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Fig 12. Principal Stretches A, (green cloud) and A; (violet cloud) vs. A, for the in-silico computation for material A
and B. The color intensity is proportional to the frequency. The solid, dashed and dotted lines indicate the relations of
A2(A1) and A3(A4) for the cases of uniaxial tension, pure shear and equibiaxial deformation modes, respectively.

doi:10.1371/journal.pone.0172927.9012

substrate regions are mostly subjected to a (pure) shear deformation mode, indicated by a clus-
tering of the principal stretch data around the ,=1and |, = | ;" lines. The non-linearity of
the stress-strain relationship of the material influences the magnitude of the deformations,
here shown by the lower magnitude of the principal stretches exhibited in material B.

Nonlinear elastic behaviour. All the 25 FAs in the testcase pull with different reference
traction values, allowing to report the results of the quality scores as a function of the reference
traction value to assess the effect of geometrical and material non-linearity. In general terms,
the accuracy of the reconstruction decreases slightly with increasing reference FA traction
stresses. The results reported in Fig 13 underline that the use of a material with a strain stiffen-
ing behaviour (such as material B) increases the quality of the reconstruction by substantially
reducing the spurious traction stress peaks for focal adhesions exerting high forces. At the
same time, the errors in the traction forces (Fig 13) of the reconstruction based on material B
remains in the same range as for Material A.

Volumetric behaviour. Since TFM based on 3D displacement data leads to a severely
constrained mechanical problem, it is expected that the volumetric behaviour of the substrate
material strongly affects the reconstruction, particularly in combination with noisy displace-
ment fields.
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Fig 13. Reconstruction quality measures against nominal focal adhesion traction stress tg,,, for
material A and B with v = 0.499. Reported is mean (solid line) and standard deviation (shaded area) for
N =25.

doi:10.1371/journal.pone.0172927.9013
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Fig 14. Influence of noise on the reconstruction for compressible (v = 0.45, red bars) and nearly
incompressible (v = 0.499, blue bars) substrates. The results are presented normalized to the respective noise
free cases to highlight the relative change induced by the noise. Note that the same volumetric behaviour (vge =
VReal) Was assumed for generating the test case and its reconstruction.

doi:10.1371/journal.pone.0172927.9014

Fig 14 reports the influence of noise on the traction reconstruction quality measures for
increasing approximation to incompressible substrate behaviour (v = 0.45 and v = 0.499). The
results indicate that slightly compressible substrate materials offer a substantial advantage
regarding the sensitivity to noise. When subjected to noise with equal magnitude, the less com-
pressible substrate material (v = 0.499) leads to significantly higher deviations from the noise-

free traction reconstruction.

Modelling of geometric and material nonlinearities

The large strain deformations and the complex material behaviour have to be taken into
account for a correct representation of the physical processes occurring during TFM. In this
section, the errors induced by a linearisation of the large-strain TFM problem are quantified.
To this end, for the solution of the inverse problem, linear material behaviour and the linear
solver of the FEA software were used, thus neglecting both, material and geometric nonlineari-
ties induced by large deformation.

The comparison of the reconstruction quality based on either the non-linear and the linear
FEA (Fig 15A) shows that for low FA traction stress magnitudes (<3 kPa) both analyses yield
similar results. For material B, with nonlinear stress-strain characteristics, the results of the lin-
ear FEA increasingly differ from the non-linear one at higher traction stresses. Material A, on
the contrary, leads to similar results even for large traction values. Interestingly, the linearised
reconstruction has a similar influence on the PTR for both materials, (Fig 15B) underestimat-
ing up to 30% the traction peaks compared to the nonlinear analysis.
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Fig 15. Comparison of the reconstructed traction force (TMR) and traction stress peaks (PTR) of
single FAs with different traction magnitude for the linear TFM and the fully non-linear TFM for
materials A and B. Reported is mean (solid line) and standard deviation (shaded area) for N = 25.
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Discussion

