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We present TFMLAB, a MATLAB software package for 4D (x;y;z;t) Traction Force Microscopy (TFM).
While various TFM computational workflows are available in the literature, open-source programs
that are easy to use by researchers with limited technical experience and that can analyze 4D in vitro
systems do not exist. TFMLAB integrates all the computational steps to compute active cellular forces
from confocal microscopy images, including image processing, cell segmentation, image alignment,
matrix displacement measurement and force recovery. Moreover, TFMLAB eases usability by means of
interactive graphical user interfaces. This work describes the package’s functionalities and analyzes its
performance on a real TFM case.
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1. Motivation and significance

Mechanobiology, the study of interactions between mechani-
cal signals and biological responses, has substantially grown over
the last 20 years. The importance of mechanical forces in driving
cell behavior is now widely recognized in the literature [1-4].
Meanwhile, Traction Force Microscopy (TFM) has become the
preferred methodology to quantify forces at the cell-matrix in-
terface. Typically, synthetic or natural hydrogels mixed with cells
and fiducial markers are imaged by means of optical microscopy
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before (stressed state) and after (relaxed state) cell relaxation.
Image processing algorithms measure cellular force-induced de-
formations on the extracellular matrix (ECM) by tracking the
movement of fiducial markers between these two states. Finally,
cell forces are retrieved by applying mechanical models that
relate forces to deformations. The reader is referred to excellent
reviews in the field for more details [3,5,6].

TFM has traditionally been applied to study cell mechanics in
2D in vitro cultures where cells are seeded on top of a substrate
[7-9]. Several open-source MATLAB software packages used in 2D
(i.e. 2D displacement and force calculation for 2D cell culture)
and 2.5D TFM (i.e. 3D displacement and force calculation for 2D
cell culture) are available: displacement measurement algorithms
such as Particle Image Velocimetry (PIV) [10] and Particle Track-
ing (PT) [11], or regularization techniques for force recovery [12].
Moreover, “all-in-one” software packages [13-16], and Image]
plugins [17] have brought complex TFM computations closer to
experimentalists. Current challenges lie in making TFM available
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for physiologically more relevant experiments in 3D (cells fully
embedded in a hydrogel) and incorporating time dependency
(4D). Unlike for 2D TFM, the availability of 3D TFM open-source
tools is scarce. Some groups that are currently publishing 3D
TFM studies do not provide source codes [18-21]. Others, provide
source codes but lack force calculation functionalities [22]. An
exception are the open source contributions of Fabry’s group.
They developed SAENO [23], the first open source 3D TFM solver
for nonlinear, fibrillary materials, like collagen and fibrin. While
it remains a unique contribution to the field, we hereby address
two limitations regarding its usability by researchers with limited
technical experience. First, the software does not provide feed-
back of intermediate steps involved in the calculations (such as
image filtering or shift correction), which requires higher tech-
nical expertise from users to select the optimal input parameters
for each sample [24]. Second, while the signal to noise ratio of the
images heavily depend, among others, on the type of microscope
or the hydrogel used, SAENO does not allow to adjust image
processing operations to new data as they are hidden from the
user. More recently, they published jointforces, an open source
Python package [25]. While they applied it for data from a 3D
in vitro model of a tumor spheroid, the software only calculates
2D forces at the equatorial plane of the spheroid.

With TFMLAB, we provide an “all-in-one” open source 4D (3D
+ time) toolbox that includes all the necessary computational
steps for TFM. Experimentalists can input the raw microscopy
images and follow every computational step through interactive
Graphical User Interfaces (GUIs) for parameter tuning. Users can
choose different image filters to process various types of data and
use the Free Form Deformation (FFD) algorithm for displacement
measurement. In particular, FFD has proven to be superior to PIV
and has been used in various experimental studies involving 2D,
3D and 4D (time lapse) measurements in single cell and multi-
cellular systems [26-30]. Finally, accurate and computationally
efficient force calculation is provided by our recently published
physically-based nonlinear inverse method (PBNIM) [31,32].

TFMLAB combines complex state of the art methods into a
closed and user-friendly software that does not require code ma-
nipulations and allows for applying 4D TFM in biological studies
which holds strong promise for mechanobiology.

