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A B S T R A C T   

Cells generate mechanical forces (traction forces, TFs) while interacting with the extracellular matrix or 
neighbouring cells. Forces are generated by both cells and extracellular matrix (ECM) and transmitted within the 
cell-ECM or cell-cell contacts involving focal adhesions or adherens junctions. Within more than two decades, 
substantial progress has been achieved in techniques that measure TFs. One of the techniques is traction force 
microscopy (TFM). This review discusses the TFM and its advances in measuring TFs exerted by cells (single cells 
and multicellular systems) at cell-ECM and cell-cell junctional intracellular interfaces. The answers to how cells 
sense, adapt and respond to mechanical forces unravel their role in controlling and regulating cell behaviour in 
normal and pathological conditions.   

1. Introduction 

Over decades of research in mechanobiology had gathered much 
evidence showing that cells sense and adapt to the surrounding micro
environment both in normal and pathological conditions (Butcher et al., 
2009; Janmey et al., 2009). Physical forces existing between the cell and 
extracellular matrix (ECM) or between cells participate, regulate, and 
govern various functional processes such as cell adhesion, migration, 
signalling, ion channel regulation, mechanotransduction (transmission 
of mechanical signal), and interaction between cells (Butcher et al., 
2009; Janmey et al., 2009; Park et al., 2020; Wang, 2017). Apart from 
changes in cell morphology linked with the alteration of the cell me
chanical properties (Lekka, 2016), the mechanical forces actively 
participate in the interaction of the cells with extracellular matrix 
components (Roca-Cusachs et al., 2017). These forces can be exogenous 
(generated outside of the cell, in the surrounding microenvironment) or 
endogenous (i.e., generated inside the cells). The latter are called trac
tion forces (Hur et al., 2020). Traction forces (TFs) are defined as 
tangential tension exerted by cells either to the extracellular matrix 
(ECM) or the underlying substrate (Fig. 1A&B). Although TFs are 
generated inside the cell, they are transferred towards the cell micro
environment, regulating such phenomena as cell spreading and migra
tion (Ladoux and Nicolas, 2012). They are transmitted through cell 
adhesive sites (i.e., focal adhesions, FAs). FAs serves as a link between 
ECM proteins and cell cytoskeleton, mainly actin filaments. On external 
(outside the cell), FAs involve such receptors as various integrins and 
proteoglycans (e.g., syndecans). On the internal part (inside the cell), 

they involve various proteins such as paxillin, vinculin, talin or actin 
(Case and Waterman, 2015). Therefore, the determination of TFs is 
useful not only in characterizing cell movement but also to help define 
phenotype changes in cells caused by biochemical and biomechanical 
treatments. 

As numerous studies have demonstrated the TFs role in various 
biological processes, the need to quantify them arose in parallel. Various 
methods have been developed for measuring TFs in qualitative or 
quantitative ways. Although TFs visualization started from observing 
wrinkles formed on the thin elastic membrane by a single cell (Harris 
et al., 1980; Lee et al., 1994), the other approaches such as traction force 
microscopy (TFM) dominate nowadays (Butler et al., 2002; Hur et al., 
2020; Style et al., 2014; Trepat et al., 2009). Over three decades of the 
TFM presence in research has produced many papers addressing various 
scientific problems resolved by this technique. Here, we briefly review 
the traction force microscopy principles and advances accompanied by 
the applications showing quantifications of traction forces in single cells 
and multicellular systems. 

2. Traction force microscopy (TFM) 

2.1. Principle of operation 

Traction force microscopy measures the forces exerted by an 
adherent cell lying on a soft surface. The cell generates the TFs that 
deform it leading to the formation of a deformation field. The latter is 
used to calculate traction forces exerted at each contact point between a 
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cell and substrate. Thus, intuitively, the principle of TFM is very 
straightforward, as presented in Fig. 1 C–H. Tiny fluorescently labelled 
beads are embedded in the substrate employed to trace induced by the 
cell deformation. Beads act as displacement markers and simultaneously 
facilitate the tracking of deformation and, indirectly, the displacement 
field calculations. Typically, bead positions are recorded with the cell 
attached to the surface and again after the cell detachment using, for 
example, trypsin (a serine protease that degrades cell adhesions). A 
comparison of these two images gives the displacements field. It should 
be underlined that TFs are not measured directly, but they are recon
structed from the deformations imposed by the cell to its surroundings 
(Roca-Cusachs et al., 2017). The underlying assumption is that the 
substrate mechanical properties are unchanged by the bead presence 
and that TFs acting perpendicularly to the substrate surface are negli
gible. Thus, an essential requirement for TFM is the ability to track the 
motion of the beads laterally. 

