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excellent agreement with the phase diagram [Fig. 2(a)]
obtained from linear stability analysis. From a random
initial condition, the system develops static patterns for
M ¼ 0; see Fig. 4(b). For nonzero values of M, traveling
domains are observed that exhibit coarsening and reflec-
tion at the boundaries; see Fig. 4(c). Upon increase of
M, the dynamics becomes complex and irregular; see
Fig. 4(d). At even bigger values of M, standing waves
similar to the ones in Fig. 4(a) are observed; see Fig. 4(e).
For large values of M, the steady state is stable.

To study spatiotemporal patterns in 2D, an extension of
Eqs. (6)–(8) is used [28]. The numerical simulations are
performed with a finite elements method. As predicted by
linear stability analysis and already observed in 1D simu-
lations, standing waves are obtained for larger values ofM;
see Figs. 5(a) and 5(b). However, in two dimensions,
standing waves are often only transient and are replaced
by rotating waves; see Fig. 5(c).

Discussion.—Motivated by two-phase flow models of
amoeboid movement, we introduce a model that combines

the dynamics of a viscoelastic solid with the one of a
viscous fluid. Pattern formation is investigated with linear
stability analysis and numerical simulation. We find that
the presence of elastic forces (E ! 0) leads to the forma-
tion of mechanochemical waves. These waves occur due
to the interplay of the following processes: active tension in
the solid (cytoskeletal) phase, flow, and transport of a
regulating chemical agent in the fluid (cytosolic) phase.
Depending on the magnitude of the Young modulus E
traveling domains, turbulent and standing waves are
obtained. In two dimensions, the results of simulations
are analogous to the 1D results, but, in addition, rotating
waves are observed.
This Letter provides a description of mechanically

induced transport in a model of an active poroelastic
medium. The cytoplasm is described as a viscoelastic solid
cytoskeleton interpenetrated by a viscous cytosol. Hence,
processes of the unbinding of cross-linkers and depolymer-
ization that may appear on large time scales are neglected
[12]. Alternative descriptions in terms of active gels
account for larger time scales [15]. Depending on the cell
type and particular conditions, the concrete value of this
time scale differs. A typical value for solid-fluid transitions
in eukaryotic cells is around 5–10 s [15,21].
Hence, the poroelastic model applies to mechanochemi-

cal waves with periods shorter than the characteristic solid-
fluid transition time. A potential application is the slime
mold Physarum polycephalum that was found to have a
relaxation time of several minutes under stretch [31] and

FIG. 5 (color online). Two-dimensional concentration patterns
in a circular domain with diameter 25‘. (a) Spatiotemporal plot
obtained along the dashed line indicated in the upper frame
of (b). The integration time was 500!. Two-dimensional
(b) standing and (c) rotating waves. The small arrows in (a)
mark the time corresponding to the snapshots in (b) and (c). The
circular arrow shows the direction of rotation.

FIG. 4 (color online). (a) Phase diagram in the Pe-M
plane obtained by numerical simulations of Eqs. (6)–(8) with
"f ¼ 0:01. The lines correspond to the analytic results shown in
Fig. 2. Examples of spatiotemporal plots of the concentration c
in a one-dimensional medium are shown in (b) static patterns,
(c) traveling domains, (d) turbulent patterns, and (e) standing
waves. The crosses in the phase diagram indicate the parameter
values employed in (b)–(e).
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