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From a physicist’s perspective, cells and tissues are fasci­
nating materials because they combine an extraordinary 
mechanical strength with the ability to grow, reshape and 
adapt to environmental conditions. This paradoxical 
combination of strength and dynamics is essential for 
supporting life. Mechanical strength is crucial because 
cells and tissues constantly experience large mechani­
cal loads1. With every breath we take, endothelial cells 
lining blood vessels and epithelial cells in the lung, 
for instance, experience large tensile stresses. With 
every step we take, muscles, tendons and skin stretch 
while cartilage compresses. Cells and tissues are able 
to cope with these mechanical challenges because they 
are supported by filamentous protein networks that 
provide an efficient means of mechanical scaffolding.  
Unlike man-​made polymers, however, biopolymer 
networks not only provide mechanical support but 
also actively reconfigure themselves. Cells are able to 
actively adjust their stiffness in response to environ­
mental conditions and produce forces that drive cell 
division and motility. At the tissue level, cellular force 
generation drives the formation of tissues and organs in  
developing embryos and the regeneration of tissues  
in adult organisms.

Cells are mechanically supported by the cytoskele­
ton, a composite network of three types of protein fila­
ments: actin filaments, microtubules and intermediate 
filaments2 (Fig. 1a). It is generally believed that interme­
diate filaments are particularly important for the pro­
tection of cells against large deformations, as they form 
resilient and long-​lived elastic networks. By contrast, 
actin filaments and microtubules form dynamic net­
works that actively generate forces with the aid of motor  
proteins and proteins that regulate filament polymeri­
zation and depolymerization. Connective tissues such 
as skin and arteries are supported by the extracellular 
matrix, which is also a composite network that com­
prises polymers (Fig. 1b) with complementary physical 
properties3. Collagen forms a rigid fibrillar network that 
endows tissues with a high tensile strength, whereas pro­
teoglycans and glycosaminoglycans form a soft hydrogel 
that holds water and confers resistance against compres­
sive loads. In addition, connective tissues contain vary­
ing amounts of the elastomeric protein elastin and other 
fibrous proteins, such as fibronectin and laminin, which 
regulate cellular functions.

Cells adhere to the extracellular matrix (Fig. 1c) 
through transmembrane proteins known as integrins, 
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which directly bind components of the extracellular 
matrix (such as collagen and fibronectin) and indi­
rectly couple to the actin and intermediate filaments of 
the cytoskeleton through accessory proteins4. Through 
these adhesion complexes, contractile forces generated 
by the actin cytoskeleton are transferred to the extracel­
lular matrix. Cells thereby actively remodel and tense 
the extracellular matrix, a process that is essential for 
tissue formation and wound healing. Conversely, the 
architecture and mechanical properties of the matrix 
strongly influence cell behaviour. Cells probe the phys­
ical properties of the matrix through the contractile 
forces they apply at integrin adhesions (a process known 
as mechanosensing), and they convert this mechanical 
information into biochemical signals that elicit a cellular 
decision such as cell growth and differentiation (which 
is known as mechanotransduction). In the past decade, 
it has become well established that mechanical forces 
steer many essential biological processes, including 
wound healing and embryonic development5, as well as 
pathological processes such as cancer metastasis6. This 
realization has driven the emergence of mechanobiol­
ogy as a new research field7–11. To resolve the molecu­
lar mechanisms involved in cellular mechanosensing 
and mechanotransduction, we need to understand the 
mechanical response of the individual networks involved 
in the communication processes between the cell and its 
environment, that is, between the cytoskeleton and the 
extracellular matrix.

Two fundamentally different approaches can be 
taken to investigate the physical basis of cell and tissue 
mechanics. The first approach is top down and involves 
mechanical measurements and phenomenological mod­
elling of whole cells or tissues. Such measurements have 
revealed that living matter exhibits surprisingly univer­
sal mechanics. First, cells behave as viscoelastic materials 
with a power-​law dependence of the elastic and viscous 
shear moduli on the deformation frequency, which sug­
gests that they dissipate elastic stresses with a broad range 
of relaxation times12. Note that the elastic and viscous 
shear moduli are generally referred to as storage and loss 
moduli, respectively, in the rheology and polymer physics 
literature. Second, cells and tissues exhibit a nonlinear 
elastic response to mechanical loading. Cells and tissues 
often strain-​stiffen but, depending on the rate, ampli­
tude and type of loading (that is, compression, shear or 

tension), can also soften13–15. Third, cells and tissues are 
usually under substantial internal stress. The contractile 
activity of cells generates stress in the cytoskeleton, which 
is transferred to the extracellular matrix through integrin 
adhesions16,17. Owing to their charged nature, proteogly­
cans in the extracellular matrix can generate additional 
mechanical stress18. Unfortunately, elucidating the phys­
ical mechanisms that underlie these intriguing collective 
mechanical properties is extremely challenging owing 
to the molecular and structural complexity of living sys­
tems and the presence of mechanochemical feedback. 
Furthermore, cytoskeletal biopolymers are crosslinked 
by specialized crosslinker molecules that are at least par­
tially redundant, and the depletion of one protein can 
lead to upregulation of another, making it difficult to dis­
entangle their functions19. This complexity has motivated 
a second, bottom-​up approach to cell and tissue physics. 
In this approach, components of the cytoskeleton and/or 
the extracellular matrix are purified and studied in isola­
tion or together with a limited set of regulatory proteins. 
This reductionist approach has successfully driven the 
development of quantitative theoretical frameworks to 
describe cell and tissue mechanics and biological pro­
cesses such as cell migration20,21. Owing to their large 
size (~10–100 nm in diameter) and large bending rigid­
ities compared with those of typical synthetic polymers, 
biopolymers are usually modelled as elastic beams or 
semiflexible polymers. However, there is a growing reali­
zation that biopolymers exhibit many material properties 
that are not captured by these simple models.

