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Abstract
Run-and-tumblemotion is a prominent locomotion strategy employed bymany livingmicroorgan-
isms. It is characterized by straight swimming intervals (runs), which are interrupted by sudden
reorientation events (tumbles). In contrast, directional changes of syntheticmicroswimmers (active
particles) are caused by rotational diffusion, which is superimposedwith their translationalmotion
and thus leads to rather continuous and slowparticle reorientations. Here we demonstrate that active
particles can also perform a swimmingmotionwhere translational and orientational changes are
disentangled, similar to run-and-tumble. In our system, suchmotion is realized by a viscoelastic
solvent and a periodicmodulation of the self-propulsion velocity. Experimentally, this is achieved
using light-activated Janus colloids, which are illuminated by a time-dependent laserfield.We observe
a strong enhancement of the effective translational and rotationalmotionwhen themodulation time
is comparable to the relaxation time of the viscoelastic fluid.Ourfindings are explained by the
relaxation of the elastic stress, which builds up during the self-propulsion, and is suddenly released
when the activity is turned off. In addition to a better understanding of activemotion in viscoelastic
surroundings, our resultsmay suggest novel steering strategies for syntheticmicroswimmers in
complex environments.

1. Introduction

Syntheticmicroswimmers or active particles (APs) [1–9] currently receive considerable attention because their
properties resemble the behavior of livingmicroorganisms [10–13]. Similar to their biological counterparts, APs
can form clusters [14–16], respond to external chemical [17] and light [18] gradients or to gravity [19] and
externalflows [20]. In both cases, the translationalmean square displacement (MSD) displays a short-time
ballistic and a long-time effective diffusive behavior. Despite such common features between biological and
syntheticmicroswimmers, notable differences occur. For instance, the trajectories ofE. Coli are comprised of
alternate periods of rather straight segments with almost constant velocity v (runs), and abrupt short-lived
reorientation events (tumbles)which result in rather sudden directional changes [21, 22]. In contrast, the angular
dynamics of syntheticmicroswimmers is determined by their rotational diffusionwhich—formicron-sized
particles—is on the order of several tens up to hundreds of seconds [13, 23]. Because orientational and positional
changes are superimposed, directional changes of APs are typically rather smooth compared to their biological
counterparts.

Here we demonstrate that APs can also perform a swimmingmotionwhere translational and orientational
changes are decoupled in time. Such run-and-tumble-like propulsion scheme can be induced in a suspension of
APs being immersed in a viscoelasticmediumwhen their self-propulsion is periodically turned on and off with
modulation timeTmod.While the particles perform a rather straight forward swimmingmotion during the on-
period, they experience a pronounced elastic recoil when the propulsion is turned off. Similar recoils have been
previously observed inmicrorheological experiments where a (passive) colloidal particle was externally driven
by an optical laser tweezer through a viscoelastic liquid [24].When the optical trapwas suddenly turned off, the

OPEN ACCESS

RECEIVED

27 July 2017

REVISED

13October 2017

ACCEPTED FOR PUBLICATION

1December 2017

PUBLISHED

16 January 2018

Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 3.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2018TheAuthor(s). Published by IOPPublishing Ltd on behalf ofDeutsche PhysikalischeGesellschaft

Konstanzer Online-Publikations-System (KOPS) 
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-2-12mpyue7r67gr3

Erschienen in:  New Journal of Physics (NJP) ; 20 (2018). - 015008 
https://dx.doi.org/10.1088/1367-2630/aa9ed1

https://doi.org/10.1088/1367-2630/aa9ed1
mailto:clemens.bechinger@uni-konstanz.de
http://crossmark.crossref.org/dialog/?doi=10.1088/1367-2630/aa9ed1&domain=pdf&date_stamp=2018-01-16
http://crossmark.crossref.org/dialog/?doi=10.1088/1367-2630/aa9ed1&domain=pdf&date_stamp=2018-01-16
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0


relaxingmicrostructure of the fluid caused a transient backwardmotion of the particle, i.e. an elastic recoil. In
case of anAPwith time-modulated self-propulsion as studied here, such recoils are found to strongly affect both,
its translational and orientational dynamics.We observe that the shape of the trajectories strongly depends on
Tmod and that particle reorientation ismost rapidwhen it is close to the relaxation time τ of thefluid.Our
experimental findings suggest novel steering strategies for active colloids in e.g. crowded systems [25] orwithin
patterned confinements [26].

