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Featured Application

The work presented here is intended to provide an experimental methodology and the
constitutive modelling of porcine FDS tendon as an animal surrogate model for testing
traditional repair techniques or new innovative devices for hand tendon repair.

Abstract

Background: Nowadays, flexor hand tendon repair represents a clinical need, and new
suture patterns or devices are commonly tested on animal surrogates. Considering the
literature, the most frequently adopted animal models for testing are the equivalent tendons
taken from porcine specimens. The constitutive modelling of these tendons could open
the way to the numerical testing of new repair techniques and the development of digital
twins, reducing the use of animal models. Methods: Uniaxial tensile stress-relaxation tests
at different strain levels during the loading and unloading phases on porcine tendons were
performed. Constitutive formulations based on the assumptions of incompressible and
nearly incompressible materials were evaluated. Results: The experimental data were eval-
uated considering the relaxation tests at different strain levels during both the loading and
unloading phases. The experimental tests were used for the material parameter calibration
of both models. Conclusions: The stress-relaxation tests conducted at different strain levels
during the loading phase showed good agreement with previous findings reported in the
literature. Both constitutive model formulations provided a reliable approximation for
numerical simulations.

Keywords: constitutive laws; soft tissues modelling; flexor hand tendon repair

1. Introduction

Nowadays, tendon injuries represent a considerable economic and social burden for
both the healthcare system and patients involved. Tendon repair remains a challenge
despite the important advances in biomaterials, surgical techniques, and post-operative
rehabilitation protocols. The number of complications and failures is significant, and a
secondary surgery is often required. The hand, Achilles, and rotator cuff tendons represent
the most common tendon injuries treated by orthopaedic surgeons worldwide. Several
studies have reported that the incidence rates of these injuries vary considerably between
countries, with an increasing number of cases observed each year [1].
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Achilles tendon (AT) ruptures are one of the most commonly treated injuries in the
adult population. During a 15-year nationwide study in Italy, the AT rupture incidence
rate was 13.1 per 100,000 person-years, implying that more than 118,000 AT repairs were
performed in Italy [2].

Traumatic tendon injuries of the hand and wrist are commonly encountered in the
emergency department, with an incidence rate of 33.2 injuries per 100,000 person-years in
the United States. The highest incidence occurs in young people (2029 years) [3].

The most commonly injured tendons in the hand are the flexor and extensor tendons
of the fingers, and the most common causes of these injuries are penetrating trauma, cut
wounds (from knives, glass, etc.), and contusion or abrasion injuries [4,5].

The evaluation of different repair methods and the development of new innovative
repair devices or techniques are commonly performed on animal tendons or human ca-
daveric tendons; human samples in general are difficult to obtain. Furthermore, animal
samples are preferred during preclinical phases. In the literature, animal samples are
used for two main research purposes: (i) the evaluation of tissue healing through different
strategies (for example, after growth factor or stem cell injection) and (ii) suture pattern or
device validation.

From a mechanical standpoint, the selection of an appropriate animal tendon that
replicates the mechanical properties of the human counterpart is crucial when assessing
new devices or surgical techniques [6-9].

Considering hand tendons, in particular the flexor digitorum profundus (FDP) and the
flexor digitorum superficialis (FDS), many studies have used equivalent tendons obtained
from porcine or chicken specimens. These two species, in fact, have been found to have the
greatest similarities with humans. Porcine tendons are widely used due to their comparable
size and mechanical behaviour, showing similar stiffness, elongation, and ultimate load
values to those of human tendons [10-12].

Experimental tests represent a fundamental step in validating devices or surgical
techniques. However, computational methods enable the simulation of different scenarios,
accounting for varying physiological or non-physiological loading conditions.

Computational biomechanics, particularly through the finite element method (FEM),
provides access to quantities that are difficult to measure in vivo, such as strain and stress
distributions, offering a more comprehensive and promising approach to improving devices
or surgical techniques [13]. However, developing reliable finite element models of organs
and tissues requires accurate constitutive formulations, which necessitate an experimental
campaign involving diverse tests on tissues to identify model parameters.

In this work, porcine FDS tendons were tested as surrogates for human FDS
hand tendons, providing a mechanical characterisation and evaluation of their visco-
hyperelastic properties.

In particular, this work presents the following:

(1) An experimental mechanical protocol, consisting of uniaxial tensile stress-relaxation
tests during both the loading and unloading phases;

(2) Two visco-hyperelastic formulations for tendons: the first assumes an incompressible
material, while the second considers a nearly incompressible material.

The results of this work represent a starting point for the development of in silico
models aimed at validating new devices for hand tendon repair. In silico models of
these tendons could facilitate the numerical evaluation of both new and existing repair
techniques. The adoption of such models could contribute to a reduction in the use of
animal experiments. Furthermore, the development of these models could take into account
inter-individual variability, as well as the effects of age and pathological conditions.
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The experimental methodology presented provides a standard approach for the calibra-
tion of constitutive models for soft tissues, offering a reliable framework for characterising
the visco-hyperelastic behaviour of FDS tendons.

This study is closely aligned with ongoing research at the BIOMAST Lab (BIO-
Materials and STructures Laboratory) at the Politecnico di Torino. In particular, a new
device for hand tendon repair, T-REMEDIE (Tendon Repair MEdical DevIcE) [patent IDs:
IT202000006967A1 and WO 2021/198969 A1], has been developed in the laboratory as a
novel biocompatible and bioresorbable alternative to sutures.

2. Materials and Methods
2.1. Experimental Tests

All experimental activities were performed at room temperature within 12 h of animal
sacrifice. Tendons were measured using a thickness gauge for thickness and width, while a
digital calliper was used to measure the initial length (Iy = grip-to-grip length). Thickness
and width were recorded at three different positions along the specimen length. Data on
sample geometry (length, width, and thickness) are reported in Tables 1 and 2. For each
specimen, the mean cross-sectional area was calculated using the average thickness and
width values, assuming an elliptical cross-section. The experimental data are presented by
dividing the FDS tendons into two categories: “Thick” and “Thin”.

Table 1. Width, thickness, and length in millimetres (mm) of specimens belonging to the “Thick” category.

Width (mm) Thickness (mm)
Distal Medial Proximal Distal Medial Proximal fo (mm)
Specimen 1 492 5.80 6.47 293 2.34 2.34 46.63
Specimen 2 4.03 524 6.73 2.89 2.78 1.98 38.28
Specimen 3 446 3.35 5.37 2.28 2.23 1.65 28.44
Specimen 4 5.25 6.29 7.29 2.63 2.46 245 50.90
Specimen 5 4.82 522 7.63 240 2.61 247 50.90
Specimen 6 473 5.07 7.16 3.17 2.78 2.99 44.06
Specimen 7 5.14 5.54 6.34 2.72 2.82 2.50 43.53
Specimen 8 4.67 5.19 6.73 227 2.07 2.60 57.80
Specimen 9 4.87 5.31 7.63 2.06 2.13 2.73 40.09
Specimen 10 4.29 473 6.15 245 2.36 294 50.12
Mean = standard deviation 472 +0.37 517+£0.77 6.75+0.71 2584035 2461028 246+ 041 /

The subdivision into “Thick” and “Thin” tendons was introduced purely for descriptive
purposes to facilitate the visual presentation of the results. This classification is based exclu-
sively on the measured tendon thickness, and no physiological or biomechanical distinction
between such categories has been reported in the literature for porcine FDS tendons.

All tests were performed at room temperature, with the specimens kept well hydrated
and under a displacement rate of 10 mm/min. A preconditioning test was carried out
by applying ten loading—unloading cycles between 0% and 3% strain for each specimen.
The preconditioning protocol was selected based on the authors’ previous work, which
indicated that preconditioning tests are typically performed using ten to twenty cycles at
low strain or force values. However, no standard strain or force values have been reported
in the literature [6,7].

