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A B S T R A C T

Cell invasion process, which appears in the progression of tumours, such as glioblastoma, is highly dependent on cellular mobility. Cellular movement results from 
the interaction of chemical, biological and mechanical factors both inside and outside the invasive cancer cell. To identify and understand the relationship between 
these factors, it is necessary to quantify and visualise the extra- and intracellular kinematic fields during cell movement. This study proposes a new methodology for 
the experimental measurement of full kinematic fields inside cancer cells and the use of a digital twin simulation of the cell to obtain the stress and force fields. 
Confocal microscopy, Digital Volume Correlation (DVC) and Finite Element Method (FEM) are used in this methodology. To demonstrate the efficiency of this 
approach, highly invasive glioblastoma cells have been used as a model.

1. Introduction

Glioblastoma (GBM) is a malignant tumour of the central nervous 
system that is characterised by its aggressiveness and rapid growth 
(Louis et al., 2021). GBM remains incurable primarily due to its ten
dency to recur, driven by the capacity of tumor cells to infiltrate the 
adjacent healthy brain parenchyma beyond the boundaries of the 
resectable tumor mass (Ou et al., 2020). These invasive cells are char
acterised by their ability to form invadopodia, protrusions that extend 
from the cell into the extracellular matrix (ECM) (Wolf et al., 2007; 
Chepied et al., 2020). Invadopodia facilitate degradation of the ECM, 
promoting invasion of healthy tissue. The kinetics of invadopodia for
mation is influenced by the stiffness and density of the ECM, which can 
enhance matrix degradation (Parekh et al., 2011; Masi et al., 2020). 
Consequently, invadopodia exert protrusive forces that depend on the 
physical characteristics of the ECM. Understanding these physical in
teractions requires quantitative approaches capable of visualising and 
measuring intracellular stresses and force fields.

Analysis of cellular motility is crucial to a wide range of physiolog
ical and pathological processes, including wound healing, inflammatory 
responses, bone regeneration, and cancer cell migration. Over the past 

few years, several techniques have been developed to quantify cell ki
nematic and understand their underlying mechanisms.

Particle Tracking (PT) was one of the first methods developed to 
quantify the displacement of cells by linking them to a point (Dembo and 
Harris, 1981; Qian et al., 1991; Saxton and Jacobson, 1997). In this 
method, cells are marked with contrast agents or fluorescent markers. 
The 2D or 3D images of the cell’s temporal evolution are acquired using 
microscopes adapted to the size and type of marker chosen. Segmenta
tion algorithms are then employed to identify the cells in each image. 
The position of the cell’s centroid is computed for each segmented image 
and connected using techniques such as mean square displacement to 
obtain the trajectory of each cell (Manzo and Garcia-Parajo, 2015; 
Meijering et al., 2012). Although PT provides insight into morphology, 
trajectories and velocities, its discrete nature means that each marker 
yields only a single measurement point, limiting access to continuous 
mechanical fields (Emami et al., 2021; Pushkarsky et al., 2014). Ex
tensions of PT have been developed to track smaller particles and mol
ecules, both inside and outside cells (Chenouard et al., 2014; Sergé et al., 
2008; Wang et al., 2021; Weihs et al., 2006), thereby enhancing our 
understanding of intracellular processes and exchanges, but these ap
proaches remain constrained by the same discretization limitation.
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Other techniques, such as Traction Force Microscopy (TFM), quan
tify mechanical fields at the cell–substrate interface (Dembo and Wang, 
1999; Lekka et al., 2021; Sabass et al., 2008). In TFM, fluorescently 
labelled cells adhere to a substrate embedded with fluorescent beads, 
whose displacements are tracked using PT, Particle Image Velocimetry 
(PIV), Particle Tracking Velocimetry (PTV) (Sanz-Herrera et al., 2021; 
Trepat et al., 2009), or Digital Image Correlation (DIC) and Digital 
Volume Correlation (DVC) (Holenstein et al., 2019; Mulligan et al., 
2018; Toyjanova et al., 2014). From these bead displacements, stress 
and force fields within the substrate are reconstructed by the finite 
element method (FEM). TFM has been successfully implemented in both 
2D (Butler et al., 2002; Schwarz and Soiné, 2015) and 3D by embedding 
the cell in a substrate (Apolinar-Fernández et al., 2023; Legant et al., 
2010), and remains a reference to investigate cell-substrate interactions. 
However, it only accesses forces transmitted through the substrate, 
without revealing the full-field intracellular mechanics driving invado
podia formation.

