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Adherent cells, crawling slugs, peeling paint, sessile liquid drops, bearings and many other living and non-

living systems apply forces to solid substrates. Traction force microscopy (TFM) provides spatially-resolved
measurements of interfacial forces through the quantification and analysis of the deformation of an elastic
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substrate. Although originally developed for adherent cells, TFM has no inherent size or force scale, and can

be applied to a much broader range of mechanical systems across physics and biology. In this paper, we
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1 Introduction

Traction Force Microscopy (TFM) is a powerful technique for
measuring the forces that objects exert on surfaces on which
they rest, adhere or move. Measuring these traction forces is
important, as they often reveal key physical or biological
processes. TFM works by attaching an object of interest to an
elastic substrate and imaging the induced substrate deforma-
tions. From a knowledge of the mechanical properties of the
substrate, the measured deformations can be converted into
traction forces.

TFM has several key advantages: (i) it is relatively straight-
forward to set up and perform, as we describe below. (ii) It has
no inherent size or force scale, so a wide range of length and
force scales are accessible simply by adjusting the substrate
stiffness and the imaging technique. (iii) It has the ability to
measure spatially-resolved interfacial forces across extended
objects. This ease-of-use and versatility differentiates TFM from
other approaches for measuring interfacial forces. For example,
atomic force microscopy,’ optical tweezers>* and magnetic
tweezers* provide precise measurements of interfacial forces
averaged over areas in the nanometre to micrometre range. The
surface forces apparatus® and cantilever/plate bending
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showcase the wide range of applicability of TFM, describe the theory, and provide experimental details
and code so that experimentalists can rapidly adopt this powerful technique.

measurements® similarly measure interfacial forces, but typi-
cally averaged over more macroscopic scales.

We have two main aims for this review. Firstly, we aim to
showcase the broad range of science to which TFM can be
applied. TFM was originally developed in cell biology, and this
is where it is most widely used. However recent work has shown
that it is much more widely applicable. By reviewing this work,
we hope to encourage scientists who can potentially make use of
this powerful technique. We note that this paper is not intended
to be an exhaustive review of all the previous work performed
using TFM.”® Secondly, we aim to make TFM accessible to
experimentalists. TFM is conceptually simple, but optimal
results rely on several steps of experimental design, data
collection, and computational analysis. Here we facilitate the
process of getting started with TFM by reviewing the basic
theory, detailing experimental procedure for each step, and
providing example code.

2 Applications of traction force
microscopy

TFM has been applied to diverse problems in biology, physics,
and engineering (Fig. 1). Although these problems span over
four orders of magnitude in length and stress scales, we shall
see that the potential range of TFM is far more extensive, and
that there are many promising areas where it can provide novel
insights.

2.1 Cellular TFM

TFM was originally developed to measure single-cell traction
forces,”° and this is still its most common application.”*°
Cells are typically on the order of 10-100 pm in diameter, and
their reported stresses range from ¢ (10 Pa) in neuronal growth
cones**?' to ¢ (1 kPa) for platelets.'* This makes cell-associated
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Fig. 1 Traction force microscopy across scales. Approximate length
and stress scales from published reports. Platelets;** colloidal
cracks;*?* stratum corneum;** friction;*> liquid droplets;** dicty
slugs;*®*® neuronal growth cones;?®# fibroblasts and endothelial
cells;#?% epithelial cell colonies and sheets;?*?5 gastropods.2®

stresses among the smallest reported in the TFM literature
(Fig. 1). Cellular TFM has given a detailed understanding of cell
tractions and the intra- and inter-cellular structures contrib-
uting to force generation.

