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Prior experiments have subjected adherent cells to different deformations,
and recorded the critical strains and strain rates that are required for the
disassembly of stress fibers (SFs) and fluidization of the cells. Thus it is
interesting to explore the model predictions of these critical conditions, and
compare them with experimental measurements. In our Kelvin-Voigt-Myosin
(KVM) model, we will take the complete loss of tensile force in the SF, i.e.
σ = 0, to be the critical condition. Such a choice is motivated by experimental
observations that a stress fiber buckles and disintegrates after its pre-tension
is relaxed by compression (1, 2, 3). It is also consistent with two microscopic
effects. The first is the highly asymmetric load response of actin filaments:
they can sustain considerable tension but buckle easily under pico-newtons
of compression (4). The second is the enhanced detachment rate of myosin
motors due to loss of tensile force (5, 6) (cf. Eq. 5 of the main text).
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1 Model predictions

Motivated by experimental data, we have chosen to construct a phase dia-
gram in the strain–strain rate plane. Using the stretch-compress (SC) ma-
neuver of Eq. (10), we carry out a series of simulations by varying either
the total strain ε0 or the strain rate ε̇0 while holding the other constant. As
ε̇0 = 2ε0/T , this is accomplished by adjusting the period T . The outcome is
recorded as either fluidization or non-fluidization, depending on the sign of
the minimum tension. The boundary between the two regimes is depicted in
Fig. S1(a). Experimental observations suggest that fluidization occurs when
either ε0 or ε̇0 is high enough. Thus, one may have anticipated a sort of
compensation between them, and a negative slope for the boundary in the
(ε0, ε̇0) plane. The model shows, however, a non-monotonic boundary with
a positive slope for large strain.

The key to understanding this behavior is to recognize that in our KVM
model, the force σ in the SF is affected by the relaxation of the myosin
apparatus. For a large strain ε0, σ grows so much during the stretching
phase (cf. Fig. 3a of the main text) that at its end (t = T/2), almost all
the m1 myosin motors have been converted to m2 (cf. Fig. 4a). As a re-
sult, myosin walking and relaxation become negligible according to Eq. (6),
and the myosin apparatus is essentially rigid. The subsequent compression,
therefore, is sustained almost entirely by the Kelvin-Voigt (KV) element. In
this regime, a larger ε0 implies a larger elastic tension from the KV element
at the end of stretch, which will protect the SF from disassembly during
the subsequent compression. Thus, a faster strain rate ε̇0 is required for
disassembly at larger strain ε0, and the slope of the boundary should be pos-
itive. To be more precise, we estimate the minimum tension at the start of
compression as σmin = GL0(εp + ε0) − ηL0ε̇0, where we have neglected the
strain sustained by the myosin apparatus. Setting σmin to zero then gives
us a critical condition for fluidization that is a straight line of positive slope
G/η in the (ε0, ε̇0) plane. This explains the right portion of Fig. S1(a); the
actual slope of the boundary is 0.173 s−1, reasonably close to the expected
G/η = 0.25 s−1. The difference is due to the sliding of the myosin motors. To
rationalize the negative slope for small ε0, we recognize that with decreasing
ε0, the myosin apparatus is more flexible with faster relaxation at the start
of compression. Thus, the KV element will suffer less strain, and fluidization
is achieved only with greater strain rate ε̇0. Hence the boundary takes on
a negative slope at the left portion of Fig. S1(a). Incidentally, most prior
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Figure S1: Critical conditions for SF disassembly depicted on the (ε0, ε̇0)
plane. For the experimental data, open symbols correspond to fluidization,
filled ones non-fluidization, and half-filled ones the critical condition. (a)
The SC maneuver; (b) The CS and CH maneuvers. Model prediction at a
lower Vm = 0.025 µm/s is also shown for comparison.

experiments fall within this portion (ε̇ < 0.1), and thus exhibit fluidization
when either ε0 or ε̇0 is high enough.

The critical conditions for compress-stretch (CS) and compress-hold (CH)
maneuvers also present intriguing features (Fig. S1b). As the minimum ten-
sion (or largest compressive force) occurs during the compression phase of
both CS and CH, the critical condition is the same for both maneuvers.
Upon onset of compression, σ drops instantaneously to a local minimum
thanks to the viscous force (cf. Fig. 3b). As σ falls below σ0, the myosin
apparatus starts to contract to alleviate the compression on the KV ele-
ment, at a speed of (m1/mt)Vm(1 − σ/σ0) = 0.533Vm(1 − σ/σ0) according
to Eq. (6). Note that the equilibrium myosin ratio m1/mt = 0.533 holds
as there has not been enough time for the myosin populations to evolve.
Thus, for a small strain ε0, the critical condition for fluidization amounts to
σmin = GL0εp − η(L0ε̇0 − 0.533Vm) = 0. We have ignored the elastic force
due to compression because the strain ε0 is small. This predicts a critical
condition for small strain ε0:

