .2 0 .55 11 .5 6 .0 –65 .3 –1 .8 45 .0 0 .45 0 .93 

(a) (b)

Sagittal plane

Fig. 5. Average collagen fiber orientation in the azimuthal direction: (a) Langer’s 

lines [14] , representing the average collagen fiber direction on the human body, and 

the highlighted directions in the abdominal region; (b) polar representation of the 

average fiber direction of the right (red dots) and left (blue dots) samples about the 

sagittal plane, computed from the measured fiber orientation distributions. Dashed 

lines represent the right and left averages directions at θ = −82 . 8◦ and θ = 82 . 0◦ , 

respectively, while the whiskers their corresponding circular standard deviations. 

Averages and standard deviations are calculated considering the orientation sym- 

metry of the fibers, where θ = 90◦ and θ = −90◦ represent the same direction. 
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verall fiber orientation distribution. Recall that the fitting made 

o assumptions about the number m of families, which was ob- 

ained by the lower integer m that ensured a coefficient of deter- 

ination R2 > 0 . 9 . In general, the number of families is reflected 

n the number of distinct local maxima, which in our cases was 

lways m ≤ 2 . However, a third isotropic family was introduced for 

amples ABR1-p1 and ABR3-p1 (the latter is not shown in Fig. 4 ). 

his family, which represents the smallest volume fraction of the 

verall distribution with ν3 = 0 . 04 for ABR1-p1, and ν3 = 0 . 22 for

BR3-p1, does not relate to a local maximum, but rather shifts the 

istribution to improve the quality of the fit. 

The mechanical parameters of the GST and DFD models are re- 

orted in Table 3 along with the sample thickness and the residual 

rrors of the fitting expressed as wMAPE. Representative experi- 

ental mechanical responses in terms of principal Cauchy stresses 

nd principal stretches are shown in Fig. 6 along with the pre- 

ictions of the mechanical models. The sample thickness, mea- 

ured from the side view images taken before the mechanical 

ests, was t = 2 . 92 ± 0 . 71 mm . The shear parameter of the neo-

ookean ground matrix, which prevails at small stretches, was 

elatively small, μ = 1 . 142 ± 0 . 879 kPa . The fiber parameters were 

nstead k1 = 0 . 5914 ± 1 . 3013 kPa and k2 = 68 . 5 ± 29 . 5 for the GST

odel and c1 = 1 . 9074 ± 2 . 4427 kPa and c2 = 43 . 6 ± 15 . 3 for the

FD model. As reported in Fig. 7 (a), the fiber stiffness-like param- 

ters k were significantly lower than c upon log -transformation 
1 1 
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Table 3 

Estimated mechanical parameters of the GST and DFD models from the biaxial tests and the relative me- 

chanical fitting residual wMAPE error. The sample thickness is given in the first column. 

GST model DFD model 

Sample t (mm) μ (kPa) k1 (kPa) k2 (-) wMAPE (%) c1 (kPa) c2 (-) wMAPE (%) 

