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Cells actively probe mechanical properties of their environment by exerting internally generated
forces. The response they encounter profoundly affects their behavior. Here we measure in a
simple geometry the forces a cell exerts suspended by two optical traps. Our assay quantifies
both the overall force and the fraction of that force transmitted to the environment. Mimicking
environments of varying stiffness by adjusting the strength of the traps, we found that the force
transmission is highly dependent on external compliance. This suggests a calibration mechanism
for cellular mechanosensing.
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(PMR) [12–14]. Both AMR and PMR can be performed
with single probe beads [12, 13] or by evaluating correlated motions of pairs of probes [14–16]. We have carried out 2-particle AMR and PMR simultaneously on
osteocyte-like MLO-Y4 cells [17]. This was necessary in
order to be able to dissect the non-equilibrium fluctuations generated by the cellular traction forces from the
thermal fluctuations. The latter are intimately connected
to the cell’s response characteristics via the fluctuationdissipation theorem. We measured the motion of the
optically trapped probe particles using laser interferometry and quadrant photodiodes with a spatial resolution
better than 0.1 nm [18, 19]. To create two optical traps,
we focused two laser beams (λ = 1064 nm, Nd:YVO4 ,
Compass, Coherent) with orthogonal polarizations in a
custom-built microscope to diffraction-limited spots [15].
For AMR, one particle was oscillated using an acoustooptical deflector [10]. The output signal from the photodiode that detects the position of the other particle
was measured with a lock-in amplifier. Position measurements were done relative to the centers of the optical traps. Through the independently determined trap
stiffness, displacement translates directly to a force on a
bead. For PMR, the oscillation of the driving laser was
turned off, and the spontaneous fluctuations in the positions of both particles were recorded. Displacements and
trap stiffnesses were calibrated by recording fluctuations
of beads from the same batch in water [10, 13, 20]. Cells
were cultured and prepared for experiments as described
in ref. [21]. Polystyrene beads (4 µm diameter) coated
with fibronectin, which promotes integrin-mediated adhesion, were attached to opposite sides of a cell and held
in suspension by the optical traps [21]. Cells thus remained roughly spherical (Fig. 1a). Experiments were
carried out in a CO2 -free culture medium at 37◦ C. Lipid
vesicles coated with F-actin were used as controls, following the procedure described in ref. [22].
For 2-particle AMR, the response functions Aij =
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Cells, be they single cell organisms or part of a tissue, constantly communicate with their environment.
Apart from exchanging chemical signals, cells perform
mechanosensing, i.e. they both sense external forces and
actively probe the mechanical properties of the environment they are embedded in [1, 2]. Signaling cascades
initiated by mechanosensing influence cell growth, development and fate. Just like an engineer would do, cells
explore external material properties by imposing a force
and measuring the response. Cells generate forces by
contracting their ”inner muscles”, i.e. the cytoskeleton,
composed largely of actin networks and bundles (stress
fibers), actuated by myosin motor proteins [3]. The cytoskeleton is coupled to the external environment via specialized adhesion contacts, the focal adhesions [4, 5]. Cellular stress sensors are believed to be localized at the focal
adhesions [6, 7].
The physical and molecular details of stress sensing remain largely unknown. It has been difficult to quantify
stresses and forces in cells due to their complex shapes
and internal structures. The fraction of the internally
generated force that is transmitted to the environment
will furthermore depend on the mechanical properties of
both the cell and the environment, and on the exact geometry of cell adhesion. Here we present a new experimental approach that allows us to measure simultaneously the cell’s viscoelastic response, the overall force
the cell generates, and the fraction of the force that is
transmitted to the environment. In the simplified geometry of a close-to-spherical cell shape, suspended between
two optically trapped colloidal beads, we demonstrate
how the transmitted force directly scales with the external stiffness. This result suggests a mechanism by which
cells can calibrate their own active mechanosensing machinery.
The approach we use is a variation of optical-trap
based microrheology (MR) which can be done actively
(AMR) [8–11] or passively by tracking fluctuations
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A"ij + iA""ij defined by Aij ≡ uj /di was obtained by                                  
measuring the displacement uj of particle j, caused                     

by the driving force di on particle i, in the direction
parallel to the line connecting the two particles. For     

