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Rheology of entangled active polymer-like T. Tubifex worms

Antoine Deblais, Sander Woutersen, Daniel Bonn ⁎

University of Amsterdam, Netherlands

A B S T R A C TA R T I C L E I N F O

We propose a new ‘active particle’ system in which the particles are in fact polymer-like. We experimentally study the
rheology of long, slender, and entangled living worms (Tubifex Tubifex, or ‘sludge worms’). Performing classical rheol-
ogy experiments on this entangled polymer-like system, we find that the rheology is qualitatively similar to that of
usual polymers, but, quantitatively, (i) shear thinning is reduced by activity, (ii) the characteristic shear rate for the
onset of shear-thinning is given by the time scale of the activity, and (iii) the low shear viscosity as a function of con-
centration shows a very different scaling from that of regular polymers. The level of activity can be controlled by
changing the temperature but also by adding small amounts of alcohol to make the worms temporarily inactive. I
will also briefly discuss phase separation by entanglement, and our first attempts to perform hydrodynamic chroma-
tography of these wormy polymers.
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Fig. 1.Active living polymer. (a) Top-viewpicture of a single active polymerlike T. Tubifexwormaka “sludge”worm. (b) A collection of theseworms spontaneously aggregate
through entanglement to form large “blob” that are reminiscent to polymer melts. The inset shows the entanglement state of the worms within the blob. Scale bar in the inset
represents 2 cm.
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Fig. 3. (Left) A known mass of worms is mixed with water and placed in a custom designed rheology cell. (Right) The rough plate-plate rheology cell allows us to perform
rheology measurement on the living worm suspension.

Fig. 2. Effective viscosity of active point-like Chlamydomonas suspensions as a function of shear rate. Data are shown for different volume fractions of the suspension and
compared to the viscosity of the suspending medium (stars). Figure taken from [1].

Fig. 4. a. Schematic of the experimental setup, b. picture of the worms in the plate-plate rheology cell, c. PIV imaging of the velocity field, d. measured z-dependence of the
velocity, showing a linear velocity profile with addition of a significant amount of wall slip.
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Fig. 7. Zero-shear viscosity as a function of the worm concentration. We observed a zero-shear viscosity dependance different fromwhat is usually observed in regular poly-
mer solutions.

Fig. 5. Fit of the Cross model for ‘normal’ polymer solutions to our living polymer suspension. The two characteristic parameters are the time at which there is a crossover
from the Newtonian plateau to shear thinning, and the shear thinning exponent.

Fig. 6. Shear thinning behavior of the worm suspensions, the higher the worm volume fraction, the higher the viscosity. The curves clearly show a transition from a
Newtonian plateau at low shear rates to a power-law shear thinning behavior at higher shear rates.
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Fig. 10. Effect of the activity on the shear-thinning exponent. The shear viscosity for the different volume fractions is rescaledwith the zero-shear viscosity and the shear rate
with the crossover time. The higher the activity of the worm-solution, the lower the shear-thinning exponent.

Fig. 8.Dynamics of a single worm at two different levels of activity. A lower level of activity can be achieved by lowering the temperature or by exposing the worm to a mix-
ture of water and alcohol. From the fluctuations of the worm's shape, a characteristic time of the wiggling motion can be deduced.

Fig. 9. (Left) Temporal fluctuation of the end-to-end distance with respect to its averaged values versus time. (Right) Corresponding correlation function fromwhich we de-
termined themicroscopic characteristic time of a singlewormas indicated by the dotted line. The lower the temperature (or by adding alcohol), the longer the relaxation time
of the worm.

Fig. 11. Correlation between the crossover time (obtained from rheology, Fig. 5) and the characteristic time of the end-to-end fluctuations of a single worm (obtained from
imaging, Fig. 8 & 9). The macroscopic rheology time is clearly proportional to but distinctly different from the ‘microscopic’ motion time for a single worm.
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Fig. 14. Mean squared displacement of the worms, measured trajectories, and the effective diffusion coefficient for different worm activities.

Fig. 12.Aggregation and phase separation of the livingworms Tubifex tubifex. Snapshots of active-worm aggregation in a 25×25×2.5 cmvolume at t=0, 9.5, and 60min
(from left to right).

Fig. 13. Characteristics of domain growth during spinodal decomposition of a classical system, a binary fluid mixture that shows demixing upon a temperature quench.
Figure taken from [2].
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Fig. 17. Blob diffusion. Effective diffusion constant as a function of average blob size at T = 20 20 °C. The purple line shows the expected scaling for particles undergoing
Brownian random motion. The experimental data (blue symbols) indicate a diffusion constant independent of blob size.

Fig. 15. (Left) Fourier transform of the diffraction pattern formed by ‘phase separating worms’. (Right) Intensity as a function of wavevector for the ‘phase separating worms’.
The peak corresponds to a characteristic domain size, growing (i.e., moving to smaller wavevector) when time increases, similarly to what is observed for spinodal decom-
position in a classical phase-separating system.

Fig. 16.Growth of the characteristic domain of thewormaggregates, showing a Lifshitz-Slyosov type behavior that is usually observed in 3D classical phase separating system
upon a temperature quench.
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Fig. 19. Log-log plot of the (simulated) domain growth for the two conditions described above; the size-independent diffusion coefficient gives a significantly better descrip-
tion of the experiments.

Fig. 18. Simulation of the dynamics of ‘Phase separation’ for theworm system. The top series is when the blob diffusion coefficient is inversely proportional to the blob size, as
it is usually the case for classical systems. The dynamics in the living polymer/worm system is better described by the lower series with a constant blob diffusion coefficient (a
shown in Fig. 16).
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