2. Software description
2.1. Software architecture

We developed TFMLAB in the MATLAB framework to provide
robust and user-friendly processing of the microscopy data. The
software has one main function main.m, which calls other rou-
tines at every step of computational TFM (see schematic in Fig. 1).
However, the user only needs to interact with TFMLAB’s GUIs.
Briefly, TFMLAB has the following steps: (1) microscopy image
reading, (2) image processing, (3) displacement measurement and
(4) force calculation. There is a GUI for parameter tuning before
every step and result folders are stored between steps. While
MATLAB orchestrates the workflow, some specific operations are
performed by external software (see Table 1).

2.2. Software functionalities

The user must first run the script main.m in MATLAB and the
steps depicted in Fig. 1 follow, asking for user interaction through
different GUISs.
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2.2.1. Microscopy image reading

First, the user must provide input data. The GUI set_inputs
will ask for an input microscopy file. For flexibility, TFMLAB uses
the Bio-Formats toolbox which can read multiple microscopy file
formats [35]. From the input file, the software reads the channels
corresponding to the cells (e.g., imaged after transduction with
LifeAct for filamentous actin staining) and the fiduciary markers
such as fluorescent beads and/or fibers (e.g., in case of a fibrillar
collagen hydrogel imaged by means of second harmonic genera-
tion [27]). Any other channels (e.g. bright field, nuclei...) present
in the microscopy file are ignored, as they are not necessary for
TFM. The user can provide any number of images (time points) for
a given sample as long as the field of view of the hydrogel remains
constant. All the images are considered to conform different time
points of the stressed state while the last image provided is
considered to be the relaxed state. Function microscope2Tif then
converts the input data into .tiff files. This is a standard format
that maintains bit depth and is easy to access with any free
software such as Image]. The data is split by channels (cell, beads
and/or fibers) and time points (tp_01, tp_02,..., tp_R) and stored
in the A_rawlmagesTiff output folder.

2.2.2. Image processing

The GUI set_imProcessing allows the user to interactively tune
image filtering and enhancement parameters. TFMLAB provides
specific filters for cell, bead and fiber images, and tools for cell
segmentation. There are multiple filtering options combining the
MATLAB image processing toolbox and the DIPImage library [36]
for versatility (see more details in Appendix B and examples in
Section 3). The main function then calls the functions timeSeries-
ImFilt and timeSeriesCellSeg to process all the input images and
stores them in the B_filteredimages output folder. Rigid image
registration is done during the first shift correction step, cor-
recting for any microscope stage related drifts. First, a phase
correlation operation is done to calculate the shift between all the
images and a reference image with the function timeSeriesShift-
Calc. If only two images are provided, the reference is the relaxed
image. Otherwise, the reference is the middle time-point. The
bead/fiber images are used for this operation. Second, the func-
tion timeSeriesShiftCorrection aligns the images from all the chan-
nels according to the calculated shift, and any non-overlapping
image borders are cropped such that all the images have equal
size at the end of the operation. The resultant images are stored
in the C_shiftCorrectedimages output folder.

2.2.3. Displacement measurement

Displacement measurement is done by means of FFD-based
image registration [26]. Briefly, a multivariate B-spline function
warps a moving image (a marker image at a certain time point of
the stressed state, My) to optimize the value of a distance metric
that quantifies its similarity to a fixed image (the marker image
that represents the relaxed state, Mg). Using the GUI set_dispCalc
the user can choose between different optimizers, distance met-
rics and can tune the spacing between the control points of the
B-spline curves to adapt it to experimental conditions of each
sample (see details in Appendix C). The main function then calls
timeSeriesDispCalc, which uses the Elastix toolbox for efficient
image registration as previously described [29,30,42]. The cell
segmentations Sy can be used as masks to ignore beads engulfed
by the cells. The parameter and performance files of the image
registration are stored in output folder D_1_calcElastix. With a
second shift correction, the measured displacement fields u**
are then corrected for any spurious rigid shifts in timeSeries-
DispShiftCorr and stored in folder D_2_displacements. This shift
correction operation is done by subtracting the mean from each
displacement field component for the entire image stack. The im-
ages (beads/fibers, cell and cell segmentations) are also corrected
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Fig. 1. Basic flow chart of TFMLAB. After cell culture and microscopy imaging (left hand side), the user can input marker (M) and cell (Cx) image stacks into
TFMLAB (top). The main steps of the workflow (middle), the GUI scripts, the name of the key MATLAB functions that perform the steps and the output folders
that the software generates (right hand side) are shown. Briefly, after image processing, displacements (u}**) in the marker images are measured by means of Free
Form Deformation (FFD). These displacements and a finite element (FE) mesh of the cell and the hydrogel are used to calculate improved displacements ui‘l‘c and
their associated tractions T, which fulfill the equilibrium of forces in the hydrogel with the Physically-Based Nonlinear Inverse Method (PBNIM). Icons used freely