2. Experimental description

As active colloids, we used spherical silica particles with diameter R2 7.75= μm,which are half-coated by a
50 nm sputtered carbon layer (figure 1(a)). Such Janus-particles are immersed in a criticalmixture of water and
propyleneglycol n-propyl ether (PnP)with 0.4 PNPmass fraction. To render thefluid viscoelastic, we added
0.05%polyacrylamide (PAAm) (M 18 10w

6= ´ ). The solution exhibits a lower critical point as shown by the
green line in figure 1(b). In the semidilute regime, such solutions are viscoelastic with a stress-relaxation time

1.50 0.10 st =  (for details, see [27]). As experimentally confirmed, the solution displays shear thinning
behavior forWeissenberg numbersWi 1> , whereWi v R2t= , with v the particle propulsion velocity [28]. It
should be emphasized that in all experiments shown below,Wi 0.3< where the fluid has a constant (zero) shear
viscosity 0.100 0.015 Pa s0h =  . In this regime, themean viscous friction force on a particle has been
confirmed to be proportional to its velocity [24].

A small amount of APs is immersed in themixture and contained in a thin sample cell with height h≈ 4R
(figure 1(a)). Under such spatial confinement translational and rotational dynamics is limited to two dimensions
[29–31]. In the absence of self-propulsion, the translational and rotational diffusion coefficients determined
fromour experiments are D 3.69 0.60 10 m st

0 4 2 1m=  ´ - -( ) and D 1.84 0.40 10 sr
0 5 1=  ´ - -( ) ,

respectively. This value is about 50%below the corresponding Stokes–Einstein values and caused by
hydrodynamic coupling to thewalls [32]. The sample cell is thermally coupled to awater bathwhich is kept
constant below the critical temperature atT 25 0.1 C=   .When the cell is illuminatedwith laser light
(λ=532 nm), it is absorbed by the carbon caps, which results in local demixing of the fluid (for our intensities
this demixing region is at least one order ofmagnitude smaller than the particle size [31]). This leads to a self-
diffusiophoreticmotionwhose propulsion velocity is controlled by the incident light intensity as shown by the
green symbols infigure 1(b) [7, 31, 33]. To rule out a possible temperature dependence of the rheological
properties of the viscoelasticmixture, whichwould influence the viscous drag experienced byAPs, we have
measured the shear-rate dependent viscosity of our systembetween 25 °C (bath temperature) and 31 °C, the
latter being close toTC (for further details see appendix).Within our experimental resolution, only a negligible
temperature-dependence is observed.

Time-dependent propulsion forces were created by periodic variation of the laser intensity withTmod by a
mechanical shutter, which periodically switches the illumination intensity between Imax and zero (figure 1(d)).
In our protocol, we have chosen identical on and off duration timeswhich guarantees that the time-averaged
incident light intensity is independent ofTmod. Particle positons and orientations were obtained by digital video
microscopywith a frame rate of 10 Hz and 50 nmof spatial resolution. The particle orientationwas determined
directly from the optical contrast due to the carbon cap [27].

3. Experimental results

Before discussing the behavior of APs in viscoelastic fluids, wewill briefly discuss theirmotion in aNewtonian
binarymixture, i.e. in absence of the PAAm. As shownby the blue lines infigures 1(b), (c) phase diagramof a
water-PNPmixtures is little affected by the presence of PAAmand only leads to small changes in the critical
temperature and the light-induced particle propulsion. Figures 1(e), (f) show the in-plane positional and
orientational component of anAPwhich is subjected to a periodic laser illumination. In contrast to the
translationalmotion, which alternates between self-propulsion (light on) andBrownian diffusion (light off), no
differences in the angular component are found. The latter is expected, because for homogeneous illumination,
the particle orientation is entirely determined by its rotational diffusion and independent of self-propulsion. To
compare the particle’smotion inNewtonian liquids for continuous and periodic illumination, we have analyzed
the positional and orientational component of their trajectories. To allow for a direct comparison, the time-
averaged illumination intensity was identical in both cases. Figures 1(g), (h) show the positional and angular
MSDs for periodic, T 1.5 smod = (blue), and steady (gray) illumination, respectively. Apart fromdeviations in
the short time-behavior of the translationalMSD [34], the diffusive long-time behavior is identical for periodic
and steady illumination. This demonstrates that a steady state in the particlemotion is reachedwithin the
illumination period. Such behavior is consistent with the fact that the temperature profile around amicron-
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sized capped colloid suspended in a liquidwith thermal diffusivity 10 m s7 2 1a ~ - - reaches its steady state after
a time scale R 10 s2 3a ~ - [31]. Note that this is at least two orders ofmagnitude shorter than the time-scales of
our experiments, namely τ= 1.5 s and the smallestmodulation periodTmod=0.2 s in our experiments.