Here, we review recent insights into the physical basis 
of cell and tissue mechanics, with a focus on bottom-​up 
experimental studies coupled with theoretical modelling. 
We begin by discussing the elastic properties of biopoly­
mer networks, for which coarse-​grained polymer mod­
els explain some aspects of cell and tissue mechanics, 
such as their strain-​stiffening behaviour. However, these 
models neglect important components of biopolymer 
networks, such as the solvent that they are coupled to 
and the resulting poroelastic effects, as well as the hier­
archical structure of the filaments. We therefore assess 
recent advances in understanding poroelastic effects and 
explore how the hierarchical nature of filaments gives 
rise to unexpected mechanical effects, such as their 
high extensibility. We further address how limitations 
to purely elastic models that neglect viscoelasticity can 
be overcome by considering time-​dependent and plastic 
effects. There is a growing recognition of the importance 
of plastic effects in biopolymer networks, prompted 
by observations of permanent extracellular matrix 
remodelling in the context of tumour cell invasion11. In 
biopolymer networks, remodelling comes from not only 
external sources but also active processes made possible 
by ATP hydrolysis in the cytoskeleton, a feature we con­
sider in a section on active material properties. Finally, 
we assess how nature combines all of the above mech­
anisms in composite networks, leading to, for example, 
the high extensibility of arteries and the ability of cells to 
deform while being mechanically stable. We conclude by 
pointing to the future research directions that are needed 
to bridge the gap between our understanding of in vitro 
model systems and real living systems.

Key points

•	Cells and tissues are supported by biopolymer scaffolds that are mechanically 
resilient yet dynamic. There is a growing realization that biopolymer networks acquire 
these unique features from their hierarchical structure combined with internal 
mechanochemical activity.

•	Biopolymer networks are embedded in water and therefore experience a strong 
coupling with the solvent, resulting in poroelastic effects.

•	Fibrous networks respond to cyclic mechanical loading with plastic effects, self-​
healing and fracture. These responses originate from all structural levels — from 
molecule to fibre to network.

•	Non-​equilibrium activity causes biopolymer networks to undergo active stiffening, 
fluidization or self-​driven flow, enabling a cell to deform.

•	Composite biopolymer systems, in which all these mechanisms act together, endow 
cells and tissues with their adaptive mechanical properties.
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Biopolymer network elasticity
Cytoskeletal and extracellular polymers are supramo­
lecular filaments with a highly organized molecular 
structure dictated by specific interactions between 
the constituent proteins. Examples are the double-​
helical architecture of actin filaments and the quarter-​
staggered packing structure of collagen fibres (Fig. 1a,b). 
Cytoskeletal filament assembly is driven by reversible 
non-​covalent interactions. This dynamic assembly is 
integral to the biological functions of the cytoskeleton, 
in which actin filaments and microtubules often need 
to assemble or disassemble rapidly in response to bio­
chemical or mechanical signals. By contrast, extracel­
lular matrix polymers such as collagen are more stable 
owing to covalent crosslinks created by enzymes22.

Mechanical models of cytoskeletal and extracellular 
matrix polymers usually coarse-​grain the filaments as 
smooth linear rods that resist bending with a modulus κ 
and stretching with a modulus µ. At finite temperatures, 
thermal fluctuations cause the filaments to bend as a 
function of their persistence length (lp), which is defined 
as the decay length of angular correlations along the poly­
mer contour. The persistence length is related to the 
bending modulus by κ = kBTlp, where kB is Boltzmann’s 
constant and T is the temperature. Biopolymers are cat­
egorized on the basis of the ratio between the persis­
tence length and total (or contour) length (L) as flexible 
(lp ≪ L), semiflexible (lp ≈ L) or stiff (lp ≫ L). Collagen 
fibres and microtubules have persistence lengths in 
the range of a few millimetres and contour lengths on  
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Fig. 1 | components of biopolymer networks. Cells and tissues are mechanically supported by biopolymer networks 
known as the cytoskeleton and extracellular matrix, respectively. a | Illustration of the three filaments that constitute the 
cytoskeleton of a cell. b | Illustration of the most prevalent biopolymers in the extracellular matrix. c | The left part shows a 
confocal microscopy image of a cell (actin is shown in red) adhered to a collagen matrix (blue fibres). The right part shows  
a schematic of the cytoskeleton and extracellular matrix connected across the cell membrane by integrin adhesion proteins. 
Note that the extracellular matrix in vivo is 3D in some tissues, such as skin, but forms a 2D sheet in other tissues, such as 
epithelia. GAG, glycosaminoglycan. Panel c (left part) courtesy of C. Martinez-​Torres and F. Burla, AMOLF, Netherlands.
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the order of several micrometres, and thus collagen 
fibres are examples of stiff filaments. By contrast, actin 
filaments and intermediate filaments have persistence 
and contour lengths in the micrometre range and are 
therefore semiflexible23–25. An example of a flexible 
biopolymer is hyaluronan, a polysaccharide in the extra­
cellular matrix with a persistence length of ~4–8 nm and 
contour length of several hundreds of nanometres26.

Biopolymers are assembled into load-​bearing net­
works by a variety of mechanisms. The simplest mecha­
nism is by entanglements that naturally arise from steric 
interactions (Fig. 2a). At sufficiently high densities, poly­
mers constrain each other’s motions to snake-​like paths 
along their contour, as conceptualized by the reptation 
model27,28 (Fig. 2a). In this model, each filament is con­
sidered to be constrained in its motion to a narrow tube 
formed by contacts with the surrounding filaments27. As 
cytoskeletal filaments have lengths of hundreds of nano­
metres up to several micrometres, it has been possible 
to directly observe filament reptation by fluorescence 
microscopy29. Entangled biopolymer solutions can store 
elastic energy only on short timescales, because at longer 
timescales, the filaments escape the constraints imposed 
by entanglements30. Long-​term mechanical stability is 
therefore possible only in the presence of long-​lived 
filament interactions, which can occur by branching or 
crosslinking (Fig. 2b). In the cytoskeleton, actin filaments 
and microtubules are branched and crosslinked by a 
large set of specialized proteins31,32, whereas intermedi­
ate filaments are crosslinked through a combination of 
accessory proteins and cation-​mediated interactions33. 
The transient nature of these filament connections 
turns cytoskeletal networks into viscoelastic materials. 
By contrast, the extracellular matrix has a more elastic 
character owing to covalent crosslinking. For example, 
the collagen framework is covalently crosslinked by 
lysyl oxidase22. When polymerized on its own, puri­
fied collagen tends to form networks through a com­
bination of branching and crosslinking34,35, whereas in 
the body, collagen assembly and mechanics are tightly 
regulated in a tissue-​specific manner by cells and acces­
sory matrix molecules36. In order to recreate the com­
plex regulation of collagen mechanics in vitro, artificial 
methods of collagen crosslinking have been used; for 