available from [33,34].

Table 1

External software used in TFMLAB. Please note that Abaqus and FreeFEM are two FE solver alternatives. Only one of them is necessary

for force calculation.

Software/toolbox Freely available

Provided with TFMLAB

Use

Bioformats [35] Yes Yes Microscopy image reading

DIPImage [36] Yes No Image processing: image filtering and enhancement
Elastix [37] Yes Yes Displacement measurement: FFD image registration
Paraview [38] Yes No (Optional) results visualization

iso2mesh [39] Yes Yes Force calculation: Automatic FE meshing
SuiteSparse [40] Yes Yes Force calculation: PBNIM system of equations
Abaqus No No Force calculation: FE solver

FreeFEM [41] Yes No Force calculation: Alternative FE solver

accordingly and stored in D_3_postShiftCorrectedimages. Finally,
function results2paraview generates .vtk files for vector field and
cell segmentation visualization in the free software Paraview [38]
and stores them in folder E_resultsParaview.

2.2.4. Force calculation

The user is asked to tune the force calculation parameters in
GUI set_tracCalc. The cell segmentations Sy are used to create a
finite element (FE) mesh of the cell surface and the hydrogel
domain with the open source mesh generator iso2mesh [39].
The resultant 3D tetrahedral mesh is coarser away from the
cell surface. The GUI allows for tuning the element sizes and
smoothening (see details in Appendix D). Moreover, the user can
define the mechanical parameters of the hydrogel such as the
elastic modulus or the Poisson’s ratio (assuming linear elastic,

isotropic behavior). Since the displacement field u*** is mea-

sured only at certain discrete locations (beads/flbers), it is not
error free and traction recovery is typically done by applying
regularization techniques to avoid overfitting. In TFMLAB, we
used our novel PBNIM method which proved to be more accurate
than a non-regularized method on in silico and in vitro exper-
iments [31,32]. Briefly, this method calculates a displacement
field, u Calc that is minimally different from the measured one,
ue®, and that is enforced to fulfill equilibrium of forces in the hy-
drogel domain as a constraint (see details in Appendix B). PBNIM
was implemented in the function tractionRecovery. Since PBNIM
is developed using a FEM framework, a FE solver is required.
TFMLAB is compatible with two FE solvers, namely, the com-
mercial Abaqus (Dassault Systemes Simulia Corporation, Prov-
idence, RI) and the open source software FreeFEM [41]. Users
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can also pick between one of these FE solvers to compute trac-
tions. Stiffness matrices are computed through the selected FE
solver. If Abaqus is selected, TFMLAB provides it with an auto-
matically written job file and imports the results back into the
MATLAB workspace. Similarly, TFMLAB automatically interacts
with FreeFEM, for which we developed specific FreeFEM routines.
The minimization problem (Eq. (E.3)) is then analytically derived
turning into a system of equations solved by function spqr_solve,
which is part of the open source toolbox SuiteSparse [40]. This
gives a displacement field u{™, which, unlike u"®, fulfills the
equilibrium of forces in the hydrogel domain. Following the Finite
Element Method (FEM) procedure and assuming a linear elastic
behavior, stresses and tractions Ty are forwardly obtained (Eqgs.
(E.4)—(E.6)). Finally, .vtk files are generated for result visualiza-
tion. All the results from this step are stored in the output folder
F_tractions.