In the following, we discuss our observations after adding PAAm to the critical solution, i.e. in a viscoelastic
fluid. Because the viscosity is enhanced by a factor of 25 after adding the polymer ( 0.100 0.015 Pa s0h =  ), the
particle’s diffusive reorientation dynamics becomesmuch slower compared to above. This is seen infigure 2(a),
which shows the rather straight particle trajectory under constant illumination over 400 s4.When the active
motion is periodically turned on and off, drastic directional changes appear. These reorientation eventsmainly
occurwhen the illumination is turned off, as shown by the arrows infigure 2(b). The effect of themodulated

Figure 1. (a) Schematic illustration of the sample cell containing a dilute suspension of light-activated Janus particles in afluid.
(b)Phase diagramof aNewtonian binary criticalmixture of water and PnP (blue)with the critical point atTc=31.4 °Cand 0.4 PnP
mass fraction. The green line corresponds to the phase diagram after addition of 0.05%polyacrylamide (PAAm), which renders the
fluid viscoelastic. Inset: snapshot of the spinodal demixing of the viscoelastic fluid atT=32 °C. The nature of the demixing process is
not affected by the presence of PAAm. (c) Self-propulsion velocity of a Janus particle with R2 7.75 mm= as a function of the light
intensity under steady illumination conditions forNewtonian (blue circles) and viscoelasticmixture (green squares). (d) Intensity
protocol to realize a periodicmodulation of particle self-propulsion. (e), (f)Positional and orientational configuration of anAPwhose
self-propulsion ismodulated in timewith T 1.5 smod = and I 4max = μW μm−2. (g), (h)Translational and angularmean-square
displacements for periodicalmodulation (same conditions as in (e, f)) (blue) and homogeneous illuminationwith I 2max =
μW μm−2 to ensure identical conditions (gray).

4
The particle’s orientation dynamics ismuch faster thanwhat is expected for aNewtonian liquidwith the same viscosity η 0 [27]where an

enhancement of the rotational diffusion up to a factor of 250 has been observed.
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propulsion on the particle’s trajectory is seen inmore detail infigure 2(c). During each illumination period the
particle is translated by several hundreds of nanometres. In the absence of illumination, amuch smaller reverse
motion occurs. Contrary to theNewtonian case, here pronounced differences between periodswith andwithout
illumination are also observed in the orientational particle dynamics (figure 2(d)): while only slow orientational
changes occur during self-propulsion, abrupt directional changes arise when the illumination is turned off.

The above observations can be explained by an elastic recoil, which is experienced by the particle after
illumination is turned off. The presence of such recoils has been recently demonstrated inmicrorheological
experiments, where a colloidal particle was driven by amoving optical tweezer through a viscoelastic solution
[24].When the driving force was suddenly removed, a backmotion due to the recovery of the deformed fluid’s
microstructure was observed. Such behavior, which is absent inNewtonian liquids, is caused by the rather long
(seconds) structural relaxation times being characteristic for viscoelastic fluids [35]. Figure 3 (red curve) shows
the result of such a recoil experiment in the same viscoelastic solvent and for the same bath temperature
T 25 C=  and particle size R2 7.75 mm= as used in the present study. The velocity before release was set to
v 0.4 m s 1m» - which results in an exponential decaywith a decay time of 1.5 st = (black line)5. The green
curve shows the transient of an equally sized AP, whichwas originally self-propellingwith velocity
v 0.4 m s 1m» - andwhose activemotionwas suddenly stopped by turning the illumination off. In both cases,
we observe the same exponential decay, which suggests the occurrence of elastic recoil in APs in viscoelastic
fluidswithmodulated self-propulsion.

In analogywith theDeborah number (De), which is used in rheology to characterize flows of viscoelastic
materials under time-dependent deformations, in the followingwewill quantify themotion of APswith
periodic propulsionmodulation by

De
T

. 1
mod

t
= ( )

Figure 4(a) shows typical APs trajectoriesmeasured over 400 s duration and forT 0.2, 1.5, 2.5, 4.0 smod =
(corresponding toDe=7.5, 1, 0.6, 0.375) and for Imax=4 μW μm−2, where the arrows show the
corresponding particle orientation determined from the video images by detecting the cap orientation. At low
and highDe, the trajectories are rather straight, but become quite wiggly atDe=1.