Beyond substrate-based methods, atomic force microscopy (AFM) 
has enabled precise mechanical characterization of living cells, 
including system identification of viscoelastic properties (Rico et al., 
2005), advanced modelling of large-deformation indentation (Shen 
et al., 2020), and system identification approaches for extracting 
viscoelastic parameters from AFM indentation curves (Bahwini et al., 
2022). AFM has also been applied to quantify the mechanics of brain 
cells (Bahwini et al., 2018), providing key insights into cell-specific 
mechanics in the central nervous system.

At the molecular scale, computational studies have further high
lighted the role of mechanics in biological regulation. Khataee et al. 
(2018) showed that assisting forces accelerate kinesin unbinding from 
microtubules, illustrating the force-dependence of molecular in
teractions. In a previous work, Khataee et al. (2013) demonstrated how 
computational nanotechnology can predict structural and physical 
indices of the smallest fullerene (C20), highlighting the power of 
graph-based modeling for nanoscale systems. These studies emphasize 
the importance of multiscale approaches, from molecules to cells, to 
capture the full complexity of mechanobiology.

Taken together, these approaches underline the lack of methods 
capable of providing volumetric, full-field intracellular mechanics. Our 
hypothesis is that coupling Digital Volume Correlation (DVC) with finite 
element modelling enables robust estimation of intracellular stress and 
force distributions. The motivation of this work is to overcome the 
limitations of existing methods that focus either on substrate mechanics 
or point measurements by providing a full-field description of intracel
lular mechanics. By extending computational paradigms demonstrated 
at the nanoscale (Khataee et al., 2013; Khataee et al., 2018) and at the 
single-cell level (Bahwini et al., 2018, 2022; Shen et al., 2020) to the 
scale of whole living cells, our work introduces an integrated framework 
bridging imaging, computation, and mechanobiology. This approach 
has significance for cancer research, as it allows quantifying how inva
sive glioblastoma cells generate and transmit forces during invadopodia 
formation, a process central to their invasive potential.

Here, we present an innovative methodology combining Digital 
Volume Correlation, high-resolution confocal microscopy, and FEM to 
provide a detailed quantification and visualization of intracellular 
displacement, stress, and force fields in invasive cancer cells.

2. Materials and methods

2.1. Cell culture and substrate preparation

The human glioblastoma cell line Ln229 was used in this study. Cells 
were cultured in DMEM (Dulbecco’s Modified Eagle Medium) supple
mented with 10 % fetal calf serum and 1 % antibiotics (penicillin and 
streptavidin) in a water-saturated incubator (37 ◦C, 5 % CO2).

2.2. Fluorescent-gelatin degradation assay on insert and invadopodia 
observation by confocal microscopy

To assess the ability of cells to form invadopodia and to degrade 
matrix, the cells were plated on inserts (104 cells/mL) coated with 0.2 % 
fluorescent Oregon Green® 488-conjugated gelatin (FG-gelatin; Molec
ular Probes, Eugene, USA), in 24-well plates and maintained in a water- 
saturated incubator (37 ◦C, 5 % CO2) during 8 h. To do so, inserts were 
prepared as follows. 50 μL of 0.2 % FG-gelatin were added on 1 μm- 
diameter pored inserts. 30 μL of FG-gelatin were then removed and in
serts were incubated at room temperature for 1 h, before putting them at 
37 ◦C for 2 days/2 nights. Once the cells were seeded, indirect immu
nofluorescence was performed at different times. The immunodetection 
of actin in the Ln229 cells seeded on the inserts coated with FG-gelatin 
was performed by using a mouse antibody (Sigma-Aldrich). The cells 
were fixed in paraformaldehyde (4 %) for 20 min at room temperature. 
After incubation in a blocking solution (2 % bovine serum albumin, 1 % 
Triton X-100 in PBS), the cells were incubated with primary antibodies 
(anti-actin 1:250) overnight at 4 ◦C. Mouse Alexa Fluor® 555- conju
gated secondary antibodies (1:250, Invitrogen) were then applied to the 
preparations for 1 h. Coverslips or inserts were mounted afterwards with 
Mowiol (Calbiochem, Darmstadt, Germany) prior to observation with 
confocal microscopy.