When individual isolated cells are analyzed, local displacement is 
applied to calculate traction forces acting locally, regardless of 2D or 3D 
environments (Fig. 1A). In multicellular systems, global forces are 
derived, representing a force exerted by a cluster of cells, e.g. during 
collective migration (Fig. 1B). Although TFM is a relatively straightfor
ward technique in its realization, it requires a mechanically adjustable 

substrate and optical system to detect bead displacement. The TFM 
simplicity does not translate directly into the interpretation of the results 
as the errors in TFs determination can be burden by several factors, 
including out-of-plane displacement data, resolution, noise, interpolation 
scheme, linear or nonlinear solutions, material nonlinearity, inaccurate 
determination of the cell contour, elastic inhomogeneities of the sub
strate or accuracy of the routines used to track bead positions. 

2.2. Soft substrate used in TFM measurements 

The substrates used in TFM are often thin films made of a flexible 
polymer, typically polyacrylamide (PA). PA forms a polymeric network 
of crosslinked acrylamide monomers. As a cross-linker a N,N’-methylene- 
bis-acrylamide (bis-acrylamide) is applied. The polymerization proceeds 
in the presence of ammonium persulfate and of N,N,N′,N′-tetramethyl 
ethylenediamine (TEMED). An alternative way of polyacrylamide 
poluymerization applied UV activatable irgacure (Sunyer et al., 2012). 
The change of the proportions of acrylamide and bis-acrylamide affects 
the porosity and mechanical properties of the prepared gels. Such PA 
functionality provides an easy means to reproduce deformable supports 
characterized by a large stiffness range (from single Pa to hundreds of 
kPa) that remains in the isotropic linear elastic regime. Stiffness can be 

Fig. 1. (A&B) An illustration of traction forces in 2D (A) and 3D (B) environments for single cells and multicellular systems. C) The idea of traction force microscopy 
(TFM). A cell is cultured on an elastic substrate (typically polyacrylamide gel) with embedded fluorescent beads. The cell generates traction forces that deform it (D). 
Generated traction forces (arrows) within the focal adhesions (FA) are transmitted to integrins causing the bead displacement. An optical microscope records the 
displacement of the beads at the focal plane. The deformation is measured as a displacement of fluorescent beads embedded in the gel. Taking the bead images with 
(E) and without the cell (F), a displacement map can be calculated by comparing the positions of the beads (G*H) (E-F images were reprinted under creative commons 
license from Li et al. Sensors 10 (2010) 9948). 
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tuned correspondingly to physiologically relevant mechanics of ECM 
(Bachmann et al., 2020; Pelham and Wang, 1997). 

Embedding beads in PA hydrogels results in the bead locations at 
various focal planes, contributing to a lower displacement accuracy. 
Instead of mixing hydrogels with fluorescent beads, several methods 
have been proposed to coat hydrogel surface with fluorescent beads 
using micro-contact (Schwarz et al., 2003) or nanodrip (Bergert et al., 
2016). Such embedding increases the accuracy of the displacement 
acquisition. Also, the knowledge of the mechanical properties of a 
deformable surface is essential for calculating the force. Many distinct 
methods can be applied to characterize hydrogels mechanically, 
including atomic force microscope (AFM, (Zemła et al., 2020) or 
rheometer (Pogoda et al., 2017). 

Living cells do not grow directly on a surface PA surface; thus, ECM 
proteins must be attached to PA surfaces by applying covalent cross
linking to provide favourable cell growth conditions. Typically, sulfo
succinimidyl 6-(4-azido-2-nitrophenylamino)hexanoate, so-called sulpho- 
SANPAH is applied as a covalent linker between proteins and PA surface 
(Kandow et al., 2007; Pelham and Wang, 1997). Sulfo-SANPAH is a het
erobifunctional crosslinker with a phenylazide and a N-hydrox
ysuccinimide (NHS) ester group. Upon activation with light, the 
phenylazide group binds to any chemically stable molecule using a 
nonspecific covalent bond. The NHS ester group present on the other end 
of the crosslinker binds to the protein amines. Although sulpho-SANPAH 
is the most frequently used, another surface modification method can also 
be applied, employing such linkers as hydrazine hydrate (Damljanović 
et al., 2005; Tang et al., 2012). Such linkers can also be added to the PA 
precursor solutions and dispersed throughout the hydrogel. Many of them 
work similarly to sulpho-SANPAH as they form bonds to amines in the 
protein backbone. However, a concern of a lack of control of protein 
specificity still exists due to the nonspecific character of bonds, the protein 
orientation, their number, and the exposure of the binding sites are highly 
variable. The group of ECM proteins that could be attached to the PA 
surface is unlimited. Most of the experiments carried out for individual 
cells employed fibronectin, then collagen, laminin, and others. Balancing 
the stiffness of the hydrogel substrate is not easy due to the wide range of 
traction stress generated by cells. On one side, such surfaces have to 
provide a high signal-to-noise ratio (SRN) during acquiring cell images. 
On the other side, they have to be deformable enough to record bead 
displacements generated by cells. The magnitude of traction forces is 
cell-dependent. For example, T3T fibroblasts generate traction stress 
within the range of 0.25− 0.5 kPa on PA surface within the range of 
2.8–30 Pa (Oakes et al., 2014). Cancerous T24 cells (bladder cancer - 
transitional cell carcinoma) generate traction stress of 0.2 – 0.8 kPa on a 
2–10 kPa PA surface. 