example, ribose37 and transglutaminase38 have been used as  
crosslinking agents.

Measurements on reconstituted biopolymer networks 
have revealed that these materials exhibit a general ten­
dency to stress-​stiffen in response to shear or uniaxial 
tensile loads and to stress-​soften under compressive 
loads39–42 (Fig. 3a). Theoretical modelling has shown that 
these nonlinear elastic properties are an intrinsic feature 
of filamentous networks. Compression-​induced network 
softening involves a competition between softening due 
to polymer buckling and stiffening due to polymer den­
sification upon solvent efflux40–43. Much more is known 
about the stiffening response upon tensile or shear 
loading. Interestingly, the mechanisms that govern stiff­
ening are fundamentally different for semiflexible and 
rigid polymer networks. Semiflexible polymer networks 
stiffen because the conformational entropy of the poly­
mers decreases as they are pulled taut along the direc­
tion of principal strain44 (Fig. 3b). The elastic modulus 
can be calculated by averaging over the entropic force– 
extension response of the constituent filaments39, provided  
that the network is densely crosslinked so that it deforms 
uniformly (that is, affinely) down to length scales on the 
order of the crosslink distance45. The elastic modulus is 
expected to increase with applied (shear) stress accord­
ing to a power law with an exponent of 3/2, which is 
indeed observed for actin and intermediate filaments46,47. 
The onset strain at which stiffening sets in is governed 
by the amount of excess length stored in thermal fluctu­
ations of polymer segments between adjacent crosslinks 
and is therefore a function of the persistence length and 
crosslink density. Networks of actin and intermediate 
filaments are highly strain-​sensitive because stiffening 
sets in at strains of just a few per cent, and the stiffness 
can easily increase by a factor of 10–100 before rupture. 
This strain sensitivity is believed to mechanically pro­
tect cells by preventing large deformations. Moreover, 
the strain sensitivity enables cells to tune their stiffness 
by molecular motor activity, as discussed below. Given 
these advantages, there is a growing interest in mimick­
ing strain sensitivity in synthetic polymer gels. Although 
synthetic polymers are typically flexible39, several groups 
have successfully created synthetic polymers that are  
sufficiently stiff to exhibit strain sensitivity48–50.

Entanglements Branch Crosslink Bundle

a

a

b

ξ

Fig. 2 | Mechanisms of biopolymer network formation. a | Biopolymers entangle when their density is sufficiently high 
such that they sterically hinder each other’s transverse motion. The cylinder indicates the snake-​like path along which 
each polymer is forced to reptate. The arrows indicate the tube width (a) and network mesh size (ξ). b | Branches, crosslinks 
and bundles are key components of filament networks and form through intermolecular interactions between the 
filaments, as in the case of collagen (top parts), or with the aid of accessory proteins, as in the case of actin (bottom parts). 
Panel a is adapted with permission from Ref.182, RSC.

www.nature.com/natrevphys

R e v i e w s



Networks of stiff (that is, athermal) filaments such 
as collagen also strain-​stiffen, but in this case, the 
nonlinearity is an emergent phenomenon that arises 
at the network level (Fig. 3c). This form of nonlinearity 
is related to the network connectivity. As biopolymers 
form networks through a combination of bundling, 
branching and crosslinking, the average coordina­
tion number (that is, the number of fibrils meeting at 
a junction) is in the range of three to four34,35. These 
networks are referred to as subisostatic because the 
coordination number is below the Maxwell criterion 
of six required for the mechanical stability of networks 
of springs51. However, unlike springs, fibres can form 
stable subisostatic networks because of their large 
bending rigidity52. Filamentous networks are soft at 
low strains because they deform in a non-​affine man­
ner dominated by fibre bending53,54. However, shear or 
tensile strains drive a transition to a rigid state dom­
inated by fibre stretching, owing to the alignment of 
fibres along the principal direction of strain. This tran­
sition occurs at a critical strain determined by the net­
work connectivity35,54,55. Collagen networks are highly 
strain-​sensitive given that nonlinearity usually sets in 
at strains of only ~10% and the stiffness can increase 
by 100-fold before network rupture. Strain stiffening 
is thought to help prevent tissue rupture while also 
promoting long-​range mechanical communication 
between cells56.

The effects of poroelasticity
The network models described above neglect the fact 
that biopolymer networks are coupled to the solvent in 
which they are embedded. Biopolymer networks are 
biphasic systems that combine a solid porous phase 
composed of protein fibres with a fluid phase that 
occupies ~70% of the total volume in cells and  >95% in 
reconstituted networks. Compressive or tensile defor­
mations that change the volume of the system will nec­
essarily induce fluid flow through the network owing 
to the incompressibility of water (Fig. 4a). This causes 
a time-​dependent mechanical response that is referred 
to as poroelasticity57. When the deformation is fast, the 
system will respond like an incompressible material 
because the load is supported primarily by the incom­
pressibility of the interstitial fluid58. By contrast, the  
system responds like a compressible material when  
the deformation is slow enough to allow for fluid out­
flow (in the case of compression) or inflow (in the case 
of extension). The typical timescale (τ) for a fluid of 
viscosity η to flow across a distance d through a polymer 
network with pore size ξ and shear modulus G can be 
estimated using a two-​fluid model for a linearly elas­
tic polymer network in a viscous background fluid59,60, 
according to τ ≈ ηd2/Gk. Here, k ≈ ξ2 is the hydraulic  
permeability of the network.

