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Movie S1: example of the biaxial cell stretcher working with equal stretching in the two directions
and with a triangularsignal. Thex and y stretchingdirections are in phase.

Movie S2: example of the biaxial cell stretcher working with equal stretchingin the two directions
and with a triangularsignal. The x and y stretchingdirections are 90° out-of-phase.

Movie S3: example of the reaction of a Human Cardiac Fibroblast (HCF) cell when the uniaxial

stretchingdirectionis rotated by 90° after it has remained for a long time (3h) under the effect of
a 10% cyclic stretching.
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Fig. S1: Example of the signals that can be delivered to the stretching devices: a) sinusoidal; b) triangular; c)
“almost” square (the rising time is the fastest we can reliably obtain).
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Fig. S2: details of the isotropic stretcher device. The device in the pictures is not endowed with the on-stage

incubator set-up, but the construction principle is the same.



Fig. S3: details of the PDMS support used for uniaxial stretching experiments. The quotes are in mm and the
images are taken from the CAD scheme. On the top-right, a 3D view of the milling operation is reported.
The g-code of the CAD designs are available on request

Fig. S4: details of the PDMS support used for biaxial stretching experiments. The quotes are in mm and the
images are taken from the CAD scheme. On the top-right, a 3D view of the milling operation is reported.
The g-code of the CAD designs are available on request



Fig. S5: details of the PDMS support used forisotropic stretching experiments. The quotes are in mm and
the images are taken from the CAD scheme. On the top-right, a 3D view of the milling operation is
reported. The g-code of the CAD designs are available on request.

Direction of zero strain in uniaxial stretching experiments

The direction corresponding to the zero deformation of the cells as a function of substrate strain
can be calculated considering a transformation from the x-y plane (we will assume that the
stretchingis without shear)to a polar coordinate system defined by the direction of a segment we
are considering, as shown in Figure S6.
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Figure S6: a) Scheme of the strategy adopted forthe calibration process. The two vectors dx; and dx;,
defining a triangle, are transformed into dX; and dX; defining the same triangle in the strained substrate; b)
scheme of the transition from Cartesian to polar coordinates and the relation among the corresponding
deformations of a segment.



The polar coordinates can be interpreted as a new Cartesian system with x’ along the direction of
the segment lpand y’ alongthe perpendiculardirection that correspondsto 0. The displacementsin
the two coordinate systems are connected by the following equations:

U, =u,.cosd —uysind  [S1]

u

y = Upsind + ugcosy  [S2]

where the transformation matrix Ris given by:

( cost sin19)

S3
—sin9 cos?9 531

We can find the elements of the strain matrix consideringthe following conversions:
Err = Exixr €99 = Eyiyr Erg = Exryr [S4]
and we can applythetransformationrule for the strain tensor:
g = ReRT [S5]

where

, Ex!x!  Ex'y Err Ery
€ =\err ey ]= [56]
xy Yy €r9 €99

Accordingly, we obtain:

(frr 81"19) _ ( cosV sim9) (Exx Sxy) (cosﬁ —sim?) [S7]

o €99/ \—sind cosd’ \Exy Eyy) \sind  cosd
Err = ExxCOS°D + £,,siN*Y + 2, sinYcosy  [S8]
99 = ExxSIN*Y + £,,c05%0 — 2€,, sindcosd  [S9]
£r9 = (£ — &xx)sindcosd + e, (cos?9 — sin?9)  [S10]
If we remind that we assumed thatthereis no shearin the transformation, the ¢,, termis given by:
Err = ExxCOS?Y + £, 5in%9  [S11]

The condition of zero strain in the r direction, if we consider the matrix describing the plane
deformation of the PDMS substrate, for a segment of initial length I,can also be written as:

%: Exx + (&) — Exx)SiN?0 = g4, [1 — (k + 1)sin?9] [S12]
0

where €, and g,y represent the relative deformation of the substrate in the x and y directions,
respectively, O is the angle defining the direction with respect to the direction of main stretching
and k is the ratio — €,,/e«. The condition of zero strain requires:

1—(k+1)sin*9 =0 [S13]

) 1 1 Exx
Vzero strain = Aresin k+1 = arctg E =arctg _a [514’]
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Fig. S7: To help visualizing the displacement, here we show a Particle Image Velocimetry (PIV) analysis
performed using an open access plugin for Imagel [https://sites.google.com/site/gingzongtseng/piv], in a
slightly modified version of its “Multi-slice PIV” functionality, in order to reconstruct the progression of the
bead displacement compared to their initial position.
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Fig. S8: FreeCad design of the PDMS substrate for the uniaxial stretcher device.

