
Crosslinking actin networks produces compressive force 
 
Rui Ma1,2 , Julien Berro1,2,3*, 
 
1  Department of Molecular Biophysics and Biochemistry, Yale University, New Haven, 
    CT 06520, USA 
2  Nanobiology Institute, Yale University, West Haven, CT 06516, USA 
3  Department of Cell Biology, Yale University School of Medicine, New Haven, CT 06520, USA 
 
*Email:julien.berro@yale.edu 
 
 

Abstract 
 
Actin has been shown to be essential for clathrin-mediated endocytosis in yeast. However, actin 
polymerization alone is likely insufficient to produce enough force to deform the membrane 
against the huge turgor pressure of yeast cells. In this paper, we used Brownian dynamics 
simulations to demonstrate that crosslinking of a meshwork of non-polymerizing actin filaments 
is able to produce compressive forces. We show that the force can be up to thousands of 
piconewtons if the crosslinker has a high stiffness. The force decays over time as a result of 
crosslinker turnover, and is a result of converting chemical binding energy into elastic energy.  
 

Introduction 
 
Polymerization of actin filaments provides the direct driving force for many cellular processes, 
such as the movement of cells and bacteria (Mitchison and Cramer 1996; Pollard and Cooper 
2009; Loisel et al. 1999). Actin filaments can also work with myosin motors to power processes 
like muscle contraction (Rayment et al. 1993; Spudich and Watt 1971) and cytokinesis (Pollard 
2010; Pollard and Wu 2010). During clathrin-mediated endocytosis (CME), a flat patch of 
membrane is deformed towards the cytoplasm to form a vesicle. In yeast cells, this process is 
opposed by a high turgor pressure of 1-1.5 MPa (Minc, Boudaoud, and Chang 2009; Basu, 
Munteanu, and Chang 2014; Atilgan et al. 2015) and actin network is necessary for successful 
CME (Kaksonen, Toret, and Drubin 2006; Mooren, Galletta, and Cooper 2012). However, actin 
polymerization-based and motor-mediated force production are unable to meet the force 
budget required to internalize a vesicle, which is up to ~3000 pN due to the high turgor 
pressure (Dmitrieff and Nédélec 2015; Lacy et al. 2018). Assuming each actin filament can 
generate a force of 1pN at their polymerizing end (Footer et al. 2007),  the maximum force 
provided by polymerization alone is less than ~200pN given the number of actin filaments 
involved in CME is no more than 200 (Berro, Sirotkin, and Pollard 2010; Sirotkin et al. 2010). The 
detachment rate of myosin-I motors involved in CME significantly increases once the loading 
force is beyond 2pN (Laakso et al. 2008), suggesting  a maximum force of  ~600pN can be 
produced by motor-filament interaction given the number of myosin-I motors is ~300 (Sirotkin 
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et al. 2010). Therefore, other force production mechanisms complementary to polymerization 
and motor-filament interaction need to be investigated.    
 
Actin crosslinking protein fimbrin is the second most abundant protein involved in CME next to 
actin (Sirotkin et al. 2010). Though fimbrin is a passive linker that does not convert the chemical 
energy of ATP hydrolysis into mechanical work like molecular motors do, we have shown that 
its binding chemical energy can be converted into elastic energy upon crosslinking actin 
filaments (Ma and Berro 2018). We wondered whether crosslinking may also be able to directly 
produce force in certain conditions. We hypothesized that an object in the middle of an 
crosslinked actin meshwork would be subject to compressive forces. Providing endocytosis is 
fast, this mechanism could be a non-negligible source of force production, even if it is transient.   
      
In this paper, we study the force produced by crosslinking a network of non-polymerizing actin 
filaments around an elastic cylinder. We find that the force is compressive and decays over time 
due to crosslinker turnover. The magnitude of the force can be up to thousands of pico-newton 
if the stiffness of the crosslinker is high. 
  