ABR1-p1 3 .80 0 .680 0 .8736 53 .7 30 .0 3 .3788 32 .8 45 .9 

ABR1-p2 2 .67 1 .251 0 .1267 52 .1 28 .7 1 .2388 36 .5 36 .5 

ABR1-p3 3 .97 0 .503 0 .0300 48 .5 31 .5 0 .7713 23 .1 34 .8 

ABR2-p1 2 .74 0 .628 4 .8057 66 .9 50 .9 8 .2124 71 .0 33 .8 

ABR2-p2 3 .00 0 .848 0 .0497 34 .4 37 .1 0 .5141 26 .0 33 .4 

ABR2-p3 4 .22 0 .115 0 .1292 63 .3 24 .0 4 .6846 35 .0 26 .9 

ABR3-p1 2 .34 1 .143 0 .0166 130 .0 28 .0 0 .5893 49 .5 41 .2 

ABR4-p1 2 .43 2 .486 0 .0233 102 .5 20 .2 0 .6629 53 .8 44 .9 

ABL1-p1 2 .03 1 .531 0 .0205 91 .5 42 .8 0 .0891 45 .5 37 .9 

ABL1-p2 2 .92 0 .344 0 .0003 51 .0 37 .8 0 .3085 32 .5 47 .8 

ABL1-p3 3 .58 1 .643 0 .5251 74 .9 29 .0 1 .3303 56 .8 37 .6 

ABL2-p1 2 .09 0 .802 0 .0020 38 .3 38 .7 0 .0060 29 .7 42 .5 

ABL2-p2 2 .25 0 .667 0 .0215 41 .0 26 .3 0 .1620 48 .6 43 .3 

ABL2-p3 2 .77 3 .340 1 .6553 110 .8 34 .4 4 .7554 69 .3 35 .5 

Average 2 .92 1 .142 0 .5914 68 .5 32 .8 1 .9074 43 .6 38 .7 

St. Dev. 0 .71 0 .879 1 .3013 29 .5 8 .1 2 .4427 15 .3 5 .8 
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Fig. 6. Representative experimental mechanical response of sample ABR2-p3 (circles) in horizontal (red) and vertical directions (blue) for the biaxial tests (a) dx : dy = 1 : 1 , 

and (b) dx : dy = 1 : 0 . 85 (loading curves). The mechanical models predicted the experimental data well, with a residual wMAPE error of 24% for the GST model (solid curves) 

and 26 . 85% for the DFD model (dashed curves). Note that each model used a unique set of parameters to predict both biaxial tests. 
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Fig. 7. Box-and-whiskers plots of GST and DFD parameters: (a) fiber stiffness-like parameters k1 , c1 ; (b) stiffening parameters k2 , c2 ; (c) mechanical fitting of the resudal 
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 P = 5 . 45 × 10−5 ). On the other hand, the dimensionless parameter

2 , which controls the exponential stiffening of the loading curves, 

as significantly higher than its counterpart c2 ( P = 7 . 39 × 10−4 ) 

 Fig. 7 (b)). This suggests a stiffer behavior of the DFD model com- 

ared to the GST one. However, as shown in Fig. 6 , both con-

titutive models predicted the mechanical behavior of the skin 

ith good agreement, although the DFD model proved more dif- 

cult to fit and displayed a residual wMAPE error of 38 . 7 ± 5 . 8% ,

ignificantly higher ( P = 0 . 028 ) than the error of the GST model,

2 . 8 ± 8 . 1% ( Fig. 7 (c)). 

To examine possible correlations between mechanical and mi- 

rostructural parameters, a linear regression analysis was car- 

ied out. Significant correlations were found between μ and k2 , 

2 , shown in Fig. 8 (a), with a Pearson coefficient of r = 0 . 657

 P = 0 . 011 ) and r = 0 . 624 ( P = 0 . 017 ), respectively. Two additional

orrelations were found between the GST and DFD parameters. 

n particular, k1 was positively correlated with c1 in the log - 

ransformation ( r = 0 . 773 , P = 0 . 0012 ) ( Fig. 8 (b)), as well as k2 

ith c2 ( r = 0 . 627 , P = 0 . 016 ) ( Fig. 8 (c)). Other nonlinear correla-

ion between mechanical parameters were tested but no significant 

orrelations were found. 

In addition to the biaxial tests, we also performed uniaxial tests 

long the x and y directions to understand the mechanical behav- 

or of the skin in the uniaxial tension regime. The mechanical re- 

ponses along the x and y directions of all samples are shown in 

ig. 9 (a) and (b), respectively, while in Fig. 9 (c) and (d), the re-

pective principal stretches are shown. Therein, λ1 and λ2 were 

omputed from the eigenvalues of the planar components of Fe , 

.e. using the position of the fiducial markers, whereas the out-of- 

lane stretch λ3 was derived from the incompressibility assump- 

ion J = λ1 λ2 λ3 = 1 . Note that in Fig. 9 (c) and (d) the data are

runcated at axial stretches λ1 = 1 . 29 and λ1 = 1 . 38 to ensure a

omputation of the averages and standard deviations using at least 

0 tests. The transverse stretches λ2 and λ1 , relative to the tests 

long the x and y directions, both decrease as the samples elon- 

ate along the loading axis, except for a small region within the 

tandard deviation above λ = 1 . This unexpected behavior, more 

ronounced in the tests along the x direction ( Fig. 9 (c)), was prob-

bly caused by the movement of the samples from the bottom of 

he bath towards the DIC camera before reaching the stable height. 