In vivo, cells generate traction forces to drive processes like
migration,* morphogenesis,®*** and extracellular matrix
remodelling.**** Cells generate tractions by anchoring them-
selves to neighbouring objects and contracting.'®** Anchoring

View Article Online

Tutorial Review

occurs on protein networks in the extracellular environment
(known as extracellular matrix), and on neighbouring cells via
membrane-spanning protein complexes. Contraction in
eukaryotic cells is typically driven by networks of actin filaments
and myosin motors. In highly-contractile cells, contraction is
usually produced by stress fibres — ordered bundles of actin
filaments resembling muscle fibres.***” However, other types of
cytoskeletal architecture can also generate contraction.’***
Traction forces can be observed in isolated cells on flexible
substrates coated with adhesion-stimulating proteins.>****> The
magnitude and spatial distribution of these tractions vary widely
with cell type. Cells typically pull on the substrate near their
edges, with contraction indicated by inwardly-directed traction
forces. In migrating cells, traction forces are often polarised
according to the direction of motion.*******” Recent work has
probed the connection between cytoskeleton, adhesion and
force dynamics by combining these traction measurements with
techniques such as the fluorescent labelling of cellular
proteins.**** Cells on planar substrates usually spread out so they
are very thin. Therefore, cellular tractions are predominantly in-
plane. However, recent studies have suggested that cortical
tension, nuclear compression, and focal-adhesion rotation can
cause significant out-of-plane forces on the substrate.>***"

2.2 Multicellular systems

Multicellular systems are inherently more complicated than
single-cell systems because of intercellular adhesion and all of
its downstream signalling.>® Recently TFM has begun to be
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Fig.2 Balance of forces in multicellular systems. (a) The game of tug-of-war involves balance of forces between the tugging on the rope and the
force transmitted to the ground through the players' feet.>® From this force balance, we can determine the inter-person forces (blue arrows) if we
know the traction forces (red arrows). (b) Intercellular forces can similarly be calculated from cellular traction forces.*® (c) The average in-plane
traction stress perpendicular to the leading edge of migration of a sheet of MDCK cells cultured on a soft substrate decays slowly with distance
from the edge (filled symbols), whereas the average in-plane traction stress parallel to the leading edge is negligible and independent of the
distance from the edge (open symbols).?* (d) Tension within the cell sheet, given by the integral of traction, increases as a function of distance
from the leading edge of a sheet of MDCK cells.?* (e) Tugging forces (white), given as the vector sum of tractions (red) on an individual cell in a pair
of two endothelial cells cultured on an array of PDMS posts (blue).*® (f) Net force exerted by cell 2 on cell 1, Feeyy, as a function of the force exerted
by cell 1 on cell 2, Feey2. for two MDCK cells in a doublet on a flat, PAA substrate. Dashed line indicates a slope of one. (Inset) schematic of a cell
pair deplCtIng Fcem_ and Fcellz.so
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applied to multicellular systems, advancing understanding of
cooperative phenomena in cell mechanics.

One of the first multicellular applications of TFM measured
intercellular forces and showed how cells move at the edge of
advancing epithelial-cell sheets.® This study showed that
collective motion is not driven by leader cells at the sheet edge,
but by cells distributed throughout the sheet. The authors also
introduced a key force-balance concept for calculating cell-cell
forces with TFM, as illustrated in Fig. 2a and b with a tug-of-war
analogue. This approach for calculating internal forces is well-
established in studies of the mechanics of thin films, where it is
known as the “shear-lag model”.>*-*® For simple geometries, the
intercellular tension is given by the integral of the traction
forces from the edge of the cell colony (Fig. 2c and d). This
technique has been extended to generate 2-dimensional maps
of intercellular stresses in large sheets of cells.””

Force balance has also been applied to smaller cellular
systems to measure cell-cell adhesion forces (Fig. 2e). For
example, human pulmonary artery endothelial cells (HPAECs)
have been shown to tug on each other with force ranging from 20-
60 nN, with higher forces when the area of the cell-cell junction is
larger.® A similar study using doublets of Madin-Darby Canine
Kidney (MDCK) cells shows that these epithelial cells are
stronger, typically pulling on their neighbours with forces of 50—
200 nN (Fig. 2f). However, in this case, there is no correlation
between pulling force and the size of the cell-cell junction.®

Recent results have highlighted the power of TFM as a
technique for understanding the collective behaviour of cells.
TFM studies of keratinocyte colonies with strong intercellular
adhesions show that traction forces localise at the edge of a
colony. For large colonies, the total force exerted by the colony
scales with its colony perimeter, suggesting the emergence of an
effective surface tension.” Perturbation of cadherin-based
intercellular adhesions reveals that these adhesions organise
the spatial distribution of traction force in epithelial cells; in the
absence of E-cadherin, the surface-tension analogy breaks
down.®* In another example, force measurements show how
cardiac myocytes mature into electromechanical syncitia -
demonstrated by the transfer of force from the cell-matrix
interface to the adherens junction over the course of 4 days.*