In our confocal microscopy setup, fluorescent signals were acquired 
in the green channel (488 nm) and the red channel (545 nm). In a first 
step, invadopodia activity was assessed by detecting dark areas corre
sponding to degraded regions of the FG-gelatin (488 nm). In a second 
step, the presence of invadopodia was confirmed in these degraded areas 
by co-localization with actin, detected in the red channel (545 nm). 
Confocal images were obtained using an Olympus IX81 laser scanning 
confocal inverted microscope with 40X (UAPO ID/340UV NA 135) or 
60X (O.N. 1.4 PLAPO) oil objectives. Images were processed with 
FluoView software. Imaris software was used for the 3D reconstruction.

In addition, a Boyden chamber device was used to confirm invado
podia formation. This device allows Ln229 cells to be seeded on a filter 
previously coated with fluorescent gelatin. The filter contains 1-μm 
diameter pores, which permit only the invadopodia to extend into the 
lower chamber while preventing passage of the entire cell. After actin 
immunofluorescence staining, invadopodia could be visualized in 3D 
reconstructions at the level of these pores.

2.3. Volume images acquisition by confocal microscopy

Cultured Ln229 cells were labelled with fluorochromes at the plasma 
membrane (DiD, red emission) and at the actin cytoskeleton (RFP, red 
emission). This labeling was chosen to enable visualization of the entire 
cell on confocal microscopy images. They were seeded on a green 
fluorescent gelatin substrate (Oregon Green 488 conjugated®Gelatin), 
which was coated on glass coverslips. The cells adhered to the substrate 
after incubation for 2 h at 37 ◦C. Imaging of cells and substrate was 
performed using an Olympus FV3000 confocal ‘rotating disc’ micro
scope (Revolution/Andor) equipped with a 60X UPLSAPO NA 1.35 oil 
objective. To excite cells and substrate fluorescence, 560 nm and 488 nm 
laser wavelengths were respectively used. Volume images were acquired 
at a resolution of 512x512 pixels and 156 depth images were collected 
every 6 min for a total of 20 h. Voxel size was 0.29 x 0.29 x 0.4 μm. 
Confocal imaging was conducted at 37 ◦C using an enclosure heated and 
regulated with 5 % CO2. In this experiment, images of three cells were 
captured on the same substrate. The cells were selected based on their 
distance from other cells in the environment to limit the interaction 
between them.

2.4. Digital volume correlation

Displacement fields in the cells between two images were measured 
using Digital Volume Correlation (DVC, X-DVCorrel) (Germaneau et al., 
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2007; Valle et al., 2019). This technique uses grey-level distributions of 
volume images to determine the material transformation between a 
reference volume and the deformed state volume of a cell. To compare 
images, a region of interest (ROI) was defined and divided into subsets, 
with a size of 32 x 32 x 32 voxels. A search zone was defined around each 
subset and degrees of similarity between the fixed initial subset and the 
deformed subset was computed at each position within this zone. The 
displacement between subsets was defined by the maximum similarity, 
and tricubic interpolation was used to achieve sub-voxel accuracy. 
Parameter tests were preliminarily conducted to determine optimal 
subset and search zone sizes.

Displacements were computed incrementally, i.e., each volumetric 
image stack was correlated with the immediately preceding one rather 
than with the first time point. This strategy minimized decorrelation 
effects due to large deformations or intensity changes and improved 
robustness for live-cell imaging.

To restrict the analysis to cell structures and reduce computation 
time, a binary mask of the cell was applied. This mask was generated by 
segmenting the reference volume using Python and the Skimage library. 
Segmentation involved denoising the volumetric images with a median 
filter followed by a watershed algorithm (Kornilov and Safonov, 2018). 
Importantly, this filtering was applied exclusively during the segmen
tation step to delineate the cellular region of interest. The DVC com
putations themselves were performed directly on the original confocal 
image stacks, without any filtering or preprocessing.

