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Supplementary Movie Files 37 

 38 

Supplementary Movie 1 HMSCs on soft substrates with a Young’s modulus of 39 

approximately 1.6 kPa. hMSCs exhibit minimal migration on soft substrates with a 40 

Young’s modulus of ~1.6 kPa.  41 

 42 

Supplementary Movie 2 HMSCs on rigid substrates with a Young’s modulus of 43 

approximately 13.0 kPa. hMSCs migrate efficiently on rigid substrates with a Young’s 44 

modulus of ~13.0 kPa. 45 

 46 

Supplementary Movie 3 HMSCs on PYP hydrogels with fast cyclic rigidity changes 47 

(1 min on/off). hMSCs exhibit rapid migration under cyclic rigidity changes with 1-min 48 

cycles. 49 

 50 

Supplementary Movie 4 HMSCs on PYP hydrogels with cyclic rigidity changes (5 51 

min on/off). hMSCs migrate rapidly under cyclic rigidity changes with 5-min cycles. 52 

 53 

Supplementary Movie 5 HMSCs on PYP hydrogels with slow cyclic rigidity changes 54 

(10-min on/off). No significant changes in migration are observed under cyclic rigidity 55 

changes with 10-min cycles. 56 

 57 

Supplementary Movie 6 HMSCs on soft substrates with a Young’s modulus of 58 

approximately 2.2 kPa. hMSCs exhibit minimal migration on soft substrates with a 59 

Young’s modulus of ~2.2 kPa. 60 

 61 

Supplementary Movie 7 HMSCs on polyacrylamide hydrogels (PA gels, Young's 62 

modulus ~2.2 kPa). Cyclic illumination has no impact on cell migration on photo-63 

insensitive PA gels. 64 

 65 

Supplementary Movie 8 HMSCs on PYP hydrogels with fast cyclic rigidity changes 66 

for the first 6 hours, followed by static rigidity in the final 6 hours. Cell migration slows 67 

down after the cessation of fast cyclic rigidity changes. 68 

 69 

Supplementary Movie 9 HMSCs on PYP hydrogels with fast cyclic rigidity changes, 70 

supplemented with a Rac1 inhibitor. The inhibition of Rac1 results in a significant 71 

reduction in cell migration on dynamically changing substrates. 72 

 73 

Supplementary Movie 10 HMSCs on PYP hydrogels with fast cyclic rigidity changes, 74 

supplemented with latrunculin A. The inhibition of actin polymerization by latrunculin 75 

A leads to a marked reduction in cell migration on dynamic substrates. 76 

 77 

Supplementary Movie 11 HMSCs on PYP hydrogels with fast cyclic rigidity changes, 78 

supplemented with β1-integrin blocking. The blockade of β1-integrin results in a 79 

significant reduction in cell migration on dynamic substrates. 80 
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 81 

Supplementary Movie 12 Actin retrograde flow dynamics of hMSCs on PYP 82 

hydrogels with fast cyclic rigidity changes (1 min on/off). 83 

 84 

Supplementary Movie 13 Actin retrograde flow dynamics of hMSCs on rigid 85 

substrates with a Young’s modulus of approximately 13.0 kPa. 86 

 87 

Supplementary Movie 14 Actin retrograde flow dynamics of hMSCs on soft substrates 88 

with a Young’s modulus of approximately 2.2 kPa and 1.6 kPa. 89 

 90 

Supplementary Movie 15 Focal adhesion dynamics of hMSCs on PYP hydrogels with 91 

fast cyclic rigidity changes (1 min on/off). 92 

 93 

Supplementary Movie 16 Focal adhesion dynamics of hMSCs on rigid substrates with 94 

a Young’s modulus of approximately 13.0 kPa. 95 

 96 

Supplementary Movie 17 Focal adhesion dynamics of hMSCs on rigid substrates with 97 

a Young’s modulus of approximately 2.2 kPa. 98 

 99 

Supplementary Movie 18 Focal adhesion dynamics of hMSCs on rigid substrates with 100 

a Young’s modulus of approximately 1.6 kPa. 101 

 102 

Supplementary Movie 19 HMSCs overexpressing Talin on PYP hydrogels with fast 103 

cyclic rigidity changes. hMSCs overexpressing Talin shift to a mesenchymal migration 104 

mode on dynamic soft substrates. 105 

 106 

Supplementary Movie 20 HMSCs on PYP hydrogels with fast cyclic rigidity changes, 107 

supplemented with non-phototoxic Blebbistatin inhibitors. Inhibition of myosin II 108 

activity with Blebbistatin significantly reduces cell migration on dynamic substrates. 109 

