N

Fascia strain hardening:

HAL

open science

a new mesoscopic approach

Alexandre Lagache, Claudio Vergari, Sébastien Laporte, Jérémie Girardot

» To cite this version:

Alexandre Lagache, Claudio Vergari, Sébastien Laporte, Jérémie Girardot.
a new mesoscopic approach. Multidisciplinary Biomechanics Journal, 2025, 50th congress of the..,

(10.46298/mbj.16223). <hal-05191777v2)

HAL Id: hal-05191777
https://hal.science/hal-05191777v2

Submitted on 23 Oct 2025

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaire HAL, est des-
tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY 4.0 - Attribution - International License

Fascia strain hardening:


https://hal.science/hal-05191777v2
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

14

2025-2 | 50th congress of the Société de Biomécanique ggiﬂiiﬁg‘%{fy

27-29 October 2025, Marseille, France

Fascia strain hardening: A new mesoscopic approach

Alexandre Lagache?*, Claudio Vergari?,
Sébastien Laporte?, Jérémie Girardot®

a Arts et Métiers Institute of Technology, EPF Engineering School, Université Sorbonne
Paris Nord, IBHGC-Institut de Biomécanique Humaine Georges Charpak, F-75013 Paris,

France

b Arts et Métiers Institute of Technology, I2M, UMR, CNRS 5295, F-33400, Talence, France

* Corresponding author: alexandre.lagache@ensam.eu

Received date: 04/04/2025
Accepted date: 27/06/2025
Publication date: 27/10/2025

Keywords: thoracolumbar fascia,
mesostructure, analytical modeling

© 2025 The Authors
Licence CC-BY 4.0
Published by Société de Biomécanique

1. Introduction

The mechanical characterization of fasciae tissues 1s
crucial in medical research. However, the mechanical
behavior of the thoracolumbar fascia (TLF), which is
linked to conditions like low back pain (Casato 2019),
remains underexplored. A better understanding of its
properties could improve prevention and management
of such pain.

Recent studies (Schleip 2012) have noted changes in
the mechanical properties of the TLF during ex vivo
tensile tests, but the underlying mechanisms remain
unclear. This study aims to address this gap with a
mesostructural explanation and a supporting mathe-
matical model.

2. Methods

2.1 Thoracolumbar fascia mesostructure

The TLF is a multi-layered structure composed of
collagen fiber bundles embedded within a soft proteo-
glycan matrix (Benetazzo, 2011). From a mechanical
perspective, it can be modelled as a network of parallel,
undulated collagen fibers.

2.2 Strain hardening observation

The strain hardening phenomenon, first observed
during ex viwo tensile tests on mouse TLE, describes
a stiffness increase after conditioning (Schleip 2012).
Under physiological conditions, researchers noted that
a second loading, using the same loaded conditions,

resulted in greater tissue stiffness than the first. Our
team observed the same phenomenon in human TLF
tensile tests (Creze 2025). Samples were first loaded to
10N along the superficial fiber direction, held at constant
strain for 5 minutes, unloaded to ON, and then loaded
up to 50N. In all cases, the tissue exhibited increased
stiffness and faster stiffening during the second loading
compared to the first.

2.3 Strain hardening hypothesis

This study explored a hypothesis based on the tissue’s
mesostructure. In its resting state, the superficial col-
lagen fiber bundles were crimped. During the initial
loading, many fibers unfolded, increasing tissue stiffness.
During relaxation, while strain remained constant, the
applied force decreased, suggesting fiber reorganiza-
tion. Stretched fibers began to fold again. The greater
stretch led to the more pronounced folding. This pro-
cess resulted in a modified crimp pattern, ultimately
altering the tissue’s mechanical behavior in subsequent
loading phases.

2.3 Semi-analytical loading model

A semi-analytical model of 88 parallel nonlinear springs,
representing collagen fibers, was developed to test the
hypothesis by simulating the tissue’s force-strain rela-
tionship. The total applied force was the sum of forces
on each spring (Equation 1), considering that mechanical
behavior was mainly driven by superficial fibers aligned
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with the test direction. To represent the crimped col-
lagen fibers, each spring had bi-linear behavior with a
slack threshold. Below this threshold, stiffness was zero;
above it, stiffness was set at 37.64 N/%. The slack (s))
thresholds were randomly distributed across the springs
following a normal distribution as many biological
parameters. Differences in mechanical behavior resulted
from changes in slack between the two loads.

