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ABSTRACT 

Molecular motor regulated active contractile force is key for cells sensing and responding to their 

mechanical environment, which leads to characteristic structures and functions of cells. The F-actin 

network demonstrates a two-order of magnitude increase in its modulus due to contractility; however, 

the mechanism for this active stiffening remains unclear. Two widely acknowledged hypotheses are 

that active stiffening of F-actin network is caused by (1) the nonlinear force-extension behavior of 

cross-linkers, and (2) the loading mode being switched from bending to stretching dominated regime. 

Direct evidence supporting either theory is lacking. Here we examined these hypotheses and showed 

that a reorganization of F-actin network from cross-linked filament state to bundled stress fiber state 

plays a key role on active stiffening of actin network. We demonstrated through computational models 

that the stretching of cross-linkers and molecular motors has less impact on the active stiffening, while 

it is more sensitive to cytoskeleton reorganization during the elasticity sensing. The proposed new 

mechanism involving the cytoskeletal remodeling was able to integrate discrete experimental 

observations and has the potential to advance our understanding of active sensing and responding of 

cells. 
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1. INTRODUCTION 

Mechanical properties of extracellular matrix (ECM) play an important role in mediating cellular 

form and function. Cells respond to the ECM stiffness by adjusting adhesion, cytoskeleton structure, 



and contractile force [1]. For example, mesenchymal stem cells were differentiated into neurogenic, 

myogenic, or osteogenic cell types by only varying the ECM stiffness [2]. It is well acknowledged that 

cells tune up their own stiffness in response to a stiffer ECM [3]. In particular, cells on a soft substrate 

demonstrate a diffuse cytoskeleton with random arrangement of actin filaments. In contrast, cells on a 

stiff substrate contain more aligned stress fibers, aggregations of actin, and increased cell contractile 

force [4]. Indirect data support that the active response of cytoskeleton, i.e., the actin fiber network, 

was regulated by myosin II motors, actin filament, and cross-linker proteins. Specifically the 

experimental study by Koenderink et al. [5] has demonstrated that myosin II motors were able to stiffen 

the F-actin network by two orders of magnitude by switching nonlinear filament A (FLNa) cross-

linkers to rigid scruin. However, the mechanism that drives active stiffening of the cytoskeleton 

remains poorly understood [1].  

There are two hypotheses for the active stiffening of the actin fiber network. The first hypothesis 

is that active stiffening of the network is attributed to the nonlinear force-extension behavior of cross-

linkers, corresponding directly to the pre-mentioned experimental protocol [5]. It was illustrated in the 

theoretical work by Chen et al. [6] where the nonlinear spring cross-linkers were used to capture the 

two orders of magnitude stiffening in a two-dimensional (2D) fiber network model. The second 

hypothesis is the fiber loading mode being switched from softer bending to stiffer stretching dominated 

regime [7]. The behaviors of cross-linkers in existing 2D models are usually simply represented as 

intersection points constrained with rotating pin joints or springs, which might overestimate the role 

of the cross-linker as well as the molecular motor contraction on the active stiffening [8]. Moreover, 

current models generally ignore the remodeling of actin filaments into stress fibers at higher level of 

contraction [9], which was captured by Walcoot et al. [10]. 



In the present study, we developed a three dimensional (3D) computational model, which 

considered the spatial configuration of both cross-linkers and molecular motors, as well as the 

structural reorganization from actin filaments to stress fibers during the elasticity sensing, to further 

test these hypotheses. The contractile forces are designated to molecular motor proteins which induced 

pre-stress in the F-actin network. The role of nonlinear cross-linkers and bending/stretching ratio were 

delineated. Results showed that cytoskeleton reorganization plays an essential role in active stiffening 

of the cell, supporting a new mechanism that molecular motors induced active stiffening is sensitive 

to cytoskeleton reorganization.  

2. MATERIALS AND METHODS 

The remodeling of F-actin networks is illustrated in Fig.1. Its cross-linked state was constructed 

by three components: F-actin filaments (black line), cross-linker (green line) and myosin-II motors 

(red line). After remodeling, these three components were assumed bundled together to form stress 

fibers, which is referred to as bundled state, corresponding to a higher contraction level.  