2-particle PMR, the Fourier transform of the crosscorrelation
function
!
"
# of the spontaneous bead fluctuations

ui (ω) u∗j (ω) ≡ "ui (t) uj (0)# exp (iωt)dt was calculated. In equilibrium, the
fluctuation-dissipation
theo!
"

rem relates this function ui u∗j to the imaginary part of
                                  
""
the complex response function Aij by

























This expression quantifies the extent of mechanical nonequilibrium in the system. The physical origin of Pact (ω)
depends on the system under investigation [23]. Here we
will proceed to calculate from Pact (ω) the frequency dependence of the active traction forces that the cells exert
on their environment, which is in this case represented
by the optically trapped beads.
Fig. 1b shows the fluctuations in the measured forces
ku1 (t) and ku2 (t) for each probe as a function of time,
where k is the trap stiffness which was adjusted to be
equal in the two traps. The forces felt by the two particles appear largely balanced, i.e. they add to zero, which
suggests that intracellularly generated forces are predominant in driving the slow fluctuations. For comparison,
the same experiment was carried out with an actin-coated
vesicle in thermodynamic equilibrium (Figs. 1c and d),
where no such large and slow fluctuations were seen.
The response function of an MLO-Y4 cell is shown in
Fig. 2a, where open circles give the normalized fluctuation cross correlation ω "u1 u∗2 # /2kB T measured by PMR,
and closed circles give the response function A12 measured directly by AMR. At frequencies higher than 10
Hz, AMR and PMR show good agreement, as if the system was in equilibrium. At lower frequencies, in contrast,
the PMR result shows a large negative correlation while
A""12 measured by AMR is negligibly small and A"12 is





The real part A"ij is estimated through a Kramers-Kronig
# ∞ ζA!!ij (ζ)
integral: A"ij (ω) = π2 P 0 ζ 2 −ω
2 dζ, where P denotes
a principal-value integral. In non-equilibrium systems
such as living cells, however, both thermal and activelygenerated forces act on the probes. Here it is critical
to combine AMR and PMR in the same experiment so
that we can separate the active from the thermal fluctuations [10]. AMR gives the material response function Aij ,
from which we can estimate the thermal part of the fluctuations 2kB T A""ij /ω via the FDT. Provided that thermal and non-thermal fluctuations are uncorrelated, the
non-thermal fluctuation spectrum Pact (ω) can then be
determined as the difference between the total spectrum
measured by PMR and the thermal spectrum estimated
by AMR:
!
"
Pact (ω) = ui u∗j − 2kB T A""ij /ω
(2)
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Pth (ω) =

2kB T A""ij /ω















FIG. 1: (a) Differential interference contrast microscopy
(DIC) image of a MLO-Y4 osteocyte-like cell suspended in
culture medium by two optically trapped fibronectin-coated
beads (diameter 2R = 4 µm). The beads are attached to
opposing sides of the cell. Scale bar: 5 µm (b) Fluctuations of the force exerted by the cell on both probe beads
(k = 5.0 × 10−5 N/m). Forces generated by the cell result in
anti-correlated displacements in the traps. (c) Fluorescence
microscopy image of a lipid vesicle coated with rhodaminephalloidin stabilized and biotinylated actin. Scale bar: 5
µm. (d) Thermal force fluctuations seen by the probe beads.
Streptavidin coated beads were attached to the vesicles via
the biotinylated actin.