Model 
 
We place a total number of 𝑁fil = 140 actin filaments around a purely elastic cylinder of radius 
𝑅 and stiffness 𝜅cyl. If a filament penetrates into the cylinder, such that the filament’s nearest 

distance to the cylinder’s central axis 𝐷 < 𝑅, it experiences a repulsive force 𝐅 = 𝐹 𝐝 with a 
magnitude 𝐹 that is proportional to the penetration depth  
 

(1)  𝐹 = 𝜅cyl (𝑅 − 𝐷),                                              

 
and 𝐝 is the unit vector pointing outward along the axis that defines the nearest distance 
between the filament and the central axis of the cylinder (Fig.1 a).  
To model actin filaments and crosslinkers, we used the same model as in Ref. (Ma and Berro 
2018). In summary, each actin filament is modeled as a helical rod with a constant length 𝐿 =
135nm. As the length of filaments is much shorter than the persistent length, we treat the 
filaments as a rigid body, whose movement is governed by the equation: 
 

(2) Ξfric [
𝐕c

𝛀
] = [

𝐅e

𝐓e
] + [

𝐅s

𝐓s
]   , 

 
where Ξfric denotes the friction coefficient matrix, 𝐕c/𝛀  denotes the translational/rotational 
velocity of the filament, 𝐅e/𝐓e denotes the deterministic force/torque generated by the 
crosslinkers and the elastic cylinder, 𝐅s/ 𝐓s denotes the stochastic force/torque due to thermal 
fluctuations. The helical nature of filaments is explicitly taken into account by attaching each 
monomer 𝑖 of the filament with a unit vector 𝒎𝑖 representing the normal direction of the 
binding surface with crosslinkers (Fig. 1 b). A crosslinker is modeled as a combination of one 
extensional spring and two torsional springs. The extensional energy reads 
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(3) 𝐸ext =
1

2
𝜅ext(𝑙 − 𝑙0)2, 

 
where 𝜅ext denotes the extensional stiffness, 𝑙 denotes the length, and 𝑙0 denotes the rest 
length of the crosslinker. The torsional energy reads 
 

(4) 𝐸tor =
1

2
𝜅tor(𝜃1

2 + 𝜃2
2), 

 
where 𝜅tor denotes the torsional stiffness, 𝜃1 and 𝜃2 denote the angle spanned between the 
crosslinkers’s orientation and the attached monomer’s orientation. 
 
A crosslinker can be formed between two monomers in two filaments with a rate constant 𝑅b if 
the distance between the monomers is less than a critical value 𝑑c and neither of the 
monomers is occupied. The unbinding rate of a crosslinker depends on the total elastic energy 
𝐸 = 𝐸ext + 𝐸tor via: 
 

(5) 𝑅u =  𝑅u
0 𝑒𝐸/𝐸𝑐,  

 
where 𝐸c denotes the characteristic energy stored in a crosslinker. A maximum occupancy ratio 
𝑔max of crosslinkers binding to filaments is set to ensure that the total number of crosslinkers is 
no more than 900, which is the peak number of fimbrin during CME (Sirotkin et al. 2010).   
 
Each simulation is run for 200s and the parameters are listed in Table 1. A more detailed 
description of the model can be found in Ref. (Ma and Berro 2018).   
 
The code used to perform the simulations is available at 
https://github.com/ruima86/ActinAroundCylinder  
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Results 
 
1. Crosslinking actin filaments around a cylinder produces compressive force.  
 
We start the simulation with filaments randomly positioned and oriented around the cylinder. 
Crosslinks rapidly form between filaments such that a meshwrok forms around the cylinder 
(Fig.1 c, Movie S1). The elasticity of the crosslinkers tend to pull filaments together. However, 
the cylinder in the center repels filaments that penetrate into it. As a consequence, the 
meshwork generates a compressive force on the cylinder. The total compressive force acting on 
the cylinder is calculated as the sum of the magnitude of the repulsive force experienced by 
each filament penetrating into the cylinder. Note that the stiffness and the radius of the 
cylinder have a minor impact on the estimation of the forces (Figure S1). In the following, we 
investigate how this compressive force depends on the turnover rate and the mechanical 
properties of crosslinkers.  
 
 
2. The compressive force generated by a crosslinked actin network decays over time if 

crosslinkers undergo turnover.  
 
If the crosslinking unbinding rate 𝑅u

0 is set to zero, a positive compressive force can persist over 
the entire simulation, i.e. hundreds of seconds (Fig. 2a). However, when allowing crosslinkers to 
turnover after 𝑡 = 10 𝑠 by setting their unbinding rate constant 𝑅u

0 to a positive value, the 
compressive force decays over time (Fig. 2b and c). The decay profile has an initial rapid drop 
due to sudden breakage of many crosslinkers and is followed by a relatively slow decay that can 
be fit by an exponential function. The relaxation time of the exponential decay decreases with 
the unbinding rate 𝑅u

0. This is reflected from the fact that the dynamic force 𝐹d at 𝑡 = 20𝑠, at 
which crosslinker turnover has been allowed for 10s, decreases with the unbinding rate 𝑅u

0, 
while the stable force 𝐹𝑠 at 𝑡 = 5𝑠 remains unchanged (Fig. 2d).  
 