Noise quantification through a conventional zero-strain test was not 
feasible because live cultured cells exhibit intrinsic motion between 
acquisitions. Nevertheless, the measured displacements (− 2 μm to +2 
μm) are well above typical noise levels reported in confocal DVC of 
hydrogels, which achieve sub-micron precision (Franck et al., 2007). 
This supports the robustness of the present measurements.

During DVC analysis, the substrate was treated as the stationary 
reference. Correlation was restricted to the segmented cellular volume, 
excluding the substrate. Therefore, non-zero displacements observed at 
the basal plane represent the relative motion of the cell base with respect 
to the fixed substrate. These basal displacements are biologically rele
vant, reflecting cell motility and mechanical interaction with the sub
strate. The strain field was then computed from the measured 
displacement field.

2.5. Numerical model

A finite element model was developed to determine stress distribu
tion and the reaction forces exerted by the cell on the substrate. Cell 
geometries were extracted from segmented volumetric images. Each cell 
was imaged every 6 min over a period of 20 h, resulting in 200 geom
etries capturing the cell’s evolution. Finite element simulations were 
conducted using ANSYS software (version 24.R1). The nodes at the cell 
boundaries were constrained with experimentally measured displace
ments obtained from DVC, while the remaining surfaces were consid
ered free of constraints (stress-free boundary). A homogeneous, 
isotropic, linear elastic material model was adopted for the cell, with a 
Young’s modulus of 0.5 kPa based on literature values (Pogoda et al., 
2014). Although simplified, this provides a suitable first-order approx
imation. A mesh composed of voxel-sized hexahedra elements (0.29 x 
0.29 x 0.4 μm) was applied to each geometry, with an average cell 
consisting of 150.000 elements.

3. Results

3.1. Invadopodia formation

The human glioblastoma Ln229 cells have the ability to form inva
dopodia, which are necessary for their invasive process (Fig. 1). These 
membrane invadopodia, rich in actin fibers, have the ability to degrade 
gelatin and lengthen under the ventral face of the cells. Fig. 1 gives an 

example of 3D reconstruction of invadopodia after staining the actin 
fibers by immunofluorescence.

It should be noted that, while the confocal microscopy images in 
Fig. 1 specifically illustrate invadopodia formation in Ln229 cells, the 
subsequent mechanical analyses using Digital Volume Correlation 
(DVC) and Finite Element simulations, presented in Figs. 2–5, were 
performed during general cell motility conditions without specifically 
selecting periods or regions characterized by active invadopodia for
mation. The aim here was to quantify the general intracellular me
chanical environment rather than exclusively analyzing mechanical 
fields associated directly with invadopodia.

3.2. Measuring displacement

In order to analyze the formation of invadopodia from a mechanical 
perspective, volumetric images of three cells were acquired over time 
using confocal microscopy. Representative displacement fields 

Fig. 1. Formation of invadopodia by Ln229 cells: Ln229 human glioblastoma cells 
were seeded on inserts (1 μm-diameter pores) coated with green-Gelatin matrix. 
A) Confocal microscopy images of the Ln229 cells in xy plan (left panel: merge 
image with gelatin in green and actin in red; right panel: actin in red). B) 
Confocal microscopy images of the Ln229 cells in xz plan (left panel: merge 
image with gelatin in green and actin in red; right panel: actin in red) in Imaris 
software. C) First line of panels: Invadopodia were observed below the cells by 
3D reconstruction (Scale bars: 5 μm). Second line of panels: Different zoomed 
views of the labelled invadopodia.
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measured in glioblastoma cells are shown in Fig. 2. These displacement 
fields represent global intracellular mechanical activity, including all 
cellular structures (e.g., cytoplasm, nucleus, invadopodia, and cell 
membrane), and are not specifically focused on isolated invadopodia 
structures. Movement within the cell was both continuous and homo
geneous, with localised regions showing increased activity. Significant 
displacements were observed in all directions in the lower part of the 
cell, where there was contact with the substrate. Pronounced move
ments were also observed at periphery of the cell, often with opposing 
displacements between one side of the cell and the other. The central 
region, likely corresponding to the nucleus, displayed comparatively 

small and uniform displacements close to 0 in all directions. For 
example, between 54 and 60 min, the displacements Uz of the cell along 
the y axis ranged from 2 μm to -1μm. Looking at Ux, the entire cell moves 
by 1–2 μm. The Uy followed a gradient with values close to zero at the 
top of the cell and reaching 1 μm at the bottom. This suggests that the 
cell moves positively along the XY direction, exhibiting an internal 
downward motion in the same direction, while an upward movement 
occurs in the opposite direction.

