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1. The calculations of cell membrane stress  

When the cell membrane suffers a deformation, the relation between the stress of 

membrane and the change of membrane area can describe as1-3:  

     a0b00 8ln KkkTSS    (S1) 

where 0SS  is the changes of area compared to initial area, bk  is the bending 

modulus of cell, and 0  is the initial stress, k  is the Boltzmann constant, T  is the 
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temperature, aK  is the tensile modulus. The first term represents that the membrane 

of fluctuations become progressively restricted and the area should increase 

logarithmically with stress when membrane has a low stress, and the second term 

represents that the area varies linearly with stress due to direct expansion of area when 

membrane has a high stress1. 

 

Fig. S1.: (a) The stable morphology of spherical cell with radius of 0R . (b) The stable 

morphology of adhesion cell on the substrate. (c) The morphology of adhesion cell on the 

stretched substrate. 

When a cell touches the substrate and reaches a stable state, as shown in Fig. S1 

(b), the total change of total cell area can be written as:  
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where the initial cell morphology was considered to be a sphere (radius of 0R , Fig. S1 

(a)). The first term represents the area of the non-adhesion membrane, the second term 

represents the area of the adhesion membrane, and the third term represents the initial 

area of the cell membrane. If the stresses of the adhesion membrane and non-adhesion 

membrane are considered to be the same, the stress can be obtained by substituting 
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the change of the cell total area S  into Eq. (S1).  

In the case of cell adhered on the substrate, the initial area of the adhesion 

membrane should be the corresponding area in the case of spherical cell which can be 

calculated as:  nadad
2

00,ad S4 SSRS   i.e., 
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non-adhesion membrane can be calculated as: 
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When the substrate suffers a stretching deformation, as shown in Fig. S1 (c), if the 

adhesion membrane detaches from the substrate, the initial area of the adhesion 

membrane will decrease and can be calculated as: 
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According to Eq. (S3), the change of adhesion area relative to initial area can be 

calculated as: 

  0ad
2

ad ，SrS   (S4) 

By substituting the change of adhesion area adS  and the initial area of the adhesion 

membrane 
ad,0S  into Eq. (S1), we can obtain the stress of adhesion membrane. 

Similarly, due to the detachment of adhesion membrane, the initial area of the 

adhesion membrane will increase and can be calculated as:  
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According to Eq. (S5), the change of non-adhesion membrane area can be calculated 

as: 
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By substituting the change of non-adhesion membrane area nS  and the initial area 

of the non-adhesion membrane 
n,0S  into Eq. (S1), we can obtain the stress of 

non-adhesion membrane. 

2. The calculation of the change of adhesion radius due to 

detachment and re-adhesion  

During the stretching of the substrate, as shown in the Fig. S2(a), the blue region 

represents the adhesion area of the cell, and the red region represents the area of 

reduced adhesion area due to detachment of the adhesion membrane. The reduced 

length L  is determined by the accumulation of detachment of the adhesion 

membrane between time 0 and t :  LL d . In addition to this, this length becomes 

larger as the substrate stretching occurs (the red region in the Fig. S2(a) increases 

synchronously as the substrate stretching occurs). Specifically, a time period 

 ttt


d,  is taken between 0 and t  in which the length of radius reduction due to 

adhesion membrane detachment is   ttvl


dd  , and this length ld  becomes larger 

with further substrate stretching. At moment t , the length of ld  is stretched to:  

       lttL d11d


   (S7) 

Overall, the change of radius due to detachment of the adhesion membrane at 

moment t  is: 
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Fig. S2: (a) During the stretching of the substrate, the blue region corresponds to the cell adhesion 

area, the red region corresponds to the decrease of adhesion area due to detachment of the 

adhesion membrane, the black line segments are the boundaries corresponding to the taken length 

Ld  and  tR  is the radius of the adhesion membrane at time t  during substrate stretching 

without detachment of the adhesion membrane      011 ，rttR  . (b) During the relaxation of 

the substrate, the blue region corresponds to the adhesion area of the cell without re-adhesion, the 

red region corresponds to the increase of adhesion area due to cell re-adhesion, the sum of the area 

of the blue region and the red region is the adhesion area of the cell, the black line segments are 

the boundaries corresponding to the taken length Ld  and  tR  is the radius of the adhesion 

membrane at time t  during relaxation of the substrate without cell re-adhesion 

     03011)( ，rttR   .  

Conversely, during the relaxation stage of substrate stretching, the length of cell 

re-adhesion L  becomes smaller as the relaxation of the substrate occurs. 

Specifically, a time period  ttt


d,  is taken between 0 and t  in which the length of 

radius increase due to cell re-adhesion is   ttvl


dd  , and this length l d  becomes 

smaller with further relaxation of the substrate. At moment t , the length of l d  is 

relaxed to:  

       lttL  d11d


  (S7) 
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Overall, the change of radius due to cell re-adhesion at moment t  is: 
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3. The solution of the contact angle of the cells  

The contact angle of the cells is variable during cyclic stretching. Solutions to the 

four-stage equation describing the change of adhesion radius of the cell are provided 

here (Eq. (5), (7), (12), and (14)). According to    33 sin123coscos98  rV , 

Eq. (S1) and Eq. (S3)-(S6), the contact angle of the cell( ), the cell adhesion 

membrane stress( ad ), and the cell non-adhesion membrane stress( n ) in Eq. (5), (7), 

(12), and (14) can all be expressed by the adhesion radius( r ). So Eq. (5), (7), (12), 

and (14) can then be viewed as:  

  trftr ,dd   (S9) 

This is the first order ordinary differential equation for the adhesion radius. We can 

calculate the instantaneous adhesion radius based only on the initial conditions. 

According to the instantaneous adhesion radius, we can obtain the instantaneous 

contact angle. Next, another solution is provided here. Similarly, according to 

   33 sin123coscos98  rV , Eq. (S1) and Eq. (S3)-(S6), the adhesion 

radius( r ), the cell adhesion membrane stress( ad ), and the cell non-adhesion 

membrane stress( n ) in Eq. (5), (7), (12), and (14) can all be expressed by the 

contact angle ( ). Eq. (5), (7), (12), and (14) can then be viewed as:  

  tft ,dd    (S10) 

This is the first order ordinary differential equation for the contact angle. Based on the 

initial conditions, we can calculate the instantaneous contact angle. According to the 
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instantaneous contact angle, we can obtain the instantaneous adhesion radius. The 

instantaneous adhesion radius and instantaneous contact angle can describe the 

morphology change of the cell.  
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