Each test consisted of uniaxial tensile stress-relaxation experiments at different strain
levels during the loading (3%, 6%, 9%, and 10%) and unloading phases (10%, 9%, and

https:/ /doi.org/10.3390/app16010447


https://doi.org/10.3390/app16010447

Appl. Sci. 2026, 16, 447

4 0f37

6%). The loading phase concluded at a maximum strain of 12%, after which the unloading
phase began, including three distinct relaxation levels. The final strain level of the loading
phase was determined based on preliminary tensile tests, in which sample failure occurred
between 13% and 15% strain. The hold time for the relaxation phases was chosen based on
typical relaxation times of soft biological tissues reported in the literature, approximately
300 s. Literature reports indicate that this duration allows for the near-complete develop-
ment of relaxation phenomena [14-16]. The data collected at the end of each relaxation
phase enabled the estimation of the equilibrium mechanical behaviour of the specimens,
where time-dependent microstructural rearrangements are assumed to be fully developed.

Table 2. Width, thickness, and length in millimetres (mm) of specimens belonging to the “Thin” category.

Width (mm) Thickness (mm)
Distal Medial Proximal Distal Medial Proximal fo (mm)
Specimen 1 457 3.69 3.67 1.71 1.43 1.43 38.28
Specimen 2 4.05 3.97 3.96 1.64 1.70 1.78 38.28
Specimen 3 4.00 3.50 3.06 1.53 1.37 1.65 29.44
Specimen 4 412 437 4.62 1.36 1.24 1.39 50.90
Specimen 5 3.49 4.02 4.49 1.30 1.23 1.36 50.90
Specimen 6 4.38 421 447 1.39 1.58 1.54 35.84
Specimen 7 5.70 429 5.77 1.60 1.39 1.47 44.72
Specimen 8 4.86 3.83 5.26 1.28 1.32 1.62 57.80
Specimen 9 438 4.15 4.07 1.45 1.33 1.19 40.86
Specimen 10 420 3.94 4.70 1.34 1.14 1.23 4542
Mean =+ standard deviation  4.37 £+ 0.59 4.0+ 0.27 441 +0.77 146+0.15 137+0.17 1.46+0.19 /

During the experimental campaign, an unusual behaviour was observed in the un-
loading phase, specifically in the relaxation segment at 10% strain. To determine whether
this behaviour was intrinsic or due to experimental artefacts, three additional tests were
performed for each FDS tendon category, adopting a shorter relaxation time of 60 s and
including an additional relaxation segment at 12% strain.

All testing was carried out on an MTS Insight® Electromechanical Testing System with
a 1000 Newton (N) load cell.

Specimens that exhibited abnormal behaviour (for example, breaking near the machine
grips, slippage, or if the authors doubted the validity of the test) were not included in the
study. During the entire experimental campaign, 7 specimens were excluded overall due to
breaking near the machine grips.

From these data, the total percentage of stress lost (PSL) was calculated for the different
relaxation phases [17]. PSL was defined as the difference between the peak engineering
stress (P = First Piola—Kirchhoff stress tensor or engineering stress) at the beginning of
the relaxation phase (Tj,) and the engineering stress measured at the end of that specific
relaxation phase (T¢nq), normalised by the peak engineering stress.

Considering the case of uniaxial tensile test the PSL was calculated using the
following formula:

( PlTlln _ PlTlend)

PSL = PlTlin

(1)
Considering a reference system where the longitudinal direction of the tendon is

aligned with the x-axis, Pj; represents the component in the first row and first column of
the tensor P, where the index 1 refers to the x-direction.
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2.2. Constitutive Modelling

The fundamental descriptor of the local kinematics is the deformation gradient F,
which is crucial in nonlinear continuum mechanics. The deformation gradient F is a tensor
that describes the state of deformation of the body, accounting for both stretches and
rigid body motions. Considering the case of a general material (or a soft tissue assumed
as compressible):

] = determinant(F) > 0 )

Instead, in the case of an incompressible material:

] = determinant(F) =1 3)
When investigating composite soft tissues with one or two fibre families to develop
constitutive laws for studying physiological loading conditions using Finite Element Anal-
ysis or other methods, the continuum approach is preferred [18]. This is because tissue
properties are directly defined by experimental data, unlike other approaches, in which
the behaviour of individual constituents is required but often cannot be explicitly deter-
mined. The strain energy function ¥ for a soft tissue with one family of fibres is developed
considering the contributions originating from the fibres and the matrix. The strain energy
function ¥ is expressed as a function of the right Cauchy—Green strain tensor C.

C=FTF (4)

In general, the strain energy function ¥ is divided into two terms, one that describes
the matrix contribution and one that describes the fibre contribution. The fibre contribution
refers to the mechanical contribution of the collagen fibrils within the tendon.

¥ (C) = Fitatrix (C) + Frivre (9@ & @) = YMatrix (I, 12, I3) + Yripre (14, I5) 5)
The invariants of C are defined by the following equations:

L(C) = trace(C) (6)

L(C) = %((tmce(C))z - tmce(gz)) (7)
I;(C) = det(C) = J* (8)

The fibre term is expressed as function of C and ag & ag. The unit vector ag describes

the orientation of the fibre into the reference configuration [19]. The symbol @ denotes
the dyadic product, and ag @ ap represents a structural tensor that describes the fibre

architecture inside the tissue. Introducing the structural contribution of the fibres, two
pseudo-invariants of C and ap @ ag are added to the constitutive formulation, and are

defined as the following equation:
b <9@®“_°> = a0 - Cao= Ay, ©)
I5 <£, ap ®u0> =ag - Ezﬂo (10)

The two pseudo-invariants I; and I5s describe the properties of the fibres and the
fibre-matrix interaction [18].

https:/ /doi.org/10.3390/app16010447


https://doi.org/10.3390/app16010447

Appl. Sci. 2026, 16, 447

6 of 37

In particular, I5 specifies the fibre-matrix contribution to the overall tissue mechanical
response, a contribution that becomes experimentally evident when complex strain condi-
tions, such as simple shear, are applied. The relevance of the fibre-matrix shear contribution
mainly depends on the fibre-matrix interface strength. In many studies on soft biological
tissues, the weakness of the fibre-matrix interface suggests that the fifth invariant can be
neglected in the definition of the constitutive model [20]. Based on this evidence, the I5 is
not included in the constitutive formulations.

Considering the contribution of the matrix ¥a4trix, in soft biological tissue, the high
liquid content of the matrix results in an incompressible or nearly incompressible behaviour.
The mechanical behaviour of the matrix is assumed to be isotropic. Hence, the anisotropic
behaviour of the soft tissue is entirely determined by the presence of the fibres. The strain
energy matriX, ¥pa4rix, is decomposed into a volumetric elastic term (Fyoryumetric Matrix) and
an isochoric elastic term (¥ysocoric Matrix), Which describe the material response to changes
in volume and shape, respectively.

1FMatrix(Il/ I, 13) = 1F\/olumeiric Matrix + 1Flsochoric Matrix (11)

Many constitutive formulations for tendons and ligaments in the literature omit the I,
invariant. Following this approach, and to minimise the number of material parameters,
I, is also omitted in the present work [15,21,22]. Furthermore, the I invariant becomes
relevant primarily under biaxial loading conditions [23]. Adopting a formulation that
includes I but calibrating the model solely on uniaxial tests would introduce additional
constitutive parameters without providing any improvement in the predictive capability of
the model.

The volumetric and isochoric part of the matrix will be treated in the following subsections.

Both models implemented are nonlinear transversely isotropic models, and the formu-
lations selected for the matrix and fibre strain energy functions were chosen based on the
experimental behaviour of soft tissues reported in the literature. Furthermore, for the fibre
term of the strain energy function, these two formulations are among the most commonly
adopted in the literature.