To study the evolution of global movement over time, three cells 
adhered to the same substrate were analyzed. Fig. 3 shows the normal 
displacement of these three cells over a 2 h period. During the first 6 
min, all cells exhibited similar behaviour, with displacements ranging 
from 0 to 1.5 μm, and a median around 0.7 μm. After this initial phase, 
each cell exhibited distinct patterns. Cell 1 showed the smallest dis
placements with little variability. For instance, between 36 and 42 min 
and between 90 and 96 min, its displacements were within a range of 1 
μm, with quartiles around 0.3 μm, indicating a stable movement. Cell 2 
exhibited more varied displacements, with peaks reaching 3 μm, 
particularly between 90 and 96 min. Cell 3 also showed peak displace
ments between 18 and 24 min, then between 72 and 78 min, followed by 
more stable periods, with quartiles indicating displacements of around 
0.5 μm. Despite similar initial displacement patterns and environmental 
conditions, each cell demonstrated unique displacement values and 
variations over time. Nonetheless, a common pattern emerged: 
displacement peaks were typically followed by phases of stabilization.

3.3. Cell simulation

The cell geometries over time were extracted using a segmentation 
algorithm and then meshed. At each node, the displacements measured 
by DVC were applied, and a Young’s modulus of 0.5 kPa was uniformly 
applied across the cell. The finite element method (FEM) was used to 
compute the time evolution of the internal stress fields and reaction 

Fig. 2. Temporal evolution of intracellular displacement fields measured across the entire cell volume (including cytoplasm, nucleus, and invadopodia) over a 6 min interval. 
The left columns present cross-sectional views of the displacements Ux, Uy, and Uz, while the right column displays external 3D visualizations of the displacement Uz. 
The displacement values are scaled between − 2 μm and +2 μm.

Fig. 3. Normal displacements measured for three cells adhered to the same substrate 
over a 2 h period. Initially, all cells displayed similar amplitudes of normal 
displacements during the first 6 min. Each cell then exhibited its own charac
teristic behaviour, with periods of stability followed by displacement peaks.
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Fig. 4. Spatiotemporal evolution of principal stress fields inside a single cell over 1 h. Each row corresponds to a different time interval (0–6, 18–24, 36–42, and 54–60 
min). The first three columns display 2D cross-sections through the 3D cell volume, showing the maximum principal stress σI (tension), the minimum principal stress 
σIII (compression), and their difference σI − σIII. The last column presents 3D renderings of σI − σIII.

Fig. 5. Reaction force results for Cell 1 over a 1 h period. The 3D views on the right illustrate the spatial distribution of the reaction force (in pN) over time. The left 
columns show sectional views along the Y and X directions at four specific time intervals (0–6, 18–24, 36–42, and 54–60 min). The forces are scaled within a range 
from 0 pN to 40 pN.
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forces in Cell 1. The principal stresses σI and σIII (Fig. 4) range from 250 
Pa to − 250 Pa, indicating maximal and minimal stress, respectively. The 
results show that the cell is mostly in traction at all times, with an 
average internal value of 50 Pa. Over time, the cell’s contours, partic
ularly the upper and lower parts, were the most exposed to the highest 
traction forces. Locally, compression zones were observed at the center 
of the cell and partially along its contours. The difference between σI and 
σIII indicates the presence of internal shear stresses reaching up to 250 
kPa. These shear stresses were mainly concentrated in the lower part of 
the cell, in contact with the substrate, and occasionally extended from 
the cell boundary to the center.

The Finite Element Method (FEM) enables the calculation of the 
reaction forces at the cell’s boundary. Fig. 5 shows the reaction force 
exerted by the cell on its environment, with a maximum value of 40 pN. 
The maximum force was concentrated at the interface between the 
lower region of the cell and the substrate. Additionally, this force wa 
directed opposite to the overall motion of the cell. This suggests that the 
strongest interactions occur at the cell-substrate interface, which plays a 
critical role in the dynamics of cell motility.