 110 

Supplementary Movie 21 HMSCs on PYP hydrogels with fast cyclic rigidity changes, 111 

with a larger softening amplitude from the rigid state. Cells exhibit faster migration 112 

speed, shorter elongation duration, and higher snap-back frequency during migration. 113 

  114 
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 115 

Table S1. Model parameters. 116 

 117 

Parameter Meaning Value Ref 

𝑛𝑐 Initial number of 

integrin 

75 David J. Odde, 

Science, 20081 

𝑟𝑜𝑛
0  Binding rate 1 𝑠−1 David J. Odde, 

Science, 20081 

𝑟𝑜𝑓𝑓
0  

Zero force dissociation 

rate 

0.1 𝑠−1 David J. Odde, 

Science, 20081 

𝐹𝑐𝑟 Threshold 

reinforcement force 

3 𝑝𝑁 Gong, Z, PNAS, 

20182 

𝛼 Integrin density 

increment rate 

0.2 𝑝𝑁−1 Gong, Z, PNAS, 

20182 

𝐹𝑏 Characteristic breakage 

force 

2 𝑝𝑁 David J. Odde, 

Science, 20081 

𝑉𝑟 Retrograde flow 

velocity 

120 𝑛𝑚 ∙ 𝑠−1 David J. Odde, 

Science, 20081 

𝑘𝑐 Stiffness of clutch 5 𝑝𝑁 ∙ 𝑛𝑚−1 David J. Odde, 

Science, 20081 

𝑘𝑠 Stiffness of ECM 1.6~2.2 𝑘𝑃𝑎 This work (main 

independent variable). 

𝑅0 Cell radius before 

spreading 

(Just for calculating 𝑓𝑟) 

5 𝜇𝑚 Gong, Z, PNAS, 

20182 

𝑅𝑖 Initial cell radius 20 𝜇𝑚 Gong, Z, PNAS, 

20182 

𝑘𝑚 Effective stiffness of 

cytoskeleton 

0.1 𝑝𝑁 ∙ 𝑛𝑚−1 Gong, Z, PNAS, 

20182 

𝜂𝑚 Effective viscosity of 

cytoskeleton 

100 𝑝𝑁 ∙ 𝑠 ∙ 𝑛𝑚−1 Gong, Z, PNAS, 

20182 

ℎ Thickness of 

lamellipodium 

200 𝑛𝑚 Gong, Z, PNAS, 

20182 

𝑉𝑝 Polymerization speed 127 𝑛𝑚 ∙ 𝑠−1 Based on Gong, Z, 

PNAS, 20182 

𝑘𝑒 Engage speed of 

integrin 

3.75 ∙ 10−6 𝑚𝑠−1 Based on Cheng, B, 

Sci Adv, 20203 

 118 
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 122 

Figure S1 Time series of images of hMSCs on static soft PYP hydrogel (Young's 123 
modulus of ~1.6 kPa). The far-right panel shows the trajectories of ~20 randomly 124 
selected migrating cells under the condition over 12 hours. Times are indicated in 125 
hour:minute:second. Scale bar is 50 µm for all panels. 126 
 127 
  128 
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 131 

Figure S2 Time series of images of hMSCs on static rigid PYP hydrogel (Young's 132 
modulus of ~13.0 kPa). The far-right panel shows the trajectories of ~20 randomly 133 
selected migrating cells under the condition over 12 hours. Times are indicated in 134 
hour:minute:second. Scale bar is 50 µm for all panels. 135 
 136 
  137 
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 138 
 139 