2.2.5. Output and other software features

After computing the full workflow, the user might be inter-
ested in repeating a specific step with different parameters while
preserving the previous steps. GUIs allow for skipping steps start-
ing from a specific step of the workflow as opposed to running
the entire workflow again. All the parameters selected by the
user are stored in .mat files for reproducibility. All the important
output data (processed images, displacement fields, force fields,
etc.) are stored in .mat and text files to allow for further analysis
by the user. Together with the .vtk visualization files, TFMLAB also
stores a .psvm template for Paraview for automatic 3D vector field
rendering.

3. Sample code snippets analysis (optional)
3.1. IHllustrative examples

In this section, we present an example of the performance
of TFMLAB using experimentally acquired data from an in vitro
model of angiogenesis in which Human Umbilical Vein Endothe-
lial Cells (HUVECs) invade a polyethylene glycol (PEG) hydrogel
containing suspended 200 nm fluorescent beads. More details on
the experimental protocol and microscopy imaging can be found
in Appendix A.

For this example, we acquired cell and bead image stacks
(290 x 290 x 45 pm) by means of confocal microscopy be-
fore and after cell relaxation with Cytochalasin D (see Fig. 2a-
d and Supplementary Videos 1 and 2), with a voxel size of
0.57 x 0.57 x 0.5 wm?>. This dataset is provided with the TFMLAB
package. An overview of the analysis of this data using TFMLAB
is provided in Supplementary Video 3. First, the bead images
were processed by applying a Difference of Gaussians (DoG) filter
to enhance the spherical shape of the beads and noise removal,
followed by a contrast stretching operation (see Fig. 2e-h). Next,
the cell images were processed by applying a penalized least
squares-based denoising [43] and the cell body was segmented
by applying Otsu thresholding and by removing small binary
objects (see Fig. 2i-k). Finally, shifts caused by the microscope
stage were removed by applying phase-correlation-based rigid
image registration (see Fig. 21-0). Before shift correction, a distinct
shift that affects all the beads of the image is present (Fig. 2I,
n). After shift correction, the only bead movements remaining
happen around the sprout, indicating cell-matrix interactions
(Fig. 2m, o).

After image processing, non-rigid displacements are measured
by FFD and the PBNIM method is applied to recover cellular
forces. Fig. 3a shows TFMLAB'’s force recovery GUI set_tracCalc.
The cell surface can be further smoothed prior to FE meshing to
ease the meshing process. The user can tune and visualize the
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Table 2
Computational times for every step of TFMLAB for the given example (one time
point of a TFM experiment).

TFMLAB step

Computational time (s)

Image filtering 25.71
Shift calculation 2.33
Pre-shift correction 19.72
Cell segmentation 9.86
Displacement measurement 63.43
Post-shift correction 31.71
Force calculation 56.15
TOTAL (min) 3.48

resultant FE mesh before computing forces. For this example, the
resultant FE mesh had ~90000 4-node 3-D linear tetrahedral
elements. The elastic modulus was set to 200 Pa based on ex-
perimental results and the Poisson’s ratio was assumed to be 0.2.
Table 2 shows the computational times to complete every step in
TFMLAB on an Intel Core i7-7700 CPU 3.60 GHz with a Windows
operating system and 16 GB of RAM. These numbers exclude the
time invested in parameter tuning, which for an experienced user
can be around 10 min with the majority of this time spent on
image filtering, cell segmentation and FE meshing.

Results show a clear pulling pattern near the sprout tip in-
ducing up to ~6 wm matrix displacements (see Fig. 3b). The
recovered tractions present maxima at the tips of the cell’s pro-
trusion of around 150 Pa (see Fig. 3c). While this displacement
field pattern around angiogenic sprouts has been reported in
previous studies [30], [44-46], TFMLAB additionally incorporates
quantification of traction magnitude and direction. This can be
a crucial tool for the quantification of cell mechanical behavior
in 3D, ECM-mimicking hydrogels, both for single cells as well
as multicellular structures and for applications such as disease
modeling, regenerative medicine and tissue engineering as well
as developmental biology. Further advantages of TFMLAB are
discussed in Section 4.