Poroelastic effects are well known in the context of 
tissue biomechanics, for example, in cartilage, in which 
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flow through the porous extracellular matrix has an 
important role in load bearing and energy dissipation61. 
Poroelasticity was long thought to be unimportant inside 
cells because of their small size (5–20 µm). However, a 
seminal study on blebbing cells showed that poroelastic 
effects do affect cell mechanics on timescales relevant to 
cell motility62. When the cell membrane locally detaches 
from the cytoskeleton, spherical membrane protrusions 
called blebs are formed. Blebbing is driven by active con­
traction of a thin actin–myosin network that is directly 
located underneath the cell membrane (referred to as 
the actin cortex), which creates a compressive stress that 
initially only locally increases the hydrostatic pressure. 
Thereafter, fluid flow inflates the detached membrane. 
Pressure equilibration across the cell takes ~10 s owing 
to the small mesh size of the cytoskeleton (~10 nm) and 
the high viscosity of the cytoplasm63. Subsequent atomic 
force microscopy nanoindentation and microrheology 
measurements confirmed the importance of poroelastic­
ity in determining cell mechanics63,64. Cells may exploit 
the slow equilibration of hydrostatic pressure to gener­
ate blebs or lamellipodial protrusions that drive loco­
motion65–68. Furthermore, cells can exploit poroelastic 
effects to modify their volume by water influx or efflux, 
which influences cell differentiation69.

Poroelasticity also has a notable influence on the 
shear rheology of biopolymer networks even though 
shear deformations are volume conserving, unlike com­
pressive and tensile deformations (Fig. 4b). Sheared poly­
mer networks develop a normal force perpendicular to 
the direction of shear, which tends to be negative (that is, 

contractile) for semiflexible and rigid biopolymers and 
positive (that is, extensile) for flexible polymers70. This 
so-​called Poynting effect71 is of relevance in tissues such 
as the ventricular walls72, which deform with a superposi­
tion of pure shear and extension and/or compression. In 
the presence of a fluid phase, the normal stress is always 
positive at short timescales because of the strong viscous 
coupling between the polymer network and the intersti­
tial fluid. However, if the influence of the interstitial fluid 
is neglected, which is justified on timescales much longer 
than the timescale on which fluid flow occurs, the nor­
mal force from the Poynting effect is always calculated to 
be negative because network segments that develop ten­
sion outnumber nodes under compression for networks 
of springs73, semiflexible polymers70 and subisostatic 
networks of rigid fibres54,55. The normal stress switches 
in sign from positive to negative at timescales that corre­
spond to the characteristic time for fluid flow (τ) intro­
duced above60. In biopolymer systems, this timescale is 
comparable to experimentally observable and relevant 
in vivo timescales (seconds to minutes).

Structural hierarchy of biopolymers
When protein biopolymer networks are subjected to 
large (>50%) strains, fracture is inevitable unless the con­
stituent polymers are able to elongate. Several cytoskel­
etal and extracellular protein biopolymers have been 
shown to be extremely extensible. This extensibility is 
a result of their molecular packing structure, which can 
change under strain (Fig. 5). One mechanism for filament 
elongation is the sliding of protein subunits along one  
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another. Subunit sliding has been observed for micro­
tubules and for collagen fibres, both of which are bundles  
of thin protofilaments associated by lateral interactions 
that are weaker than the longitudinal interactions74,75. 
Although the bending stiffness of both filament types 
is length dependent owing to protofilament sliding74,75, 
the filaments are only moderately extensible and break 
at strains of 50–80%23,76,77. Bundling of actin filaments 
with crowding agents or crosslinker protein generates 
filamentous structures that can similarly lengthen by 
sliding, giving rise to rate-​dependent force–extension 
behaviour78,79.

An alternative mechanism for filament elongation 
is molecular unfolding of the protein subunits. This 
phenomenon is well documented for intermediate fila­
ments, which can be stretched to more than three times 
their rest length using the tip of an atomic force micro­
scope25,80. Spectroscopic measurements of the secondary 
structure content as well as X-​ray scattering measure­
ments of the molecular packing structure showed that 
stretching is mediated by a conformational transition of 
the protein subunits from α-​helical to β-​sheet81,82, which 
sets in at tensile strains of ~10%. As a result of this con­
formational transition, the mechanical response of the 
filaments is strongly dependent on the loading rate25.  
A similar α-​helix to β-​sheet transition has been proposed 
to underlie the remarkable extensibility of the fibres 
formed by the blood clotting protein fibrin on the basis 
of X-​ray scattering and spectroscopy measurements on 
fibrin networks83–85 and single-​molecule force spectro­
scopy86,87. However, this mechanism has not yet been 
definitively proved because the complex architecture of 
fibrin fibres also allows for alternative mechanisms for 
elongation. Fibrin fibres are thick bundles of ~100 proto­
fibrils that are interconnected by long linker domains 
that are flexible because they are largely unstructured88,89. 
Several studies have suggested that linker stretching  
can account for the extreme extensibility of single  
fibrin fibres without the need to invoke unfolding of the 
structured domains90,91. It is possible that both mecha­
nisms act in unison92. In a conceptually similar manner, 
the elastin filaments that confer resilience to skin, lung 
and vascular tissues combine long, disordered protein 
domains that are flexible and extensible with ordered 
domains that confer rigidity and tensile strength93–95.

