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Mammalian cells control their shape and function by altering their mechanical
properties through structural rearrangements and changes in molecular biochem-
istry at the nanometer scale. Yet, little is known about the molecular and bio-
physical basis of cell mechanics. Most of the existing engineering models of cells
are ad hoc descriptions based on measurements obtained under particular experi-
mental conditions, and these continuum models usually ignore contributions
of subcellular structures and molecular components. More than 20 years ago,
we introduced an alternative model of the cell based on tensegrity architecture
which proposes that isometric tension in the cytoskeleton is critical for cell shape
stability. Key to this model is the concept that this stabilizing tensile “prestress”
results from a complementary force balance between multiple, discrete, molecular
support elements, including microfilaments, intermediate filaments and micro-
tubules in the cytoskeleton, as well as external adhesions to extracellular matrix
and to neighboring cells. In this chapter, we review progress in the area of cellular
tensegrity, including development of theoretical formulations of the tensegrity
model that have led to multiple a priori predictions relating to both static and
dynamic cell mechanical behaviors that have now been confirmed in experimental
studies with living cells. We describe how the cytoskeleton and extracellular
matrix form a single, tensionally integrated structural system as predicted by
tensegrity, and how distinct molecular biopolymers (e.g., microfilaments vs micro-
tubules) may bear either tensile or compressive loads inside the cell. The tenseg-
rity model is also compared and contrasted with other models of cell mechanics.
Taken together, these recent theoretical and experimental studies confirm that the
cellular tensegrity model is a useful model because it provides a mechanism to link
mechanics to structure at the molecular level, in addition to helping to explain
how mechanical signals are transduced into biochemical responses within living
cells and tissues.
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I. INTRODUCTION

Mechanotransduction, the cellular response to mechanical stress, is governed
by the cytoskeleton (CSK), a molecular network composed of different types
of biopolymers (microfilaments, microtubules, and intermediate filaments)
that mechanically stabilizes the cell and actively generates contractile forces.
To carry out certain behaviors (e.g., crawling, spreading, division, invasion),
cells must modify their CSK to become highly deformable and almost
fluid-like, whereas to maintain their structural integrity when mechanically
stressed, the CSK must behave like an elastic solid. These responses are gov-
erned by the passive material properties of the CSK, as well as stress-induced
changes in biochemistry that modify cytoskeletal structure. Although the
mechanical properties of cells govern their form and function and, when
abnormal, lead to a wide range of diseases (Ingber, 2003b), little is known
about the linked biophysical and biochemical mechanisms by which cells
control their deformability.

Because CSK filaments can chemically depolymerize and repolymerize, it
was assumed in the past that cells alter their mechanical properties via sol-gel
transitions (cf. Stossel, 1993). However, cells can change shape from round
to fully spread without altering the total amount of CSK microfilament or
microtubule polymers in the cell (Mooney et al., 1995). In fact, individual
bundles of microfilaments (stress fibers), intermediate filaments, and micro-
tubules often remain structurally intact for periods of minutes to hours, even
though individual subcomponents may bind and unbind to filaments on the
outer surface of the bundle. Only in small regions of the cell that undergo
rapid extension and retraction, such as within ruffles at the leading edge of
actively migrating cells, are rapid waves of new cytoskeletal filament poly-
merization observed.

Instead, studies with cultured cells suggest that adherent cells control
their mechanical behavior by altering the level of “prestress” borne by their
CSK (Hubmayr et al., 1996; Pourati et al., 1998; Rosenblatt et al., 2004;
Stamenovié et al., 2002a, 2004; Wang and Ingber, 1994; Wang et al., 2001,
2002). Prestress here refers to the preexisting tensile stress that exists in the
CSK prior to application of an external load. This prestress results from the
action of tensional forces that are generated in contractile actin microfilaments
(active prestress), transmitted over intermediate filaments, and resisted by
adhesive tethers to extracellular matrix (ECM), known as focal adhesions
(FAs), to neighboring cells through cell-cell junctions, and by other CSK fila-
ments (e.g., microtubules) inside the cell. The prestress is also generated
passively by mechanical distension of the cell.

These observations are consistent with the idea that the CSK is organized
as a tensegrity structure; this mechanical, stress-supported network maintains
its structural stability through the agency of tensile prestress (Ingber, 1993,
2003a; Stamenovié et al., 1996; Volokh et al., 2000). Additional experiments
show that changes in CSK prestress can alter cell static mechanical properties
(e.g., stiffness) (Hubmayr et al., 1996; Pourati et al., 1998; Wang and Ingber,
1994; Wang et al., 2001, 2002), as well as dynamic cell rheological behaviors
(Fabry et al., 2001; Rosenblatt et al. 2004; Stamenovi¢ et al., 2002a, 2004).
Changes in this cellular force balance may alter cell deformability by promot-
ing structural rearrangements within the CSK and by altering the dynamic
mechanical behavior of individual CSK filaments. Shifts in force between
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discrete internal and external load-bearing elements in the CSK and ECM
also may promote biochemical changes, such as remodeling of FAs that phys-
ically couple the CSK to the ECM (Burridge et al., 1988) and alterations in
CSK filament assembly that are critical to the cellular adaptation to stress, as
well as to cell migration and growth (Davies, 1995; Ingber, 1997).