4. Impact

With this work, we provide an easy-to-use and versatile open
source code to perform 4D TFM, making advanced cell mechanical
data accessible to researchers with various (including limited)
technical backgrounds. Noteworthy features of TFMLAB pertain-
ing to the field of mechanobiology are listed below:

e It is an “all in one” software. Currently, a typical researcher
running computational 3D TFM uses e.g. Image] for image
processing and extra software for displacement and force
calculation. This leads to time-consuming work adapting
input data to ensure compatibility between software. In
contrast, researchers have all the tools they need in TFMLAB.

e It includes state of the art methods of proven usefulness in
multiple TFM studies [26-32].

e Its GUIs especially offer ease of usability for researchers
with limited programming experience and enable viewing
progress of the various steps and parameter tuning.

e As a submodule of TFMLAB, another commercial software
(i.e. Abaqus) is available as a sophisticated and technical
FE solver. However, to minimize dependency to commercial
software, we have integrated FreeFEM, which is an open
source alternative to Abaqus. Moreover, the user needs little
knowledge on FE modeling as only basic parameter tuning
(via the TFMLAB GUI) is required.
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Fig. 2. Image processing steps in TFMLAB. (a,b) 3D renders of the stressed and relaxed images as obtained by means of confocal microscopy (cell channel in green,
beads channel in red). (c,d) Zoomed in regions from the raw stressed and relaxed images. (e,f) Maximum projections of a bead image before and after image filtering
and enhancement. (g,h) Zoomed in regions before and after image filtering and enhancement. (i) Maximum intensity projection of the raw cell image. (j) Maximum
intensity projection of the filtered cell image and segmentation boundary (red). (k) 3D render (Paraview) of the resultant cell segmentation. (I,m) Maximum intensity
projection overlay of the stressed (green) and relaxed (red) bead images before and after shift correction. (n,0) Zoomed in regions before and after shift correction.
Scale bars: 100 wm.. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

e It is versatile as it can handle different 3D TFM approaches.
Current research includes both bead-based TFM [20,47,48]
and fiber-based TFM (with fiber networks e.g. being im-
aged by means of label-free techniques such as second har-
monic generation or confocal reflection microscopy) [23,27,
49]. Our software includes specific image filters for both
markers and the FFD algorithm handles both of them [27,
30]. Furthermore, a user can run a classical TFM problem
(using a stressed image and a relaxed image, as in the ex-
ample in Section 3) or time-lapse TFM (using a sequence of
stressed images and one relaxed image). If the researcher’s

experimental protocol does not include cell imaging, dis-
placement calculation based on the fiducial markers is still
possible.

The compactness, user-friendliness and versatility of our toolbox
makes it usable in studying many physiological or pathological
processes where cell-matrix mechanics play an important role.
Such a tool can become key in unraveling cell mechanical time-
dependent interactions with their 3D microenvironment, aspects
at the forefront of recent mechanobiological research [25,30,49,
50].
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Fig. 3. (a) GUI for FE meshing and force calculation. (b) 3D render (Paraview) of the 3D displacement field (arrows) around the sprout tip as calculated by PBNIM.
(c) 3D render (Paraview) of the traction field (arrows) around the tip of the sprout as calculated by PBNIM.

5. Conclusions

TFMLAB is an open-source MATLAB toolbox that seeks to bring
4D TFM closer to medical and biological researchers that do not
necessarily have a strong technical background, thereby facilitat-
ing the transition of TFM technology from (biomedical) engineer-
ing — and/or (bio-)physics-dominated research environments
towards medicine and biology. All the necessary steps for com-
puting 4D cellular forces are included in one easy-to-use package
(microscopy image reading and processing, displacement mea-
surement, force recovery and visualization file generation). We
demonstrated the usefulness and efficiency of the software in an
example using real experimental data. We expect that researchers
will find TFMLAB useful independent of their programming or
technical background.
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Appendix A. Experimental protocol