2.2.1. Incompressible Case

Considering the soft biological tissue under investigation as an incompressible mate-
rial, the volumetric contribution of the matrix Yy, metric Matrix iS generally defined as the
following equation:

¥ Volumetric Matrix = *P(] - 1) (12)
or alternatively
Folumetric Matrix = —P(I3 - 1)2 (13)

In the literature, both formulations of the volumetric term of the matrix are adopted.
In this work, the formulation reported in Equation (12) is used, following the work of
Carniel et al. (2013) [15]. In Equations (12) and (13), p represents the hydrostatic pressure
and serves as a Lagrangian multiplier to ensure incompressibility. The following formulation
for the strain energy function of the isochoric part of the matrix and the fibre is adopted:

Ci\, (wir
1FIsochoric Matrix = <zx:> (6‘( 1h=1) 1) (14)

Fribre (Is) = <2>(e<“4“4‘”> —ay(ly—1)—1) (15)
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where C; and C; are related to the stiffness of the matrix and the fibres [MPa], respectively.
Instead, a1 regulates the nonlinearity of the response, and a4 is related to the initial crimped
conformation of collagen fibres [dimensionless].

The First Piola—Kirchhoff stress tensor P is defined as follow:

oY

P=2F— = 16
— —ag —Volumetric Matrix —Isochoric Matrix —Fibre ( )
— —yr T 17
—Volumetric Matrix P_ ( )
2

P = Cre(h=D)oF — 2, F~T) (18)

—Isochoric Matrix - 3 -

Cy _

P (L) =2(=2) (U1 _1)Flag R a 19
—Fibre( 4) (tx4>( )—(_0®_0) ( )

2.2.2. Nearly Incompressible Case

The constitutive formulation presented herein is based on the book Nonlinear Solid
Mechanics: A Continuum Approach for Engineering [18].

Considering the soft biological tissue under investigation as a nearly incompress-
ible material, a multiplicative decomposition of F into a volume-changing (] i ) (dilata-

tional) and volume-preserving F~ (distortional) part is adopted. In nearly incompress-

ible materials, dilatational changes require a much higher external work than a volume-
preserving changes.

*

|
I

(J3D)

| ™

(20)

c=(inc 1)

I
[N
Ko

where I is the identity tensor and C” is the distortional part of C. The strain energy function

for a nearly incompressible material with one fibre family is defined as follows:

* _ * Tk ) *
‘Y(g ’ ﬂ’@@) = Y olumetric D+ ¥ Isochoric (I, 1) + Yriere (1) 22)

Matrix Matrix
_K 2
quolumetric () = EU -1 (23)
Matrix
: G (pa(-1))
lFlsochoric Matrix(ll) = 071 (6 1 - 1) (24)
« C wa(TF—1)2
Privre(ly) = (2;)(3( (=D 1) (25)
4

where K is the bulk modulus, Equation (24) coincides with Equation (14), and Equation (25)
represents an alternative formulation for describing the strain energy associated with
the fibre mechanical behaviour [24,25]. For the same reasons discussed in the previous
subsection, the modified invariant I is also omitted. In Equations (24) and (25), I] = |~ 3 L
and I} = |~ 5 I4 are the first and fourth modifier invariants. Then, the First Piola—Kirchhoff
stress tensor P is defined as follows:

P="P +P +P (26)

—Volumetric Matrix —Isochoric Matrix —Fibre
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= JpF T 27
—Volumetric Matrix ]P_ ( )

allt/Volumetric )

Matrix
p= 5 = K(J - 1) (28)
2 * 2

)=y 35cem-Nor T 29
—Isochoric Mutrix< 1) ] 1 ( — 3 1= ) ( )

P D =T = D ) E (e @m) - 3RET) (0
—riore — \ — J—

2.3. Evolution Equations for the Visco-Hyperelasticity Modelling

Soft biological tissues, as well as polymers and other materials, exhibit a time-
dependent behaviour. To characterise the viscous process, it is necessary to define an
evolution law. When the viscous response of a soft tissue is under investigation, the ex-
perimental programme is designed to characterise the instantaneous stress response P’

or the equilibrium stress response P®. The characterisation of P’ is carried out using a
very high displacement or strain rate; however, this procedure is not widely adopted in the
literature. In contrast, the characterisation of P* is widely employed, relying on standard
displacement or strain rates and a series of stress-relaxation tests conducted at different
strain levels.

In particular, two main formulations of the viscous evolution process have been re-
ported in the literature, which are extensions of the generalised Maxwell model for small
strain. Both models are based on a mechanical representation comprising an equilib-
rium branch and viscoelastic branches connected in parallel. Each viscoelastic branch
phenomenologically represents a viscoelastic process.

The first viscous formulation is based on the following evolution law:

L1
i+ =L p @31)

where 7/ is the relative stiffness, which is non-dimensional, and T’ is the relaxation time
of the ith branch. The equilibrium spring, characterised by y*, represents the material
response when the thermodynamic equilibrium conditions are reached, that is, when all
viscous phenomena have been completed [15]. The relative stiffness values should satisfy
the following relationship:

7T =1- 39 (32)

where 1 represents the number of viscous processes, or networks, considered in the formu-
lation adopted. In the present study, four viscous processes were considered for both the
matrix and the fibres.

The second viscous formulation is based on the following evolutionary law:

i 1
q+—=prP (33)
T —

where B° is a free-energy factor, which is non-dimensional, positive definite, and describes
the rate of decay of the viscoelastic process. Each 5° is coupled with a relaxation time
T [18].
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2.4. Constitutive Parameters Calibration

The constitutive parameters were identified by fitting the analytical models to the
experimental uniaxial data through a Genetic Algorithm (GA), which efficiently explored
the parameter space to minimise the fitting error. A dedicated MATLAB R2022a script was
developed for each constitutive formulation, representing the analytical model used to
interpret the experimental tests while accounting for the corresponding boundary condi-
tions. In the case of the incompressible material formulation, the deformation gradient F is

defined as follows:

A 00
1
F=|0 T O (34)
1
0 0 A

where Aqq is the stretch ratio in the uniaxial traction direction. The structure of F reported
in Equation (34) ensures that | = 1.
Instead, for a compressible material, the deformation gradient F has the following components:

M 00
F=|0 Ap 0 (35)
0 0 Ag

where Aq; is the stretch ratio in the uniaxial traction direction, and A,; and A3z are the
stretch ratios along the other two planar directions. Considering the isotropy of the matrix
tissue, Ayp = Agss.

To calibrate both visco-hyperelastic formulations, the equilibrium stress response P*
was determined using the experimental stress values at the end of each relaxation phase,
which enabled the estimation of the equilibrium mechanical behaviour of the specimens,
where time-dependent microstructural rearrangements were considered to be completed.
Subsequently, after estimating the constitutive parameters describing the equilibrium
response, all the experimental stress values collected during the loading phase were used
to identify the material parameters governing the viscous behaviour.

The determination of the material parameters was carried out using the following equation:

N PN
Y100 (1 — —ALmodel ) (36)
i=1 Pll experimental

where N is the total number of data points collected during the uniaxial tensile stress-
relaxation test. Equation (36) provides a normalised point-to-point difference between the
experimental and numerical predictions, ensuring accurate calibration results.

3. Results
3.1. Stress-Relaxation Tests

Figures 14 present the results of the uniaxial tensile stress-relaxation tests performed at
different strain levels during the loading and unloading phases. In particular, Figures 1 and 3
refer to a relaxation time of 300 s, while Figures 2 and 4 show the corresponding tests with a
relaxation time of 60 s.

The experimental data showed high variability in the results for the FDS tendons.