Figure S3 (a-b) Rheological characterization of the storage modulus (G') and loss 140 
modulus (G'') of the PYP hydrogel under cyclical switching between dark and light 141 
conditions (1 min on/off). The complete dataset (a) from the 12-hour experiment, 142 
demonstrating the stability and reversibility of the hydrogel's mechanical response. 143 
Zoomed-in views (b) highlighting the detailed, synchronized modulation of G' and G'' 144 
during representative intervals at the beginning and end of the test period. (c) Young’s 145 
modulus distributions of the PYP hydrogel under dark conditions and with light 146 
illumination. The curves correspond to fittings by Gaussion distribution. n=500 force-147 
deformation traces were collected for each set of data. The approaching curves were 148 
fitted to the Hertz model to obtain the Young’s modulus of each indentation point. 149 
(d) AFM nanoindentation characterization of the Young’s moduli of the PYP hydrogels 150 
in response to cyclic blue light illumination (1 min on/off). n=20 force-deformation 151 
traces were collected for each set of data. The approaching curves were fitted to the 152 
Hertz model to obtain the Young’s modulus of each indentation point. Data are 153 
presented as mean values +/- standard deviation. 154 
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 156 
 157 

Figure S4 (a-b) Representative AFM force vs. extension traces for soft (a) and rigid (b) 158 
hydrogels and fittings by the Hertz model. (c) Stress relaxation curves of the PYP 159 
hydrogel under dark conditions and with light illumination by rheological 160 
characterization. 161 
 162 
  163 
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 165 
 166 

Figure S5 (a) Normalized volume comparison of PYP hydrogel under dark conditions 167 
and with light illumination. In a, each from 10 independent experiments, * represents p 168 
< 0.1. p = 0.092, unpaired, two-tailed t-test; in b, n.s. represents p > 0.1, p = 0.52, 169 
unpaired, two-tailed t-test. Data are presented as mean values +/- standard deviation. 170 
(b-c) Normalized RGD intensity comparison of PYP hydrogel under dark conditions 171 
and with light illumination. Scale bar is 50 µm for all panels. In b, each from 10 172 
independent experiments. Data are presented as mean values +/- standard deviation. 173 
 174 
  175 
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 178 

Figure S6 Time series of images of hMSCs on photo-insensitive polyacrylamide 179 
hydrogels (PA gel, Young's modulus of ~2.2 kPa). The far-right panel shows the 180 
trajectories of ~20 randomly selected migrating cells under the condition over 12 hours. 181 
Times are indicated in hour:minute:second. Scale bar is 50 µm for all panels. 182 
 183 
  184 
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 187 

Figure S7 Viability of hMSCs seeded on PYP hydrogels under six different conditions 188 
for 48 h: (1) cultured on PYP hydrogels in dark; (2) cultured on PYP hydrogels under 189 
continuous blue light illumination; (3) cultured on PYP hydrogels upon cyclic 190 
illumination: 1 min on/off (transitioning between 2.2 kPa and 1.6 kPa); (4) cultured on 191 
PYP hydrogels upon cyclic illumination: 5 min on/off (transitioning between 2.2 kPa 192 
and 1.6 kPa); (5) cultured on PYP hydrogels upon cyclic illumination: 30 min on/off 193 
(transitioning between 2.2 kPa and 1.6 kPa); (6) cultured on PA hydrogels upon cyclic 194 
illumination: 1 min on/off (static Young's modulus of ~2.2 kPa). Cell Counting Kit-8 195 
(1:10, KeyGen) was added to the culture medium. Then, the samples were analysed by 196 
a multimode microplate reader (Tecan, Infinite F50). Each from 10 independent 197 
experiments; n.s. represents p > 0.1, p = 0.75, 0.96, 0.79, 0.85, and 0.97 from left to 198 
right, unpaired, two-tailed t-test. Data are presented as mean values +/- standard 199 
deviation. 200 
 201 
  202 
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 205 

Figure S8 Cell area of individual hMSCs on the indicated PYP hydrogels prepared with 206 
different mechanical properties. Since the periodic changes in different cells do not 207 
occur at the same time, averaging these cell data would result in a flat line without 208 
significant fluctuations. Therefore, instead of averaging, extensive single-cell data were 209 
provided to better illustrate the morphological changes across individual cells. 210 
 211 
  212 
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 215 