3. The compressive force increases with the extensional stiffness 𝜿𝐞𝐱𝐭 of the crosslinker. 
 
To demonstrate the compressive force originates from the elastic interaction between 
filaments mediated by crosslinkers, we investigate the effect of the extensional stiffness 𝜅ext of 
the crosslinker on the magnitude and decay time of the compressive force. Both the stable 
force 𝐹s at 𝑡 = 5s and the dynamic force 𝐹d at 𝑡 = 20𝑠 increase with 𝜅ext and can be up to 
8000pN for 𝐹s and 2000pN for 𝐹d (Fig. 4d). The relaxation time also increases with 𝜅ext. 
Therefore a crosslinker with high extensional stiffness is needed to produce large and persistent 
compressive force.     

 
4. The torsional stiffness 𝜿𝐭𝐨𝐫 of the crosslinker has a weak effect on the compressive force. 
 
With increasing torsional stiffness 𝜅tor of the crosslinker, both the stable force 𝐹s and the 
dynamic force 𝐹d remain almost flat until 𝜅tor = 1.8 pN ∙ nm. The stable force 𝐹𝑠 then increases 
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with 𝜅tor, but the dynamic force 𝐹d shows opposite trend. This is likely due to the fact that with 
increasing 𝜅tor, the torsional energy stored in crosslinkers increases. Once crosslinker turnover 
is switched on, the stored elastic energy is rapidly released to relax the stress and a higher 𝜅tor 
leads to a higher effective unbinding rate of the crosslinkers, since it increases exponentially 
with the stored energy (Equation 5).   
 

Discussion  
 
In this paper, we have studied the compressive force produced by crosslinked actin filaments. 
We showed that a crosslinked actin network generates force if the filaments are placed around 
an elastic cylinder. The force is compressive and decays over time as a result of crosslinker 
turnover. The magnitude and persistent time of the force strongly depends on the extensional 
stiffness 𝜅ext of the crosslinkers but weakly on their torsional stiffness 𝜅tor. More than a 
thousand piconewtons of force can be produced by crosslinkers with an extensional stiffness 
𝜅ext = 10 pN/nm and last for tens of seconds. Since formation of a clathrin-coated pit is fast 
(~10 s), this force could be a significant contribution to the force required for endocytosis, 
especially when compared with the force that can be produced by the polymerization of the 
same number of actin filaments (~150 pN) (Kaksonen, Toret, and Drubin 2006; Lacy et al. 2018). 
However, the force we have shown here is a compressive force, which plays a role of line 
tension but does not contribute to the directed force needed to pull a membrane inward. This 
line tension might help deform the membrane through a buckling mechanism (Lenz, Crow, and 
Joanny 2009). A rough estimation by dimensional analysis of the buckling line tension 𝐹buckle 
for a flat membrane patch with a base radius of 𝑟 = 50nm (Kukulski et al. 2012) and bending 
rigidity of 𝜅 = 2000 𝑘B𝑇 (Dmitrieff and Nédélec 2015), and ignoring the contribution of turgor 

pressure, leads to 𝐹buckle~
𝜅

𝑟
=  160 pN. Thereforethe compressive force generated by the 

crosslinked actin network is around an order of magnitude larger than the force required to 
buckle a flat membrane. 
 
In this study, we have neglected actin dynamics but focused on the force production 
mechanism by passively crosslinking actin filaments. The energy source comes from imposing 
an initially highly crosslinked actin network. This is a state which is out of equilibrium and the 
decay of the force is essentially the relaxation process for the system to reach an equilibrium. 
When actin dynamics is considered, the system will be driven out of equilibrium, and we expect 
that the actin meshwork will be able to sustain force production for a longer time.  
 

Acknowledgements 
The authors have no conflict of interest to declare. This research was supported by the National 
Institute of Health/National Institute of General Medical Sciences Grant R01GM115636. 
 