In the experimental tests where no stress-relaxation phase was performed at 12%
strain, a decrease in strain led to a reduction in tissue relaxation, resulting in a smaller
PSL value compared with the other relaxation levels. Conversely, in the experimental tests
including a relaxation phase at 12% strain, tendon relaxation increased, and consequently,
the PSL parameter exhibited a higher value than at the other levels.

https:/ /doi.org/10.3390/app16010447
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Figure 1. Results of the experimental uniaxial tensile stress-relaxation tests on porcine FDS tendons
classified in the “Thick” category, with a relaxation time of 300 s, (a) Stretch ratio vs. Engineering
Stress and (b) Time vs. Engineering Stress.

Figure 2. Results of the experimental uniaxial tensile stress-relaxation tests on porcine FDS tendons
classified in the “Thick” category, with a relaxation time of 60 s, (a) Stretch ratio vs. Engineering
Stress and (b) Time vs. Engineering Stress.

https:/ /doi.org/10.3390/app16010447
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Figure 3. Results of the experimental uniaxial tensile stress-relaxation tests on porcine FDS tendons
classified in the “Thin” category, with a relaxation time of 300 s, (a) Stretch ratio vs. Engineering
Stress and (b) Time vs. Engineering Stress.

Figure 4. Results of the experimental uniaxial tensile stress-relaxation tests on porcine FDS tendons
classified in the “Thin” category, with a relaxation time of 60 s, (a) Stretch ratio vs. Engineering Stress
and (b) Time vs. Engineering Stress.

https:/ /doi.org/10.3390/app16010447
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When comparing the PSL values obtained from experiments with relaxation periods
of 300 s and 60 s (see Tables 3 and 4) during the loading phase, the values recorded at 60 s
were generally consistent and smaller than those calculated at 300 s.

Table 3. Evaluation of the PSL parameter for FDS tendons classified in the “Thick” category.

Loading Phase Unloading Phase
3% 6% 9% 10% 10% 9% 6%
Specimen 1 22.32 27.40 30.21 1591 1.44 8.93 /
Specimen 2 23.63 21.46 20.60 12.33 145 7.07 46.69
Specimen 3 23.39 21.34 19.53 11.99 1.59 8.24 63.22
Specimen 4 13.11 12.91 18.86 8.13 / / /
Specimen 5 11.53 12.42 / / / / /
Specimen 6 19.57 17.31 17.79 / / / /
Specimen 7 18.93 16.16 16.29 9.81 0.64 481 25.22
Meaé‘gﬁ;ﬁ?;‘f“ 18.93 + 4.86 18.43 4+ 5.34 19.64 4+ 5.76 11.63 + 2.94 1.28 +0.43 7.26 +1.80 45.04 +19.05
Loading phase Unloading phase
3% 6% 9% 10% 12% 10% 9% 6%
Specimen 8 15.23 14.08 16.73 11.10 31.21 9.09 13.44 /
Specimen 9 19.20 21.30 22.30 12.30 17.17 7.18 11.00 71.08
Specimen 10 16.22 16.56 18.87 12.52 24.49 6.45 10.32 70.28
Meaé‘efizgé‘fard 16.88 = 2.06 17.31 £ 3.67 19.30 & 2.81 11.97 £0.76 24.29 4 7.02 7.58 & 1.36 11.59 + 1.64 70.68 = 0.56
Table 4. Evaluation of the PSL parameter for FDS tendons classified in the “Thin” category.
Loading Phase Unloading Phase
3% 6% 9% 10% 10% 9% 6%
Specimen 1 18.95 19.59 20.34 10.89 1.14 5.69 33.22
Specimen 2 17.31 20.88 21.83 12.99 298 10.28 57.47
Specimen 3 20.59 19.88 16.99 11.87 0.85 5.24 24.13
Specimen 4 11.53 12.42 / / / / /
Specimen 5 12.07 15.10 / / / / /
Specimen 6 22.19 2444 25.75 15.24 1.95 7.92 70.71
Specimen 7 17.70 20.32 2217 13.63 1.76 6.72 41.49
Meaé‘eii;ia;‘fard 17.19 + 4.04 18.93 4+ 3.96 21.42+3.17 12.92 + 1.66 1.73 +0.83 717 £2.02 4540 +18.73
Loading phase Unloading phase
3% 6% 9% 10% 12% 10% 9% 6%
Specimen 8 15.24 13.11 16.99 10.51 / / / /
Specimen 9 19.76 18.88 16.60 10.80 16.42 7.06 10.75 59.38
Specimen 10 14.97 12.72 17.84 8.81 / / / /
Meaé‘efizt?;f‘ard 16.67 + 2.68 14.91 4 3.44 15.54 4+ 2.98 10.04 + 1.07 16.42 + 0.0 7.06 + 0.00 10.76 4 0.00 59.38 + 0.00

Considering the relaxation phases during unloading, the PSL parameter increased
as the strain level decreased, and the data obtained with a relaxation phase at 12% strain
showed higher PSL values.

3.1.1. Evaluation of the Relaxation at Different Strain Levels—Loading

The relaxation processes of each FDS tendon were analysed by normalising the data
with respect to the initial value of the corresponding relaxation segment. The normalised
relaxation segments are presented in Figures 5-12. Specifically, Figures 5, 6, 9 and 10
compare the same relaxation segment across different tendons, while Figures 7, 8, 11 and 12
show the different normalised relaxation segments within the same tendon. The relaxation
segment obtained at 10% strain exhibited a similar behaviour across all specimens.
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Figure 5. Results of the relaxation segments, during the loading phase, on porcine FDS tendons
classified in the “Thick” category, with a relaxation time of 300 s. In each graph, the same normalised

relaxation segment for all specimens is reported.
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Figure 6. Results of the relaxation segments, during the loading phase, on porcine FDS tendons
classified in the “Thick” category, with a relaxation time of 60 s. In each graph, the same normalised

relaxation segment for all specimens is reported.
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Figure 7. Results of the relaxation segments, during the loading phase, on porcine FDS tendons
classified in the “Thick” category, with a relaxation time of 300 s. In each graph, all the normalised
relaxation segments for the same specimen are reported.
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Figure 8. Results of the relaxation segments, during the loading phase, on porcine FDS tendons
classified in the “Thick” category, with a relaxation time of 60 s. In each graph, all the normalised
relaxation segments for the same specimen are reported.

Figure 9. Results of the relaxation segments, during the loading phase, on porcine FDS tendons
classified in the “Thin” category, with a relaxation time of 300 s. In each graph, the same normalised
relaxation segment for all specimens is reported.
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Figure 10. Results of the relaxation segments, during the loading phase, on porcine FDS tendons
classified in the “Thin” category, with a relaxation time of 60 s. In each graph, the same normalised
relaxation segment for all specimens is reported.
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Figure 11. Results of the relaxation segments, during the loading phase, on porcine FDS tendons
classified in the “Thin” category, with a relaxation time of 300 s. In each graph, all the normalised
relaxation segments for the same specimen are reported.

Figure 12. Results of the relaxation segments, during the loading phase, on porcine FDS tendons
classified in the “Thin” category, with a relaxation time of 60 s. In each graph, all the normalised
relaxation segments for the same specimen are reported.