Figure S9 Circularity of individual hMSCs on the indicated PYP hydrogels prepared 216 
with different mechanical properties. Since the periodic changes in different cells do 217 
not occur at the same time, averaging these cell data would result in a flat line without 218 
significant fluctuations. Therefore, instead of averaging, extensive single-cell data were 219 
provided to better illustrate the morphological changes across individual cells. 220 
 221 
  222 
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 225 

Figure S10 Roundness of individual hMSCs on the indicated PYP hydrogels prepared 226 
with different mechanical properties. Since the periodic changes in different cells do 227 
not occur at the same time, averaging these cell data would result in a flat line without 228 
significant fluctuations. Therefore, instead of averaging, extensive single-cell data were 229 
provided to better illustrate the morphological changes across individual cells. 230 
 231 
  232 
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 235 

Figure S11 Instantaneous migration speed of individual hMSCs on the indicated PYP 236 
hydrogels prepared with different mechanical properties. Since the periodic changes in 237 
different cells do not occur at the same time, averaging these cell data would result in a 238 
flat line without significant fluctuations. Therefore, instead of averaging, extensive 239 
single-cell data were provided to better illustrate the morphological changes across 240 
individual cells. 241 
 242 
  243 
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 246 

Figure S12 The log-log MSD plot of hMSCs on the indicated PYP hydrogels prepared 247 
with different mechanical properties. n=204, 202 and 219 (1 min cycle, 5 min cycle, 248 
and 13.0 kPa) cells were examined, each from 3 independent experiments. The 249 
experimental data are shown as the mean values (points) +/- standard deviation (shaded 250 
region). 251 
 252 
  253 
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 256 

Figure S13 Coefficient of actin alignment of hMSCs on substrate with fast cyclic 257 
rigidity change and on static substrates (Young's modulus of ~13.0 kPa, 2.2 kPa, and 258 
1.6 kPa). Coefficient of actin alignment under the 1-min cycles was significantly higher 259 
than that under static conditions. n=210, 203, 214 and 212 (2.2 kPa, 1.6 kPa, 13.0 kPa, 260 
and 1 min cycle) cells were examined, each from 3 independent experiments; *** 261 
represents p < 0.01, n.s. represents p > 0.1, p = 1.4E-118, 6.8E-20, and 0.23 from left 262 
to right, unpaired, two-tailed t-test. 263 
 264 
 265 
  266 
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 268 
 269 
Figure S14 The effects of Rac1 inhibitors NSC23766 (–Rac) on the Rac1 level, as 270 
indicated by immunofluorescence. (a) Representative fluorescent images and (b) 271 
Statistics of the integrin level with and without Rac1 inhibitors NSC23766 (–Rac). The 272 
hMSCs were cultured for 12 h on glass with or without Rac1 inhibitors NSC23766 (10 273 
μM) in the culture media. Scale bar is 50 µm. In b, n=197 and 198 (Ctrl and –Rac) cells 274 
were examined, each from 3 independent experiments; *** represents p < 0.01, p = 275 
7.1E-204, unpaired, two-tailed t-test. 276 
 277 
  278 
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 281 

Figure S15 Time series of images of hMSC migration on PYP hydrogels with fast 282 
cyclic rigidity change with addition of latrunculin A (100 nM, +Lat. A). The far-right 283 
panel shows the trajectories of ~20 randomly selected migrating cells under the 284 
condition over 12 hours. Times are indicated in hour:minute:second. Scale bar is 50 µm 285 
for all panels. 286 
 287 
  288 
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 291 