2.3 Emerging applications of TFM in biology

Recently, biological traction force studies have expanded to
investigate traction forces at the molecular, tissue and organism
scales. TFM was used in conjunction with conventional
rheology to investigate the non-linear response of collagen
networks to shear strain, illustrating the unique way that TFM
can be used to study heterogeneities in cellular aggregates and
tissues by providing a spatially-resolved measure of polymer
network stress.®®* TFM has revealed heterogenous drying
stresses in the outer epidermal barrier, and been used to
examine the force around quiescent engineered 3D epithelial
tissues embedded in a collagen network.**

Dictyostelium discoideum is an excellent model for studying
how cells coordinate to generate multicellular behaviour. This
unicellular amoeba undergoes aggregation under starvation

This journal is © The Royal Society of Chemistry 2014
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conditions to form a migrating “slug”. Several recent traction
force studies have addressed how the aggregated slug generates
concerted motion."®'>% Frictional forces opposing motion are
found at the leading front of the slug, whereas propulsive
traction forces are measured posterior to this region under the
slug body and are associated with a sub-population of cells
(Fig. 3). Out-of-plane forces have also been observed, and these
are attributed to tension in a secreted slime sheath.' At a much
larger length scale, gastropod slugs show a more complex
pattern with periodic waves of muscle contraction propagating
from the tail to the head. In this case, propulsive traction force
is generated in the interwave zones that are in contact with the
substrate.”® These studies reveal two distinct mechanisms of
propulsion for crawling animals and may help guide the design
of biomimetic devices. The use of TFM to study organismic
behaviour is in its infancy, and offers great opportunities to
understand how animals grow and move.

2.4 Emerging applications of TFM in physics

TFM has recently been adopted in the realm of physics for
studying problems such as wetting, fracture, adhesion, and
friction.
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Fig.3 TFM reveals two mechanisms of propulsion in crawling animals.
(a) Dictyostelium slugs apply frictional drag forces near the anterior tip
and propulsive forces under the body (a = anterior, p = posterior, | =
left, r = right). Arrows represent the in-plane component of the force.
Red arrows correspond to force vectors with an upward vertical
component and green arrows to vectors with a downward vertical
component. ‘Shell tension’ creates an upward force at the slug's
sides.*® (b) TFM of a migrating garden snail shows periodic patterns of
stress perpendicular to the direction of motion.?®
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2.4.1 Mechanics of films. TFM is a useful tool for the anal-
ysis of fracture and measurement of material properties in thin
films. For instance, TFM has recently been used to analyse the
drying of colloidal suspensions, which are generally too fragile for
measurement by conventional experimental techniques.'*'*
Initial work measured stress intensity factors during delamina-
tion from an underlying substrate, and quantified stress fields
around crack tips (Fig. 4a—c).'> More recently, bulk properties
such as Young's modulus and critical tensile stress were
measured by analysing in-plane, channeling cracks.”* TFM
should be particularly well-suited to the analysis of cracks in
composite and layered materials. Basic investigations into the
deformation of materials at the microscale would benefit from the
correlation of microstructural rearrangements and local stresses.

2.4.2 Wetting. A droplet is perhaps the simplest example of
an object that exerts forces on an surface. The droplet's surface
tension pulls up at the contact line, while its internal pressure
pushes downwards. On soft materials this can cause substantial
surface deformations (Fig. 4d).**%7

Analysis of surface profiles under droplets has yielded one of
the first techniques for direct measurement of solid surface
stresses—or surface tensions—in soft materials.'” The technique
only requires measurement of the surface tension of the droplet
and the angles between interfaces at the contact line. Sufficiently
close to the contact line, elasticity becomes unimportant, and
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there is a force balance between the solid surface stresses and the
liquid-vapour surface tension.’®”* Thus the two solid surface
stresses can be calculated using Neumann's triangle.”®