3.1.2. Evaluation of the Relaxation at Different Strain Levels—Unloading

The relaxation processes of each FDS tendon were analysed by normalising the data with
respect to the initial value of the corresponding relaxation segment. The normalised relaxation
segments are presented in Figures 13-20. Specifically, Figures 13, 14, 17 and 18 compare the
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same relaxation segment across different tendons, while Figures 15, 16, 19 and 20 show the
different normalised relaxation segments within the same tendon.
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Figure 13. Results of the relaxation segments, during the unloading phase, on porcine FDS tendons
classified in the “Thick” category, with a relaxation time of 300 s. In each graph, the same normalised
relaxation segment for all specimens is reported.
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Figure 14. Results of the relaxation segments, during the unloading phase, on porcine FDS tendons
classified in the “Thick” category, with a relaxation time of 60 s. In each graph, the same normalised
relaxation segment for all specimens is reported.
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Figure 15. Results of the relaxation segments, during the unloading phase, on porcine FDS tendons
classified in the “Thick” category, with a relaxation time of 300 s. In each graph, all the normalised
relaxation segments for the same specimen are reported.
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Figure 16. Results of the relaxation segments, during the unloading phase, on porcine FDS tendons
classified in the “Thick” category, with a relaxation time of 60 s. In each graph, all the normalised
relaxation segments for the same specimen are reported.
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Figure 17. Results of the relaxation segments, during the unloading phase, on porcine FDS tendons
classified in the “Thin” category, with a relaxation time of 300 s. In each graph, the same normalised
relaxation segment for all specimens is reported.
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Figure 18. Results of the relaxation segments, during the unloading phase, on porcine FDS tendons
classified in the “Thin” category, with a relaxation time of 60 s. In each graph, the same normalised
relaxation segment for all specimens is reported.
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Figure 19. Results of the relaxation segments, during the unloading phase, on porcine FDS tendons
classified in the “Thin” category, with a relaxation time of 300 s. In each graph, all the normalised
relaxation segments for the same specimen are reported.

Figure 20. Results of the relaxation segments, during the unloading phase, on porcine FDS tendons
classified in the “Thin” category, with a relaxation time of 60 s. In each graph, all the normalised
relaxation segments for the same specimen are reported.

Figures 13 and 17 present the normalised relaxation segments during unloading with
a hold time of 300 s. When no relaxation phase was introduced at 12% strain (during
loading), the relaxation segments recorded at 10% strain (during unloading) exhibited an
atypical response, characterised by an initial increase in normalised stress followed by
a subsequent decrease. This behaviour may be associated with experimental conditions
rather than representing an intrinsic material property.

Figures 14 and 18 show the normalised relaxation segments during unloading with
a hold time of 60 s when an additional relaxation phase was included at 12% strain. This
second experimental protocol eliminated the atypical behaviour observed in the tests
performed without the relaxation phase at 12% strain (during loading), suggesting that the
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phenomenon was likely related to the specific testing procedure rather than to the inherent
mechanical response of the tendon tissue.

3.2. Constitutive Modelling Results

The following subsections report the constitutive model parameters obtained from
the calibration (see Tables 5 and 6 for the incompressible model and Tables 7 and 8 for the
nearly incompressible model).

3.2.1. Incompressible Formulation Fitting Results

The incompressible model adopted for the constitutive modelling of the FDS tendons
showed good agreement with the experimental data. Although the model prediction
generally decreased with increasing deformation, the calculated R? values remained above
0.90 for all specimens. Overall, the constitutive model obtained using the experimental data
with a relaxation time of 300 s provided a better approximation of the viscous behaviour.
When comparing the numerical models calibrated on experimental tests with relaxation
times of 300 and 60 s, the mean R? value was higher for the calibration performed with
a relaxation time of 300 s (“Thick” category: 0.982 versus 0.949; “Thin” category: 0.9754
versus 0.970).

Figures 21-24 compare the numerical model with experimental data using the in-
compressible formulation. Figures 21 and 23 illustrate the results for a 300 s hold time
in the “Thick” and “Thin” categories, respectively, while Figures 22 and 24 present the
corresponding results for a 60 s hold time.

Table 5. Mechanical parameters of the incompressible model for FDS tendons classified in the

“Thick” category.
Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5 Specimen 6 Specimen 7 Specimen 8 Specimen 9 Specimen 10

C; [MPa] 9.640 5.017 0.030 0.344 9.763 3.715 0.426 0.020 1.065 0.026
oy 0.091 0.032 5171 0.154 0.093 0.040 0.053 9.818 0.045 2.638
C4 [MPa] 33.773 40.751 25.991 57.699 110.076 59.197 55.539 10.358 47.722 29.925
oy 4.642 2.868 6.340 5.567 4.336 2.313 3.345 13.621 2.634 6.776
Th 0.013 0.033 0.109 0.097 0.056 0.061 0.094 0.102 0.052 0.165
Ty, [s] 0.003 0.003 0.004 0.006 0.003 0.004 0.003 0.002 0.005 0.005
Y2 0.055 0.099 0.181 0.035 0.014 0.026 0.023 0.157 0.016 0.118
72 [s] 0.028 0.026 0.058 0.018 0.038 0.039 0.020 0.026 0.029 0.044
73, 0.014 0.045 0.118 0.009 0.055 0.010 0.016 0.113 0.014 0.075
3 [s] 0.117 0.114 0.310 0.132 0.158 0.155 0.178 0.210 0.113 0.272
vh 0.009 0.010 0.047 0.059 0.032 0.009 0.089 0.057 0.037 0.022
Tﬁ, [s] 121.697 20.956 25.922 85.193 24.406 33.094 11.290 103.297 77.115 34.822
'y} 0.042 0.061 0.105 0.037 0.042 0.157 0.124 0.342 0.449 0.490
T} [s] 0.003 0.005 0.005 0.005 0.003 0.003 0.002 0.003 0.008 0.008
ry} 0.077 0.084 0.064 0.106 0.018 0.085 0.033 0.302 0.038 0.116
2 s] 0.028 0.020 0.023 0.020 0.033 0.018 0.013 0.024 0.015 0.027
73f 0.005 0.046 0.010 0.029 0.063 0.077 0.016 0.018 0.019 0.001
2 s] 0.123 0.105 0.141 0.126 9.976 9.993 0.107 0.150 9.296 0.127
y} 0.214 0.224 0.177 0.085 0.080 0.084 0.157 0.102 0.087 0.148

s 53.770 59.478 82.160 68213 258.209 72.025 40.922 159.306 13.503 169.095
R? 0.959 0.988 0.985 0.991 0.992 0.978 0.982 0.907 0.979 0.961
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Table 6. Mechanical parameters of the incompressible model for FDS tendons classified in the
“Thin” category.

Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5 Specimen 6 Specimen 7 Specimen 8 Specimen 9 Specimen 10

Cy [MPa] 2.775 9.967 6.669 9.567 9.939 3.962 9.939 0.070 0.019 0.049
oy 0.084 0.015 0.033 9.904 0.007 1.519 0.126 4.857 4123 9.795
C4 [MPa] 118.154 41.288 75.883 110.5404 130.276 58.914 60.521 32.291 36.561 44.418
oy 0.085 3911 2.540 4.143 3.246 3.052 2.046 7.268 6.917 9.096
Th 0.030 0.007 0.059 0.240 0.116 0.395 0.087 0.113 0.073 0.054
7, [s] 0.006 0.005 0.008 0.004 0.003 0.008 0.007 0.004 0.002 0.004
Y2 0.025 0.040 0.019 0.125 0.046 0.257 0.034 0.053 0.149 0.104
72 [s] 0.020 0.039 0.052 0.031 0.043 0.019 0.035 0.036 0.054 0.049
73, 0.119 0.007 0.038 0.031 0.009 0.114 0.106 0.019 0.138 0.033
3 [s] 0.128 0.130 0.128 0.133 0.159 0.146 0.159 0.443 0.532 0.198
vh 0.022 0.003 0.012 0.310 0.101 0.221 0.007 0.023 0.026 0.055
7 [s] 18.171 37.908 75.446 23.082 23.310 419.029 92.929 47.096 48.620 41410
'y} 0.055 0.065 0.062 0.030 0.017 0.329 0.184 0.296 0.316 0.092
Tfl [s] 0.003 0.006 0.003 0.003 0.004 0.004 0.003 0.004 0.006 0.006
,Y} 0.042 0.042 0.026 0.014 0.012 0.148 0.304 0.092 0.110 0.043
T} [s] 0.021 0.036 0.022 0.032 0.035 0.063 0.022 0.022 0.028 0.026
7} 0.011 0.003 0.010 0.009 0.004 0.060 0.058 0.003 0.085 0.065
1-; [s] 0.121 0.103 0.132 0.115 0.116 9.799 0.126 0.126 6.575 0.106
y} 0.158 0.191 0.198 0.074 0.109 0.025 0.161 0.303 0.114 0.268

T?— [s] 55.523 33.553 66.865 365.545 224.304 17.236 342.302 304.087 131.705 167.130
R? 0.980 0.960 0.984 0.992 0.976 0.969 0.967 0.956 0.981 0.974

Figure 21. Results of the calibration procedure for the incompressible material model on porcine FDS
tendons classified in the “Thick” category, with a relaxation time of 300 s.
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Figure 22. Results of the calibration procedure for the incompressible material model on porcine FDS
tendons classified in the “Thick” category, with a relaxation time of 60 s.