Figure S16 Recruitment of integrin of hMSCs on substrate with fast cyclic rigidity 292 
change and on static substrates (Young's modulus of ~13.0 kPa, 2.2 kPa, and 1.6 kPa), 293 
as indicated by immunofluorescence. (a) Representative fluorescent images and (b) 294 
Statistics of the integrin level under different conditions. Scale bar is 50 µm. In b, n=202, 295 
201, 207 and 208 (2.2 kPa, 1.6 kPa, 13.0 kPa, and 1 min cycle) cells were examined, 296 
each from 3 independent experiments; *** represents p < 0.01, n.s. represents p > 0.1, 297 
p = 0.12, 4.5E-88, and 0.24 from left to right, unpaired, two-tailed t-test. 298 
 299 
  300 
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 303 
Figure S17 The effects of β1-integrin blocking (–β1) on the integrin level and the FA 304 
area, as indicated by immunofluorescence. (a) Representative fluorescent images and 305 
(b) Statistics of the integrin level with and without β1-integrin blocking. (c) 306 
Representative fluorescent images and (d) Statistics of the FA area with and without 307 
β1-integrin blocking on glass substrates. The hMSCs were cultured for 12 h on glass 308 
with or without β1-integrin blocking (5 μg ml–1) in the culture media. Scale bar is 50 309 
µm. In b, n=200 and 211 (Ctrl and –β1) cells were examined, each from 3 independent 310 
experiments, *** represents p < 0.01, p = 1.3E-182, unpaired, two-tailed t-test. In d, 311 
n=217 and 210 (Ctrl and –β1) cells were examined, each from 3 independent 312 
experiments, *** represents p < 0.01, p = 1.6E-195, unpaired, two-tailed t-test. 313 
 314 
  315 
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 318 

Figure S18 Focal adhesion dynamics of hMSCs on static substrates (Young's modulus 319 
of ~2.2 kPa, and 1.6 kPa), quantified through FRAP assays. In a-b, n= 193 and 191 (2.2 320 
kPa and 1.6 kPa) cells were examined, each from 3 independent experiments. Data are 321 
presented as mean values +/- standard deviation. 322 
 323 
  324 
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 327 

Figure S19 Deformation fields of hMSCs on static soft (Young's modulus of ~2.0 kPa) 328 
and rigid (Young's modulus of ~13.0 kPa) PYP hydrogels and on PYP hydrogel with 329 
rapid cyclic rigidity change (transitioning between 2.2 kPa and 1.6 kPa, 1 min on/off). 330 
Scale bar is 50 µm. 331 
 332 
  333 



24 
 

 334 

 335 

 336 

Figure S20 Quantification of cell adhesion forces polarity on the two sides from 337 
hMSCs on the indicated PYP hydrogels with fast cyclic rigidity change and on static 338 
rigid substrates (Young's modulus of ~13.0 kPa). n= 193 and 196 (1 min cycle and 13.0 339 
kPa) cells were examined, each from 3 independent experiments, *** represents p < 340 
0.01, p = 1.3E-37, unpaired, two-tailed t-test. 341 
 342 
  343 
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 346 

Figure S21 The pMyosin IIa level on F-actin and in cytoplasm on the indicated PYP 347 
hydrogels prepared with different mechanical properties, along with Pearson's 348 
correlation coefficient analysis of pMyosin IIa and F-actin colocalization, as assessed 349 
by immunofluorescence imaging. n=213, 219 and 205 (2.2 kPa, 1.6 kPa, and 1 min 350 
cycle) cells were examined, each from 3 independent experiments; *** represents p < 351 
0.01, n.s. represents p > 0.1, p = 0.17, 9.8E-119, 0.14, 1.8E-48, 0.11 and 2.9E-156 from 352 
left to right, unpaired, two-tailed t-test. 353 
 354 
 355 
  356 
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 359 

Figure S22 Mechnosignalling protein pFAK and pMLC level of hMSCs on substrate 360 
with fast cyclic rigidity change (transitioning between 2.2 kPa and 1.6 kPa, 1 min on/off) 361 
and on static substrates (Young's modulus of ~13.0 kPa, 2.2 kPa, and 1.6 kPa), as 362 
indicated by immunofluorescence. (a) Representative fluorescent images and (b) 363 
Statistics of mechnosignalling protein pFAK. (c) Representative fluorescent images and 364 
(d) Statistics of mechnosignalling protein pMLC. Scale bar is 50 µm. In b, n=207, 203, 365 
218 and 222 (2.2 kPa, 1.6 kPa, 13.0 kPa, and 1 min cycle) cells were examined, each 366 
from 3 independent experiments; *** represents p < 0.01, ** represents p < 0.1, p = 367 
1.1E-189, 4.4E-138 and 0.011 from left to right, unpaired, two-tailed t-test. In d, n=219, 368 
217, 211 and 225 (2.2 kPa, 1.6 kPa, 13.0 kPa, and 1 min cycle) cells were examined, 369 
each from 3 independent experiments; *** represents p < 0.01, n.s. represents p > 0.1, 370 
p = 6.6E-136, 1.2E-189 and 0.73 from left to right, unpaired, two-tailed t-test. 371 
 372 
  373 