Polyacrylamide is not the only hydrogel material applied in TFM. 
Other deformable hydrogels include collagen (Gjorevski and Nelson, 
2012; Hall et al., 2013), gelatin (Doyle and Lee, 2002), hyaluronic acid 
(Mandal et al., 2019), and fibrin (Toyjanova et al., 2014b). These 
hydrogels have a more complex structure than PA, and, frequently, the 
linear elastic regime is narrow. Linear elasticity facilitates the calculation 
of traction forces. Gelatin gel seems to be alterative to PA as it possesses 
several similarities such as biocompatibility or easiness of its preparation. 
The stiffness (2–16 kPa as reported by Doyle and Lee, 2002) is controlled 
by gelatin concentration resulting in a narrower stiffness range than for 
PA. The stiffness of such gels varies between few tens to hundreds kPa. 
Collagen gels are more physiologically relevant as collagen fibres are 
present and formed during distinct normal and pathological processes 
occurring during cell life. Collagen fibres tend to remodel during the 
applied load force (Carey et al., 2011). Such behaviour can work as a 
drawback due to the time needed for imaging but, on the other side, can 
be used to track forces generated by cells by tracking fluorescently 
labelled collagen fibres. Analogously as collagen, hyaluronic acid (HA) is 
also naturally present in the cell environment. The stiffness of HA 
hydrogels ranges from 2 to 8 kPa what makes them suitable for the cul
tures of the stem (Burdick and Chung, 2009) and cancer (e.g. Hu7 – 

hepatocyte-derived carcinoma, (Mandal et al., 2019)) cells. Collagen and 
fibrin hydrogels are primarily applied to encapsulate cells forming a 
physiologically relevant 3D environment and track forces generated by 
embedded cells. Thus, the interactions between cells and ECM can be 
studied. In one exemplary experiment, fibroblasts embedded in the 
collagen matrix reveal that forces exerted by these cells on collagen fibres 
caused isometric tension under the applied deformation, while, by 
contrast, fibroblasts remained mechanically unloaded when the defor
mation was released (Grinnell, 2000). The way how fibroblasts me
chanically interact with collagen fibres affects the mechanisms regulating 
the wound healing related processes. 

2.3. Methods of data analysis 

In classical TFM, a comparison between images taken for fluorescent 
beads embedded in the soft substrate with and without cells delivers the 
displacement field used to compute the traction force field. An image 
comparison applies the digital image correlation methods such as par
ticle tracking/image velocimetry (PTV/PIV (Butler et al., 2002)) or 
correlation-based PTV (Butler et al., 2002) or feature-based registration 
(Yang et al., 2006). Several approaches have been proposed starting 
from the analytical one relying on the Boussinesq solution (either with 
Bayesian (Dembo and Wang, 1999; Schwarz et al., 2002) or Fourier 
transform (Butler et al., 2002; Yang et al., 2006) based calculations) or 
on effective pattern recognition combined with finite element method 
(FEM (Yang et al., 2006)). 

Boussinesq approach describes the displacement of the bead in the 
surface of an infinite homogenous linear elastic half-space. The dis
placements originate from an applied point-load. The displacement 
vectors at the load points are assumed to result from the combined in
fluence of a set of discrete point force vectors located at another set of 
points. The Boussinesq solution for a single force relates the displace
ment and force vectors within the half-space with specific the elastic 
(Young’s) modulus. The primary assumption of the theoretical model is 
that cells are cultured on the infinite half-space. Hydrogel substrates 
have finite volume and thickness; therefore, they must be thick enough 
to fulfil the assumption. The considerations of the point surface load on 
the gel surface have shown that using Boussinesq solution for infinite 
half-space approximation generates errors in beads displacements 
depending on the gel thickness (Yang et al., 2006). The error increases 
with the larger distance from the point load. For example, traction forces 
burden by 10 % error when measured at the distance of 10 μm from the 
point load in on the 70 μm thick gel substrate. Increasing the gel 
thickness to 200 μm decreases the error below 5%. Typically, it is 
well-accepted that the gel thickness should be above 100 μm. 

To enhanced TFM accuracy, a combination of pattern recognition 
with FEM was proposed in 2006 (Yang et al., 2006). In this approach, the 
beads are localized within the images of the PA substrate. The corre
sponding bead positions with and without TFs are then paired and used 
to derive the displacement field. Last, traction forces are computed using 
FEM. A pairing of beads involves the pattern recognition approach. 
Then, for each bead recorded in the image without TFs, the closest 
neighbours are found in the image with generated TFs. Both beads are 
connected. After finding all possible pairs from both images and finding 
the closest one, the displacement field is obtained. As the identified 
beads are randomly scattered over an image, a linear interpolation of the 
displacement field is applied to provide displacement in the FEM nodes. 
If the finite-element mesh is small enough and comparable with pixel 
size, FEM reproduces the substrate deformation caused by cellular 
traction force relatively well. Thus, FEM-derived force fields closely 
mimic the movement of beads (Holenstein et al., 2017). The displace
ments are calculated with high accuracy what translates into the reliable 
determination of traction forces generated by multiple cells. 

