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ABSTRACT 

Deciphering the mechanisms underlying the high sensitivity of cells to mechanical 

microenvironments is crucial for understanding many physiological and pathological processes, e.g. 

stem cell differentiation and cancer cell metastasis. Here, a cytoskeletal tensegrity model is proposed 

to study the reorientation of polarized cells on a substrate under biaxial cyclic deformation. The model 

consists of four bars, representing the longitudinal stress fibers and lateral actin network, and eight 

strings, denoting the microfilaments. It is found that the lateral bars in the tensegrity, which have been 

neglected in most of the existing models, can play a vital role in regulating the cellular orientation. The 

steady orientation of cells can be quantitatively determined by the geometric dimensions and elastic 

properties of the tensegrity elements, as well as the frequency and biaxial ratio of the cyclic stretches. 

It is shown that this tensegrity model can reproduce all available experimental observations. For 

example, the dynamics of cell reorientation is captured by an exponential scaling law with a 

characteristic time that is independent of the loading frequency at high frequencies and scales 

inversely with the square of the strain amplitude. This study suggests that tensegrity type models may 

be further developed to understand cellular responses to mechanical microenvironments and provide 

guidance for engineering delicate cellular mechanosensing systems. 

 

1 INTRODUCTION 

Various physiological processes, such as stem cell differentiation and heart beating, rely on 

the precise response of cells to their mechanical microenvironments [1,2]. Deciphering the 

mechanisms underlying high cellular sensitivity to the dynamic stimuli is fundamental for 

understanding these processes. Experiments have shown that the polarized cells align in 

parallel to the stretching direction when the underpinning substrate is subjected to a static 

tensile strain [3]. Under uniaxial cyclic stretch, cells align along the direction perpendicular to 

the loading direction at frequencies around 1 Hz [4]. A few theoretical models based on 

cytoskeletal stress and strain have been developed to explain the different orientations of cells 

in response to static and dynamic loadings [5]. In many physiological processes (e.g., heart 

beating, pulsating blood vessels and breathing), cells and their extracellular matrix are 

exposed to biaxial cyclic deformations. Recently, experiments showed that the steady cellular 

orientations under biaxial cyclic stretches are incompatible with the existing stress- or strain-

based models, and can be explained by using a model based on the passively stored elastic 

energy in the cell [6]. To date, however, how cellular alignment is precisely regulated and 

what mechanistic principles govern the high cellular sensitivity remain elusive. 
 

2 GENERAL SPECIFICATIONS 

We propose for the first time a cytoskeletal tensegrity model to study the reorientation of polarized 

cells on a substrate under stretches [7]. The tensegrity is modeled by four bars, representing the 

longitudinal stress fibers and lateral microtubules, and eight strings, denoting the microfilaments. It is 
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found that the lateral bars in the tensegrity, which have been neglected in most of the existing models, 

can play a vital role in regulating the cellular orientation. Under biaxial static strains, the cell will align 

in parallel to the stretching direction, in agreement with the experimental observations. The dynamic 

response of stress fibers in the tensegrity to the applied strains is limited by the actin 

binding/unbinding velocity and the intrinsic viscosity of molecular motors. Due to this mechanism, the 

mechanical response of cells is sensitive to the frequency of cyclic loads. Under biaxial cyclic strains, 

the steady orientation of cells can be quantitatively determined by the geometric dimensions and 

elastic properties of the tensegrity elements, as well as the frequency and biaxial ratio of the cyclic 

strains. It is demonstrated that the dynamic process of cell reorientation follows an exponential law 

with a characteristic time which scales inversely with the square of the stretch amplitude, decreases 

with the cycling frequency, and saturates beyond a threshold frequency. Moreover, we examined the 

relation between the elastic moduli of a single cell and cell groups, and showed that the elasticity of 

cell groups is remarkably enhanced because of the rotational confinement on the bars of tensegrity 

under stretches. We have shown that the predictions of our tensegrity model are in broad agreement 

with many different types of experimental phenomena. This study suggests that tensegrity type models 

may be further developed to understand the high cellular sensitivity and provide guidance for 

engineering delicate cellular mechanosensing systems. 
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