Calibration of the biaxial stretcher device

The experimental calibration of the biaxial stretcher was carried out following two different
operational modes: the one-axis-only mode, which required the application of a deformation along
only one axis (either the x axis or the y), and the equibiaxial mode, which required the application
of a deformation along both axes of the stretcher device to an equal extent. In Fig S9 the strain



components of the one-axis-only calibration with deformation occurring along the x and y axis are
shown. Table S1 summarizes all the relevant parameters obtained at the experimentally relevant
condition of 100 steps: the results are in agreement with the 90° symmetry of the setup, which is
exemplified in the schematic appended on the right of the table. For the equibiaxial calibration,
considering an almost isotropic configuration, a radial strain was roughly calculated as (L - Lo)/Lo
with Ly being the distance of the beads of interest from a fixed origin point at 0 steps and L the
distance of the same beads at the various steps (Fig. S10). Fig. S11 reports the progression of the
radial strain as the number of stepsimposed by the stepper motorsincreases, highlighting the good
level of homogeneity achieved. At 100 steps the radial strain value amounts to (8.9 £ 0.9)%. Further
deformation of the PDMS substrate at higher steps might produce creases in the clamping sites,
eventually tearing the polymer. The FEM simulations followed the same settings adopted for the
experimental calibration, either deforming the PDMS substrate along one axis only (one-axis only
mode) or along both axes (equibiaxial mode) (see Fig. S12). The results from the simulations, after
imposing a ~2.04 mm displacement per side (equivalent to 100 steps) along the proper axis are
plotted in Fig. S13 and Fig. S14. The overall strain value considering a single axis obtained in the
center of the PDMS substrate, for L=0.1 cm, isin the 10-12% range for both modes; €= 8.35 + 0.04%
for the one-axis only and € = 16.68 + 0.07% for the equibiaxial mode. Considering that the overall
strain, i.e. an areal strain, should be equivalent to twice the radial strain, the two values are
consistent ((8.9 £ 0.9)% vs (16.68 + 0.07)%). The B¢ strain Value for the one-axis stretching mode is
(25.0 £ 0.2)° for the one-axis only mode. In the case of the equibiaxial strain mode thereis not a zero
value for the strain, but a minimum value is obtained by the FEM analysis and it corresponds to
versus (45.3 £ 0.1)°. A compact representation of the strain modulus and minimum (zero strain in
the case of the one-axis only) strain direction achieved by the FEM simulations in the two
configurations is given in Fig. S15. Table S2 compares the values of € and O stin for both
experimental and simulated calibration of the biaxial stretcher.

Figure S9: Strain components from experimental calibration in the one-axis only mode, along the a) x axis

and b) y axis.
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Figure S10: a) z-projection of the nanobeads on the PDMS surface being displaced by the stepper motors.
The fixed origin point is located in the center of the image. b) Scheme representing the distances L and Lo.
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Fig. S11: Evolution of the radial strain as a function of the number of steps applied by the stepper motors
(equibiaxial mode).
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Fig. S12: FreeCad design of the PDMS substrate forthe biaxial stretcher device.