Data Availability Statement 
The code used to perform the simulations is available at 
https://github.com/ruima86/ActinAroundCylinder  

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 19, 2019. ; https://doi.org/10.1101/614453doi: bioRxiv preprint 

https://github.com/ruima86/ActinAroundCylinder
https://doi.org/10.1101/614453
http://creativecommons.org/licenses/by-nc-nd/4.0/


References 
 
Atilgan, Erdinc, Valentin Magidson, Alexey Khodjakov, and Fred Chang. 2015. “Morphogenesis 

of the Fission Yeast Cell through Cell Wall Expansion.” Current Biology: CB 25 (16): 2150–
57. https://doi.org/10.1016/j.cub.2015.06.059. 

Basu, Roshni, Emilia Laura Munteanu, and Fred Chang. 2014. “Role of Turgor Pressure in 
Endocytosis in Fission Yeast.” Molecular Biology of the Cell 25 (5): 679–87. 
https://doi.org/10.1091/mbc.E13-10-0618. 

Berro, Julien, Vladimir Sirotkin, and Thomas D. Pollard. 2010. “Mathematical Modeling of 
Endocytic Actin Patch Kinetics in Fission Yeast: Disassembly Requires Release of Actin 
Filament Fragments.” Molecular Biology of the Cell 21 (16): 2905–15. 
https://doi.org/10.1091/mbc.e10-06-0494. 

Dmitrieff, Serge, and François Nédélec. 2015. “Membrane Mechanics of Endocytosis in Cells 
with Turgor.” PLoS Computational Biology 11 (10). 
https://doi.org/10.1371/journal.pcbi.1004538. 

Footer, Matthew J., Jacob W. J. Kerssemakers, Julie A. Theriot, and Marileen Dogterom. 2007. 
“Direct Measurement of Force Generation by Actin Filament Polymerization Using an 
Optical Trap.” Proceedings of the National Academy of Sciences 104 (7): 2181–86. 
https://doi.org/10.1073/pnas.0607052104. 

Kaksonen, Marko, Christopher P. Toret, and David G. Drubin. 2006. “Harnessing Actin Dynamics 
for Clathrin-Mediated Endocytosis.” Nature Reviews. Molecular Cell Biology 7 (6): 404–
14. https://doi.org/10.1038/nrm1940. 

Kukulski, Wanda, Martin Schorb, Marko Kaksonen, and John A. G. Briggs. 2012. “Plasma 
Membrane Reshaping during Endocytosis Is Revealed by Time-Resolved Electron 
Tomography.” Cell 150 (3): 508–20. https://doi.org/10.1016/j.cell.2012.05.046. 

Laakso, Joseph M., John H. Lewis, Henry Shuman, and E. Michael Ostap. 2008. “Myosin I Can 
Act as a Molecular Force Sensor.” Science (New York, N.Y.) 321 (5885): 133–36. 
https://doi.org/10.1126/science.1159419. 

Lacy, Michael M., Rui Ma, Neal G. Ravindra, and Julien Berro. 2018. “Molecular Mechanisms of 
Force Production in Clathrin-Mediated Endocytosis.” FEBS Letters 592 (21): 3586–3605. 
https://doi.org/10.1002/1873-3468.13192. 

Lenz, Martin, Daniel J. G. Crow, and Jean-François Joanny. 2009. “Membrane Buckling Induced 
by Curved Filaments.” Physical Review Letters 103 (3): 038101. 
https://doi.org/10.1103/PhysRevLett.103.038101. 

Loisel, Thomas P., Rajaa Boujemaa, Dominique Pantaloni, and Marie-France Carlier. 1999. 
“Reconstitution of Actin-Based Motility of Listeria and Shigella Using Pure Proteins.” 
Nature 401 (6753): 613. https://doi.org/10.1038/44183. 

Ma, Rui, and Julien Berro. 2018. “Structural Organization and Energy Storage in Crosslinked 
Actin Assemblies.” PLoS Computational Biology 14 (5). 
https://doi.org/10.1371/journal.pcbi.1006150. 

Minc, Nicolas, Arezki Boudaoud, and Fred Chang. 2009. “Mechanical Forces of Fission Yeast 
Growth.” Current Biology: CB 19 (13): 1096–1101. 
https://doi.org/10.1016/j.cub.2009.05.031. 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 19, 2019. ; https://doi.org/10.1101/614453doi: bioRxiv preprint 

https://doi.org/10.1101/614453
http://creativecommons.org/licenses/by-nc-nd/4.0/


Mitchison, T. J., and L. P. Cramer. 1996. “Actin-Based Cell Motility and Cell Locomotion.” Cell 84 
(3): 371–79. https://doi.org/10.1016/S0092-8674(00)81281-7. 