Owing to the numerous organizational levels of 
biopolymers, it remains a challenge to dissect the 

precise molecular mechanisms that orchestrate their 
elastomeric properties. Multi-​technique approaches that 
correlate the mechanical response measured at the fibre 
or network level with molecular changes as measured 
through small-​angle X-​ray scattering83,85 or vibrational 
spectroscopy84 are needed, which should be coupled to 
multiscale modelling that connects molecular models 
to the coarse-​grained network models described above 
through systematic coarse-​graining96. The extensibility 
of intermediate filaments, fibrin and elastin enables 
cells and tissues to cope with large mechanical strains. 
Moreover, these filaments nonlinearly stiffen as they 
are stretched, which has been predicted to increase 
their flaw tolerance97. Both of these features would be 
highly desirable in synthetic tissues. Unfortunately, it is 
still difficult to realize the hierarchical structure that is 
characteristic of protein biopolymers in fully synthetic 
materials. Current efforts to make bioinspired resilient 
materials therefore mainly use either natural or designed 
recombinant proteins as building blocks98–101. DNA 
nanotechnology offers another promising route towards 
hierarchical materials102.

The effects of dynamic crosslinking
Above, we have considered only the elastic properties 
of biopolymer networks. However, cells are visco­
elastic materials with time-​dependent mechanical 
properties owing to the transient binding of the linker 
proteins that mediate cytoskeletal crosslinking103. 
Dynamic crosslinking is crucial for cell functions such 
as migration, division and morphogenesis because it 
enables cells to dynamically remodel their interior and  
change shape104,105.

The mechanical consequences of transient crosslink­
ing have mainly been studied in the context of actin net­
works. At the single-​molecule level, actin crosslinkers 
have typical bond lifetimes of several seconds106,107, which, 
at the network level, translates into elastic behaviour  
at timescales shorter than the bond lifetime and visco­
elastic flow on longer timescales108. This viscoelastic flow 
does not follow a simple Maxwell model with a single 
relaxation time but instead follows power-​law behaviour 
characteristic of multiple relaxation times109 (Fig. 6). In the 
linear elastic regime, both the elastic and viscous moduli 
show a frequency (ω) dependence of ω1/2. Although there 
is a single microscopic timescale for crosslinker unbind­
ing, there is a broad range of macroscopic relaxation 

a b c

Fig. 5 | Mechanisms of biopolymer stretching arising from the hierarchical structure. The hierarchical assembly of 
biopolymers introduces several mechanisms for elongation of the constituent polymers. These mechanisms include 
sliding of the subunits, as observed with microtubules (panel a); forced unfolding of protein subunits, as observed with 
intermediate filaments (panel b); and stretching of disordered, flexible linkers that connect subunits, as observed with 
fibrin fibres (panel c).
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times, as each filament is crosslinked to the surround­
ing network by many crosslinker proteins. Stress relax­
ation therefore requires many independent binding and 
unbinding events109,110. In the nonlinear regime, the 
network response is dependent on time as well as stress 
because some crosslinker proteins exhibit slip-​bond 
behaviour, which means that they dissociate faster upon 
application of force106. As a consequence of the slip-​bond 
behaviour, actin networks soften at small loading rates 
owing to forced crosslinker unbinding, whereas they 
stiffen owing to nonlinear elasticity when the loading rate 
exceeds the crosslinker unbinding rate111–113. Intriguingly, 
several linkers, including α-​actinin-4, filamin and vin­
culin, exhibit an opposite response to loading, known 
as catch-​bond behaviour, whereby the bond lifetime 
initially increases with force because loading exposes a 
hidden binding site114–116. Indeed, catch bonds have been 
shown to delay the onset of relaxation and flow in actin 
networks117. A complication in studying reconstituted 
actin networks is that the structure is often determined 
by kinetics, owing to dynamic arrest during the polymer­
ization process118,119. Kinetic trapping can cause the pres­
ence of long-​lived internal stresses that take many hours 
to relax because of the slow dynamics of crosslinker-​
governed network relaxation120,121. It is unclear whether 
dynamic arrest is relevant in the context of cells, in 
which actin filaments are constantly disassembled and  
nucleated anew.

The extracellular matrix has a more elastic character 
than cells because the collagen framework is covalently 
crosslinked22. However, in reconstituted collagen net­
works, stress relaxation is significantly enhanced under 
strain owing to force-​dependent unbinding of the bonds 

that hold the fibres together122. Furthermore, the inter­
stitial space of collagen networks in tissues is filled with 
a soft hydrogel composed of hyaluronic acid and other 
transiently crosslinked components, which introduce 
additional mechanisms for stress relaxation123. It will be 
interesting to investigate the collective dynamics that 
result from the composite architecture of the extracel­
lular matrix, especially as recent work has revealed that 
the viscous response of the matrix, in addition to rigid­
ity, has a notable impact on the behaviour and function  
of cells124,125.

Plasticity, fracturing and self-​healing
Another important consequence of transient crosslink­
ing is network plasticity, which is sometimes referred to 
as mechano-​memory. Plasticity in cytoskeletal networks 
arises when mechanical loading causes dissociation of 
the crosslinkers, which subsequently diffuse and rebind 
elsewhere103. The redistributed crosslinks can freeze into 
a shear-​induced fibre alignment, which causes network 
hardening126,127. In principle, structural changes in tran­
siently crosslinked networks decay over time, but these 
effects are typically dynamically arrested owing to the 
slow, glassy stress relaxation118,121. When the shear stress 
is too high, actin networks completely lose mechani­
cal percolation. Experimentally, the rupture strength 
is known to depend on the actin filament length and 
crosslink density128 as well as on the microscopic proper­
ties of the crosslinkers, including their compliance129,130. 
The microscopic mechanism of rupture is still poorly 
understood. Through 1D modelling of bond arrays, it 
has recently been shown that the dynamic unbinding 
of crosslinks should make transient networks inherently 
prone to fracturing, as local fluctuations in crosslinker 
density propagate into large-​scale cracks131,132. However, 
cytoskeletal networks are also inherently self-​healing. 
Broken crosslinks are capable of re-​forming133, and the 
filaments themselves can even self-​repair by the addi­
tion of new monomers134,135. In cells, the nucleation 
and growth of new filaments can further promote self-​
healing136. Nucleation and polymerization of actin137 and 
extracellular filaments138 is typically enhanced at sites 
undergoing mechanical stress, which further increases 
the self-​healing capabilities of the network. The self-​
healing potential of transiently connected networks has 
already been adopted in materials science, as highlighted 
by several exciting examples of self-​healing synthetic 
polymers139,140.