Many previous sophisticated attempts to develop a comprehensive
model of cell rheology have typically focused on examining only specific
molecular mechanisms or individual types of cytoskeletal components,
while disregarding the architectural organization of the whole cytoskeletal
network. This is not at all to say that molecular details are unimportant,
but only that the controlling physics occurs at a higher level of structural
organization. Specifically, our past results suggest that cell mechanical
behaviors are determined at the level of integrative lattice properties and
are governed by the prestress borne by the CSK. In addition, the tensegrity
model also provides a mechanism to link these integrative system-level
properties to changes in forces transferred between distinct load-bearing
elements at the molecular level, which is not possible using existing models
of cell mechanics.

In this chapter, we first review the key role that cell shape and mechanics
play in control of cell function, and how cell shape stability is controlled
through cell-substrate interactions. We then describe how the original con-
ceptual model of cellular tensegrity has been translated into mathematical
terms over the past decade, and how this model can be used as a frame-
work to describe both steady-state (static) cell mechanical behavior and cell
rheological behaviors under dynamic loading. In the process, we explain
how molecular-scale shifts in force between discrete internal and external
load-bearing elements in the CSK and ECM adhesive substrate control the
mechanical behavior of the whole cell.

Il. COUPLING BETWEEN CELL SHAPE AND FUNCTION

Mechanical distortion of cell shape can impact many cell biological behav-
iors, including motility, contractility, growth, differentiation, and apoptosis
(Chen et al., 1997; Folkman and Moscona, 1978; Parker et al., 2002; Polte
et al., 2004; Singhvi et al., 1994). Cell shape can be altered by distorting
flexible culture substrates on which cells adhere (cf. Harris et al., 1980;
Pelham and Wang, 1997; Pourati et al., 1998; Rosenblatt et al., 2004),
directly manipulating the surface membrane with adhesive particles (cf.
Wang et al., 1993; Bausch et al., 1998) or pipettes (cf. Maniotis et al., 1997),
applying local distortion by suction (cf. Sato et al., 1990) or indentation
(cf. Petersen et al., 1982; Shroff et al., 1995), altering ECM coating densities
on otherwise nonadhesive dishes (Wang and Ingber, 1994), or culturing cells
on adhesive islands of defined shape and size on the micrometer scale cre-
ated with microfabrication techniques (cf. Singhvi et al., 1994). For exam-
ple, cells can be switched between growth, differentiation, and apoptosis
(programmed cell death) by plating cells on different-sized adhesive islands
coated with the same density of ECM protein (Chen et al., 1997).
Endothelial cells that spread on large islands proliferate; cells on
intermediate-sized islands differentiate; and cells on the smallest islands that
fully prevent distortion die, even though all cells are bathed in medium
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containing a saturating amount of soluble growth factors. Similar results
have been observed with a variety of cell types (Singhvi et al., 1994; Chen
et al., 1997).

Mechanical distortion of cells produces these changes in cell function by
inducing restructuring of the CSK and thereby impacting cellular biochemistry
and gene expression through largely unknown mechanisms (Flusberg et al.,
2001; Huang et al., 1998; Ingber, 1997; Mammoto et al., 2004; Numaguchi
et al., 2004). Motile cells also can sense the mechanical stiffness of their ECM
substrate, and preferentially move toward areas of greater rigidity (Pelham
and Wang, 1997). The changes in cell extension and movement that make cell
migration possible depend on the ability of the substrate to resist cell trac-
tional forces and thereby alter the cellular force balance (Parker et al., 2002;
Sheetz et al., 1998), which, in turn, alters cellular biochemistry to further
strengthen the cell’s ability to resist the applied load (Sheetz et al., 1998;
Wang et al., 1993). Even at the cytoplasmic and nuclear levels, a key role for
mechanical distention is evident in the control of subcellular structure and
function (cf. Ingber, 1993, Maniotis et al., 1997).

These observations suggest that regulation of many vital cellular behav-
jors can be influenced by cell-substrate interactions that alter cell spreading
and the mechanical distending stress borne by the CSK. An effective model of
the cell must therefore allow us to relate cytoskeletal mechanics to biochem-
istry at the molecular level, and to translate this description into quantitative,
mathematical terms. The former permits us to define how specific molecular
components contribute to cell behaviors. The latter allows us to develop com-
putational approaches to address levels of complexity and multicomponent
interactions that exist in cells but cannot be described or explained by current
approaches.

lIl. THE CELLULAR TENSEGRITY MODEL

The idea that deformability of the CSK network may govern mechano-
transduction and thereby regulate cellular functions was conceptualized for
the first time in the 1980s, when one of us (Ingber) proposed the tensegrity
model of the CSK (Ingber et al., 1981). As many signaling molecules are
physically linked to the CSK, deformation of the CSK caused by externally
applied forces to the cell should produce molecular distortion. This, in turn,
should affect chemical signaling in the cell through alterations in molecular
kinetic and thermodynamic parameters (Ingber, 1997). Mechanical signals,
therefore, may be integrated with other environmental signals and transduced
into biochemical responses through force-dependent changes in CSK archi-
tecture. Tensegrity architecture may therefore provide a mechanism by which
cells can focus mechanical signals on molecular transducers, as well as
orchestrate and tune cellular response.

Tensegrity architecture (cf. Fuller, 1961) describes a class of discrete net-
work structures that maintain their structural integrity because of prestress in
their cable-like structural members (Fig. 4.1).

Ordinary elastic materials (e.g., rubber, polymers, metals) by contrast,
require no such prestress. The central mechanism by which these structures
develop restoring stress in the presence of external loading is primarily
by geometrical rearrangement of their pretensed members. The greater the







