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APPENDIX I: 

Calculation of the materials Young’s Modulus. 

We obtained a value of effective elastic modulus EM  using AFM force spectroscopy with a bead as an 

indenter which scales almost linearly with the pillar length. However cells apply traction forces to the 

surrounding ECM in the range between nN and pN (Balaban et al., 2001; Choquet et al., 1997; Cojoc et al., 

2007). From a mechanical point of view, this complex interaction is usually described as a shear exerted by 

cells to their surroundings; it is then not by accident that shear stress is the main player addressed in the 

majority of interpretation’s frame proposed in literature (Lemmon et al., 2005; du Roure et al., 2005; Tan et 

al., 2003). Under this assumption, a substrate composed by an array of nano or micro-pillars, is well 

described by considering each single pillar as a spring characterized with a bending constant given by: 

(1)                                                              
3

3

l

EI
kbend 

 

Where E is the bulk Young’s modulus of the used material, I is the inertial momentum of the pillar and l is its 

length. One could in this way calculate the actual bending stiffness of a pillar and design the right geometry 

to fit the forces exerted by the cell under analysis. For a given shape and lateral dimension of the base, 

which determines the value for I, a pillar has a stiffness scaling as 1/l3. Since the force applied by a cell (F) 

and the displacement of the pillar (δ) are linearly related ( bendkF  ), many of the studies published on 

measuring cellular forces proposed systems capable of tracking the displacement of the pillar applied by the 

cell adhering on it. Furthermore, in the frame of continuum mechanics, the right Cauchy-Green deformation 

tensor could be solved for pure bending, as proposed in (Ghibaudo et al., 2008), where they proposed a 

simpler formula (equation 2) to express an equivalent Young’s modulus (Eeff) of a substrate made by an array 

of pillar in terms of the bending constant: 

(2)                                                         a
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Where a is the radius of the contact area between the cell and the pillar. If we use this same model to predict 

the equivalent elastic modulus of our substrates, using for PDMS a value of E equal to 2 MPa, we obtain the 

following results: 

2a [nm] l [nm] Aspect ratio  Emeasured [MPa] kbend  [nN/µm] Eeff [MPa] 



b 
 

250 35 0,14 0,267 26819 155,552 

250 100 0,4 0,164 1150 7,225 

150 100 0,67 0,053 149 1,803 

200 160 0,8 0,049 115 1,14 

250 360 1,44 0,04 24,6 0,317 

150 340 2,27 0,026 3,8 0,148 

Table AI a: list of pillar geometrical characteristics: width (first column), height (second column); aspect ratio (third 

column), the measured effective elasticity (fourth column), the calculated kbend from equation 1 and the calculated Eeff 

applying the equation 2.  

 

At a first glance, it appears clearly the huge discrepancy between the calculated value of effective elastic 

modulus and the measured Eeff (see graph AI a). This is because not only the bending mechanism has to be 

accounted for the real stiffness of the substrates. As discussed by (Schoen et al., 2010) the total deflection of 

an elastic pillar is the sum of different contributions: bending and shear of the pillar, tilting and dislocation of 

the elastic base. Interestingly, each contribution scales with the aspect ratio of the pillar with a different 

power law. Bending, as already introduced, scale with 1/l3, while shear deformation scales with 1/l and the 

base tilting contribution with 1/l2. To take count of all of this contribution, it is possible to calculate the 

“effective spring constant” of a pillar as  

(3)                                                                         bendkcorrk 
 

where  

(4)                                                             

tiltshearbend

bendcorr





  

 Every coefficient is determined by the geometrical parameters of the pillar and by the properties of the 

material. Calculating this correction factor for the pillars, we obtained new values of Eeff reported in the table 

AI b. The evaluated moduli are plotted in graph AI a versus the pillar aspect ratio. 

Aspect Ratio (l/2a) 2a L Emeas [MPa] Ebending [MPa] Eshear [MPa] Eeff * CORR [MPa] 

0,14 250 35 0,267 153,7445 1,808 4,0589 

0,4 250 100 0,164 6,5918 0,6328 0,9908 

0,67 150 100 0,053 1,4238 0,3797 0,4122 



c 
 

0,8 200 160 0,049 0,8239 0,316 0,2891 

1,44 250 360 0,04 0,1413 0,1758 0,07908 

2,27 150 340 0,026 0,0362 0,1117 0,0253 

Table AI b: list of pillar geometrical properties: aspect-ratio, width, height; the measured EM by the AFM; Ebending and 

Eshear the calculation of pure banding and pure shear, and the Eeff calculated from the formula 1 and multiplied by the 

CORR coefficient..  

 

 

Graph AI a: Pillar Young’s modulus VS pillars aspect ratio The measured values of effective elastic modulus Emeas are 

represented in orange square, the calculated values are represented as blue diamond (with correction coefficient) and 

green dots (without correction coefficient) 

. 

The application of the CORR coefficient gives more realistic results, still far from what we had measured. 

Only in the case of the softer pillars, the calculated and the measure value are in very good agreement.  

The discrepancies found for the shorter pillars could be considered as the inadequate fit of the bending 

theory to the actual deformation behavior of the pillars. The literature here discussed uses pillars with higher 

aspect ratios than our case (almost all the data are related to structure with aspect ratio in the range 1-20) 

for which bending is the most favorable deformation process (table AI c): 
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d 
 

0,14 26820 315,4 

0,4 1150 110,4 

0,67 149 39,7 

0,8 115 44,1 

1,44 24,6 30,6 

2,27 3,8 11,7 

Table AI c: Bending and shear coefficient calculated for each pillar aspect-ratio  

For a given force applied by a cell, the most favorable deformation mechanism is determined by the spring 

constant: higher aspect ratios pillars are easily bended (lower bending constant equal to 3.79 nN/µm) while 

for very low aspect ratio bending is hard to achieve. Moreover, the different power law which describes the 

scaling of each factor with the aspect ratio, could account for more hard to calculate “exact” value of the 

expected effective Young’s modulus for pillars with intermediate aspect ratios (i.e. lower than 2), where the 

different contributions needs to be accounted.  
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