Both states were modeled within the same size of representative volume element (RVE), i.e., 40 

μm in side length, which is the same size used in another study [6]. For cross-linked state, 3D F-actin 

filaments (1600 in total) were randomly distributed inside the RVE, representing F-actin concentration 

of 1mg/ml [5]. A total of 860 cross-linkers and 1634 myosin-II motors were then generated between 

the F-actin filaments based on a distance threshold of 800 nm and 1200 nm respectively. The detailed 

modeling technique was described in our previous work [8]. For bundled state, a Voronoi-based 

network was adopted, which has demonstrated its efficiency [11-13]. It was assumed that four F-actin 

filaments form into one stress fiber in average [14, 15]. The volume fraction of the F-actin filaments 

or fibers were kept the same for these two states while the diameters of F-actin filaments and bundled 



fibers are 7 nm [16] and 14 nm respectively. The 10% contraction was applied on each myosin-II motor 

in cross-linked state, which was reverse fitted based on the estimated 1-pN-force per myosin head in 

one experimental study [5]. In bundled state, a 20% contraction was adopted and applied on each stress 

fiber, per the measurement reported in the stress fiber contraction test [17]. The material properties F-

actin fiber were assumed as 1.6 GPa in Young’s modulus and 0.3 in Poisson’s ratio [18]. The Young’s 

modulus of cross-linkers varied as 0.016 GPa, 0.16 GPa, 1.6 GPa and 16 GPa. In addition to the 

contraction, a 10% shear strain was also applied on the upper surface of RVE to obtain the stiffness of 

F-actin networks. The developed computational models were solved using ABAQUS 6.12 (Simulia, 

Providence, RI). 

     

  (a)                              (b) 

Figure 1: F-actin network in (a) cross-linked state and (b) bundled state. 

3. RESULTS  

The active contractility of the F-actin network without external loading are demonstrated in Fig.2. 

Even without external loadings, the network deformed itself to sense its environment, i.e., the fixed 

top and bottom surfaces. It is clear that no distinguishable contraction was observed in cross-linked 

state. The peak reduction in cross-sectional area is merely 4%. In contrast, stress fiber formation led 

to approximately 43.8% reduction in cross-sectional area for bundled state at the middle plane. The 



larger contraction also corresponded to increased internal stresses in larger percentage of fibers. The 

average axial force for each myosin motor is approximately 0.65 pN in cross-linked state. The average 

axial force for each stress fiber is 68.63 pN per the bundled network model.    

        

(a)                              (b) 

Figure 2: Active contraction of F-actin network induced von-Mises stress (GPa) distributions for (a) 

cross-liked state, and (b) bundled state.   

The effect of molecular motors on active stiffening of F-actin network was delineated through 

mechanical characterization of four configurations, i.e, cross-linked passive, cross-linked active, 

bundled passive and bundled active. These models represented the F-actin network at two different 

states (cross-linked or bundled) with and without considering the motor contraction (active or passive). 

The resulting mechanical behaviors of these networks in terms of stress-strain relationship as well as 

their shear modulus are depicted in Fig.3. Two orders of increasing shear modulus were clearly 

observed. In addition, F-actin network in bundled state has a higher shear modulus compared to the 

cross-linked state. Also, the molecular motor contraction induced a relatively higher stiffness in 

networks, and its role is more profound at the bundled state. Specifically, the active contraction of 

myosin motor induced approximately 26 times increase in the shear modulus of network, while it is 

not even double the network stiffness in cross-linked state.  



  

(a)                                   (b) 

Figure 3: F-actin network: (a) shear stress-strain relationship and (b) shear modulus.  

 The stiffness of cross-linkers was altered for up to four orders difference in magnitude to test the 

hypothesis that active stiffening of the F-actin network can be attributed to the mechanical properties 

of the cross-linker. The Young’s modulus of cross-linkers varied between 0.016 GPa and 16 GPa with 

an increment of 10 times. Results in Fig.4 have shown that the shear modulus of F-actin network only 

increased 2.5 times from 5.00E-5 Pa to 1.25E-4 Pa, even with 10000 times increase in the cross-linkers’ 

stiffness. This indicated that cross-linker stiffening alone is not sufficient enough to capture the 

reported active stiffening of F-actin network by nearly two orders of magnitude [5]. 

 

Figure 4: The role of cross-linker stiffness on shear modulus of F-actin network. 

The filament stretching or bending stiffness was also varied to test the other hypothesis regarding 

the transition from bending to stretching dominated mode [7], where the stretching stiffness μ was 



defined as EA and bending stiffness κ as EI, with A as the cross-section area of the filament and I as 

the moment of inertia. Three cases were then considered by changing the filament radius R and Young’s 

modulus E, as listed in Table 1. Case 1 and 2 have the same stretching stiffness but the bending stiffness 

of case 1 is four times case 2. Both cases 2 and 3 have the same bending stiffness but the ratio of 

stretching stiffness is four. The resulting shear modulus of F-actin network has the same ratio between 

cases as the bending stiffness. This indicates that the deformation of the cross-linked network is 

dominated by the bending mode.  