During the relaxation phase, the slack of each
unfolded fiber increased regarding its initial slack. The
increase was driven by Equation 2 where ds 1s the slack
increase, dI'1s the force decrease, A'1s the collagen stiff-
ness and s and s; represents the slack of the fiber and
the slack of every unfolded fiber respectively.

F= Y K(e-s(F)

s(1~"—c1F)=s{F)+“’—IfZ

Equation 1

é )% Equation 2
2.3 Experimental comparison

The model was evaluated against experimental data
(Fig. 1). The initial slack distribution was adjusted to
accurately replicate the 10N tensile test results (blue
curve). The tissue was loaded to the strain observed in
the 10N test, then relaxed until the force decreased by
7N. Applying the model, new slack values were com-
puted, and a second tensile test was conducted, from

the lowest updated slack strain to the maximum strain
reached in the 50N test.

3. Results and discussion
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Figure 1. Experimental force/strain behaviour and semi-
analytical force/strain behaviour.

The 10N tensile test showed strong agreement
between experimental data and the model (?=0.99),
as expected from the distribution parameters calibration.
While the model accurately replicated experimental
stiffness (=0.98), it exhibited a faster stiffening response,
leading to an overestimation of force (1.98N % 0.35N).

The semi-analytical model captured strain hardening,
mirroring the experimental observations of the phenom-
enon. Discrepancies stem from model simplifications,
as many tissue structures were omitted to maintain
a computationally efficient approach. Including the
matrix would have slightly increased the tissue’s initial
stiffness, improving the fit at the start of the 50N test
and enhancing overall accuracy.

Despite some differences, the model supports our
hypothesis that crimped collagen fibers drive strain
hardening. This approach is opposed to the Schleip
et al (Schleip 2012) hypothesis which focuses on the
matrix stiffness.

4. Conclusions

This study investigated the origin of strain hardening
in the TLF using a simple semi-analytical model to test
a mesostructure-based hypothesis. Strain hardening
likely originates from collagen fiber folding during
tissue relaxation. While this hypothesis replicated the
phenomenon, no microscopic evidence confirms it.
Furthermore, it remains uncertain whether this phe-
nomenon occurs under physiological in vivo loading
of the TLF. Mesostructure-based models, like discrete
element models, can aid in understanding and repli-
cating biological tissue mechanics.

Conflict of Interest Statement
None.

Contributor Roles

AL: Methodology, Writing original draft, investigation;
CV: Writing review and editing; SL: Writing review
and editing; JG: Writing review and editing.

References
Casato, G., Stecco, C., & Busin, R. (2019). Role of

fascie in nonspecific low back pain. Eur J Transl.
Myol., 29(3), 159-163. https://doi.org/10.4081/
¢jtm.2019.8330

186


https://doi.org/10.4081/ejtm.2019.8330
https://doi.org/10.4081/ejtm.2019.8330

Fascia strain hardening: A new mesoscopic approach

Schleip, R., Duerselen, L., Vleeming, A., Naylor, I. L.,
Lehmann-Horn, F., Zorn, A., Jacger H., & Klingler,
W. (2012). Strain hardening of fascia: Static stretching
of dense fibrous connective tissues can induce a tem-
porary stiffness increase accompanied by enhanced
matrix hydration. Bodyw. Mov. Ther, 16(1), 94—100.
https://doi.org/10.1016/j.;bmt.2011.09.003

Benetazzo, L., Bizzego, A., De Caro, R., Frigo, G.,
Guidolin, D., & Stecco, C. (2011). 3D reconstruc-
tion of the crural and the thoracolumbar fasciae.
SRA4, 33(10), 855—-862. https://doi.org/10.1007/
s00276-010-0757-7

Creze, M., Lagache, A., Duparc, F., Broqué, M.,
Persohn, S., Slama, C., Vergari, C., & Rohan, P-Y.
(2025). Ex vivo mechanical properties of human
thoracolumbar fascia and erector spinae aponeu-
rosis under traction loading and shear wave elas-
tography. . Mech. Behav., 168, 107028. https://doi.
org/10.1016/j.jmbbm.2025.107028

187


https://doi.org/10.1016/j.jbmt.2011.09.003
https://doi.org/10.1007/s00276-010-0757-7
https://doi.org/10.1007/s00276-010-0757-7
https://doi.org/10.1016/j.jmbbm.2025.107028
https://doi.org/10.1016/j.jmbbm.2025.107028