Solid surface stress, v, is important to account for when
using TFM at small scales; it can strongly affect the deformation
response of the substrate when the characteristic length scale of
interfacial forces are small relative to the system elastocapillary
length v¢/E. Here E is the Young modulus of the substrate.
Typical elastocapillary lengths are O (um) for gels in air and O
(nm) for elastomers in air."”””® For hydrogels in water, surface
stresses are very low, and so elastocapillary lengths will be much
smaller. Accounting for solid surface stress in TFM only
requires a small modification to the algorithm that converts
surface displacement to stress.'®”*

2.4.3 Contact mechanics, friction and adhesion. The
previous examples highlighted TFM measurement for micro-
metric processes. TFM has also been put to elegant use at larger
scales in studying contact, friction and adhesion of indenters
on soft substrates. In these experiments, centimetric, rigid
indenters are pushed into a soft solid, and then either twisted or
slid along the solid surface (Fig. 4e and f).*>*” Markings at the
surface of the solid allow displacements to be tracked, and
subsequent calculation of interfacial stresses.

Contact experiments have allowed detailed investigation of
the friction between a surface and a sliding indenter,"*® the
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Fig. 4 Examples of TFM in the physical sciences. (a—c) Cracking in drying colloidal suspensions (modified from 12): (a) side view of tracer particle
locations in a drying colloidal coating. The colloidal coating has delaminated from a silicone elastomer surface at z = 0. (b) Displacements at the
surface of the elastomer. The crack tip is at x = xq. In-plane and out-of-plane displacements are cyan and blue respectively. (c) In-plane (blue) and
out-of-plane stresses (white) near the crack tip. (d) Wetting on soft, silicone substrates. Radial profiles of substrates under glycerol droplets
measured by confocal microscopy. From left to right, drops of radii of 26.8, 74.5, 176.7 and 225.5 um. The dashed line through z = 0 corresponds to
the initial surface profile before droplet deposition. The substrate is 50 um thick.*” (e and f) Contact mechanics on soft substrates: surface
displacements under sliding (unpublished image from experimentsin ref. 66, courtesy of Antoine Chateauminois) and twisting®” sphericalindenters
shown by the deformation of regular patterns (a grid and an array of dots respectively). Fig. 4f is reprinted with permission from A. Chateauminois, C.
Fretigny and L. Olanier, Phys. Rev. E: Stat., Nonlinear, Soft Matter Phys., 2010, 81, 026106. Copyright (2010) by the American Physical Society.
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adhesion and failure of a twisting contact,®” high-speed stick-
slip motion between sliding contacts,”” and the effect of surface
roughness on contact.”® A great advantage of TFM, relative to
typical indentation studies, is that it reveals the details of the
stress distribution at solid-solid contacts, and thus allows
development and testing of quantitative models for friction and
adhesion. Recently, TFM methods have been applied to study
the adhesion of particles and liposomes at a more microscopic
scale.”®”®

2.4.4 TFM at different scales. TFM could be extended to an
even larger range of materials and length scales by using other
measurement techniques. The examples above have all used
optical microscopy to measure displacements. However, this
places limits on the size of displacements that can be measured.
Imaging techniques with higher resolution, such as electron
microscopy, would allow for the measurement of forces on
stiffer materials. Similarly, there is no reason why TFM cannot
be used to measure displacements and forces at macroscopic
length scales - for example in measuring load distributions of
large objects on flat surfaces.

3 How TFM works

The idea of TFM is to measure forces by observing how a sample
deforms an elastic substrate (Fig. 5). This is closely related to
measuring the force on a spring by observing its extension, 9,
and using Hookes law F = k¢.*° Consider the patch of substrate
(dark grey circle) shown in Fig. 5. If we exert a force F on the
patch, it will be displaced by a distance u. Here the spring
constant will depend on the patch size, and substrate properties
such as stiffness, thickness and compressibility. However,
typical samples do not exert discrete forces like this, but
distributions of forces, as in the contractile sample in Fig. 5.
These forces are best described in terms of traction stress o, —
the force per unit area applied by the sample on the surface.
In TFM, one measures displacements by tracking the
movement of tracer particles embedded in the substrate. Then
one calculates the traction stresses by solving a boundary-value

Fig. 5 Schematic diagram of a TFM substrate. A soft substrate (light
grey) is bonded to a rigid base (dark grey). Fluorescent beads (yellow,
red) are embedded at the substrate base, and near its surface. A
discrete force, F, is applied to a finite patch (dark grey circle) of the
substrate displacing it a distance u. A continuous stress distribution is
applied by a contractile sample.