Table 1: The role of filament stretching or bending stiffness on the shear modulus of F-actin network 

 R (nm) E (GPa) μ (EA) κ (EI) Shear modulus (Pa) 

Case 1  7 0.4 61.56 754.4 4.59 E-04 

Case 2  3.5 1.6 61.56 188.6 1.15 E-4 

Case 3 7 0.1 15.4 188.6 1.15 E-4 

4. DISCUSSION  

In this work, the active stiffening of F-actin network was examined through computational models. 

The cytoskeleton reorganization of F-actin network, i.e., cross-liked vs. bundled state, was considered 

by integrating discrete experimental evidence from actin filaments and stress fibers. The contractile 

forces correspond to the stretching of molecular motor proteins. A 10% contraction strain was applied 

on the molecular motors in a cross-linked network resulting in an average axial filament force of 0.65 

pN, which is in consistent with the experimental study by Koenderink et al. [5]. At the bundled state, 

an observed 20% contraction on each stress fiber  was adopted, implying the effect of reinforced 

molecular motors.  



Results have demonstrated that molecular motors induced active stiffening of up to two orders is 

sensitive to the F-actin network reorganization. This has been accredited to the increased cross-linker 

concentration [5, 19]. Experimental evidence supports that F-actin networks are weakly cross-linked 

and largely unbundled at low concentrations of cross-linkers. As the concentrations of cross-linker 

increases, F-actin filaments were then formed into stress fibers, which were comprised of better aligned 

actin filaments bundled by cross-linkers and myosin II motors [20-22]. We also captured the 

contraction induced pre-stress in the network as well as bulk volume changes when actin filaments 

were formed into stress fiber, i.e., the bundled state, which is consistent with the experimental 

observations [5, 23]. Specifically, we have demonstrated that the average axial force for each myosin 

motor is approximately 0.65 pN in cross-linked state. This is within the range of values reported by 

Koenderink et al. [5]. In addition, Bendix et al. observed the bulk volume reduction during contraction 

of a simplified gel composed of purified F-actin, myosin motors and cross-linkers [23]. This 

contractility occurs only with sufficient motor concentrations and appropriate cross-linker 

concentrations, i.e., bundled state in this work. 

We also tested two competing hypothesis for active stiffening of F-actin network. One is that active 

stiffening of the network is attributed to the nonlinear force-extension behavior of cross-linkers, 

inspired by the observations that the biopolymer network constituted with nonlinear FLNa cross-linker 

proteins causes a two-order increase in network stiffness and the network reconstituted with rigid 

scruin cross-linker didn’t show much active stiffening effect [5]. The 2D fiber network model by Chen 

et al. [6] was able to capture the two orders of magnitude stiffening using nonlinear spring cross-

linkers, which was not explicitly defined in terms of magnitude. The active stiffening was implemented 

by randomly distributed molecular motors, i.e., force dipoles pulling out the F-actin fibers, which could 



stretch cross-linkers up to a strain of 100%. This strain level seems excessive, which might need 

additional evidence to support. Using our 3D cross-linked network model, we examined the non-linear 

force-extension behavior of cross-linkers with a modulus increase over a range of four orders of 

magnitude. The observed results showed the shear modulus of the network was only doubled. This 

implied that the nonlinearity of cross-linkers might not play a major role in active stiffening.  

We also tested the other hypothesis regarding fiber loading mode switching from softer bending to 

stiffer stretching dominated regime [7]. The motors, again modeled as force dipoles in a 2D network, 

might also lead to obsessive stain in filaments due to the enforcement of fiber stretching. The 

characterization of bending (EI) /stretching (EA) might be over simplified considering the 3D network 

topology. Per their definition, we observed the bending dominated behavior in our 3D networking 

models. This was expected considering large non-affine deformation at low stretch ratio [8]. The 

discrepancy between our results and the existing hypothesis could be explained by the different 

configuration of molecular motor, cross-linkers and dimensionality. The associated question could be: 

does a stretching dominated mode exist for a highly dynamic fiber network? This question merits 

further investigation and was beyond the scope of this work.  

It is worth noting that stress fiber was composed of four F-actin filaments, which is at the lower 

end of the range [14]. This configuration is sufficient for illustrating the mechanism of active stiffening 

of F-actin network. For stress fibers with more actin filaments, we expect that the cytoskeletal 

reorganization plays a more important role than the cross-linking in the active stiffening of F-actin 

network.  

 In summary, this work demonstrated that cytoskeleton reorganization plays an essential role in 

active stiffening of the cell, supporting a new mechanism that molecular motors induced active 



stiffening is sensitive to cytoskeleton reorganization. The correlation between the active contractility 

and stress fiber formation could be further studied for better regulating cell sensing. This work would 

improve the understanding of active cellular mechanics and provide a platform for designing active 

biometric materials [24]. This work could also be extended to study the cell-ECM interaction.  
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