roughly constant. At frequencies lower than 10 Hz, the
mechanical response of the cell is thus quasi-static, but
the observed violation of the FDT shows that the system
is out of equilibrium. Fluctuations here are dominated
by the non-equilibrium cellular forces.
Having isolated the non-equilibrium fluctuations, we
now analyze their spectral characteristics and speculate
about the underlying cellular processes creating these
fluctuations. Fig. 3a shows that the power spectra of
the active traction force fluctuations transmitted to the
probe particles, −k 2 "u1 u∗2 #, approximately follow a scaling law −k 2 "u1 u∗2 # ∼ ω −2 with an amplitude that depends on the trap stiffness k. The spectral density at
0.19 Hz is plotted versus k in Fig. 3b and shows a monotonic increase with k for small trap stiffnesses, appearing
to asymptotically level off at high trap stiffnesses. This
result, at first glance, appears to suggest that the cells
generate more force when pulling against a stiffer trap.
The simpler explanation of the observed force spectra is,
however, that the internally generated forces both deform the cell itself and displace the beads in the traps,
all of which can be modeled as coupled harmonic springs
(Fig. 4). How the elastic energy is divided up between
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the cell and the traps depends on the relative stiffnesses.
When the optical trap is weak, internally generated forces
mainly deform the cell, but when the traps are stiff, forces
are efficiently transmitted to the probe particles without
significantly deforming the cell. In this way, the optical
traps and the beads suspending the cell assume the role
of an elastic environment that would usually be provided
by an extracellular matrix or neighboring cells, but which
can now be conveniently controlled by the trapping laser
power.
To quantify these ideas, we model the cell and the optical traps as coupled springs (Fig. 4). Here, k12 denotes
the effective elastic constant of the cell. When balanced
forces F and −F are generated, the displacements of the
probe particles are u1 = −u2 = −F/ (k + 2k12 ), which
gives
k2
"F F ∗ #
(k + 2k12 )2

(3)

We obtained both cell stiffness (16 measurements
with 5 different cells) k12 = 3.8 ± 2.1 × 10−5 (N/m)
and total cellular force generation "F F ∗ # (0.19 Hz) =
1.4 ± 1.0 × 10−24 (N2 /Hz) by fitting Eq. (2) to the data.
The resulting value for k12 is consistent with the value
directly obtained from AMR (force-distance curve) [21].
In order to extend this model to a general frequencydependent response, we consider the Langevin equation
for the two probe particles,
$ t
{ξ11 (t − t" )u̇1 (t" ) + ξ12 (t − t" )u̇2 (t" )} dt" =
−∞

−k u1 + K1 + F1





FIG. 2: A12 measured with AMR (filled symbols) compared to
the normalized fluctuation power spectral density measured
with PMR (open symbols). Circles and squares show real
and imaginary parts, respectively. At frequencies lower than
10 Hz, a violation of the FDT was observed due to the traction
forces generated by the cell.

−k 2 "u1 u∗2 # =










ω

(4)

and similarly for switched indices. Here, Ki is the thermally fluctuating force acting on particle i, and F2 =
−F1 = F is the total traction force between probes. It
is important to properly take into account the fact that
the probes feel both, the viscoelastic response of the cell,



































FIG. 3: (a) Trap-stiffness dependence of the (attenuated)
force fluctuations detected by the beads −k2 #u1 u∗2 $. The
power spectral density of the total fluctuating force #F F ∗ $
(filled circles) follows an ω −2 power law. (b) Trap stiffness
dependence of the force fluctuation −k2 #u1 u∗2 $ at 0.19 Hz
(filled circles). The solid line is the fit of Eq. (2) to the data.
The total traction force generated by the cell (open circles)
does not depend on the strength of optical trapping.

and the confinement potentials ot the traps. The drag
coefficient tensor ξij describes only the cell response. The
random thermal force, however, is related via the FDT to
the total drag coefficient tensor of the
! system,
" including
the trap effects, γij (= 1/iωAij ) by Ki Kj∗ = 2kB T γij .
The cross-power spectrum is calculated via the Fourier
transform of Eq. (4) as
! ∗"
ui uj = − "F F ∗ # (A11 − A12 ) (A∗22 − A∗12 )
(5)