Commercially available pooled wild type human umbilical
vein endothelial cells (HUVEC, Angio-Proteomie) were cultured in
complete endothelial growth medium (EGM-2, Lonza) and used at
passage 4. HUVECs were transduced with adenoviral LifeAct-GFP2
(Ibidi) on the day before hydrogel preparation. Enzymatically
crosslinked poly-ethylene glycol (PEG) hydrogels comprised of an
MMP-sensitive peptide modified PEG precursor (8-arm 40 kDa),
Lys-RGD peptide (Pepmic), and 0.1 .M Sphingosine-1-Phosphate
(Sigma-Aldrich) were suspended with 0.2 wm red fluorescent
carboxylated polystyrene microspheres (ThermoFischer). PEG so-
lution was pipetted into a previously described [30] imaging
chamber attached to the glass bottom of a Petri dish, and fur-
ther allowed to crosslink for 30 min at room temperature. A
confluent cell monolayer was then achieved by seeding 50,000
LifeAct transduced HUVECs per gel and incubating the dishes
vertically at 37 °C, 5% CO, to allow cell adhesion onto the PEG
meniscus. Finally, EGM-2 was added and dishes were placed hor-
izontally at standard conditions in the incubator for 16h before
experimentation.

Sprouts invading the PEG hydrogel were imaged using a Leica
SP8 inverted confocal microscope with a 25 x 0.95 NA water-
immersion objective to obtain image stacks of 290 x 290 x 45
pm at 0.5 pm z-spacing. The green fluorescent cell channel and
the red fluorescent beads channel were simultaneously imaged
to obtain two sets of images; first when the beads are in a
stressed state and the cells are contractile, and the second when
the beads are in a relaxed state and the cells are non-contractile.
The stressed state was imaged immediately after placing the dish
upon the stage and locating the sprout of interest. The relaxed
state was then induced by treating the cells with Cytochalasin D
(dissolved in DMSO, Sigma Aldrich) at 4 uM for 50 min followed
by image acquisition in the same location.

Appendix B. Available image filters

For filtering the bead images, TFMLAB takes advantage of
the spherical shape of the fluorescent beads and combined a
difference-of-Gaussian (DOG) filter [51], a contrast stretching op-
eration and a Gaussian smoothing.

The DOG operator consists of subtracting two blurred versions
of the original image, loriginal:

(B.1)

where G, is a Gaussian filter with standard deviation o, o1 <
03, and ® is the convolution operator. The values of o7 and o>
correspond to parameters ‘var1l’ and ‘var2’ in the GUIL After this
operation, some contrast loss occurs. To correct for this the his-
togram of Iereq iS clipped between a lower and upper intensity
value followed by a linear contrast stretching operation (levels
correspond to parameter ‘contrast stretch [min,max]’ in the GUI).
Finally, the image is convolved with a Gaussian filtered with a
standard deviation o3 (value corresponds to parameter ‘smooth
var’ in the GUI) to retrieve the original shape of the fluorescent
beads.

For processing cell and fiber images TFMLAB offers the pos-
sibility of increasing the intensity of dim areas of the image by
applying a log transform. A logarithmic transform amplifies the
intensity of the voxels with lower intensity values. This may
be useful in cases in which the fluorescence of the cell or the
signal from the fibers is low at certain regions. Images are then
filtered using penalized least squares-based denoising algorithm
described in [43]. This method is especially robust in preserving
the edges in the image while suppressing the noise. Finally, a
contrast stretching operation is also applied to compensate for
the loss of contrast after smoothing.

Ifittered = (loriginal ® Go, ) — (loriginal ® Go, )
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Appendix C. Choosing a grid spacing for the FFD algorithm