Current TFs calculation methods involve several computational ap
proaches. There are: solving boundary elements from displacement field 
using Bayesian statistics applied to solve the Boussinesq problem 
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(Dembo and Wang, 1999), using of Fourier transform to solve the 
Boussinesq equation (Butler et al., 2002), calculating of TFs for each FA 
separately assuming that TFs appear only within its area (Schwarz et al., 
2002), and applying FEM (Yang et al., 2006). 

3. Applications of TFM in biological research 

3.1. Traction forces of single cells 

The idea of traction forces originated in 1980 when thin polymeric 
silicone was applied as a substrate for cell culture (Harris et al., 1980). 
Migrating cells locally wrinkle the substrate indicating the presence of 
forces generated by a cell. TFs are generated by actomyosin interaction 
and actin polymerization, and intracellular proteins regulate them 
(Svitkina, 2018). TFs can be generated by single cells (Messi et al., 
2020), clusters of cells (Tang et al., 2014) and even tissues (Pasqualini 
et al., 2018). 

Traction force microscopy has initially been developed to measure 
TFs generated by single and isolated cells. Studies on cell migration and 
locomotion are probably the most typical TFM applications. During cell 
movement, actomyosin motors being central contractile machinery in
side the cell, generate TFs that are further transmitted to ECM. Acto
myosin is inherently contractile, in which myosin (specifically, myosin II) 
pulls on actin filaments. It induces the formation of fibres enabling cell 
motility (Fournier et al., 2010; Oliver et al., 1995; Wang and Lin, 2007; 
Wang and Wolynes, 2012). TFs are often polarised according to the di
rection of motion (Le Clainche and Carlier, 2008). Their magnitude and 
spatial distribution vary widely with the cell types. As TFs are transmitted 
to ECM through FAs, intuitively, they also affect cell morphology and 
adhesion. Indeed, over two decades of research has brought evidence that 
cells adjust their adhesive properties and morphology through the 
interaction with the surrounding microenvironment using TFs. FAs are 
composed of structural and signalling proteins, which physically link the 
actin cytoskeleton with the ECM (Roca-Cusachs et al., 2017). They pro
vide a tool for two-ways transmitting routs for biochemical/biological to 
biomechanical or biomechanical into biochemical/biological signals. 
Starting from the molecular level, one of the most significant examples in 
which TFM was applied resolves the role of mechanical force in an 
actin-talin-integrin-fibronectin clutch (Elosegui-Artola et al., 2016). 
Transduction is triggered by talin unfolding after a specific threshold 
value of the traction force generated during the interaction of cells with 
ECM through FAs. In such conditions, talin unfolds and binds to vinculin, 
leading to increased adhesion and translocation of nuclear YAP (yes-as
sociated protein, (Elosegui-Artola et al., 2016). The latter strongly evi
dences that TFs can modulate DNA synthesis (Wang et al., 2000), ECM 
protein secretion (Mark et al., 2020), or even gene expression (Medina 
et al., 2019). Other TFM studies increased our understanding of the TFs 
contribution in intra- and inter-cellular structures and their role in such 
processes as morphogenesis (Murray and Oster, 1984; Szabó and Mayor, 
2015) and extracellular matrix behaviour (Ariyasinghe et al., 2017). By 
measuring the traction forces at the interface between cell–ECM, TFM 
significantly broadens our knowledge on mechanobiological parameters 
contributing to control and regulation of biomechanical response and 
cellular mechanotransduction (Del Álamo et al., 2007; Dembo and Wang, 
1999; Polacheck and Chen, 2016; Razafiarison et al., 2018; Vining and 
Mooney, 2017). Several examples recalled here present TFs applicability 
of monitoring or related changes to specific diseases (Ariyasinghe et al., 
2017; Floor et al., 2012; Li et al., 2017; McKenzie et al., 2018; Pasqualini 
et al., 2018; Peschetola et al., 2013; Wheelwright et al., 2018). 

Cell motility plays an essential role in various biological processes, 
including the migration of cells in various diseases like cancer (Kai 
et al., 2016; Scotton et al., 2001). Intuitively, large TFs are generated by 
cardiac cells. Indeed, regardless of the conditions (normal or patho
logical), cardiac tissue has been shown to sense and respond to me
chanical properties of the surrounding microenvironment (Ariyasinghe 
et al., 2017). In such a case, the quantitative TFs assessments can be 

applied to the contractile function marker (McCain et al., 2014). It is an 
attractive quantitative biomarker due to the potential applications of 
pluripotent stem cells in therapeutic interventions. Some studies focus 
on human-induced pluripotent stem cells (iPSCs) as they may become a 
potential source of spontaneously contracting cardiac myocytes. To 
successfully implement iPSCs-derived cardiomyocytes (iPSC-CMs), a 
significant level of traction forces should be achieved (Laflamme et al., 
2007). TFM may track iPSC-derived cardiomyocyte maturation in 
conditions of variable calcium concentrations (Wheelwright et al., 
2018). The obtained results have shown that iPSC-CMs cultured for two 
weeks generate smaller forces than cells cultured from one to three 
months. More extended iPSC-CMs cultures in conditions of physiologic 
calcium concentrations result in larger cells and more significant forces. 
The relation between cell morphology, substrate stiffness and forces 
showed a correlation between cell area and forces. Moreover, the TFs 
level can be linked with the energy production by primary car
diomyocytes (Pasqualini et al., 2018). 