This journal is © The Royal Society of Chemistry 2014
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problem. We assume that the substrate is a linear-elastic solid,
so stresses a(x) are related to displacements u(x) by the tensorial
version of Hooke's law,

E /1 r vV-u

where I is the identity tensor, and v is Poisson's ratio.*
Mechanical equilibrium requires that V- = 0,*" so

(1= 20)Viu+ V(V-u) =0 (2)

The substrate geometry is shown in Fig. 5. It is rigidly
attached to a stiff base at z = 0, and has a free surface at z = k.
Traction stresses at the surface can be calculated if the
displacement field is known on a horizontal plane located at or
below the surface (i.e., for some z = z, = h)." Stress features
with a length scale less than # — z, can not be accurately
resolved, so the finest spatial resolution is achieved when the
displacement field is measured at the free surface (z, = £). In
the following, we assume that this is the case, so the system
boundary conditions are u(z = h) = u*(x, y) and u(z = 0) = 0,
with u*(x, y) being the measured deformation field at the
substrate surface.

Eqn (2) can be solved by applying Fourier transforms in x and
1229828 This gives an ordinary differential equation in z for the
Fourier transforms (k,, k,, z) of u, with &, and k, being the x-
and y - wavenumbers, respectively. Evaluating the result at the
substrate surface, one finds that the Fourier transforms of the
traction stresses, 6, are linearly related to :

ik, ky, 2 = h) = Qykx, kys Wufky, ky, z = h), (3)

with summation over repeated indices."”> Two- and three-
dimensional versions of the matrix Q, and MATLAB code for
calculating two- and three-dimensional traction stresses, are
given in the ESL}

Thus the basic procedure for calculating surface traction
stresses from the surface displacement field is: (i) calculate the
in-plane Fourier transform of the displacements. (ii) For each
wavenumber pair k,, k,, calculate the matrix Q(k, ky; A). (iii)
Apply Q to the displacement data for each wavenumber to give
the Fourier transform of the traction stress. (iv) Calculate the
traction stress via inverse Fourier transformation.

Alternative approaches exist to convert displacements into
stresses. For example finite element methods can be used to
solve the elastic problem in place of the Fourier technique.” If
tracer particles are distributed and imaged throughout the
substrate, rather than only at the surface, stresses can be
calculated directly from the full, three-dimensional displace-
ment field via eqn (1).2**** This approach is particularly useful
for measuring tractions of objects embedded in 3D matrices.

4 Substrate fabrication and
characterisation

It is important to select an appropriate substrate material. In
particular, the substrate should be sufficiently soft that

Soft Matter, 2014, 10, 4047-4055 | 4051
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deformations caused by the traction stresses can be accurately
measured. At the same time, the substrate should also be
sufficiently stiff that strains do not exceed its linear-response
regime, so that linear-elastic theory can be applied.

Common materials for flat TFM substrates are poly-
acrylamide (PAA) gels and polydimethylsiloxane silicone
(PDMS) gels and elastomers. These have tuneable stiffnesses
spanning a wide range of Young's moduli. PAA gels can typically
be made between E ~ 100 Pa to 100 kPa. Commercially available
silicones have stiffnesses ranging from E ~ 3 kPa for PDMS gels
(Dow Corning Toray, CY 52-276 A/B) to E ~ 2 MPa for PDMS
elastomers (Dow Corning, Sylgard 184).%¢°* Substrate stiffness
is normally controlled by varying the amount of crosslinker in
the polymer network, but it can also vary with curing tempera-
ture. PAA gels span an excellent range of stiffnesses for studying
cell tractions, but they can have some nonlinear effects®* and
can swell if not osmotically balanced with the sample.”® Sili-
cone-based materials have a high refractive index, and this has
the advantage of allowing Total Internal Reflection Fluores-
cence (TIRF) microscopy.***