uring this vertical excursion (about 20 mm ), the samples changed 

ocal plane and the fiducial markers were magnified and appeared 

o be biaxially stretched. However, as soon as the samples reached 

he steady height relative to the camera, the actual movement of 
275
he markers was captured and the transverse stretches returned 

o a state of contraction ( λ < 1 ). On the other hand, in both tests,

he out-of-plane stretch λ3 initially decreased to about 0.9 for ax- 

al stretches of λ1 = 1 . 16 and λ2 = 1 . 23 . Subsequently, the trend

as reversed and it expanded with increasing axial deformation. 

his behavior, however, seems unlikely in reality and is probably 

he result of the incompressibility assumption. 

.2. Scarred skin 

Four additional samples were analyzed from Patient 2, who re- 

orted an older C-Section scar. Two samples from the right and left 

ides around the sagittal plane, SR-p2 and SL-p2, were tested with 

he scar running along the x direction. Two additional samples of 

djacent healthy skin, HR-p2 and HL-p2, taken with the same ori- 

ntation parallel to the scar were tested for comparison ( Fig. 1 (a)). 

The SHG images revealed a consistent difference in collagen 

orphology between healthy and scarred tissues. As shown in 

ig. 10 (a) and (b), the collagen fiber bundles (in green) in scarred 

kin were straighter and thinner, running almost perpendicular 

o the scar axis and with increased concentration. This differ- 

nce is also captured by the measured fiber orientation distribu- 

ions shown in Fig. 10 (c) and (d). In contrast to the healthy sam- 

le HR-p2, which has two nearly symmetrical fiber families with 

ean orientations α1 = −83 . 9◦ and α2 = 46 . 9◦, the scarred tissue 

resents a main family with high concentration at α1 = −72 . 2◦, 

long with a smaller but highly concentrated family almost paral- 

el to the scar at α2 = −8 . 1◦. Similar results were observed for the

ther two samples (see Table 4 ). Although the focus of our study 

as primarily on collagen fibers, we observed a remarkable reduc- 

ion in elastin fibers in the scarred skin (red fibers in Fig. 10 (a) and

b)). 

The mechanical parameters obtained from biaxial tests are 

isted in the Table 5 . Due to the limited number of samples and

he different location on the body, these parameters are not com- 

ared to the parameters presented in the previous section. 

. Discussion 

In this study, 14 human skin samples from the lower abdomi- 

al region and 4 samples, 2 healthy and 2 scarred, from an older 

esarean section scar, were analyzed ( Fig. 1 ). The microstructural 

arameters describing the organization of collagen fibers were ob- 

ained from SHG stacks taken at a square window of 465 μm ×
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Fig. 9. Average mechanical responses of the uniaxial tests performed along the horizontal ( x -axis) and vertical ( y -axis) directions (loading curves): (a), (b) principal Cauchy 

stress σ versus principal stretch λ along x and y , respectively. Solid curves indicate the average values and dashed curves the standard deviations; (c), (d) transversal stretches 

λ2 , λ1 , and out-of-plane stretch λ3 versus axial principal stretches along x and y . Averages and standard deviations computed from at least 20 tests. 

Table 4 

Microstructural parameters of the scarred skin samples and relative control samples of healthy skin. The last column indicates the 

goodness of fit ( R2 ). 

Fiber family 1 Fiber family 2 

Sample a1 (-) b1 (-) α1 ( °) β1 ( °) γ1 ( °) ν1 (-) a2 (-) b2 (-) α2 ( °) β2 ( °) γ2 ( °) ν2 (-) R2 

SR-p2 4 .1 18 .7 –72 .2 1 .0 –7 .1 0 .77 15 .4 38 .2 –8 .1 –3 .0 –43 .6 0 .23 0 .90 

SL-p2 6 .8 16 .0 58 .0 13 .5 –16 .4 0 .74 5 .0 12 .9 –88 .5 –1 .3 –1 .9 0 .26 0 .91 

HR-p2 1 .5 14 .2 –83 .9 0 .2 –2 .6 0 .64 3 .8 9 .1 46 .9 3 .3 24 .3 0 .36 0 .91 

HL-p2 1 .1 18 .0 –76 .7 –0 .7 –2 .5 0 .57 3 .7 8 .5 46 .4 –2 .0 –0 .1 0 .43 0 .94 

Table 5 

Estimated mechanical parameters and fitting residual wMAPE error of the scarred skin samples and the 

healthy control skin samples. The sample thickness is given in the first column. 