Figure 23. Results of the calibration procedure for the incompressible material model on porcine FDS
tendons declassified in the “Thin” category, with a relaxation time of 300 s.

Figure 24. Results of the calibration procedure for the incompressible material model on porcine FDS
tendons classified in the “Thin”, with a relaxation time of 60 s.
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3.2.2. Nearly Incompressible Formulation Fitting Results

The nearly incompressible model adopted for the constitutive modelling of the FDS
tendons shows good agreement with the experimental data. As reported for the incompress-
ible constitutive formulation, the model prediction generally decreased with increasing
deformation. However, for this model, the calculated R? values for some specimens were
less than 0.90.

Considering the constitutive models calibrated using experimental data with relax-
ation times of either 300 or 60 s, no conclusive evidence emerged that a longer relaxation
period systematically improves the fitting accuracy. When comparing the numerical models
obtained from the two relaxation times, the mean R? values were only marginally higher
for the calibration performed with a relaxation time of 300 s (“Thick” category: 0.956,
excluding Specimen 5, vs. 0.959; “Thin” category: 0.924, excluding Specimens 4 and 5, vs.
0.957). Nevertheless, the graphical comparison indicates that the model calibrated with a
relaxation time of 300 s provides a more accurate representation of the relaxation behaviour,
particularly in capturing the overall stress decay trend.

Figures 25-28 show the comparison between the numerical model and experimental
data using the nearly incompressible formulation. Results for a hold time of 300 s are reported
in Figures 25 and 27 for the “Thick” and “Thin” categories, whereas Figures 26 and 28 display
the corresponding results for a 60 s hold time.

Table 7. Mechanical parameters of the nearly incompressible model for FDS tendons classified in the

“Thick” category.
Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5 Specimen 6 Specimen 7 Specimen 8 Specimen 9 Specimen 10
C; [MPa] 3.718 0.0001 0.0001 9.799 10.0 9.931 0.343 0.002 0.0001 0.001
a1 9.999 9.973 9.996 9.999 9.999 4.217 9.991 10.0 8.782 10.0
C4 [MPa] 69.190 79.825 53.101 76.046 99.999 75.166 94.078 64.176 79.458 84.600
oy 0.039 3.525 9.999 5.963 9.999 5.363 5.734 10.0 4.609 10.0
‘B}n 0.954 3.001 3.148 0.017 62.377 1.946 17.183 0.266 22.805 4.998
7} [s] 0.006 0.002 0.006 0.006 0.002 0.004 0.004 0.006 0.002 0.001
2, 0.001 0.251 0.001 0.004 0.008 0.010 0.014 0.001 0.035 0.002
i, [s] 0.112 0.100 0.121 0.100 0.114 0.100 0.151 0.103 0.171 0.100
B3, 0.0128 0.185 0.011 0.001 0.016 0.013 0.006 0.001 0.015 0.001
73 [s] 1.000 1.000 9.938 1.012 1.000 9.999 1.024 1.000 1.038 1.000
4 3.407 35.033 0.063 0.001 0.001 0.002 0.033 0.001 0.001 0.002
Tk [s] 43.024 21.500 23.349 57.395 10.000 15.672 14.820 10.000 15.637 99.996
ﬂ} 78.566 0.251 0.055 34.956 0.0063 8.065 7.440 0.132 77.597 71.354
Tfl [s] 0.001 0.010 0.070 0.004 0.008 0.002 0.004 0.005 0.001 0.001
‘B'2f 0.006 0.055 0.001 0.007 0.022 0.001 0.001 0.002 0.013 0.002
2 s 0.100 0.100 0.129 0.100 0.115 0.103 0.106 0.100 0.125 0.100
ﬁ} 0.016 0.035 0.001 0.004 0.007 0.001 0.011 0.001 0.254 0.003
Tf3 [s] 9.995 10.000 9.992 1.013 1.005 10.000 9.999 1.000 9.997 1.000
ﬁ? 0.001 0.251 0.063 0.122 1.712 0.269 0.175 0.001 0.001 0.001
T}‘ [s] 40.077 26.723 29.329 44.419 100.0 41.598 20.953 10.000 22.047 61.677
K [MPa] 9024.4 1009.0 1005.3 6176.5 1622.3 4763.1 8486.9 8543.0 1000.47 10000
R? 0.918 0.984 0.977 0.943 0.692 0.939 0.975 0.964 0.974 0.940
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Table 8. Mechanical parameters of the nearly incompressible model for FDS tendons classified in the
“Thin” category.

Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5 Specimen 6 Specimen 7 Specimen 8 Specimen 9 Specimen 10

Cy [MPa] 9.991 0.118 10.0 9.994 9.996 10.00 0.0001 9.998 0.028 9.993
oy 8.216 9.962 10.0 9.996 9.996 7.876 9.999 10.0 9.999 9.998

C4 [MPa] 99.997 89.318 100.0 99.999 99.996 100. 0 100.0 99.999 73.208 99.999
oy 8.541 5.424 6.319 9.996 9.998 3.954 7.544 9.999 9.999 9.999
L 56.949 45.862 0.427 2.602 46.005 29.366 43.731 12.300 29.086 39.487

7, [s] 0.004 0.009 0.005 0.006 0.002 0.005 0.010 0.004 0.002 0.006
2, 0.001 0.251 0.004 0.030 0.037 0.005 0.001 0.003 0.033 0.005

r&l [s] 0.225 0.331 0.102 0.100 0.100 0.100 0.134 0.102 0.100 0.126
3 0.243 0.001 0.007 0.017 0.012 0.004 0.003 0.001 0.001 0.001

3 [s] 1.038 9.966 1.000 1.017 1.000 1.003 1.008 1.000 1.000 1.029
4 1.653 12.613 0.001 0.013 0.001 0.001 20.530 0.007 0.001 0.013

7 [s] 99.960 84.096 99.999 99.942 91.895 100.0 10.013 10.000 99.982 99.998
}3} 56.832 53.653 81.558 25.168 0.126 78.753 32.667 45.162 12.533 43.972

Tfl [s] 0.009 0.005 0.002 0.009 0.006 0.005 0.001 0.002 0.005 0.002
ﬁ% 0.063 0.047 0.001 0.029 0.030 0.004 0.001 0.001 0.015 0.015

2 sl 0.154 0.151 0.107 0.145 0.117 0.107 0.100 0.100 0.100 0.114
ﬁ} 0.001 0.257 0.003 0.001 0.016 0.001 0.002 0.007 0.001 0.001

1-; [s] 1.060 9.980 1.000 1.012 1.000 1.000 1.006 1.007 1.012 1.020
/3? 0.750 0.001 0.402 1.679 1.794 0.861 0.785 0.075 0.597 0.772

T?— [s] 99.956 89.205 100.0 99.998 99.997 100.0 100.0 100.0 99.990 99.989
K [MPa] 9906.8 6939.7 1046.9 6415.1 9304.9 9680.9 1010.6 7800.9 7301.3 7455.2
R? 0.915 0.954 0.957 0.565 0.549 0.902 0.893 0.928 0.985 0.957

Figure 25. Results of the calibration procedure for the nearly incompressible material model on
porcine FDS tendons classified in the “Thick” category, with a relaxation time of 300 s.
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Figure 26. Results of the calibration procedure for the nearly incompressible material model on
porcine FDS tendons classified in the “Thick” category, with a relaxation time of 60 s.