4. Discussion

This study presents a new approach for measuring displacement 
fields and computing stress and force distributions within cells. By 
combining confocal microscopy with volumetric image correlation and 
finite element analysis, this method provides a more comprehensive 
view of the mechanical environment inside the cell compared to tradi
tional techniques. Unlike particle tracking or traction force microscopy, 
which mainly offer local or edge-specific data, our approach enables a 
more detailed mapping of the internal mechanical fields throughout the 
entire cell. Moreover, this method is non-invasive, as labelling process 
does not damage the cells, allowing for observation over extended pe
riods of several hours. The ability to capture images at short intervals 
makes it particularly effective for monitoring fast, dynamic biological 
processes, such as invadopodia formation, thus opening new avenues for 
studying cellular behaviour in real time. The formation and develop
ment of invadopodia of glioblastoma cells is a relatively unexplored 
topic in the mechanical literature. In this study, the human glioblastoma 
Ln229 cells, which are able to form invadopodia, demonstrated normal 
displacements ranging from 0 to 3 μm over a 6 min period. The non-zero 
displacements measured at the basal plane do not indicate motion of the 
substrate, which was considered fixed, but instead correspond to the 
relative motion of the cell base with respect to the substrate. This motion 
is biologically meaningful, as it highlights the active displacement of the 
cell during invasion. These internal displacements were not uniform; 
higher values were observed in the lower part of the cell and in the X and 
Y directions, rather than in the Z direction. Consequently, cells depos
ited on the substrate tend to move predominantly within the plane of the 
substrate. The variability observed between cells in terms of displace
ment and stress distributions (Fig. 3) may reflect differences in inva
dopodia activity and cytoskeletal remodeling. Such heterogeneity is 
consistent with the notion that only a subset of glioblastoma cells display 
high invasive potential. Our methodology thus provides a means to 
capture biologically relevant mechanical diversity at the single-cell 
level. Literature indicates that cellular displacements are dependent 
on a variety of parameters, including environmental conditions, cell 
type, and the time interval between volumetric image acquisitions. For 
example, fibroblasts analyzed using 2D TFM exhibited displacements 
ranging from 0 to 1 μm over a 35 min period (Franck et al., 2011), while 
human airway smooth muscle (HASM) cells, stimulated with histamine, 
showed displacements up to 3 μm within 6 min (Butler et al., 2002). 
These observations suggest that the displacement values for Ln229 cells 
obtained through this novel approach are in line with literature for other 
cell types. Additionally, the concentration of displacements at the 
cell-substrate interface observed in this study is consistent with previous 
findings using 2D TFM for fibroblast cells (Doyle et al., 2022), 

reinforcing the idea that cell adhesion to the substrate plays a crucial 
role in displacement dynamics.

Despite the innovative approach presented, we acknowledge 
important limitations. Direct validation of computed displacement and 
stress fields at the cell-substrate interface via established experimental 
techniques such as TFM was not performed. Additionally, assuming 
cellular mechanics as homogeneous and purely elastic neglects the 
known structural heterogeneity and viscoelastic behavior of cells. 
Similar simplifying assumptions have been used in advanced AFM-based 
studies, such as Shen et al. (2020) and Bahwini et al. (2022), where 
indentation models were applied to extract effective viscoelastic pa
rameters of adherent cells. These works, along with earlier AFM studies 
of neuronal cells (Bahwini et al., 2018), show that reduced-order 
models, while not fully capturing heterogeneity, can still yield biologi
cally meaningful insights. Future improvements of this method will 
include experimental validation via TFM and integration of more real
istic viscoelastic mechanical models.

TFM remains the gold standard for quantifying forces at the 
cell–substrate interface. The displacement fields reconstructed in our 
study are consistent in magnitude with those reported in recent TFM 
studies. Monzo et al. (2021) observed substrate displacements of ~1–2 
μm at the poles of invasive glioblastoma cells, while Cheung et al. (2025)
reported matrix displacements of 1–5 μm in invasive breast cancer cells 
embedded in collagen-based matrices. These values are comparable to 
the intracellular displacements measured here (− 2 to +2 μm), sup
porting the biological plausibility of our results. Similarly, the reaction 
forces reconstructed in our study are in the same range as the forces 
reported in these TFM studies. Importantly, while TFM quantifies 
extracellular deformation and traction, our DVC–FEM framework pro
vides volumetric maps of intracellular stress and strain fields. This 
constitutes the fundamental novelty of our approach, bridging extra
cellular force quantification with intracellular mechanobiology in the 
context of cancer cell invasion.