Cancer development and progression leads to cellular changes in 
many aspects, including cell biomechanics and adhesion (Floor et al., 
2012). These two features are closely related to traction forces. Thus, if 
the biomechanical properties alter during oncogenic transformations 
(Lekka, 2016), intuitively, TFs alters too. Indeed, TFs generated by 
cancer cells are different as it has been reported for various cancer such 
as the bladder (Peschetola et al., 2013), breast (Li et al., 2017) or ovarian 
(McKenzie et al., 2018). Cell migratory properties of cancer cells are 
fundamental for preventing metastasis. Thus, knowing TFs may serve as 
an indicator of migration level. TFM experiments have delivered various 
results showing that TFs generation of the cancer-specific phenomenon. 
By comparing two bladder cancer cell lines, i.e. T24 cells being more 
invasive with RT112 (less invasive), it was possible to conclude that 
more invasive cells generate smaller TFs needed for migration. T24 cells 
were characterized by a well-differentiated actin cytoskeleton with large 
FAs. Less invasive RT112 cells exert larger TFs explained by larger 
(thicker) actomyosin cortex despite the formation of smaller focal ad
hesions (Peschetola et al., 2013). Oppositely, in breast cancer, the 
traction forces exerted by breast cancer cells (MCF7) are larger than the 
traction forces generated by non-tumorigenic breast epithelial cells 
(MCF 10A). A similar effect was observed for ovarian cancer cells seeded 
on stiffer substrates. Cells generated higher traction forces followed by 
enhanced migratory properties (McKenzie et al., 2018). Consequently, 
these cells exhibited durotaxis – the tendency to migrate in the gradient 
of stiffness in the most rigid substrate direction (Sunyer et al., 2016). 
These findings strongly link the traction forces and actin filaments with 
the poorly organized actin cortex in RT112 bladder cells. 

Observed changes in TFs related to pathological conditions turn TFM 
towards monitoring the effect of anti-tumour drug action. For example, 
the use of α-difluoromethyl ornithine (DFMO, an anti-tumour drug 
indirectly targeting the actin filaments organization) decreases the 
magnitude of traction forces showing the potential applicability to 
monitor alterations in cell proliferation and migration in the presence of 
anti-tumour drugs (Li et al., 2017). In another study, the traction forces 
increased upon nocodazole treatment, leading to microtubule depoly
merization (Rape et al., 2011). Two distinct mechanisms were found 
explaining the TFs origin. The first involved the activation of myosin II 
and is independent of tyrosine phosphorylation, while the other gener
ates TFs independently of myosin II activity and is regulated by focal 
adhesion kinase (FAK). In both cases, TFs involved a microtubular 
network (Rape et al., 2011). 

Knowing precisely how traction forces are generated enables finding 
the differences in the mechanics of the cell migration that could be used 
as a simple indicator of the stages of the cell motility cycle (Del Álamo 
et al., 2007). The TFs significance has been demonstrated for various cell 
types and distinct normal and disease-related processes. 
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3.2. Traction forces in multicellular systems 

Studying traction forces generated by single isolated cells, although 
valuable, contradicts most physiological conditions in which cells 
interact with other cells. Thus, there was a need to quantify traction 
forces, at least for cell clusters not mentioned more complex multicel
lular systems such spheroids or tissues. 

Cells communicate through the coupled biochemical and mechanical 
signalling pathways, regardless of the neighbouring cell type (Orze
chowska et al., 2018; Reinhart-King et al., 2008; Tang et al., 2011, 
2010). This interaction is not free from the presence of traction forces. 
When cells create a continuous monolayer within which each cell ad
heres to its neighbours and the underlying support, they migrate 
differently as a single cell. A single cell extends lamellipodia at its edge, 
being in contact with a substrate that induces polarized traction forces 
(Beningo et al., 2001). In the collective motion, a different mechanism 
has been observed (Trepat et al., 2009). In the case of the Madin-Darby 
Canine Kidney (MDCK) cells seeded on soft collagen-coated poly
acrylamide gel (Young’s modulus of 1.3 kPa), TFM revealed that the 
leader cell role is limited to local guidance. The traction forces generated 
by it are too small to guide a whole edge during collective migration. In 
collective migration, the traction forces are distributed throughout the 
whole migrating of the cell sheet, which is not guided by leader cells 
present at the monolayer edge (Trepat et al., 2009). Consequently, such 
cells can exhibit durotaxis, i.e., the tendency to migrate in the gradient 
of stiffness in the most rigid substrate direction (Sunyer et al., 2016). 
Durotaxis has already been shown to be more efficient for multicellular 
clusters than single cells due to the supracellular transmission of forces 
generated by cells migrating inside clusters (Sunyer et al., 2016). 