Extracellular matrix networks, including collagen and 
fibrin, also exhibit plasticity upon cyclic loading, but in 
this case, the fibres themselves form new bonds in the 
deformed state41,141. Once the external stress is released, 
these new bonds are stretched, causing the build-​up of 
internal contractile stress that nonlinearly stiffens the 
network. Owing to the complex molecular packing 
structure of the fibres, additional plasticity can arise at 
the level of the fibres themselves142. In the case of non-​
crosslinked networks of collagen or fibrin, cyclic shearing 
has been observed to cause fibre lengthening, presumably 
through subunit sliding, which delays the onset of strain 
stiffening143. There is a growing recognition that these 
mechano-​memory effects are relevant for normal tissue 
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development as well as for pathological processes such as 
fibrosis and cancer progression. By exerting contractile 
forces, cells irreversibly remodel the extracellular matrix 
and generate rigid, aligned fibre tracts142,144,145. These rigid 
tracts in turn promote cellular force generation through 
positive mechanochemical feedback.

Active material properties
Above, we have considered how biopolymer networks 
respond to externally applied deformations. However, a 
unique feature of cells is the capability of the cytoskeleton 
to generate internal forces146 that turn it into an active, 
out-​of-equilibrium material. Actin filaments and micro­
tubules provide tracks for the motion of motor proteins, 
as they have a structural polarity conferred by the head-​
to-tail assembly of the protein subunits. The two struc­
turally distinct ends of actin filaments and microtubules 
are referred to as the plus and minus ends. Motor pro­
teins recognize the polarity and step unidirectionally 
towards one end of each filament by coupling the energy 
released by ATP hydrolysis to a mechanical cycle.

The material properties of the actin cytoskeleton are 
mostly governed by a specific class of motors known 

as non-​muscle myosin-​II13,147. Individually, myosin-​II 
motors cannot generate contractile stress because they 
have a low duty ratio, meaning that they are bound to 
actin for only a small fraction of the ATP hydrolysis 
cycle. Stress generation therefore requires myosin assem­
bly into bipolar filaments of ~10–30 motors (Fig. 7a). As 
the motor domains are exposed at each end, bipolar 
myosin filaments can slide antiparallel actin filaments 
past one another. In the absence of crosslinks, this slid­
ing activity can fluidize actin networks by relieving 
entanglement constraints148, and this may contribute 
to myosin-​driven softening of nonadherent (that is, 
suspended) cells149. By contrast, cells adhered to solid 
substrates through integrin-​mediated adhesions are stiff­
ened by myosin motor activity because the adhesions 
facilitate the build-​up of contractile prestress. In vitro 
studies have shown that the build-​up of contractile stress 
in actin networks requires a sufficiently high crosslink 
density such that the connectivity is above a percolation 
threshold150,151. In principle, extension should be equally 
likely as contraction. However, several mechanisms bias 
actin–myosin networks towards contraction152. An 
important contribution comes from the asymmetric 
response of crosslinked fibrous networks to compres­
sive versus tensile strain153,154. Simulations have revealed 
that collective fibre buckling in the vicinity of a local 
contractile force centre will always rectify the stress 
towards strongly amplified isotropic contraction in dis­
ordered networks154. This same principle also applies 
to extracellular matrix networks containing contractile 
cells (Fig. 7b) and has been shown theoretically154,155 and 
experimentally156. An alternative mechanism that biases 
actin–myosin networks towards contraction is polar­
ity sorting157. In this case, myosin motors run towards 
the plus ends of actin filaments and form polar asters  
(an aster is a radial array of filaments with plus ends 
pointing inwards and motors accumulated in the cen­
tre) because they tend to end-​dwell. These asters act as 
contractile nodes, which drive contraction in crosslinked 
networks. Irrespective of the mechanism of contraction, 
theoretical models predict that active stress will stiffen 
filamentous networks because of their nonlinear elastic 
response to stress155,158,159 (Fig. 7c). Indeed, motor-​driven 
stiffening has been experimentally confirmed for recon­
stituted actin–myosin networks150,160 as well as for fibrin 
and collagen networks containing cells56,156.

Microtubules combined with kinesin motors (Fig. 7a)  
exhibit a broader variety of behaviours than do actin– 
myosin networks depending on the presence of cross­
links and pre-​existing filament alignment. Disordered 
crosslinked microtubule–kinesin networks contract 
because motors walk to the plus ends of microtubules 
and pause there, resulting in polarity sorting of micro­
tubules into asters with the microtubule plus ends  
oriented inwards; motor activity on microtubules  
connecting adjacent asters leads to aster merging and 
ultimately macroscopic contraction161. By contrast, 
nematic solutions of microtubules exhibit extensile flow 
in the presence of kinesin motors because the motors 
move pairs of antiparallel microtubules in opposite 
directions133,162. Motor-​driven expansion is, in principle, 
also possible in actin–myosin systems163,164, but it is rarer, 

lo
g 
K
´

log σ
ext

σ
int

 

σ
ext

 

Passive gel

Active gel

Myosin motor

Actin
MicrotubuleMicrotubule

sliding

Kinesin
motor

Microtubule
sliding

Plus end

Plus
end

a

cb

Kinesin
motor

Fig. 7 | Active control over biopolymer network mechanics by contractility.  
a | Cytoskeletal contractility. Myosin motors form bipolar filaments that contract 
crosslinked actin networks by sliding antiparallel actin filaments past one another (shown 
on the left), and kinesin motors that crosslink two antiparallel microtubules slide them 
apart, reducing their overlap (shown on the right). b | Cells contract the extracellular 
matrix by transferring contractile forces generated by actin and myosin through focal 
adhesions. c | Active contraction makes cytoskeletal and extracellular matrix networks 
stiffer than their passive (equilibrium) counterparts because the elasticity of extracellular 
matrix networks responds nonlinearly to internal stress. In an active gel, the resulting 
differential shear modulus K'; is determined by a combination of external shear stress σext 
and internal shear stress σint (shown in the inset).