However, TFM is inherently limited to substrate deformation and 
does not provide direct access to intracellular mechanics. The approach 
introduced here is complementary, as it enables full-field quantification 
of intracellular stress and strain distributions. Although no direct vali
dation against TFM was conducted in the present study, future work 
combining both methodologies will be essential to establish a compre
hensive and validated framework for cell mechanobiology.

At the molecular and nanoscale, complementary studies have also 
shown how mechanics regulates biological function. Khataee et al. 
(2018) demonstrated that kinesin–microtubule unbinding is accelerated 
by assisting forces, while Khataee et al. (2013) highlighted the structural 
response of C20 fullerenes using computational nanomechanics. These 
examples illustrate that across scales, from molecules to whole cells, 
mechanical forces govern function and simplified models remain 
necessary for tractable analysis. Our study extends these principles by 
applying a volumetric, full-field approach at the cellular level, thereby 
bridging nanoscale mechanics with whole-cell mechanobiology.

The method introduced in this study also allows the extraction of cell 
geometries from confocal microscopy images. The shapes observed were 
predominantly spherical or oval with minimal spreading, consistent 
with previous studies for a substrate with a Young’s modulus of 0.5 kPa 
(Pogoda et al., 2014). In order to compute the stress and force fields, a 
finite element model of the cell during invasion was created by meshing 
these geometries. Finite element models of cells and substrates with 2D 
and 3D TFM are described in the literature. In these models, boundary 
conditions are defined by the displacements measured within the sub
strate and the input mechanical behaviours are those of the substrate 
(Hur et al., 2009; Sanz-Herrera et al., 2021; Song et al., 2019). In 
contrast, the method proposed here uses the internal displacements of 
the cell, measured by DVC as boundary conditions and the model’s 
material properties are those of the cell. Previously, it was shown that 
Ln229 cells exhibit linear behaviour with a Young’s modulus of 
approximately 0.3 kPa (Pogoda et al., 2014). Our approach provides a 
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more comprehensive analysis by simulating not only the stresses at the 
cell boundary but also within the cell itself. The results from this study 
show that internal stresses range from 0 to 0.25 kPa when cells are 
placed on a substrate with a Young’s modulus of 0.5 kPa. These values 
are consistent with existing literature, which reports similar stress am
plitudes for various cell types and substrates. For example, 2D TFM has 
demonstrated that fibroblasts generate traction stresses ranging from 
0 to 0.25 kPa over 6 h on a polyacrylamide substrate with a Young’s 
modulus of 3 kPa (Yang et al., 2006). Similarly, human T24 bladder 
cancer cells exert traction stresses between 0.2 and 0.8 kPa every 2 min 
on polyacrylamide substrates with stiffness ranging from 2 to 10 kPa 
(Peschetola et al., 2013).

Another limitation arises from the 6-min acquisition required for a 
full 3D confocal stack. During this period, cells may continue to deform, 
so the displacement and strain fields represent an average over the im
aging duration rather than an instantaneous snapshot. This temporal 
smoothing could underestimate fast or transient events.

At the cell periphery, the strain values extracted from DVC represent 
averages over subvolumes encompassing both membrane and adjacent 
cytoplasm. Consequently, the reaction forces reconstructed from FEM 
represent smoothed mechanical responses rather than forces strictly 
localized at the membrane. This averaging should be considered when 
interpreting biological relevance, as it may lead to overestimation or 
spatial blurring of localized forces. The reaction forces obtained in this 
study range from 0 to 40 pN over a 6 min interval. In the literature, 
variable values are reported. For example, 2D TFM measurements of 
murine 3T3 cells show a maximum force of 120 nN over a few minutes 
(Dembo and Wang, 1999), while the human colorectal cancer cell line 
SW 480 exhibits a reaction force up to 10 nN over 10 h (Makarchuk 
et al., 2018). However, using the integrative tension sensor (ITS) 
method, different magnitudes are observed, including a maximum force 
of 54 pN exerted by platelets within 4 min (Wang et al., 2018). It is 
important to note that the stresses and forces exerted by the cell on its 
environment depend on several factors, including the measurement time 
interval, cell adhesion, and substrate stiffness. Cellular forces and 
stresses are concentrated at the cell-substrate interface. By examining 
the position of the reaction forces, we observe that the cell propels itself 
by exerting a greater force in the opposite direction to its overall 
movement, using the substrate. Cells use a system of punctual adhesions 
and invadopodia at the cell-substrate interface to move through space. 
This movement is achieved through actin filament polymerization, 
actomyosin contraction, and other proteins regulating this process 
(Schwarz and Soiné, 2015; Svitkina, 2018).