In further studies, traction forces were generated during the cell 
pulling on the neighbouring cells (Liu et al., 2010; Maruthamuthu et al., 
2011). It has already been reported that human pulmonary artery 
endothelial cells (HPAECs) generate cell-cell traction forces increasing 
with the cell-cell junction size (Liu et al., 2010). In MDCK cells, cell-cell 
traction forces were larger, but no correlation with the cell-cell junction 
size was found (Maruthamuthu et al., 2011). One of the TFM research 
directions applied to multicellular systems focuses on the forces between 
cells transmitted through adherens junctions involving cadherins (Mertz 
et al., 2013). The research has revealed that intercellular adhesions 
modulate forces transmitted to the ECM. Cadherin functions genetically 
silenced or inhibited using monoclonal antibody gather evidence 
showing that cadherin-based adhesion is essential for mechanical 
cooperativity of cells (Mertz et al., 2013). These findings underline the 
role of the cadherins in generating traction forces in such processes as 
cell development, homeostasis, and distinct pathologies. Moreover, 
when multicellular systems are considered, traction forces between 
cell-ECM and cell-cell contacts have to be considered to lead to the 
crosstalk phenomenon. Impairing the cell-ECM interaction might 
strengthen the cell-cell contacts. The importance of cell-ECM and 
cell-cell contacts is demonstrated in a study in which the microenvi
ronment mimicking fibrosis of cardiac tissue has been engineered. In 
such pathological conditions, a link between cytoskeleton and force 
generation was small, suggesting that the cooperative balance between 
cell-matrix and cell-cell adhesions in the heart is guided by an archi
tectural and functional hierarchy disrupted during disease progression 
(McCain et al., 2012). It seems that traction forces reorganizing the 
cell–ECM contacts are essential elements of the mechanism by which 
cadherin-based adhesion drive tissue morphogenesis and homeostasis. 

Analogously as for TFs calculated for single cells, changes in TFs can be 
related to pathological conditions. For example, mutations in genes cod
ing keratin are associated with diseases characterized by skin blistering 
observed in epidermolysis bullosa simplex (EBS, (Coulombe and Lee, 
2012)). Keratins form keratin-based intermediate filaments. Mutation in 
keratin 14 leads to keratin aggregation and altered adhesion (Homberg 
and Magin, 2014). The research focused on keratin involvement in 
mechanotransduction within basal epidermis demonstrated that cells 

expressing keratins generate lower traction forces than keratin-deficient 
cells, that is accompanied by immature focal adhesions. The findings 
show that keratin filaments regulate mechanotransduction through a Rho 
signalling pathway. Moreover, keratin aggregates reduce directionality 
during collective migration, which guides the hypothesis that keratin 
networks contribute to traction force generation through actin reorgani
zation and FA formation. Defects in force sensing and mechano
transduction associated with keratin mutations can contribute to EBS 
(Fujiwara et al., 2020). 

Computing TFs for cell clusters is more complicated than the cell 
collective migration but simultaneously addresses various questions 
related to cell mechanics in the formation of spheroids or organoids, the 
dynamics and kinetics of such process, tissue network formation, or the 
interplay between paracrine and no-paracrine pathways of cellular sig
nalling. An exemplary study has presented a robust finite-element based 
TFM to calculate traction forces produced by cell clusters consisting of 
multiple cells (Tang et al., 2014). The method accounted for the finite 
thickness of the substrate. Two main assumptions have been made. First, 
the cell cluster size can be larger than substrate thickness, and the other 
is that displacements data outside the cell cluster boundary can be 
neglected. These methods can be applied to compute traction forces for 
individual cell clusters of distinct size alone and close to each other. The 
experimental part was conducted for cell clusters composed of two types 
of cells, monkey kidney fibroblasts (MFK) and human colon cancer cells 
(HCT-8). The calculation of traction forces demonstrated that cell clus
ters behave as a single contractile unit in which the cells present in the 
outer layer serve as site needed to anchor the cluster in the underlying 
substrate. In such a case, the force is transmitted by cells located inside 
the cluster using probably cell-cell junctions and cytoskeleton. It was 
concluded that these cells are subjected to tensile intercellular forces as 
if the peripheral cells are pulling the interior cells outward. Traction is 
limited to small regions within the clusters. These regions can have 
locally balanced traction leaving the rest of the clusters nearly traction 
free and weakly adhered to the substrate. 

In cell clusters (Fig. 2A&B) , traction forces are produced in specific 
domains placed inside the clusters. The domains alter dynamically upon 
various processes, like during the reported fusion of two clusters 
(Fig. 2C&D). The net force increased by about 20 folds, but the net force 
direction did not change compared to individual clusters with those in 
fusion (Tang et al., 2014). The fusion can be considered to merge two 
liquid droplets (Grosser et al., 2021). Thus, the location of traction do
mains can be linked with the minimization of surface energy. 