Mooren, Olivia L., Brian J. Galletta, and John A. Cooper. 2012. “Roles for Actin Assembly in 
Endocytosis.” Annual Review of Biochemistry 81: 661–86. 
https://doi.org/10.1146/annurev-biochem-060910-094416. 

Pollard, Thomas D. 2010. “Mechanics of Cytokinesis in Eukaryotes.” Current Opinion in Cell 
Biology 22 (1): 50–56. https://doi.org/10.1016/j.ceb.2009.11.010. 

Pollard, Thomas D., and John A. Cooper. 2009. “Actin, a Central Player in Cell Shape and 
Movement.” Science 326 (5957): 1208–12. https://doi.org/10.1126/science.1175862. 

Pollard, Thomas D., and Jian-Qiu Wu. 2010. “Understanding Cytokinesis: Lessons from Fission 
Yeast.” Nature Reviews Molecular Cell Biology 11 (2): 149–55. 
https://doi.org/10.1038/nrm2834. 

Rayment, I., H. M. Holden, M. Whittaker, C. B. Yohn, M. Lorenz, K. C. Holmes, and R. A. Milligan. 
1993. “Structure of the Actin-Myosin Complex and Its Implications for Muscle 
Contraction.” Science 261 (5117): 58–65. https://doi.org/10.1126/science.8316858. 

Sirotkin, Vladimir, Julien Berro, Keely Macmillan, Lindsey Zhao, and Thomas D. Pollard. 2010. 
“Quantitative Analysis of the Mechanism of Endocytic Actin Patch Assembly and 
Disassembly in Fission Yeast.” Molecular Biology of the Cell 21 (16): 2894–2904. 
https://doi.org/10.1091/mbc.e10-02-0157. 

Spudich, James A., and Susan Watt. 1971. “The Regulation of Rabbit Skeletal Muscle 
Contraction I. BIOCHEMICAL STUDIES OF THE INTERACTION OF THE TROPOMYOSIN-
TROPONIN COMPLEX WITH ACTIN AND THE PROTEOLYTIC FRAGMENTS OF MYOSIN.” 
Journal of Biological Chemistry 246 (15): 4866–71. 

  
 
  

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 19, 2019. ; https://doi.org/10.1101/614453doi: bioRxiv preprint 

https://doi.org/10.1101/614453
http://creativecommons.org/licenses/by-nc-nd/4.0/


Table 
 

Symbol Meaning Reference value Varied range 

𝑳 Filament length 135nm 135nm 
𝒃 Filament diameter 6nm 6nm 
𝜹 Length elongation of filaments by 

incorporation of a monomer 
2.7nm 2.7nm 

𝜿𝐞𝐱𝐭 Extensional stiffness of the 
crosslinker 

0.1 pN/nm 0.1-10 pN/nm 

𝜿𝐭𝐨𝐫 Torsional stiffness of the crosslinker 10 pN ∙ nm 1-100 pN ∙ nm 

𝑹𝐛 Crosslinker binding rate constant 
between two unoccupied 
monomers 

1 s−1 1 s−1 

𝑹𝐮
𝟎 Force-torque-free unbinding rate of 

a formed crosslinker  
0.1 s−1 0.001-0.1 s−1 

𝒍𝟎 Rest length of the crosslinker 10nm 10nm 

𝒅𝐜 Reaction distance to build a 
crosslinker 

20nm 20nm 

𝑬𝐜 Characteristic energy of a 
crosslinker 

10 𝑘B𝑇 10 𝑘B𝑇 

𝒇𝐬𝐭 Repulsive force due to steric 
interaction 

100pN 100pN 

𝒌𝐁𝑻 Thermal energy unit at room 
temperature 

4.1 pN ∙ nm 4.1 pN ∙ nm 

𝒓𝐦𝐢𝐧 Minimum distance between two 
filaments 

6nm 6nm 

𝑵𝐟𝐢𝐥 Total number of actin filaments 140 140 

𝒈𝐦𝐚𝐱 Maximum crosslinker occupancy of 
a filament 

0.25 0.25 

𝜼 Viscosity of the medium 10−5pN ∙ s ∙ nm−2 10−5pN ∙ s ∙ nm−2 

𝜟𝒕 Simulation time step 10−5𝑠 10−5 − 10−6 s 

 
Table 1: List of parameters.  
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Figures 
 
 

 
 