Due to the nature of the inverse problem of TEM, for a finite resolution, the (noise free) recon-
struction always underestimates the mechanical energy in the TFM substrate (Fig 9C). This is
due to the finite distance between fluorescent markers which defines the minimal wavelength
of perturbations in the displacement field that can be resolved and therefore be taken into
account during the traction reconstruction. Since the reconstruction is a displacement con-
trolled mechanical problem, this underestimation of strain energy is translated into an under-
estimation of the traction forces induced into the substrate by the cell’s focal adhesions (Fig
9A). The underestimation of FA traction forces for the analysed resolutions using nonlinear
TFM is comparable to underestimations reported by Sabass for the linear TFM algorithm
FTTC [11] using a slightly different testcase [15]. Besides the underestimation of strain energy,
the underestimation of FA traction forces is additionally aggravated by the inability to repro-
duce the discrete contours of the FA due to the finite resolution, leading to a spatial blurring of
its traction stresses. Fractions of the reconstructed traction stresses are therefore erroneously
associated with areas outside the FA area (Fig 8) and not taken into account for the integral FA
traction force. This is an intrinsic limitation of unconstrained TFM methods, which can only
be solved taking into account additional information, In particular, information on FA loca-
tion and shape available from fluorescent microscopy imaging (cf. [15, 22, 30, 36]) can be used
to constrain the reconstructed traction field to be zero outside the FAs. An example of such a
constrained TFM implementation is the Boundary Element Method for linear TFM proposed
by Dembo [10]. In fact, constraining the reconstructed traction stress field in our large strain
TFM method led to a significant improvement of performance in terms of traction force
reconstruction and it allowed to almost eliminate the force underestimation for resolutions up
to Ly = 1.5um (Fig 16B). However, the constrained reconstruction also tends to an overestima-
tion of traction peaks (Fig 16C). It should be mentioned, that the location of the FAs is mea-
sured in the deformed configuration, while the large deformation TFM problem is formulated
in the reference configuration. This requires the FA contours to be mapped back into the refer-
ence configuration, which is expected to result in an increased displacement field noise sensi-
tivity for constrained large deformation TFM methods. It is important to note that while the
present study assumes that the location and shape of each FA is exactly known, the experimen-
tal uncertainty on FA localization is expected to induce corresponding errors in the evaluation
of FA traction forces for both, the constrained and the unconstrained method.

Compared to the underestimation of FA traction forces due to the finite resolution, which
is in the order of 25% for a marker spacing of 1um, some of the analysed factors have only little
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Fig 16. A) Traction stress field reconstruction (resolution Lo = 1um) achieved by additionally accounting for FA
position and shape (constrained method). The same region as reported in Fig 8 is shown. B) and C) Comparison of
the performance of the unconstrained (blue) and constrained (red) reconstruction scheme for the noise free case
and Material A. Reported are mean and standard deviation for 5 testcase repetitions (N = 125 FAs).

doi:10.1371/journal.pone.0172927.9016
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influence on the reconstruction. While applying a linear interpolation scheme used for the dis-
placement field instead of RBF interpolation results in an additional underestimation of the
traction forces by about 10%, neglecting the out-of-plane displacement field component results
only in a marginal deterioration of TFM reconstruction when cells are mostly pulling in the
in-plane directions. While all the presented reconstruction results were obtained from TFM
computations with a substrate model that reproduced the thickness of the reference case, addi-
tional calculations were performed to quantify the reconstruction error in case of an assump-
tion of a half-space substrate (such as for classical linear TFM implementations). The
associated relative error on TMR and PTR was -5% and -10% respectively. Significantly larger
errors, in the range of 10% for TMR and 39% for PTR, were observed for a case in which the
thickness of the substrate used for the reconstruction was lower than the real one (20pum
instead of 30pm). Note however that the influence of substrate thickness is related to the size
of the cell.

The performed studies highlight that the measurement resolution of the displacement field
in TEM, defined by the density of measurement points on the substrate-cell interface is the key
factor for high quality TFM analyses together with a reliable resolution of the focal adhesion
attachment sites (cf. [15]). However, the results also highlight that while the reconstructed trac-
tion forces and strain energy converge to the reference values for a higher resolution, the peak
tractions within the focal adhesions do not follow this trend and are significantly overesti-
mated (Fig 9B). The results presented in Fig 13 indicate that the magnitude of overestimation
of traction peaks depends on the reference FA traction force magnitude, increasing strongly
for FAs pulling with high force, and can be significantly reduced by using a material with a
progressive (i.e nonlinear stiffening) stress-strain response. This suggests that the issue is
related to the high deformations associated with large FA tractions. A more detailed analysis of
the reference deformation pattern in the region of a single FA (reported in Fig 17) reveals that
the increasing surface traction induced by the FA causes the substrate to wrinkle at the leading
edge, due to the compression of the substrate. Such a localized deformation field cannot be
reproduced by the interpolation scheme for the displacements, thus leading to a localized over-
estimation of the stiffness at the leading edge. The divergence of the reconstructed traction
peaks at high resolution reported in Fig 9B as the average of all FAs is therefore driven by the
FAs associated with such large deformations. Further, the centre point of the traction stress
distribution over the FA tends to move towards the leading edge (see Fig 8), indicating that the
analysis of the stress field distribution within the FA might be significantly affected by recon-
struction artefacts.