Traction force determined for multicellular systems derived an 
average value of the force generated by a group of cells. A more het
erogeneous population of cells, a wider the force distribution is, as each 
cell generate TFs in various range. The advantage is that the measured 
TFs are more physiologically relevant as in vivo conditions, cells interact 
among themselves. Gathered results support the applicability of TFM in 
tracing changes of multicellular systems. However, multicellular sys
tems are inherently more complicated than single-cell systems because 
of intercellular adhesion and downstream signalling. 

3.3. 3D traction force microscopy 

Cells differently behave when cultured in the 3D matrix as they are 
supported from each side what changes their adhesive and migratory 
properties (Chang et al., 2013; Fraley et al., 2010; Meyer et al., 2012). 
Thus, it is reasonable to assume that TFs act in all directions. It was a 
driving force for further advancements in TFM is giving rise to 3D TFM. 
One of the earliest examples reported that cells seeded on 2D soft sub
strates exert 3D TFs. The study showed upwards and downwards TFs 
acting on the cell edge and nuclear region, respectively (Hur et al., 
2009). Such a method enabled cell interaction in more physiologically 
relevant conditions to observe how different cellular regions contribute 
to cell migration or spreading. PA hydrogels are linear elastic materials, 
while most collagen-based not. As demonstrated by 3D viscoelastic TFM, 
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tractions forces can be obtained for cells cultured on materials with 
time-dependent nonlinear or viscous properties such as agarose gels 
(Toyjanova et al., 2014a). By applying various experimental and 
computational methods, the spatial distribution and magnitude of the 
time-dependent traction fields induced by viscoelastic substrate were 
obtained for breast cancer cells deforming collagen-functionalized 
agarose substrates. 

More demanding approaches ask for quantification of TFs for cells 
embedded in a 3D soft microenvironment. Thus, further advancements 
in 3D TFM focuses on TFs generated by cells in 3D matrices providing a 
tool to measure the magnitude and 3D orientation of traction forces 
(Brockman et al., 2018; Legant et al., 2010). The 3D traction force mi
croscopy idea is the same as for 2D TFM, i.e., recording fluorescent bead 
positions when the TFs are generated by cells and when TFs are released 
and calculating the 3D traction field. In an exemplary study, breast 
cancer cells (MDA-MB-231 cells) were embedded within the collagen I 
gel (Hall et al., 2013). The collagen-based hydrogels are generally not 
isotropic and purely linearly elastic. They also offer a space for cells to 
crawl deep into the gel confounding traction determination. Bead po
sitions were acquired before and after TFs release. However, as it is 
challenging to remove cells from 3D hydrogel preserving its structure, 
the cytochalasin D treatment can be applied. Cytochalasin D disrupts 
actin filaments what leads to the TFs releasing. The obtained beads 
displacements served as a basis for the displacement field obtained for a 
3D matrix volume surrounding individual cells. Preparing 3D hydrogels 
suitable to sense TFs is not the only obstacle as 3D TFM suffers from all 
limitations as 2D TFM. Despite that, measuring TFs from all directions 
introduced a tool for quantifying cell behaviour in native conditions. In 
the first reports, GFP-expressing fibroblasts were encapsulated in PEG 
(polyethylene glycol) hydrogels with an incorporated RGD sequence to 
which cells bind. Calculated TFs suggested that cells in 3D conditions 
probe ECM through strong inward tractions near the end of long, slender 
extensions (Legant et al., 2010). PEG hydrogels advantage is their linear 
elasticity, the more physiologically relevant hydrogels have been 
developed, such as collagen-based gels. It started from collagen gels 

populated with cells (Delvoye et al., 1991). A strain gauge generating 
electrical signal upon tension was recorded for cells embedded in the 
collagen network in this study. The results showed that fibroblast me
chanical activity affects the structural organization of the dermis layer of 
healthy skin. In this study, the traction-related electric signal was shown 
to be dependent on a few factors such as cell type, their number and 
density, cytoskeleton organization, collagen concentration, and the 
amount of serum in the culture medium. TFs calculated for breast cancer 
cells (MDA-MB-231) reveal that these cells generate them at an almost 
constant level regardless of the collagen concentration related to matrix 
stiffness (Steinwachs et al., 2016). The results demonstrated that 
MDA-MB-231 cells glide through the gel continuously adhere to and 
de-adhere from collagen. In similar research, breast cancer cells were 
shown to induce collagen fibres alignment leading to local ECM stiff
ening. Generated larger TFs promote long-range displacement of cancer 
cells (Hall et al., 2016). 

Altogether, these studies demonstrate a considerable potential of 3D 
TFM to probe traction forces generated by cells in a multidimensional 
environment of even viscoelastic nature. The gathered information will 
help unravel the mechanisms governing TFs transmission and trans
duction involving FAs, actin filaments and ECM remodelling. 