Figure 27. Results of the calibration procedure for the nearly incompressible material model on
porcine FDS tendons classified in the “Thin” category, with a relaxation time of 300 s.

Figure 28. Results of the calibration procedure for the nearly incompressible material model on
porcine FDS tendons classified in the “Thin” category, with a relaxation time of 60 s.
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4. Discussion

Previous studies on the mechanical properties of animal and human tendons highlight
a similarity between the range of Young’s modulus of porcine FDP tendons and human
hand flexor tendons [7]. This evidence is reinforced by the widespread use of porcine
tendons to evaluate the performance of different suture patterns.

In this work, a detailed investigation of the mechanical properties of porcine FDS
tendons was carried out using the most widely adopted experimental protocol for soft
tissue characterisation. Human hand flexor tendons are extensively studied due to their
susceptibility to injury and work-related musculoskeletal disorders, which impose signifi-
cant societal and industrial costs. Recent studies on human FDP and FDS tendons under
cyclic loading revealed a logarithmic relationship between applied stress and fatigue life,
improving the accuracy of models of carpal tunnel syndrome and trigger finger [26].

Additionally, the stiffness at the FDP attachment site was found to be comparable with
that of more proximal regions [27], and the role of the pulleys in tendon function has also
been investigated [28].

Generally, stress-relaxation tests at different strain levels allow the viscoelastic be-
haviour of soft tissues to be observed. This experimental approach is well established in
the literature, and various soft tissues have been investigated [29-31].

The idea of introducing relaxation segments during the unloading phase was inspired
by studies on the mechanical characterisation of thermoplastic polymers [23].

The results of the experimental campaign revealed variability among specimens.
Considering width and thickness measurements, statistical analysis revealed a significant
difference in thickness (p < 0.05), with tendons in the “Thick” category exhibiting greater
thickness than those in the “Thin” category. Furthermore, a significant difference in width
(p < 0.05) was observed only at the medial and proximal sites, with greater widths in the
“Thick” group.

The relaxation process is commonly analysed using a relaxation period of approxi-
mately 300 s [15]. The data collected using a relaxation time of only 60 s exhibited lower
PSL values compared with those obtained with longer relaxation durations. A relaxation
period of 60 s is insufficient for the viscous mechanisms to reach the plateau phase. From
the perspective of constitutive modelling, a relaxation time of 300 s allows a more thorough
investigation of the viscous behaviour of the soft tissues under study. In particular, the
constitutive modelling provided better results in capturing the experimental behaviour
when a longer relaxation period was adopted for the relaxation segments.

The PSL parameter allows quantification of the relaxation process exhibited by the
tissues during the relaxation phase. An interesting observation emerged when analysing
the relaxation segment at 10% strain during the loading phase: the PSL value was lower
than those obtained at 3%, 6%, and 9% strain, where PSL increased with tissue strain (see
Tables 2 and 3). In contrast, at 12% strain, the PSL value followed the same increasing
trend observed at 3%, 6%, and 9% strain. This result remains unclear and warrants further
investigation, particularly through experimental procedures adopting multiple relaxation
segments at closely spaced strain levels, with differences no greater than 1% strain.

Evaluating the relaxation phases during the unloading phase, the PSL parameter
exhibited an increase in value as the strain level decreased. Comparing the mean values
calculated for each relaxation segment during unloading, the second methodology, in
which a relaxation segment at 12% strain was included, showed an increase in relaxation
(tendons in the “Thick” category: 10%—1.28 vs. 7.58; 9%—7.26 vs. 11.59; 6%—45.04 vs.
70.69; tendons in the “Thin” category: 10%—1.73 vs. 7.06; 9%—7.17 vs. 10.76; 6%—45.40
vs. 59.38; for further details, see Tables 2 and 3). However, due to the presence of unusual
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behaviour in the tests performed with the first experimental protocol, the unloading phase
is not considered reliable.

Considering the PSL values computed during loading and unloading, a statistical
comparison of PSL values between the two groups revealed no significant differences
(p > 0.05), indicating that the grouping does not influence the interpretation of the viscous
behaviour. However, for the PSL values during unloading in the second experimental
protocol, the limited number of specimens in the “Thin” category did not allow a t-test to
be performed.

Furthermore, the unusual behaviour observed during the relaxation segment at 10%
strain (unloading) was evident only in the experimental data obtained without the inclusion
of a relaxation segment at 12% strain. Therefore, this atypical response of the tendon
specimens could be attributed to the experimental protocol adopted.

After identifying this unusual behaviour, the equipment was carefully checked, and
no evidence of any problem was found.

For future tests, the second methodology, in which an additional relaxation segment is
included at 12% strain, will be adopted. Further experiments are required to determine
whether this unusual behaviour is indeed related to the experimental protocol. The prelim-
inary results of this study suggest that the observed behaviour arises from the absence of
the relaxation segment at 12% strain. The issue might be attributed to the inversion of the
movement direction of the traction machine, even though a brief holding time of 1 s was
used to perform the direction reversal in the protocols.

Due to the presence of the unusual behaviour, the calibration of the constitutive models
was performed considering only the loading portion of the tests. Including the unloading
behaviour in future tests could further enhance the accuracy of the calibration.

Provenzano et al. (2001) [32] reported a decrease in the rate of relaxation during stress-
relaxation tests on ligaments at different strain levels [29]. Furthermore, they observed that
the rate of creep depends on the load level, while the rate of relaxation depends on the
strain level [32].

Considering Figures 7 and 11, increasing the strain caused both FDS tendons to show
a reduction in relaxation, as reflected by the PSL calculations. In contrast, Figures 8 and 12,
which include a stress-relaxation segment at 12% strain, reveal that increasing the strain
beyond 10% resulted in greater relaxation, consistent with the PSL calculations.

The increase in relaxation observed beyond 10% strain remains unclear. This behaviour
is likely associated with the onset of inelastic effects, potentially resulting from testing the
specimens beyond their physiological loading regime.

The constitutive modelling of the FDS tendons, using both incompressible and nearly
incompressible formulations, showed good agreement with the experimental data. Both
formulations yielded satisfactory R? values. The incompressible formulation provided R?
values greater than 0.90.

By contrast, the nearly incompressible formulation produced some calibrations with
lower R? values: 0.692 for Specimen 5 of the “Thick” category, and 0.565 and 0.549 for
Specimens 4 and 5 of the “Thin” category. However, the other calibrations also yielded R?
values greater than 0.90. It is important to note that the boundary search range in the GA
for material parameter calibration was kept fixed; adopting a specimen-specific boundary
range for each specimen could potentially lead to improved results. For example, specimen
5 of the “Thick” category exhibited a stiffer behaviour compared with other specimens
in the same category. Similarly, Specimens 4 and 5 of the “Thin” category showed stiffer
behaviour compared with the other specimens in that category.
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Considering the entire experimental test, which involved stress-relaxation during both
the loading and unloading phases, the constitutive models were less accurate in capturing
the mechanical behaviour during the unloading phase.

Figures 29-32 present the comparison between the experimental data and the numeri-
cal predictions obtained using the incompressible formulation. By contrast, Figures 33-36
show the comparison between the experimental data and the numerical predictions ob-
tained using the nearly incompressible formulation.

