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Supplementary material S1: Material model description and numerical implementation
Material model

The tendon tissue is modelled using a material model that largely stems from the model originally
presented by Wilson et al. (Wilson et al. 2005) for articular cartilage. The model has been used
extensively for many different soft tissues, and we previously extended this formulation to a poro-
visco-hyperelastic material able to capture the mechanical behavior of tendon (Khayyeri et al.
2015, 2016). Below, we are recapitulating the mechanical behavior of the model,

The total stress is derived from three different components: the stress in the collagen fibers, the
stress in the ground substance and the stress from the fluid flow:

Ot = O+ Om—pl

Where o is the total stress, aris the stress in the collagen fibers, o is the stress in the non-
fibrillar matrixand p is the hydrostatic pressure with unit tenson I from the fluid.

The contributions of the three components are explained below.

1) Collagen

For the fibrillar component a standard linear solid model is used (see main manuscript
Fig.1e) with a spring in parallel to a series of a spring and a damper to capture the
viscoelastic features. The springs are considered to have an exponential stress-strain
relationship, and collagen is assumed to only bear load in tension:
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2) Non-fibrillar matrix

The constitutive response of the non-collagenous matrix is described by a finite-strain
transversely isotropic elastic constitutive law:
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Where E is the Green-Lagrange strain tensorand Li=1i® |; (i= 1,2,3) is a set of orthogonal
unit base vectors with transversal (i = 1,3) and longitudinal (i = 2) orientation, and a; (i,] =
1,2,3) is the stiffness tensor, which components are:
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Consequently, the transversely isotropic stiffness tensor is fully characterized by five
independent material parameters: the longitudinal Young's modulus E,,, the transverse
Young's modulus E,, the longitudinal-transverse Poisson's ratio Vpns the transverse
Poisson's ratio v, and the longitudinal shear modulus Gpy,.
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The Cauchy stress in the non-fibrillar matrix is given by:
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3) Fluid

The fluid flow is inversely proportional to the permeability k and the pore pressure
gradient Vp, following Darcy law. The permeability, k, is assumed to be strain-dependent
and is given by
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where ko is the initial permeability, My is a positive constant and e and e, are the current
and initial void ratios. The void ratio in a porous medium is defined as the volume ratio
between fluid and solid
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The total water volume fraction, n¢, was estimated from the water mass fraction n¢n,
(Wilson et al. 2007) as

psnf,m
1- Nem + Npm Ps

nf:

where ps is the assumed solid tissue density.

Numerical implementation of the material model

A poroelastic approach is used, where a subroutine for user-defined materials (Abaqus UMAT) is
used to define the material model of the solid matrix (ground substance and collagen fibers). To
account for the large deformations an updated Lagrangian formulation was used.

The fibers are represented by direction vectors, where e" corresponds to the reference
configuration and e"'the deformed configuration. The fiber stretch is defined as the length ratio
between the direction vectors
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The strain increment is calculated as the logarithmic strain from the stretch
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and the total strain in increment n+7 was: €1 = ¢" + Ae

In each iteration the fiber direction vectors are updated, and the deformed direction vectors are
calculated from the deformation gradient Fas: e™*! = Fe™
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Supplementary material S2: Full-Width Half-Maximum derivation

The Full-width Half-maximum is derived from the strain histogram distributions. The values

reported are respectively the average between all the subjects for the whole model and for the
subtendon models.
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Full-width Half-maximum analysis. For each sample, the Full-width Half-maximum is derived
from the strain histogram distributions of the whole approach and the subtendon with twisted
fiber approach. In the figure, the example from one sample.



Supplementary figures
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Fig. S2: Steps for the subtendons division. a) A surface mask was created at the proximal
extremity of the free tendon. The lower part represents the soleus, since it is always located more
internally, while the two upper parts represent the two gastrocnemii. b) The mask was copied and
translated at the calcaneus extremities of the model and c) rotated 45 degrees. d) A volume was
created connecting each region in the two masks (orange). The lateral surfaces of the generated

volume was used as cutting surfaces. e) Posterior view of the tendon with the three subtendons
attached all together (left) and then split apart (right).



b. B =
® o O maln
: il direction
- _ sub 1
Q \;D « centroid sub 1
- centroid sub 2 [—
. centroid sub 3 main
Cross ] direction
sectional posterior sub 2
view view .-
g et ; main
o direction
SRS B sub 3
osterior «—+ sub 1-main fiber dir + sub1-nodes osterior
B i «—=>+ sub 2 - main fiber dir sub 2 - nodes P T
sub 3 - main fiber dir - sub 3 - nodes

Fig.

*e—> e

S3: Approach to assigning the fiber direction for each element. a) The direction of the
collagen fiber in each element was defined by first dividing the tendon length into approximately

2-mm subsections, where the centroid of each subsection was computed. b) Then the centroids
were connected to each other within one subtendon, and finally c) the fiber direction was defined

following the centroids.
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Fig. S4: Strains distribution dependency on the tendon geometry for the whole model approach.
The contour plot of the maximum principal strains of the whole tendon model for each one of the
tendons simulated at 9% peak strain (posterior view). They clearly show the impact of geometry

on strain distribution.
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Fig. S5: Strains distribution dependency on the tendon geometry for the sub-tendon model
approach. The contour plot of the maximum principal strains of the sub-tendon model for each

one of the tendons simulated at 9% peak strain (posterior view).
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Fig. S6: Force reactions of whole and sub-tendon model. The rection forces predicted by the
subtendons model (black) and the whole tendon model (pink) during the whole test are reported
in figure. Modeling sub-tendons had no visible impact on the reaction forces predicted by the

models, with a difference lower than 0.1%.
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Fig. S7: Impact of the inclusion of the fluid component in the material model on the strain
distribution. The same Achilles tendon geometry was tested with the poro-visco-hyperelastic
material model used in this work and with a similar material model where the fluid component
was removed, without altering other parameters. The strain distribution at the surface (posterior
view) and at one section (half of tendon length) were compared after the first and the last pulling
step (corresponding to 3% and 9% respectively), after the relaxation period, to assess impact of
the inclusion of the fluid component in the modelling.
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