This phenomenon is expected to affect the reconstruction of the traction magnitude within
each FA in case of large deformations, thus even application of a fully non-linear FEA based
TFM algorithm is not sufficient to avoid localization effects occurring in very soft substrates.
From a mechanical perspective, the substrate stiffness should be selected depending on the

te= 2kPa trs= 4kPa trs= 8kPa

Fig 17. Cross-section of the substrate (dark grey, xz-plane) underneath the focal adhesion (coloured half-ellipse),
highlighting the deformation and surface wrinkling under increasing FA traction fres.

doi:10.1371/journal.pone.0172927.9g017
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magnitude of traction forces exerted by the analysed cell in order to avoid excessive surface
wrinkling. The non-linear analysis offers the advantage of handling correctly material non-lin-
earities, allowing the use of TFM substrates which are soft in the low-strain regime and stiffen
with increasing deformation. Such material non-linearity allows to combine the high traction
force detecting sensitivity of soft substrates with the benefit of significantly reduced deforma-
tions around strong FAs, thus extending the range of detectable traction magnitudes. As a
result, the reconstruction quality can be maintained in terms of both traction forces as traction
peaks over a large range of traction magnitudes. It is important to note that this also implies
the use of a nonlinear solver, since the linearised solution leads to increasing reconstruction
errors for large FA forces (Fig 15). The latter results on the influence of geometrical and mate-
rial nonlinearities have been found to be in good qualitative agreement with previous studies
[19, 20]. A combination of the results presented in Figs 15 and 4B reveals that the maximal dis-
placement magnitude that could be treated by means of a linearised solution method is about
600nm and 300nm for the fairly linear material A and the nonlinear material B, respectively.

Another material characteristic which has been proven advantageous for TFM is compress-
ibility. For noise-affected displacement fields, a (slightly) compressible substrate performs bet-
ter than an almost incompressible material due to the lower strain energy contribution
associated with noise induced volumetric deformations. In TFM computations, noise leads to
an overestimation of mechanical energy in the substrate and increases additionally the overes-
timation of traction peaks (Fig 10). Under the assumption that the magnitude of the displace-
ment field noise is independent of the measurement resolution, the influence of noise on the
quality of the reconstruction increases strongly with the resolution, since the noise induced
fluctuations have shorter wavelength at high resolutions, resulting in higher local deformation
gradients. Noise at high resolutions has therefore to be handled with regularization schemes,
such as L1 or L2 regularization [23, 24] if traction stress peaks need to be resolved correctly.
Interestingly, the total reconstructed traction force exerted by the focal adhesions is markedly
less noise-sensitive, enhancing the conclusion that the FAs traction force, defined as an inte-
gral measure, is a much more reliable indicator of the mechanical interaction of the cell with
the substrate than traction stress peaks.

Conclusions

This study investigated in detail the mechanical analysis associated with TFM, allowing to assess
the importance and quantify the influence of several factors. We found that the errors in quanti-
tative TFM results can be significant and strongly depend on the displacement field resolution,
i.e. on the quantity of measurement locations within each FA. High resolution of the measured
displacement field increases the quality of the detected tractions integrated over the FA (i.e. the
traction force), but strongly aggravates the misestimation of traction peaks within an FA in pres-
ence of noise as well as without noise in the case of larger substrate deformation. The recon-
struction errors of the FA force and peak traction stress, inherent to TFM analyses have been
found to be dependent on both the resolution and the magnitude of traction stress, requiring a
careful assessment of TFM results when using these metrics to quantify the mechanical interac-
tion of a cell with a soft substrate. We found that a linearised treatment of the TFM problem per-
forms reasonably well for quasi-linear substrates in terms of traction force reconstruction also
for deformations beyond the linear regime. However, the use of non-incompressible and non-
linear stiffening substrates provides more reliable results and allows a higher quality in recon-
struction over a wider range of FA forces, but requires a nonlinear TFM solution algorithm.

In conclusion, experimental TFM setups and reconstruction algorithms need to be selected
with respect to the expected cell forces and substrate deformations. In this regard, platforms
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using both nonlinear substrates and analyses bring an advantage in terms of the range of appli-
cability and reliability of TFM.
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