GST model DFD model 

Sample t (mm) μ (kPa) k1 (kPa) k2 (-) wMAPE (%) c1 (kPa) c2 (-) wMAPE (%) 

SR-p2 2 .04 1 .311 0 .0106 28 .9 68 .5 0 .0148 23 .2 41 .9 

SL-p2 2 .46 0 .645 0 .0079 37 .4 37 .3 0 .1185 26 .1 30 .8 

HR-p2 1 .12 3 .273 0 .0197 129 .3 33 .4 3 .8832 30 .6 47 .6 

HL-p2 2 .25 0 .696 0 .0930 22 .8 20 .1 0 .7592 13 .8 33 .9 

276
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Fig. 10. Fiber architecture in healthy and scarred skin: (a),(b) superposition of collagen (SHG signal, green) and elastin fibers (2PEF signal, red) of the healthy (left) and 

scarred skin samples (right) HR-p2 and SR-p2, at 82.08 μm below the epidermis; (c),(d) orientation distribution of collagen fibers d(θ, φ) (colored) and fitted von Mises 

distributions ρ(θ, φ) (wireframes) of samples HR-p2 and SR-p2. 
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65 μm. By clearing the tissue with SeeDBp, we were able to scan 

kin collagen to an average depth of 311.8 μm, whereas under nor- 

al conditions only the first 100 μm are visible [57,68] . Despite 

he improvement, this only represented about 10% of the total skin 

hickness ( t = 2 . 92 ± 0 . 71 mm ). This technique has the advantage

f preserving collagen morphology as well as SHG and 2PEF sig- 

als using a simple protocol based on a non-toxic fructose solu- 

ion. On the other hand, it seems to have little effect on dense 

ollagenous tissue. SeeDB (See Deep Brain), originally developed 

o clear the entire brain of the mouse [56] , was successfully ap- 

lied to diseased human mitral valve leaflets, allowing scanning up 

o 1400 μm thickness [58] , but achieved similar results when ap- 

lied to tendons and cartilage ( ∼ 300 μm visible thickness) [69] . 

o the best of our knowledge, this is the first time SeeDB was 

pplied to skin tissue [70] . Other techniques such as benzylalco- 

ol/benzylbenzoate (BABB) solutions were found to be more effec- 

ive in clearing human skin [71] , but caused shrinkage effects that 

ould potentially affect the distribution of collagen fibers [72] . 

Collagen SHG stacks were analyzed after a post-processing de- 

onvolution step using an algorithm based on the discrete 3D 

ourier transform [51] , which provided a complete description of 

he fiber orientation distribution d(θ, φ) over the unit hemisphere 

or each sample. Even if the SHG stacks are not captured with 

olarization-resolved SHG (pSHG), which provides a comprehen- 
277
ive imaging of the collagen fibers along the entire planar direc- 

ion, the algorithm still detects all visible fibers in the stacks, re- 

ardless of the intensity variability of the fiber signal due to the 

olarization angle of the laser. The analysis revealed that colla- 

en architecture in most samples is characterized by a mixture of 

wo non-symmetrical fiber families with different volume fractions 

lthough only one family was observed in samples ABR2-p3 and 

BL1-p2. As in other membrane tissues, e.g., in the aortic walls 

31] , collagen fibers displayed an almost planar dispersion, highly 

oncentrated in the midplane of the membrane. From a mechani- 

al perspective, this provides the skin the tensile strength it needs 

o fulfill its membrane function. Considering the azimuthal orien- 

ation, the right and left samples showed symmetrical average ori- 

ntations at θ = −82 . 8 ± 27 . 4◦ and θ = 82 . 0 ± 32 . 2◦, respectively,

lthough the difference was not significant. This finding is consis- 

ent with the orientation of the Langer’s lines in the lower abdom- 

nal region. These were first analyzed in 1861 by the Austrian doc- 

or Karl Langer [14] and are the result of puncturing several points 

n the surface of skin cadavers with a round tool, observing the 

irection of their ovalization. The common interpretation of this 

henomenon is attributed to collagen fibers separating along their 

ean direction when it is penetrated by a rigid body [73] . Our re-

ults, in accordance with similar studies on skin samples [74] , con- 

rms this thesis, although Langer’s lines are sometimes attributed 
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o natural skin tension on the human body [75] , and not related to

he collagen direction [76] . 