27 
 

 374 

 375 

 376 

Figure S23 The phosphorylation levels of Myosin IIa, FAK, and MLC of hMSCs on 377 
substrate with fast cyclic rigidity change (transitioning between 2.2 kPa and 1.6 kPa, 1 378 
min on/off) and on static substrates (Young's modulus of ~13.0 kPa, 2.2 kPa, and 1.6 379 
kPa), as indicated by Western blotting. The phosphorylation level under the 1-min 380 
cycles was significantly higher than that under static conditions (Young's modulus of 381 
~13.0 kPa, 2.2 kPa, and 1.6 kPa). In b, data are presented as mean values +/- standard 382 
deviation, each from 5 independent experiments; *** represents p < 0.01, n.s. 383 
represents p > 0.1, p = 0.76, 0.0058, 0.0093, 0.77, 0.0067, 0.0078, 0.77, 0.0038, 0.0078, 384 
0.90, 0.84 and 0.98 from left to right, unpaired, two-tailed t-test.  385 
 386 
  387 
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 390 

Figure S24 The effects of transfecting hMSCs with the OE Talin plasmid on Talin level, 391 
as indicated by Western blotting and immunofluorescence. (a) Representative Western 392 
blots and (b) Statistics of Talin; In b, data are presented as mean values +/- standard 393 
deviation, each from 3 independent experiments; *** represents p < 0.01, n.s. 394 
represents p > 0.1, p = 0.0037 and 0.86 from left to right, unpaired, two-tailed t-test. (c) 395 
Representative fluorescent images and (d) Statistics of Talin. The results show that Talin 396 
is overexpressed in hMSCs transfected with the OE Talin plasmid. Scale bar is 50 µm. 397 
In d, n=181 and 183 (Ctrl and OE Talin) cells were examined, each from 3 independent 398 
experiments, *** represents p < 0.01, p = 2.0E-222, unpaired, two-tailed t-test. 399 
 400 
  401 
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 404 

Figure S25 Quantitative analysis of hMSC migration on soft PYP hydrogels with rapid 405 
cyclic rigidity changes, comparing conditions with Talin overexpression (OE Talin) and 406 
without (1 min cycle). (a) Quantitative analysis of cell migration directions. (b) 407 
Quantitative analysis of Myosin IIb intensity polarity across the two sides of hMSCs. 408 
n=202 and 205 (1 min cycle and OE Talin) cells were examined, each from 3 409 
independent experiments, *** represents p < 0.01, p = 1.7E-93, unpaired, two-tailed t-410 
test. 411 
 412 
  413 



30 
 

 414 

 415 

 416 

Figure S26 Average migration distance of hMSCs on substrates with fast cyclic rigidity 417 
changes, halving the actin polymerization rate (+Lat. A) and reducing the number of 418 
clutches (–β1) in the experiments and simulations. n=204, 186 and 181 (Ctrl, +Lat. A, 419 
and –β1) cells were examined, each from 3 independent experiments. The experimental 420 
data are presented as the mean values (points) +/- standard deviation (shaded region); 421 
the simulation results are shown as the mean values (solid line). 422 
 423 
  424 
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Figure S27 Mean square displacement (MSD) of hMSCs on substrates with fast cyclic 428 
rigidity changes, halving the actin polymerization rate (+Lat. A) and reducing the 429 
number of clutches (–β1) in the experiments and simulations. n=204, 177 and 176 (Ctrl, 430 
+Lat. A, and –β1) cells were examined, each from 3 independent experiments. The 431 
experimental data are presented as the mean values (points) +/- standard deviation 432 
(shaded region); the simulation results are shown as the mean values (solid line). 433 
 434 
  435 