Flat TFM substrates generally consist of a thin layer of a
transparent and deformable elastic material embedded with
fluorescent tracer beads bonded to a rigid, glass coverslip
(Fig. 5). We provide our protocol for fabricating silicone TFM
substrates by spin-coating in the ESI.T In brief, preparation of a
silicone TFM substrate typically involves deposition of (i) fluo-
rescent tracer beads on a glass slide, (ii) a uniform layer of
silicone, (iii) fluorescent tracer beads, and (iv) an optional thin
layer of silicone.””* Thorough details of PAA substrate fabri-
cation can be found in previous work.*®

While we focus on flat substrates here, there are alternative
substrate designs. TFM studies can also be performed on arrays
of elastic posts, which bend as samples exert forces on them.””*
The posts are simple cantilevers, so the traction forces are
proportional to the deflection of the post tips. However this
approach cannot measure out-of-plane forces, and requires
posts and inter-post spacings to be much smaller than length
scales of interest in the sample. A few recent studies have also
examined tractions caused by cells embedded in a 3D matrix,
made from modified polyethylene glycol diacrylate® or collagen
1.” Stresses are measured by using fluorescent tracer beads
spread throughout the 3D matrix.

To calculate traction stresses, we need to know the material
properties of the substrate: i.e. Young's modulus, Poisson's
ratio, and the size of the substrates linear-elastic response
regime. If the substrate stiffness E = 100 kPa, so that the
material can support its own weight, this can be done with a
tensile test on a thin rod of the substrate material. For softer
materials like gels, we can characterise mechanical properties
in shear with a rheometer. We provide details of mechanical
testing in the ESIf along with examples of rheometry on a soft
silicone gel.

Substrates also need appropriate surface properties for the
sample to adhere to, or slide across. In some cases, samples
naturally stick to substrates, as in studies of stratum corneum
tissue** and colloidal coatings.” However, in most cellular
studies, it is necessary to coat the substrate with an

4052 | Soft Matter, 2014, 10, 4047-4055
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extracellular-matrix (ECM) protein such as fibronectin,
collagen, gelatin, or laminin to promote cell-substrate adhe-
sion.*®'® For wetting experiments, substrates made out of
materials such as silicone are relatively hydrophobic, so water
will not spread easily on them."” Plasma treatment can tempo-
rarily increase hydrophilicity, but can also create a stiff oxide
layer on the surface. This will modify the mechanical properties
of the substrate, and in extreme cases, leads to cracking.'*'*>

5 Experimental protocol
5.1 Imaging

The key requirement of imaging for TFM is to accurately
measure the centroid positions of fluorescent tracer beads
embedded in the substrate. To accurately track beads, images
must be acquired with good contrast between the beads and the
background, and with no image saturation. Images should be
oversampled so that the point spread functions of individual
beads are spread across multiple pixels, allowing sub-pixel
accuracy when tracking bead positions. When there are only in-
plane tractions - a good approximation for many cells®® - we
only need to track in-plane bead motion, so standard bright-
field and epifluorescence microscopy is sufficient. However, for
3-dimensional tractions, confocal microscopy is required to
measure the out-of-plane bead positions. We take images in an
out-of-plane stack of at least five planes through the span of the
image of the beads.

Care must be taken when measuring traction stresses at the
edge of a field of a view (FOV). If part of a sample lies outside of a
FOV, then it can cause nearby surface displacements inside the
FOV. The elastic calculation will then ascribe these displace-
ments to fictional traction stresses inside, and near the edge of
the FOV. Thus, generally, it is advisable to acquire images with
the sample in the middle of the FOV and surrounded by an area
of bare substrate, so that surface displacements decay to zero at
the edge of the FOV. If the sample is too large to fit in a single
image, multiple overlapping images can be stitched together —
ideally overlapping by ~25%. Accurate stitching can be ach-
ieved by comparing tracked bead positions in overlapping
regions. If stitching is not a possibility, the stress calculation
can still be performed, but stresses near the edge of the FOV
may not be reliable.