16 10 30
124 e
e o o o o ® & & § * c
. 9 S 254 .o
g : o Hii]
- - S o
c L o
B 41 e ¢ -% AL i % } -E
7] & 9 8 201
0 7]
o
am = = = = m ®w § & ¥ ©
4 T T ' T T T 7 . T . T T " N 15 : . T T T T
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
L (cm) L (cm) L (cm)

Fig. S13: Data from the FEM simulation of the biaxial PDMS (one-axis only) substrate at increasing values of

L: a) &x and gy; b) overall strain; c) B,erostrain- In @), @ small schematic representation of the region of interest
of variable area = (2L)%
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Fig. S14: Data from the FEM simulation of the biaxial PDMS (equibiaxial) substrate at increasing values of L:
a) & and gyy; b) overall strain; ¢) B.erostrain-
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Figure S15: Map of the strain overlaid with the minimum strain direction (black arrows) obtained while
deforming the biaxial PDMS substrate along one axis only (a) and along both the x and y axes (b).
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Table S1: Comparison of the strain values and directions of interest at 100 steps during the one-axis-only
experimental calibration. On the right, a simple scheme to help with the interpretation of the values
reported in the Table

One-axis only Equibiaxial
el REED FEM simulation Experimental ) )
) ) . FEM simulation
(y axis only) calibration
X y
5 10 £2% 10+1% 8.35 + 0.04% 8.9+0.9% 16.68 +0.07
v inii i 22 £10° 113 £ 4° 25.0 £0.2° / 453 +0.1°
zero/mmlmum strain 62 i- 110 154 i 6° . - . . Xz .

Table S2: Comparison between experimentally relevant data from the experimental calibration (at 100
steps) and the FEM simulation (applying a deformation of 2.04 mm per side).

Calibration of the isotropic stretcher device

Theimages of theisotropicstretcher calibration were processed with the procedure adopted
forthe equibiaxial mode of the biaxial stretcher, consideringalso, inthis case, the expected isotropic
symmetry. In Figs. S16a,b the z-projection of the movement of the beads while being displaced, is
reported alongside the radial strain, calculated as (L-Lo)/Loas the number of stepsis beingincreased.
Fig. S6c reports the mean radial strain obtained from the data shown in Fig. S16b; at 80 steps of the
stepper motor, the effective strain achieved in the central region of the PDMS substrateis close to
(10 £ 2)%. The corresponding results, as obtained from the FEM simulation performing the
deformation of the FreeCad design of the substrate (Fig. S17) are presented in Fig. S18. We can



observe a constant behavior of overall strain while the L value is being increased (which here
represents the radius of the region of interest) confirming a high degree of homogeneity of the
strain across the PDMS surface. In Fig. S20c the overall strain is exhibited as a contour map,
highlighting a wide central area where the strain is uniform. The radial strain obtained
experimentally and the overall strain, given by &, + €,,, obtained from the simulation, both at 80
steps, corresponding to a deformation of 2.04 mm to each clamping site, for L = 0.1 cm are (10 +
2)% and (16.51 + 0.01)%, respectively: the data are in good agreement consideringthe relationship
between the radial strainand the overall (areal) strain. The small difference between the two values
could be due to the simplified assumptions for the substrate clamping regions during the FEM
simulation.
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Figure S16: a) z-projection of the nanobeads adsorbed on the PDMS surface being stretched by the stepper
motor; b) Radial strain evolution; c) mean value of the radial strain as a function of the number of steps
applied by the stepper motor.

Fig. S17: FreeCad design of the PDMS substrate forthe isotropic stretcher device.
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Fig S18: Data from the FEM simulation of the isotropic PDMS substrate at increasing values of L. a) &, and

&yy; b) overall strain; c) contour map of the overall strain.
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Figure S19: Effect of cyclic stretching on cell migration. a) rose plot for Balb-3T3 cells migrating on a static
PDMS support; b) rose plot of Balb-3t3 cells on a PDMS substrate undergoing cyclic stretching with a
triangular signal 10% amplitude, 1 Hz. Modified from [30] [Ragazzini G, Guerzoni J, Mescola A, Di Rosa D,

Corsi L and Alessandrini A 2021 A Fully Integrated Arduino-Based System for the Application of Stretching

Stimuli to Living Cells and Their Time-Lapse Observation: A Do-lt-Yourself Biology Approach, Ann. Biomed.

Eng. 49 2243-59]