Figure 1: Model of a crosslinked actin network around an elastic cylinder. (a) Illustration of the 
model. A repulsive force is applied to filaments that penetrate into the cylinder. (b) Actin 
filaments are modeled as a helical rod with the arrows representing the orientation of the 
monomers’ binding surface with crosslinkers. Each crosslinker is modeled as a combination of 
one extensional spring and two torsional springs. (c) Snapshots of a typical simulation using the 
reference parameter values (Table 1). Each filament is depicted as a blue line. For clarity 
crosslinkers are not plotted. The deformed part of the cylinder (green) represents the largest 
cylindrical region without any filaments penetrated in.     
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Figure 2: The total force decays overtime when crosslinkers are allowed to turn over. (a-c) 
Temporal evolution of the total force for force-torque-free unbinding rate 𝑅u

0 =  0 s−1 in (a), 
𝑅u

0 =  0.01 s−1 in (b) and 𝑅u
0 =  0.1 s−1 in (c). The red curve represents the average over 10 

simulations and the shaded region (green) spans the standard deviation. The orange curve is 

the exponential fit 𝑎 𝑒−(𝑡−10)/𝜏 + 𝑏 to the red curve from 𝑡 = 10s before which crosslinker 
turnover is switched off such that 𝑅u

0 =  0 s−1 for all conditions. Inset labels show the 
relaxation time 𝜏 and the force 𝐹0 = 𝑎 + 𝑏 extracted from the exponential fitting. (d) Total 
force at 𝑡 = 5 s (blue) and 𝑡 = 20 s (red) for different unbinding rates 𝑅u

0. 
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Figure 3. The total force generated by crosslinked actin networks strongly depends on the 
extensional stiffness of the crosslinker. (a-c) Temporal evolution of the total force for 
extensional stiffness 𝜅tor =  1 pN ∙ nm in (a), 𝜅tor =  10 pN ∙ nm in (b) and 𝜅tor =  100 pN ∙ nm 
in (c). The red curve represents the average over 10 simulations and the shaded region (green) 

spans the standard deviation. The orange curve is the exponential fit 𝑎 𝑒−(𝑡−10)/𝜏 + 𝑏 to the red 
curve from 𝑡 = 10s before which crosslinker turnover is switched off such that 𝑅u

0 =  0 s−1 for 
all conditions. Inset labels show the relaxation time 𝜏 and the force 𝐹0 = 𝑎 + 𝑏 extracted from 
the exponential fitting. (d) The total force at 𝑡 = 5 s (blue) and 𝑡 = 20 s (red) for different 
extensional stiffness of the crosslinker 𝜅tor. 
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Figure 4. The total force generated by crosslinked actin network weakly depends on the 
torsional stiffness of the crosslinker. (a-c) Temporal evolution of the total force for torsional 
stiffness 𝜅tor =  1 pN ∙ nm in (a), 𝜅tor =  10 pN ∙ nm in (b) and 𝜅tor =  100 pN ∙ nm in (c). The 
red curve represents the average over 10 simulations and the shaded region (green) spans the 

standard deviation. The orange curve is the exponential fit 𝑎 𝑒−(𝑡−10)/𝜏 + 𝑏 to the red curve 
from 𝑡 = 10s before which crosslinker turnover is switched off such that 𝑅u

0 =  0 s−1 for all 
conditions. Inset labels show the relaxation time 𝜏 and the force 𝐹0 = 𝑎 + 𝑏 extracted from the 
exponential fitting. (d) The total force at 𝑡 = 5 s (blue) and 𝑡 = 20 s (red) for different torsional 
stiffness of the crosslinker 𝜅tor. 
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Supplemental Figure 

 
 
 
 

 
 
Figure S1: Effect of the radius and the stiffness of the cylinder on the compressive force. (a) 
The total force at 𝑡 = 5 s (blue) and 𝑡 = 20 s (red) for different radii of the cylinder 𝑅cyl. (b) The 

total force at 𝑡 = 5 s (blue) and 𝑡 = 20 s (red) for different stiffnesses of the cylinder 𝑅cyl. 
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Supplemental movie 
 
Movie S1: Simulation of actin filaments around an elastic cylinder. (a-b) Each filament is 
represented by a blue line. For clarity, crosslinkers are not plotted. The cylinder is divided in 
two parts, the green part represents the region where actin filaments penetrate inside the 
cylinder, the orange part is void of filaments. The radius of the green part represents the 
minimum distance of all the filaments penetrated into the cylinder to the central axis of the 
cylinder. The simulation is run for 200s. (a) Side view. (b) Top view.     
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