5.2 Reference state

An image of the substrate in a stress-free reference state is
generally required to measure absolute substrate displacements
- and thus to calculate absolute values of traction forces. The
exception is when using regularly patterned beads or markers
(e.g- Fig. 4e and f)." It is generally easiest to measure the
reference state by imaging the stress-free substrate after
completely detaching the sample. For cells, this can often be
done with detergents or enzymes like trypsin, proteinase K,
Triton X-100, or SDS.'* Taking a reference state pre-attachment
is challenging, because the sample then needs to be precisely
placed in the middle of the imaged reference area. A solution for
cell studies is to micropattern ECM onto the substrate,
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restricting regions of cell attachment.>**” In some experiments
only relative values of traction stresses will be needed. Then, any
time point can be used as the reference state. The reference
state images should include images of beads on the rigid
bottom of the substrate (Fig. 5). Comparison of the position of
these bottom beads between timepoints allows for precise
quantification of drift in the imaging system. This drift can then
be subtracted when calculating the displacements of the top
beads.

Reference states can be used to check that TFM substrates do
not exhibit creep. Comparison of images before sample
attachment, and after removal should reveal no displacement of
fluorescent beads beyond measurement noise. This is a useful
control, as irreversible displacements will lead to systematic
errors in the calculation of traction forces.

6 Data analysis

Having imaged the sample, one can calculate the traction
stresses. This involves (i) tracking fluorescent bead movement
to calculate surface displacements, (ii) correcting for drift, (iii)
removing bad displacement data, (iv) interpolating and filtering
the displacements onto a regular grid for Fourier transforming,
and (v) using theory to calculate the traction stresses. We
provide step-by-step details of our stress-calculation protocol in
the ESI.} Our ESIt also includes an example data set and
MATLAB software for calculating traction stresses. Here, we
outline three key procedures: tracking, low-pass filtering, and
calculating traction stresses.

6.1 Tracking fluorescent beads

The 3-dimensional displacements of embedded fluorescent
beads can be tracked in images using single particle tracking or
correlation tracking (see ESIT). Particle tracking follows indi-
vidual beads between images.'™ Correlation tracking, also
known as digital image correlation'® or particle image veloc-
imetry,' tracks constellations of particles rather than indi-
vidual particles. They each have strengths and weaknesses but
can be combined to give powerful hybrid techniques - useful
when high-resolution spatial displacements are required, but
particle movement between frames is too large for particle
tracking.'"”

6.2 Low-pass filter for displacements

Traction stresses calculated from the displacement data can
depend sensitively on the noise in the measured displacements
since Q ~ k for large k, so high-frequency noise is significantly
amplified in the stress calculation (eqn (3)). We avoid this
problem by removing high-frequency noise in the displacement
data with a low-pass filter. Specifically, we use an exponential
low-pass filter with a tuneable cut-off wavelength.'*®® We make
the cut-off wavelength as small as possible. When the cut-off
wavelength is too small, ringing or rippling occurs in the stress
field due to noise amplification. When the cut-off wavelength is
too long, the fine features of the stress field become obscured.
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6.3 Converting displacements into stresses

Once the displacement data is interpolated onto a regular grid,
the traction stresses can be calculated using elastic theory. The
first step is to calculate the Fourier transform, a(k,, k,, 1), of the
displacement data u(x, y, #) on a regular grid of wavenumbers
(ky, k). Secondly, one calculates Qyky, k,, h) for each pair of
wavenumbers, and then use eqn (3) to determine the Fourier
transform of the stresses, 6(ky, ky, 1), from Q and 1. Finally one
takes the inverse Fourier transform of ¢ to obtain the traction
stresses o.

7 Concluding remarks

Traction force microscopy is a powerful technique for
measuring forces at interfaces. Although it involves several
detailed experimental and computational steps, TFM is rela-
tively straightforward to implement. In this review, we have
detailed all of the necessary steps, from designing experiments
through to the analysis of results. We have also showcased the
potential of TFM for use across a much broader range of
applications in biology, and for a variety of emerging applica-
tions in physics. TFM is particularly useful because it is a scale-
free technique: it can be applied at any stress or length-scale.
Current applications, using optical microscopy, have measured
traction stresses from 1 Pa to 1 MPa, over length scales from 1
um to 1 cm. In the future, we hope to see the application of TFM
to new materials and processes.
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