Specific microstructural parameters for each family were quan- 

ified by fitting a combination ρ(θ, φ) of bivariate von Mises dis- 

ributions to the measured distribution d(θ, φ) . These parameters 

ere used to fit two mechanical models to the mechanical data 

rom the biaxial tests by assuming that the distributions measured 

rom the SHG stacks were representative of the whole sample vol- 

me. The model introduced by Holzapfel et al. [30] for model- 

ng arterial walls employs a generalized structure tensor (GST) ap- 

roach, while the model introduced by Li et al. [34] is based on 

 discrete fiber dispersion (DFD) method. The shear modulus μ
f the neo-Hookean ground matrix, which is the same for both 

odels, was μ = 1 . 142 ± 0 . 879 kPa . The parameters of the GST 

odel were k1 = 0 . 5914 ± 1 . 3013 kPa and k2 = 68 . 5 ± 29 . 5 . These

esults are of the same order of magnitude as those reported by 

onge et al. [47] for human dorsal skin. The authors obtained 

1 = 1 . 446 ± 2 . 040 kPa and k2 = 76 . 1 ± 71 . 0 from full-field bulge

ests assuming planar fiber dispersion. Similar parameters were 

lso obtained by Wei et al. [39] from in vivo indentation tests 

n facial skin, k1 = 2 . 402 kPa and k2 = 15 . 9 . Regarding the DFD

odel, the fitted parameters are c1 = 1 . 9074 ± 2 . 4427 kPa and c2 = 

3 . 6 ± 15 . 3 . Overall, both models predicted the mechanical behav-

or of the skin well, although the GST model was found to be more 

ccurate and had significantly lower residual error. This might indi- 

ate that the GST model is more adequate to model the mechanical 

esponse of the skin, but more investigations are needed to under- 

tand whether this holds true for skin samples from other body 

ocations, also in relation to age, sex, and health condition of the 

atients. 

As mentioned in Section 2.5 , the GST and DFD models dif- 

er substantially, although the two strain-energy definitions in 

q. (6) and (10) have a similar form. Therefore, the parameter sets 

annot be interchanged between the models, except in the spe- 

ial case of perfectly aligned fiber families [77] . This difference was 

emonstrated by the significant differences between k1 − c1 ( P = 

 . 45 × 10−5 ) and k2 − c2 ( P = 7 . 39 × 10−4 ). Nevertheless, the sig-

ificant correlations between k1 − c1 ( r = 0 . 773 , P = 0 . 0012 ) and

2 − c2 ( r = 0 . 627 , P = 0 . 016 ), reported in Fig. 8 (b) and (c), could

e helpful in transferring the parameters from one model to the 

ther. Further significant correlations emerged between μ and the 

arameters k2 and c2 , which could suggest a mechanical connec- 

ion between the ground matrix and the embedded collagen fibers. 

It is important to mention that the mechanical tests were per- 

ormed assuming that the reference configuration is the pre-loaded 

ne with 0 . 01 N , i.e. the smallest measurable force of our load cell, 

oth horizontally and vertically. Therefore, the obtained parame- 

ers must be related to the pre-loaded ex vivo configuration. Re- 

ent studies on murine skin analyzed the influence of different 

eference configurations on the final mechanical parameters and 

howed a significant variation between the parameters associated 

ith the ex vivo pre-loaded and the in vivo unloaded configura- 

ions [49] . Since it was not possible to measure the residual strains 

uring the physiological pre-loading of the skin in the living state, 

nly the ex vivo configuration was considered as a reference. 