The main parameter that determines the smoothness of the
displacement field measured by means of FFD is the grid spacing.
In FFD, we use a uniform grid of control points that define a
B-spline non-rigid transformation. This grid is defined by the
spacing between grid nodes. The higher the spacing, the more
global the displacement measurement will be (and thus, one
will obtain a smoother result). The lower the spacing, the more
local displacements one can capture. For TFM applications, one
typically searches for local deformations (normally around cell
protrusions, which are small, compared to the size of the image).
A grid spacing of between 8 and 16 voxels is typically acceptable
to recover local deformations. A possible issue with choosing even
lower grid sizes is that irregular deformations (for e.g. relatively
high local displacements away from the cells) can appear in
parts of the image where there are no beads that can guide the
registration. In our experience, a grid spacing of around 5 pwm
(equivalent to 9 voxels given the voxel size used in this paper)
provides displacement field patterns where we clearly see higher
displacements around a cell’s protrusions and a relatively smooth
displacement decay away from the cell. Moreover, with this set-
ting we do not normally obtain irregular deformations. This is the
default value for the grid spacing in TFMLAB but the user can
modify it in the GUI, prior to displacement field measurement.

Appendix D. Smoothing and choosing size for FE

For traction recovery, one can heavily manipulate the geome-
try of the cell with the smoothing options and with the size of the
meshing elements. It is hard to recommend optimal smoothing
and mesh size values since cell morphology is highly heteroge-
neous and the smoothness of the cell segmentation depends on
the quality of the imaging. As a rule of thumb, one should min-
imize the amount of smoothing since too much smoothing can
lead to losing important structures of the cell surface, which is a
critical region where tractions are recovered. It is recommended
to slightly smooth the cell surface to remove possible spikes that
may appear after meshing (see an example in supplementary
video 3), but always controlling that the general shape of the cell
geometry is maintained. We chose the size of the finite elements
to mesh the cell surface and the hydrogel domain based on our
previous works [31,32]. We suggest that other labs perform a
prior sensitivity analysis to adapt these parameters to their own
image characteristics. For example, they can recover tractions
for a set of decreasing values of the mesh size and identify the
size at which the range of traction magnitude does not vary
significantly. The smaller the size of the elements, the higher
the computational cost. Therefore, one should find a compromise
between numerical accuracy and computational efficiency.

Appendix E. Traction recovery by means of PBNIM

PBNIM was first developed in the context of nonlinear elas-
ticity. A detailed description of the numerical implementation
of this method is provided in [31]. TFMLAB uses an adapted
implementation for linear elasticity, as described in [32]. Briefly,
this method calculates a displacement field, uc, that is mini-
mally different from the measured one, u™®, and that is en-
forced to fulfill equilibrium of forces in the hydrogel domain as a
constraint. This can be mathematically written as follows,

. 1 1
N G e e e
¢ °Th

(E.1)

F,=0
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where F is the nodal reaction forces vector which accounts for
external or internal prescribed forces or displacements and ¢ and
h denote the cell boundary domain and the hydrogel domain, re-
spectively. Using a FEM framework and including the equilibrium
constraint as a Lagrange multiplier, Eq. (B.1) can be rewritten as,

: 1 calc meas || 2 1 calc meas || 2

i, (5 I a0 @2
where ©® is the equilibrium constraint equation and » is the
Lagrange multiplier. The minimum of Eq. (E.2) can be calculated
analytically and rewritten in matrix form as (the details or the

formulation are given in [32]),

I 0 Kch llEalc uzneas
0 I Kupl|-|u@|=|upe (E3)
K Knn O n 0

where Ky, K; and Ky, are the parts of the stiffness matrix
associated with the two domains ¢ and h. TFMLAB assumes a
negligible stiffness for the cell internal domain (Young’s modulus
of 10-6 Pa).

Next, the strain field at each Gauss point of an element (e) is
computed as,

£® — B . gelc(® (E4)
where B is the gradient matrix of the shape functions. The stress
tensor is calculated at each Gauss point of an element (e) based
on the linear elastic, isotropic and homogeneous constitutive
properties as,

0® =24 -£©@ 41 tr(e@) (E5)
where 1 and A are the Lamé constants of the hydrogel. ¢(® is
then averaged from Gauss points to the nodes i of the FE mesh.
Tractions are computed at the cell boundary domain using the
Cauchy relation,
T =0 m (E6)
where T; is the traction vector at the nodes i of the FE mesh and
n; is the outward normal to node i.

Appendix F. Supplementary data

Supplementary material related to this article can be found
online at https://doi.org/10.1016/j.s0ftx.2021.100723.
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