By evaluating the constitutive model parameters obtained during calibration, it is
possible to observe a considerable variability in the values. The visco-hyperelastic model,
based on the assumption of incompressible material, includes 20 parameters. Instead,
the visco-hyperelastic model, based on the assumption of nearly incompressible material,
includes 21 parameters.

Part of this variability is due to differences between specimens. However, another part
is inherent to the number of model parameters, as multiple combinations of parameters
can lead to similarly good results. Adopting different experimental tests with other loading
conditions could help reduce the variability in the model parameter values.

Figure 29. Results for the incompressible material model applied to porcine FDS tendons of the
“Thick” category for loading and unloading, with a relaxation time of 300 s.

Figure 30. Results for the incompressible material model applied to porcine FDS tendons of the
“Thick” category for loading and unloading, with a relaxation time of 60 s.
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Figure 31. Results for the incompressible material model applied to porcine FDS tendons of the
“Thin” category for loading and unloading, with a relaxation time of 300 s.

Figure 32. Results for the incompressible material model applied to porcine FDS tendons of the
“Thin” category for loading and unloading, with a relaxation time of 60 s.

Figure 33. Results for the nearly incompressible material model applied to porcine FDS tendons of
the “Thick” category for loading and unloading, with a relaxation time of 300 s.
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Figure 34. Results for the nearly incompressible material model applied to porcine FDS tendons of
the “Thick” category for loading and unloading, with a relaxation time of 60 s.

Figure 35. Results for the nearly incompressible material model applied to porcine FDS tendons of
the “Thin” category for loading and unloading, with a relaxation time of 300 s.

Figure 36. Results for the nearly incompressible material model applied to porcine FDS tendons of
the “Thin” category for loading and unloading, with a relaxation time of 60 s.
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To limit the variability of the material model parameters, in the GA, the values for
each parameter were constrained by adopting the same range for all specimens. Fur-
ther efforts should consider adopting constitutive formulations with a lower number of
material parameters.

Based on the results obtained in this work, it is not possible to determine average
model parameters due to the considerable variability. Each combination obtained represents
a patient-specific model.

Considering the performance of the constitutive models adopted, the predictive ac-
curacy generally decreases at higher strain levels. The reduction in accuracy for both
models could be attributed to their limitation in using linear viscous terms to represent the
viscous behaviour of soft tissues. Both models are extensions of the classical Boltzmann
superposition principle to finite strain, in which the material response is assumed to be the
sum of a strain rate-independent and a strain rate-dependent component. The strain rate
dependency is modelled through a time convolution integral [33,34].

However, soft tissues exhibit complex time- and rate-dependent material proper-
ties [35,36]. Previous studies have shown that the influence of strain level on relaxation
phenomena can be interpreted by linear viscous terms when specific conditions are sat-
isfied [15]. The accuracy of both models could be improved by adding additional linear
viscous terms or by adopting a viscoelastic model that accounts for the nonlinearity of the
viscous behaviour.

The accuracy of these constitutive models could be further enhanced by incorporating
additional terms that capture microstructural features. For example, the effects of collagen
cross-links at the microscale, which account for softening and failure mechanisms [22].

In the literature, constitutive formulations have been reported in which the presence
of a single fibre family is modelled using a continuum approach with distributed collagen
orientations, capable of simulating the mechanical behaviour of tendons [21,37].

Typically, the strain energy function ¥ accounts for collagen fibre uncrimping as a
mechanism for tissue nonlinearity and also includes the contribution of the isotropic matrix
to the overall mechanical behaviour. Fibre-matrix interactions have not typically been
included; only a few studies have evaluated and developed constitutive formulations to
capture this effect [38].

However, the mechanical behaviour of soft tissues is not solely governed by the
isotropic matrix and fibre stretch, but is also influenced by fibre-matrix interactions. Indeed,
the literature reports that material behaviour arises from matrix properties, fibre-matrix
interactions, and fibre—fibre interactions [39].

Fibre-matrix interactions are commonly evaluated through simple shear tests, and
different constitutive formulations have been proposed for this contribution [40,41]. Nev-
ertheless, the evaluation of fibre-matrix interactions has mainly focused on the anulus
fibrosus. The constitutive modelling of fibre-matrix interactions in tendon mechanics
represents a key aspect that requires further investigation. A deeper understanding of these
interactions could provide valuable insights into the failure mechanisms of suture patterns
and support the development of improved tendon repair devices and techniques.

In a finite element model involving both the tendon and the muscle to which it is
attached, the tendon could be modelled using the passive constitutive laws presented here,
while a different constitutive model describing active behaviour, could be applied to the
muscle [42].

Generally, the numerical simulation of common materials relies on a single-field
variational principle. However, this approach is not appropriate for the analysis of nearly
incompressible or incompressible materials, such as the soft tissues reported in this article,
because it is associated with a locking effect that leads to element stiffening. For the
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numerical simulation of soft tissues, the mixed Jacobian pressure formulation, derived from
a three-field Hu-Washizu variational principle, represents the most effective approach to
address this numerical challenge [18,25].

However, further tests are required to determine whether the calibrated models
accurately represent the visco-hyperelastic response of the tissue. The calibration presented
in this study effectively captures the mechanical behaviour of porcine FDS tendons along the
fibre direction, which corresponds to the primary loading direction during physiological
activity. Additional experimental validation is needed, particularly to investigate the
mechanical response perpendicular to the fibre orientation, in order to accurately assess the
matrix contribution, or to examine the viscous response of the tissue through cyclic loading
and unloading, evaluating the hysteresis.

Furthermore, biaxial and shear tests should be considered to provide a more com-
prehensive characterisation of the tendon’s mechanical behaviour. However, tendons are
predominantly subjected to uniaxial tensile loads during physiological function, so uniaxial
tensile testing closely reflects their in vivo mechanical environment.

5. Conclusions

This work was motivated by the need to evaluate a surrogate for human hand flexor
tendons. Porcine FDP tendons have been reported in the literature as the most commonly
adopted surrogate for human hand flexor tendons. In this context, porcine FDS tendons
were tested using the most widely adopted experimental protocol reported in the literature.

This article presents the experimental data and evaluates the use of constitutive models
based on the assumptions of incompressible and nearly incompressible materials. Both
constitutive formulations accurately simulate the mechanical behaviour of FDS tendons.

The study was designed to provide an in-depth characterisation of the mechanical
behaviour of porcine FDS tendons, with direct translational relevance to clinical practice.
Given the increasing role of simulation in the development and evaluation of medical
devices, this work offers both experimental data and numerical models that can be used to
assess devices or suture techniques for hand tendon repair.

The findings could support clinicians in selecting the most appropriate suture tech-
nique for hand tendon repair and improve pre-operative planning. By developing a digital
twin of the repaired tendon and integrating different suture patterns and loading condi-
tions, valuable insights can be obtained regarding the mechanical response of the repaired
tissue. The experimental data presented here provide a foundation for further numerical
modelling. Based on these results, models of pathological tendons, age-related tendon
degeneration, or tendon healing processes can be developed.

The adoption of a digital twin framework could allow the evaluation of stresses at the
tendon—suture interface and enable prediction of the mechanical performance of various
suture configurations. Ultimately, this approach may facilitate patient-specific surgical
decision-making and contribute to the personalisation of rehabilitation protocols.

In the context of the T-REMEDIE project, the next step involves the creation and
validation of a digital twin of FDS tendons repaired with the T-REMEDIE device for hand
tendon repair.
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Abbreviations

The following abbreviations are used in this manuscript:

AT Achilles Tendon

FDP Flexor Digitorum Profundus
FDS Flexor Digitorum Superficialis
T-REMEDIE  Tendon Repair MEdical DevIcE
PSL Percentage of Stress Lost
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