In this study, the skin was assumed to be incompressible. This 

pproximation, first introduced by Lanir and Fung [7] , is commonly 

sed in mechanical modeling of several soft tissues, including aor- 

ic walls [31] , mitral valve leaflets [33] and brain tissue [78] . This

akes the fitting process of the mechanical models easier by al- 

owing the explicit expression of λ3 from the planar and measur- 

ble stretch components λ1 and λ2 , which otherwise would re- 

uire a dedicated measurement. However, recent studies on skin 

nder uniaxial deformation, measuring λ3 from side view images 

f the sample, showed a significant volume loss of up to 30% at 

niaxial stretches λ = 1 . 2 , which is related to dehydration depend- 
278
ng on the osmolarity of the environment [79,80] . To better under- 

tand the effect of the incompressibility assumption in our anal- 

sis, uniaxial tests were performed along the x and y directions. 

onsistent with the observation of Wahlsten et al. [80] , our tests 

howed a strong transversal contraction, with an average in-plane 

ransverse stretch of λ ≈ 0 . 85 at a uniaxial stretch of λ = 1 . 3 (see

ig. 9 (c),(d)). In response, the out-of-plane stretch λ3 , computed 

rom the incompressibility constraint J = λ1 λ2 λ3 = 1 , transitioned 

rom a contraction phase at low uniaxial stretches to an expan- 

ion trend beyond λ = 1 . 16 ÷ 1 . 23 . Notably, this was observed in

oth the x and y directions. Since this behavior is unlikely, our re- 

ults might suggest that the volumetric changes no longer become 

egligible at high deformation levels. It is important to mention 

hat our uniaxial tests are performed using square specimens and 

ot standardized shapes, like, e.g., T-bone or dog-bone specimens. 

owever, in uniaxial tests, we found that the rotating bars on the 

iaxial machine arms (see Section 2.2 ) ensure an even distribution 

f the forces between the hooks, thus allowing a uniaxial distribu- 

ion of stresses in the specimen within the fiducial markers. Sub- 

equently, the displacements of the fiducial markers are measured 

sing the DIC, which allowed us to compute the stretch component 

n the direction of the applied uniaxial load, even though shear de- 

ormation could occur due to the anisotropic behavior of the spec- 

mens. 

Finally, two scarred and two healthy samples from an old 

esarean section from Patient 2 were analyzed. The measured 

ber distributions d(θ, φ) revealed that the collagen fibers in the 

carred tissue are more concentrated and are mainly located trans- 

ersely to the scar axis. This finding is consistent with other 

HG analyses on pathological skin tissue [81,82] . In addition, a 

trong loss of elastin fibers was observed in the 2PEF signal 

 Fig. 10 (a),(b)). Early studies on elastin in skin demonstrated that 

t plays a role at low strains and is responsible for the recoiling 

echanism of the collagen fibers after deformation [9] . During the 

ound healing process the regeneration of elastin fibers follows 

hat of collagen fibers. The compact organization of collagen pre- 

ents the complete formation of an elastic fiber network in the 

carred tissue, causing the overall elasticity to decrease [83] . In 

ur analysis this stiffness difference cannot be determined due to 

he limited number of scar samples tested. Nonetheless, consider- 

ng the relevant implications of a reduced elastin fibers content on 

he overall mechanical behavior as reported by Zhou et al. [19] , 

ur observations point out the importance of including elastin in 

he mechanical modeling. 

. Conclusions 

Skin is a complex tissue that plays an essential role in main- 

aining the integrity of the human body. It is of fundamental im- 

ortance to investigate the mechanical properties of skin for the 

odel development and predictive simulations. To obtain the fun- 

amental mechanical and microstructural parameters for the GST 

nd DFD models, a campaign of experimental tests on 14 ex vivo 

uman skin samples were conducted from the abdominal region. 

icrostructural parameters were computed from SHG stacks of 

ollagen fibers, while mechanical parameters were determined by 

tting the models to the measured stress-strain responses from bi- 

xial tests. Further uniaxial tests were performed to investigate the 

olumetric behavior of the skin. The out-of-plane stretch obtained 

rom the in-plane stretches using the incompressibility constraint 

ed to an unexpected expansion at high levels of uniaxial defor- 

ation, thereby questioning the incompressibility hypothesis often 

dvocated in the mechanical modeling of skin. Although our re- 

ults are not supported by out-of-plane measurements, they ap- 

ear to confirm the results of Wahlsten et al. [80] . Finally, qual- 

tative analysis on scarred skin samples revealed a significant re- 
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uction in elastin fiber content. Considering the lower stiffness of 

carred tissue [3] , this observation points to the role of elastin 

bers in providing elasticity to the skin. 
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