Open circles in Fig. 3b show the total traction force obtained from this model which is not measurably influenced by trap stiffness. The force transmitted to the
probes, on the other hand, does vary with trap stiffness
and only at large k converges towards the total traction
force. Note that comparing AMR and PMR in Eq. (4)
lets us obtain the total traction force without making the
assumptions used in Eq. (3). Eq. (3) neglects thermal
forces and assumes a quasi-static mechanical response,
which was justified here merely because AMR A""12 ≈ 0
at low frequencies (Fig. 2).
It remains to link the observed force fluctuations between the two beads to microscopic molecular events in
the cell. We here provide a simple scaling discussion.
The generators of cellular force are motor proteins acting within the cytoskeleton. In many cell types, bipolar aggregates of cytoplasmic myosins bridge F-actin filaments or bundles and, under ATP hydrolysis, generate contractile forces [24]. Since one can often neglect
external forces (such as gravitational, or electrostatic
forces) reaching into the cell, each such elementary forcegenerating unit can be modeled as an internally-balanced
force dipole [25]. We now derive an approximate expression for the displacement field u at a distance r from a
single dipole in the low-frequency quasi-static limit where
the elastic response of the cell dominates. Suppose the
dipole consists of forces ±f separated by a distance ε.
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FIG. 4: Simple model of the mechanical components in our
experimental configuration. k12 and k denote the stiffnesses
of the cell and the optical traps, respectively, u1 , u2 are the
displacements of each particle. F denotes the total traction
force as a sum of local forces as sketched in the lower panel.

To leading order in ε, and for a linear elastic response,
u must be proportional to εf /µ with µ the shear modulus [26]. For the probe particles attached to opposing
cell boundaries, the distance to the force generators is of
order r ∼ R. The only possible scaling form for u driven
by a single intracellular dipole is then u ∼ εf /µR2 . The
direction of the total force dipole is dependent on the
average orientation of local force generators as shown in
Fig. 4 (lower panel). Assuming, for the sake of simplicity,
that the activities and directions of local dipoles are uncorrelated, their collective activity driven by N dipoles
in the cell over a volume ∼ R3 then gives a product
u2 ∼ N (εf /µR2 )2 . Inserting reasonable values for a cell
(ε ≈ µm, f ≈ pN, µ ≈ 100 Pa [21], N ≈ 1000, and
2R ≈ 10 µm) results in u2 ∼ 10−16 m2 . This estimate
correponds to the mean square displacement explored
by the probe particles within ≈ 1 s (Fig. 1b). Larger
fluctuations on longer time scales are likely driven by
the correlated activity of force dipoles which scales as
u2 ∼ N 2 (εf /µR2 )2 ∼ 10−13 m2 , still consistent to our
data (Fig. 1b).
The approximate "F F ∗ # ∼ ω −2 frequency dependence
which we have seen here in the extra-cellularly detected
forces shown in Fig. 2b has also been widely seen with
probes embedded in cells [16, 27], suggesting a common
origin. The same frequency dependence has furthermore
been observed in non-equilibrium model cytoskeletal networks activated by myosins [11]. The origin of this scaling behavior in the latter case appeared to be the occurrence of sudden force release events [11, 28]. Here, in our
cell experiments, however, such release events were not
evident, leaving the case somewhat open for further inquiry. Note that it is easy to confuse the non-equilibrium
fluctuations in viscoelastic cells with diffusion in a purely
viscous environment which produces the same power law.
Cellular forces have been examined using AFM or
(micro-patterned) elastic substrates [7, 31]. These techniques detect merely the force transmitted to the probes,
which depends on substrate response even if total cellular force generation remains the same, as we have shown.

This fact has been largely neglected. The uniqueness of
our approach is the ability to measure ”total” cellular
force as well as transmitted force.
Cells exhibit threshold responses that point to a mechanism that somehow performs a comparison between
internal and external stiffness. For fibroblasts it was
found [29] that stress fibers (F-actin/myosin bundles) are
created only when the substrate elasticity is greater than
3 kPa, which is comparable to the cell elasticity. Differentiating mesenchymal stem cells can even adapt their
own rigidity to their environment [30]. The comparison
between inside and outside elastic response could be very
directly performed by a force sensor located at the cell
membrane, e.g. at focal adhesion complexes [4, 5], because, as we have shown here, the intracellularly generated force is only efficiently transmitted to the extracellular matrix when the stiffness of the surrounding matrix
is larger than that of the cell itself.
Since it is becoming more and more evident that
mechanosensing is a crucial component of cell-cell and
cell-tissue communication, understanding the physical
mechanisms at the basis of these cellular sensory capabilities will be relevant for both understanding cell development and differentiation and for applications in tissue
engineering.
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