32 
 

 436 
 437 

 438 
 439 
Figure S28 Actin flow speed of hMSCs on substrates with fast cyclic rigidity changes 440 
(1 min cycle) in the experiments and simulations. n=180, 214, 206, 190 and 179 (0 h, 441 
0.5 h, 1 h, 3 h, and 6 h) cells were examined, each from 3 independent experiments. 442 
The simulation results are shown as the mean values (solid line) +/- standard deviation 443 
(shaded region), which reflects the predicted variability. The experimental data are 444 
presented as the mean values (points) +/- standard deviation (error bars). 445 
 446 
  447 
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 450 

Figure S29 Average migration speed of hMSCs on substrates with fast cyclic rigidity 451 
changes with different softening amplitude from the rigid state (28% and 40% of the 452 
rigid state) predicted by our simulation and validated by experiments. n=204 and 213 453 
(28% and 40%) cells were examined, each from 3 independent experiments, *** 454 
represents p < 0.01, p = 1.8E-116, unpaired, two-tailed t-test. 455 
 456 
  457 
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 459 
 460 
Figure S30 (a) Quantitative analysis of directions of cell migration on substrate with 461 
fast cyclic rigidity change with 40% softening amplitude from the rigid state 462 
(transitioning between 2.2 kPa and 1.3 kPa, 1 min on/off). (b) The log-log MSD plot of 463 
hMSCs on substrates with fast cyclic rigidity changes with different softening 464 
amplitude from the rigid state (28% and 40% of the rigid state) predicted by our 465 
simulation and validated by experiments. The experimental data are presented as mean 466 
values (points) +/- standard deviation (shaded region). (c) Quantitative analysis of 467 
direction autocorrelation of cell migration on substrate with fast cyclic rigidity change 468 
with different softening amplitude from the rigid state (28% and 40% of the rigid state). 469 
Data are presented as mean values (central line) +/- standard deviation (shaded region). 470 
In all panels, n= 204 and 213 (28% and 40%) cells were examined, each from 3 471 
independent experiments. 472 
 473 
  474 
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 477 
Figure S31 Uncropped blots. 478 
 479 
  480 
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 482 
 483 
Figure S32 Simulation results with associated predictive variability. 484 
(a-b) Average migration distance and MSD of hMSCs on substrates prepared with 485 
different mechanical properties over 12 h, predicted by our simulation. (c-d) Average 486 
migration distance and MSD of hMSCs on substrates with fast cyclic rigidity changes 487 
over 12 h, slowing the actin polymerization rate (–Rac) and lowering the number of 488 
motors (–pMyosin), predicted by our simulation. (e-f) Cell elongation, average 489 
migration distance and MSD of hMSCs on substrates with fast cyclic rigidity changes 490 
with different softening amplitude from the rigid state (28% and 40% of the rigid state), 491 
predicted by our simulation. (g-i) Average migration distance and MSD of hMSCs on 492 
substrates with fast cyclic rigidity changes, halving the actin polymerization rate (+Lat. 493 
A) and reducing the number of clutches (–β1), predicted by our simulation. In all panels, 494 
the simulation results are presented as mean values (central line) +/- standard deviation 495 
(shaded region), calculated from 200 independent simulation runs. 496 
 497 
  498 



37 

 

 499 

Reference 500 

 501 

1 Chan, C. E. & Odde, D. J. Traction Dynamics of Filopodia on Compliant Substrates. Science 502 

322, 1687-1691 (2008). https://doi.org/doi:10.1126/science.1163595 503 

2 Gong, Z. et al. Matching material and cellular timescales maximizes cell spreading on 504 

viscoelastic substrates. Proc Natl Acad Sci U S A 115, E2686-e2695 (2018). 505 

https://doi.org/10.1073/pnas.1716620115 506 

3 Cheng, B. et al. Nanoscale integrin cluster dynamics controls cellular mechanosensing via 507 

FAKY397 phosphorylation. Sci Adv 6, eaax1909 (2020). 508 

https://doi.org/10.1126/sciadv.aax1909 509 

 510 

https://doi.org/doi:10.1126/science.1163595
https://doi.org/10.1073/pnas.1716620115
https://doi.org/10.1126/sciadv.aax1909



