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Abstract

Results and discussion

This work presents a novel methodology to calculate
the traction forces exerted by the cell in a threedimensional (3D) Traction Force Microscopy (TFM)
set-up. This methodology starts from the images
taken in the TFM essay. In addition, the finite strains
hypothesis is assumed in order to capture the cell
behaviour.

To validate the presented methodology, a direct
problem has been created using FEM. Thus, a set of
known forces have been applied on the tested
geometry, a sphere. The deformation obtained in the
direct problem, and thus the one to recover, is above
50%. Total cell displacements recovered are depicted
in Figure 1. In order to be able to recover such
dramatic changes in shape, the methodology adopts
an updated Lagrangian approximation. Therefore,
the geometry is updated as the analysis converges to
the solution, and so does the FE mesh. Towards to
obtain the surface traction vectors field in the final
configuration (Figure 2), these traction vectors have
to be calculated in every intermediate configuration.
This constitutes an upgrade of the methodology
proposed by Peñas et. al. [1] which did not recover
the cell traction field.

Methods
Physical forces exerted by cells regulate many
cellular processes such as angiogenesis, wound
healing and cancer metastasis. Due to the key role of
such forces, it is essential to achieve a more complete
knowledge of cell traction force regulation as well as
to be able to measure these forces.
The aim of the TFM experiments is to recover the
force exerted by the cell in its movements. In this
problem the known configuration is the deformed
one (the final position and shape of the cell) and the
displacements of the cell. Thus, it becomes necessary
to solve an inverse problem. Unlike traditional
problems (direct ones), in which the known
configuration is the undeformed one and the force
field map is also known, inverse problems consider
these as the unknowns. Therefore, the main challenge
of this work is to recover the undeformed
configuration and also the cell traction force maps.
To this end, images taken in the 3D-TFM experiment
are processed to obtain both the cell voxelised
geometry and the displacements field. These data are
the input of the inverse problem, which is solved via
Finite Element Method (FEM). The analysis is
iterative, in which each iteration is composed of three
analyses. Both extra-cellular matrix (ECM) and cell
are discretised in the finite element mesh. The
proposed methodology allows defining any type of
material for any domain. In the present work, it is
assumed that both cell and ECM behave as an
hyperelastic Neohookean materials.

The computation of 3D traction forces presents a far
more complicated problem than the two-dimensional
ones. However, this becomes absolutely necessary
since cell behaviour greatly depends on
dimensionality [2]. Legant et al. [3] opens the way to
recover traction forces in 3D analysis, even though
they use a linear elastic material approximation. The
methodology proposed in the present work underlies
on a nonlinear material behaviour, using the
Neohookean material formulation.
In TFM experiments, cell undergoes significant
displacements, therefore, the use of finite strains
formulation is really important. However, the
implementation of this hypothesis is not trivial, and
therefore other methodologies are limited to linear
strains [3, 4].

Conclusions
The proposed methodology allows quantifying
traction forces exerted by the cell. In contrast to other
methodologies present in the literature, the one
proposed here is fully automatic. The input are the
images taken during the TFM experiment, obtaining
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directly the traction forces at the cell surface.
Therefore, this methodology is conceived as a useful
tool to complement the laboratory experiments and
extract results in an automatized way. In order to
facilitate this, the methodology is applicable to any
cellular type, since it is independent on the cell
geometry. Furthermore, materials with hyperelastic
behaviour have been modelled, although it is clearly
also applicable to models that can be simplified with
other constitutive model assumptions.
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Figure 1: Cell displacement (µm). (a) XY view. The
undeformed configuration is shown backwards in light blue,
which is considerably bigger than the final configuration.
The greatest displacement is located in the upper right area.
(b) XZ view. Red dashed line indicates the target
configuration, that is, the initial (undeformed) configuration
of the direct problem.
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Figure 2: Recovered surface tractions (kPa). (a) XY view.
The maximum surface tractions are located in the upper
right area, where the cell is suffering the greatest
displacements. (b) XZ view. Tractions are lower and more
uniform in the rest of the cell, although a slight increase can
be appreciated in the lower left area.
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