ε̇0 = 0.533
Vm
L0

+
G

η
εp. (1)

For a large strain, on the other hand, the critical condition of σ = 0 amounts
to the myosin apparatus contracting at the zero-load speed of 0.714Vm (note
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m1/mt = 0.714 at zero load), with the KV element completely relaxed. This
gives a large-strain asymptote for the critical condition: ε̇0 = 0.714Vm/L0.
Both limits are on the strain rate alone, regardless of the strain. Thus, for
our parameters the model predicts a boundary that becomes flat at the left
and right, with a negative slope in between. This is borne out in Fig. S1(b)
by the boundaries at Vm = 0.075 and 0.025 µm/s; in each case, the small
and large strain limits agree with the above estimations to within 1%.

2 Comparison with experiments

The critical condition for fluidization has been a focus of experimental inves-
tigations, and some of the data can be compared with our model predictions.
So far, disassembly of stress fibers has been investigated under several type
of mechanical perturbations: compress-hold (CH) (1, 2), stretch-compress
(SC)(7, 8, 9), compress-stretch (CS) (9), and cyclic stretch (10, 11, 12, 13,
14, 15). Given sufficiently severe deformation (in terms of ε0 or ε̇0), all these
maneuvers have been shown to induce disassembly of stress fibers in the
direction of compression.

Figure S1(a) compares the predicted critical condition for the SC maneu-
ver with the experimental data of Chen et al. (9). Since the cyclic stretch
amounts to repeated cycles of the SC maneuver, its critical (ε0, ε̇0) map
should be essentially the same as that for the SC maneuver. Thus, we have
included the cyclic-stretching data of Tondon et al. (15) and Kaunas et al.
(10) as well. In these two data sets, we take the onset of SF alignment
in the orthogonal direction as indicative of stress fiber disassembly in the
stretching direction. First, note that all the data are for relatively small
strain, ε̇ ≤ 0.1, and thus cannot validate our prediction of a positive slope
for larger strains. Within this range, the data do suggest a boundary cor-
responding to the critical condition that has a negative slope, as predicted
by the model. Quantitatively, the predicted boundary is consistent with the
only data point for SC (9), but is considerably higher than that suggested
by the cyclic-stretch data.

Now we turn to the CS and CH maneuvers in Fig. S1(b). Again, the
experimental data of Chen et al. (9) is consistent with the predicted critical
condition; no fluidization occurs for ε0 = 0.1 and ε̇ = 0.05 s−1, a condition
below the theoretical curve. However, the CH experiments of Costa et al.
(1) and Sato et al. (2) have reported buckling or disassembly of SFs at lower
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strain rates of 0.02–0.03 s−1. The data of Costa et al. (1) suggest a bound-
ary with a negative slope, as predicted by the model, but the experimental
boundary is much below the model prediction.

Comparing the experiments cited in Fig. S1 and similar ones in the liter-
ature, one may divide them into two groups according to substrate rigidity:
experiments by Fredberg and colleagues (16, 7, 8, 9) have used very soft
substrates, typically collagen and polyacrylamide gels, with a Young’s mod-
ulus E up to 4 kPa, while all the other experiments (1, 2, 10, 15) have used
much stiffer silicone-rubber substrates with E on the order of MPa. It is well
known that substrate rigidity affects the cytoskeletal structure and mechani-
cal behavior of adherent cells (17, 18). As we have used Vm = 0.075 µm/s in
the model, a value matched to the excess tension in the soft-substrate exper-
iment of Trepat et al. (16) (Fig. 7), it is reasonable that the predicted critical
condition should agree with that of Chen et al. (9), another soft-substrate
experiment. Stiffer substrates induce a larger number of stress fibers in the
cell, larger traction forces and greater modulus of the whole cell (19, 20). In
turn, these should affect the myosin concentration and sliding speed. Un-
fortunately, it is difficult to represent such effects in the model, say through
Eq. (6), with any confidence. Assuming that the stiff substrates (1, 2, 10, 15)
engender a stiffer myosin apparatus and slower myosin relaxation, we have
computed the critical conditions for fluidization for a smaller characteristic
Vm = 0.025 µm/s. Plotted as a dashed line in Fig. S1(b), the slower myosin
relaxation does bring the model prediction closer to these stiff-substrate ex-
periments for the CS and CH maneuvers.

To sum up the comparison above, the model prediction agrees qualita-
tively, and in some cases semi-quantitatively, with experimentally measured
critical strains and strain rates for SF disassembly. Encouraging as it is, the
agreement should be considered preliminary and perhaps tentative, in view of
the uncertainty in the parameter Vm as well as the various assumptions that
have gone into the model. These need to be investigated more thoroughly in
future work.
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