3.4. Advances beyond classical 2D traction force microscopy 

Although TFM has provided a deeper understanding of the role of 
physical forces during cellular homeostasis, disease progression, and many 
other cellular processes, still there is a need for improvements in the 
detection and quantification of traction forces. They encompass the 
experimental part by improving beads insertion into hydrogels, recording 
optical (fluorescent) images, and data analysis. Depending on the protocol 
of implementation, various spatial resolutions can be achieved. It varies 
from 0.4 μm to 7 μm for TFM measurements, in which substrate defor
mation is recorded. Using quantum dots provides 30− 45 nm spatial res
olution (Legant et al., 2013). A promising approach in the determination 
of traction forces is fluorescent detection linked with molecules genetically 

Fig. 2. Traction maps of human colon 
cancer cell (HCT-8) clusters. (A&B) 
phase-contrast image and traction stress 
map of two independent cancer cell 
clusters cultured on 2 kPa flexible 
hydrogel for 5 days. Each cluster 
generated high traction well inside the 
cluster, leaving its periphery almost 
traction-free. (C&D): phase-contrast 
image, and traction stress map during 
the fusion of HCT-8 cancer cell clusters 
after 24 h (6th culture day). Reprinted 
under creative commons license from 
Tang et al. PLoS Comput Biol 10(6) 
(2014) e1003631).   
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expressed inside cells (Grashoff et al., 2010; Meng et al., 2008). Then, TFs 
were identified using molecules that could be immobilized on surfaces 
that enable targeting specific receptors on the cell membrane (Morimatsu 
et al., 2013). These molecules (called force tension sensors, FTSs) emit or 
alter fluorescence under tension produced by traction forces. FTSs provide 
high spatial and temporal resolutions and sensitivity (Polacheck and Chen, 
2016). Furthermore, DNA or DNA-like materials has been applied to form 
the FTS constructs (Glazier et al., 2019). A summary of the exemplary TFM 
modifications is presented in Table 1. 

A separate class of advancements are TFM conjunctions with other 
techniques such as, for example, a combining with atomic force micro
scopy (AFM, (Schierbaum et al., 2019)) or rheological measurements 
(Arevalo et al., 2011). Combining TFM with AFM is relatively straight
forward as most AFMs systems are combined with optical/fluorescent 
microscopes. Such a system can be used for simultaneous measurements 
of passive viscoelastic substrates with active contractile prestress of 
living cells at the nanoscale (Schierbaum et al., 2019). TFM combined 
with rheological measurements are more demanding in terms of both 
sample preparation and incorporation of material viscosity into TFM 
calculations. On the other hand, cells sense both elastic and viscoelastic 
properties of the surrounding environment and use them as de
terminants of their functioning. In one of the experiments, a layer of 
collagen gels (with embedded fluorescent beads) was placed on the top 
of polyacrylamide hydrogels (with embedded fluorescent beads of 
different types). Such a sandwich was placed in the rheometer combined 
with fluorescent microscopy using the plane-plane geometry (Arevalo 
et al., 2011). The applied shear forces reorganized collagen fibres in 
response to applied shear stress. By analyzing their rearrangements, 
traction force can be quantified. A similar approach has been applied to 
study time-dependent changes of agarose gels functionalized with 
collagen. Moreover, traction forces of breast cancer cells in the inter
action with such surface were quantified (Toyjanova et al., 2014b). 
Among advances, combining TFM with a microfluidic approach has to 
be underlined (Perrault et al., 2015). A comparison between static and 
flow conditions revealed the distinct level of traction forces generated by 
cells that affect our understanding of their interaction with the sur
rounding microenvironment in normal and pathological conditions. 

4. Summary and perspectives 

TFM still offers new research directions in studying traction forces at 
the molecular, cellular, tissue and organoid levels from its implementa
tion in the late nineties. Thanks to TFM, the interactions between the cells 
and surrounding ECM and cell-cell contacts have been quantitatively 
elucidated. It improves our understanding of mechanisms of both the 
mechanical force transmission to and from cells and in the transduction of 
mechanical to biochemical signals and vice versa. TFM is relatively 
straightforward to implement; however, difficulties occur later as the 
techniques involve several experimental and computational approaches 
that are not easy. Thus, novel experimental and computational ap
proaches are needed to be designed to enhance the TFM accuracy, espe
cially when a 3D environment is considered. Advanced imaging and 
sample preparation strategies have already been reported, revealing 
uniques advantages and limitations as recalled here. Some exemplary 
directions links increased bead density and tracking accuracy with the 
analysis of fluorescence fluctuations (Stubb et al., 2020) or use printing 
technologies (Ferrari, 2019). Improvements in algorithms applied to TFs 
calculations are not easy as they often ask for additional biological as
sumptions and rarely takes into account the viscoelastic nature of bot cells 
and substrates. To achieve high spatial resolution, a fluctuation-based 
approach. Remarkable groups of advancements are linked with the 
combined approaches, where TFM is linked with other techniques. 
Further TFM requirements ask for high-throughput functionality in terms 
of experimental and computational time. However, various TFM-based 
methods are opened to novel biological and biomedical research appli
cations with ongoing technological development. 
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