Nature Reviews | Physics

R e v i e w s



probably owing to the smaller persistence length of actin 
filaments, which favours filament buckling.

Another important source of activity in the cytoskel­
eton is the constant turnover of actin filaments and 
microtubules, which is driven by nucleotide hydroly­
sis by the filaments themselves165. Although nucleotide 
hydrolysis also occurs in monomeric actin, monomers 
rapidly exchange nucleotides with the environment, 
whereas nucleotides are fixed in filamentous actin. 
Hydrolysis of ATP enables actin filaments to polymer­
ize at one end while depolymerizing at the other end 
(a process known as treadmilling)165, whereas hydro­
lysis of GTP enables microtubules to undergo stochas­
tic switching between growth and shrinking (which is 
known as dynamic instability)166. The classical picture 
of actin treadmilling has been disputed, with the sug­
gestion that ATP hydrolysis favours depolymerization 
of all old actin filaments167. Regardless of whether actin 
turnover occurs by treadmilling or depolymerization of 

old filaments, it is expected to dissipate motor-​driven 
stress because depolymerization removes tensed fila­
ments while new filaments are produced in a stress-​free 
state168–170. Indeed, an experimental study confirmed 
that filament treadmilling speeds up stress relaxation in 
actin networks171. Experiments on cell extracts showed 
that the combination of motor activity and actin turn­
over leads to multiple dynamic steady states, including 
long-​range flow patterns172. Given the complexity of 
cell extracts, which contain many thousands of distinct 
proteins173, it will be interesting to test these findings in 
reconstituted networks.

The active material properties of cytoskeletal networks 
have already inspired several exciting synthetic active 
materials, such as synthetic polymer networks activated 
by fuel-​dependent polymer treadmilling174 or light-​driven 
molecular rotors175, and DNA-​based networks driven by 
fuel-​dependent processive enzymes176.

Synergy in composite networks
In nature, the various processes described above often 
occur simultaneously, as both the cytoskeleton and the 
extracellular matrix are composite mixtures of biopoly­
mers with different mechanical and dynamic proper­
ties. Despite using the same building blocks, the synergy 
between individual polymers with diverse properties 
enables access to a wide range of mechanical proper­
ties to meet the requirements of different cell and tissue 
types. Cartilage, for example, needs to simultaneously 
resist tensile and compressive loads and achieves this 
through the interplay between a fibrous collagen net­
work and a proteoglycan meshwork177. Migrating cells 
need to combine resilience with directional motion 
through fluidization and therefore rely on coupling 
between actin, intermediate filaments and micro­
tubules178. Composite biopolymer networks have only 
recently begun to be investigated by quantitative rhe­
ological measurements and theoretical modelling. The 
focus thus far has been on two-​component systems, but 
even these simplified systems have a large parameter 
space in which the network mechanics can be tuned  
by variations in the persistence lengths of the two poly­
mers, their relative and absolute densities and the  
interconnectivity between the two components (Fig. 8).

In theoretical studies, this complex phase space 
has been mainly explored in the limit of permanently 
crosslinked networks that combine rigid and flexible 
or semiflexible polymers (Fig. 8a). When both polymers 
form percolating networks, the linear elastic modulus 
of the composite can become substantially larger than 
the sum of the moduli of the separate networks179. In 
such systems, the biopolymer with a lower rigidity 
forms a denser elastic background owing to its smaller 
mesh size, which in turn increases the effective bending 
rigidity of the more rigid biopolymer179,180. Such a syn­
ergistic increase in the linear elastic modulus has been 
experimentally observed in composites of actin and the 
intermediate filament protein vimentin, which differ in 
persistence length by a factor of 10 (with lp = 10 µm and 
1 µm, respectively)181. Although this synergistic increase 
was not confirmed in a more recent study, this inconsist­
ency could be a result of subtle differences in the filament 
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interactions182. Networks of flexible or semiflexible poly­
mers have also been predicted to reinforce rigid polymers 
against compressive loads180, an effect that has indeed 
been observed in actin–microtubule composites183 and 
is thought to be important for cells crawling through soft 
matrices184. Recently, active superelasticity (that is, the 
ability to undergo large and reversible deformation by 
accommodating strain in an inhomogeneous manner) 
was observed in epithelial cells and attributed to the 
synergistic behaviour of actin and intermediate filament 
networks185. In the context of the extracellular matrix, 
collagen–hyaluronan composites were also reported to 
exhibit an enhanced resistance to compressive loading 
compared with collagen alone186. However, in this case, 
the mechanism was not elastic but viscous in origin: 
hyaluronan increases the viscosity of the fluid in the  
interstices of the collagen matrix and thus increases  
the hydraulic resistance to fluid outflow. As glycosamino­
glycans tend to swell in hypotonic solutions, they can also 
induce prestress when interpenetrated with a collagen 
network187; this prestress can change the nonlinear elastic 
response of collagen owing to its stress sensitivity188.

Mechanical enhancement can also be achieved for 
composites in which only one of the two polymers forms 
a percolating network (Fig. 8b). In this case, the perco­
lated component determines the linear elastic modulus, 
whereas the non-​percolated one influences the non­
linear elastic response189. Rigid polymer inclusions are 
expected to lower the threshold shear strain required 
to induce strain stiffening of semiflexible polymers by 
making the strain field more affine189–192. This effect has 
been confirmed experimentally for composite networks 
of actin and microtubules193,194. Furthermore, rigid poly­
mer inclusions are predicted to induce compressibility 
in an otherwise almost incompressible matrix because 
they constrain the displacement field195, a phenome­
non observed in co-​entangled actin and microtubule 
composites196.