Different kinematics, stress and force fields were observed for three 
cells placed in the same environment, highlighting the multifactorial 
complexity of their behaviour. To extend the results, particularly for 
understanding invadopodia formation, it would be useful to investigate 
a larger sample of cells, use substrates of different stiffness and embed 
the cell in the substrate to represent the diversity of ECM mechanics in 
vivo. We have explored a direct method of modelling the problem, using 
measured displacement fields to compute stress and force fields. Sub
sequently, solving the inverse problem could increase the accuracy of 
the simulations and provide a more detailed understanding of the me
chanical mechanisms underlying cellular behaviour such as cell 
invasion.

In the present model, the cell was treated as a homogeneous, 
isotropic, linearly elastic material with a single Young’s modulus of 0.5 
kPa, consistent with reported average values (Pogoda et al., 2014). This 
assumption was necessary for computational tractability but neglects 
the spatial heterogeneity of subcellular structures such as nucleus, 
cytoskeleton, and membrane (Lu et al., 2006). As a result, the recon
structed stress distributions should be interpreted as averaged repre
sentations. Future developments of this approach should incorporate 
region-specific or viscoelastic material properties to enhance biolog
ical fidelity. The present simplified representation significantly reduces 
model complexity and computational cost, facilitating the analysis of 

multiple time points. Thus, our current stress and force estimations 
likely represent an oversimplification of the actual mechanical states 
inside the cell.

It should be noted that strains measured at the cell periphery using 
DVC represent averages over finite subvolumes that include both the 
plasma membrane and adjacent cytoplasm. While this implies that 
reconstructed reaction forces reflect an averaged response rather than 
strictly membrane-level forces, it also constitutes a distinctive feature of 
the present approach. Unlike methods restricted to probing the substrate 
(e.g. TFM) or to localized point indentations (e.g. AFM), our method
ology provides a volumetric, full-field quantification that inherently 
integrates submembrane and intracellular mechanics. This makes it a 
complementary extension of prior AFM and nanomechanics works (Shen 
et al., 2020; Bahwini et al., 2018; Bahwini et al., 2022; Khataee et al., 
2013; Khataee et al., 2018), but applied at the whole-cell level in 
invasive cancer cells.

Future improvements of this method should prioritize experimental 
validation via TFM and integration of more realistic viscoelastic and 
heterogeneous mechanical models, thus significantly enhancing physi
ological relevance and predictive accuracy.

5. Conclusions

Cell kinetics is a complex process influenced by various intracellular 
and microenvironmental factors. Cellular biomechanics can provide 
insights into the mechanisms of cell migration and invasion, particularly 
in pathologies such as cancer. In this study, a novel method has been 
developed for the quantification and visualization of mechanical full 
fields within cells by integrating confocal microscopy, Digital Volume 
Correlation (DVC), and Finite Element Method (FEM). This method was 
applied to cancer cells, revealing internal displacement and stress fields 
during cellular development over time. Understanding these dynamics 
can help elucidate the interaction of biological parameters and facilitate 
new in silico therapeutic approaches by targeting cell behaviour.

This study establishes a foundational methodology for intracellular 
mechanical characterization through integrated imaging, correlation, 
and simulation approaches. Future developments will include direct 
mechanical validation (e.g., TFM), improved mechanical modeling 
(heterogeneous and viscoelastic), and extension of the method to 3D cell 
cultures, thus enhancing the method’s robustness and physiological 
relevance.
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