In the cytoskeleton, the crosslinks that connect the 
filaments are proteins that, in some cases, directly influ­
ence the network mechanics by contributing their own 
compliance (Fig. 8c). An extreme example is filamin, a 
V-​shaped protein that has two actin binding domains 
that are connected by long and flexible linker domains. 
Filamin drastically changes the nonlinear elastic 
response of actin networks, from the 3/2 power-​law stiff­
ening observed with rigid crosslinks, such as α-​actinin, 
to an approximately linear stiffening response130. This 
effect has been explained by modelling actin–filamin 
networks as composites of rigid filaments and worm-​like 
chain crosslinkers197. Compliant crosslinks or combina­
tions of crosslinkers with different rigidities thus provide 
additional parameters to tune the nonlinear mechanics 
of cytoskeletal networks129,198,199 (Fig. 8d).

A challenge in experimental studies of composite 
networks is that the constituent polymers can influence 
each other’s organization through steric constraints, 
direct interactions or depletion effects. Structural cha­
nges caused by such mutual interactions have been 
reported in, for example, composites of actin and inter­
mediate filaments200,201 and composites of collagen and 
glycosaminoglycan202. It will be important in future 

studies to gain better control over the network structure 
of composites through the assembly kinetics and the  
use of bifunctional crosslinking agents, such as plectins  
and spectraplakins178. An alternative approach is to  
create hybrids of biopolymers and synthetic polymers or  
fully synthetic hybrid networks; these systems enable 
better control over the interaction between the consti­
tuents and assembly conditions of the polymers100,203. 
Furthermore, the theoretical predictions of the relation­
ship between the stress and strain fields in composite 
networks have yet to be examined experimentally by,  
for example, confocal rheometry45.

Conclusions and outlook
Living matter is able to combine two contradictory me­
chanical functionalities: the capacity to resist substantial 
loads and the ability to actively change its shape, archi­
tecture and mechanics. Experiments on reconstituted 
biopolymers coupled with theoretical modelling have 
successfully unveiled some of the design principles that 
underlie these functionalities, but many open-​ended 
questions remain. Arguably the most challenging of 
these is how living systems maintain mechanical strength 
while actively deforming. This ability is especially diffi­
cult to understand in the context of cells, because cell 
deformability requires transient crosslinking, but tran­
sient bond dynamics makes materials vulnerable to rup­
ture. We speculate that catch-​bond crosslinkers may help 
cells to circumvent this problem, as they tend to accumu­
late in stressed regions204. A further factor is the comple­
mentarity of the three cytoskeletal systems, which have 
traditionally been regarded as independent with sepa­
rate cellular tasks. However, there is mounting evidence 
that these cytoskeletal systems function in a coupled 
manner through interactions mediated by crosslinker 
and motor proteins and shared signalling pathways178. 
Microtubules and actin stress fibres, for instance, align 
and polarize intermediate filaments, while aligned inter­
mediate filament structures in turn serve as a long-​lived 
template that guides microtubule growth205. Intermediate 
filaments also integrate the contractile forces generated 
by actin across the cell206. We anticipate that studies 
of reconstituted composite cytoskeletal networks will 
provide a powerful strategy to elucidate the collective 
active and passive material properties that emerge from 
cytoskeletal cooperation. The development of engineered 
selective crosslinkers will also help to elucidate the role 
of the interaction between different cytoskeletal compo­
nents207. Future experimental progress will be aided by 
advanced techniques developed for measuring mecha­
nics in situ, such as optical microrheology and mole­
cular force sensors7, whereas progress in modelling will 
benefit from advances in coarse-​grained approaches and 
statistical frameworks to describe active matter96,146,208. 
Importantly, the emergence of optogenetic tools now 
makes it possible to bridge the gap between in vivo and 
in vitro experiments by selectively controlling signal­
ling pathways with high spatiotemporal resolution209. 
Through this technique, it was, for example, revealed that 
viscoelastic timescales probed in vivo can exceed those of 
the internal components210, which indicates that a wide 
variety of interactions exist in the same cell.
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Although connective tissues are often regarded as  
more static structures than cells, everyone who has recov­
ered from a broken bone or has performed body buil­
ding knows that bones and muscles adapt to mechanical 
loading. In fact, the architecture of our bones is precisely 
optimized for the local loading conditions in the body.  
The dynamics that mediate this adaptivity are driven 
by cells, which constantly synthesize collagen and other 
extracellular matrix constituents and degrade the matrix 
by secreting proteolytic enzymes211. There is intriguing 
evidence that collagen displays a ‘use it or lose it’ func­
tionality: collagen fibrils under high strain are protected 
from enzymatic degradation, whereas fibrils under low 
strain are enzymatically destroyed212. As a result, col­
lagenous materials dynamically adapt to physiological 
loads, selectively strengthening and pruning themselves 
to retain a structure in the principal loading direction. 
Determining the mechanisms that lead to this counter­
intuitive behaviour would be helpful in understanding 

pathologies such as fibrosis and would guide the design 
of materials for tissue regeneration.

Understanding the mechanical design principles of 
living matter is fundamental to elucidating the mecha­
nistic basis of diseases associated with genetic defects in 
cytoskeletal and matrix proteins, such as skin fragility 
and heart muscle failure213,214. Furthermore, living mat­
ter has come to be regarded as a paradigmatic example 
of a growing class of soft condensed matter known as 
active matter215. Studies of reconstituted systems are 
providing an instructive road map for the creation of 
synthetic materials with life-​like features. It remains a 
challenge to realize the active driving and hierarchical 
structuring that is unique to living matter. However, 
hybrid materials that combine synthetic and biologi­
cal building blocks (proteins or even cells) provide a 
promising avenue.
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