To quantify the change of the particle orientation qD during the off-period, we have calculated the
normalized probability distributions of qD (figure 4(b)). Compared to constant illumination (De=0), the
distributions becomewider, which suggests that the particle reorientation is stronglymodified byTmod. Around
De=1, thewidth of the distribution is the largest and exhibits orientational changes of several tens of degrees
after a singlemodulation.

We have also calculated themean-square displacement of the angular particle orientation θ ,
t t t t2

0 0
2q q qáD ñ = á + - ñ( ) [ ( ) ( )] , where the brackets denote time averaging over t0.We plot the behavior of

Figure 2. (a)Typical trajectory of a self-propelled particle in a viscoelastic fluid at constant illuminationwith I=2 μW μm−2. (b)
Trajectory of the same particle for T 1.5 smod = and I=4 μW μm−2. The arrows indicate events where the self-propulsion is turned
off. (c), (d)Positional and orientational configuration of an active particle with periodicallymodulated self-propulsion for the same
conditions as in (b).

5
In [24] have shown, that the elastic recoil proceeds via a double-exponential decay.However, for small velocities (below 1 μm s−1), the

amplitude of the shorter relaxation time can be neglected.
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t 2qáD ñ( ) for different De infigure 4(c). Towards long times, the growth of t 2qáD ñ( ) becomes linearwith t.
Interestingly, the slope changes withDe. Therefore, in the long-time limit we can determine an effective
rotational diffusion coefficient Dr

De( ), which depends on theDeborah number, as

t D t2 . 2r
De2qáD ñ =( ) ( )( )

From the slopewe obtain aDe-dependentDrwhich is plotted (normalized toDr
0) infigure 4(d). The

graph displays amaximumatDe=1with an enhancement factor around 800.We also investigated the
dependence of D Dr r

0 on the propulsion velocity. The data, which are plotted infigure 4(e) forDe=1, show a
remarkably strong andnonlinear increase of the rotational diffusion on Imax.Qualitatively, this can be
understood by considering that the elastic stress in the fluid increases when the particle is faster. Accordingly, the
deformation of thefluid and, thus, the recoil (being responsible for the particle’s reorientation dynamics)
becomes enhanced.

Asmentioned above, the elastic recoil also affects the translational particle dynamics. This is shown in
figure 5(a), wherewe show that the translationalMSD r t 2áD ñ( ) , (calculated in the samemanner as the angular
MSD) obtained from trajectories of at least 3600 s for different De. The deviations from a linear behavior
(oscillations) at short times are due to the propulsionmodulation. Similar to the situation ofNewtonian liquids
(figure 1(g)), the long-time behavior is linear in time, i.e. entirely diffusive ( r t D t4 t

2áD ñ =( ) ).
Finally, we also have investigated the dependence of D Dt t

0 versusDe for I 4max = μW μm−2 (red squares)
and 2 μW μm−2 (black circles). Independent of the illumination intensity, we observe a strong enhancement of
D Dt t

0 aroundDe=1. A dependence of the translational diffusion coefficient for APswith timemodulated
propulsion force has been theoretically predicted also for viscousfluids [34]. Themagnitude of the enhancement
observed by us is, however, considerably larger and, obviously, results from the periodic elastic recoils which are
experienced by the APwhen its self-propulsion ismodulated in time.

4. Conclusions

In contrast toNewtonianfluids, where orientational changes of APs are usually determined by their slow
rotational diffusion, we have shown thatmuch faster directional changes can be induced in viscoelastic
environments when the self-propulsion of APs is periodicallymodulated in time. As a result of themodulated
propulsion strength, the translational and directional dynamics becomes disentangled in time.Our observations
are explained by the elastic stress, which builds up during self-propulsion andwhich is suddenly releasedwhen

Figure 3.Comparison of the recoilmotion of anAPwhen the illumination is suddenly turned off (green) and that of a colloidal
particle which is suddenly released from amoving optical trap (red). The particle velocity prior to the recoil (t = 0)was in both cases
v 0.4 m s 1m» - and the particle size R2 7.75 mm= . The solid black line corresponds to an exponential fit x texp tµ -( ), where

1, 5 st = . Inset: semilog representation of themain figure.
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the propulsion is turned off. Because this relaxation process couples to the particle dynamics, it results in an
increased translational and rotational particle diffusion, which peaks whenmodulation time is identical to the
microstructural relaxation time of the fluid. In addition to a variation of themodulation time, we expect that the
particle’s dynamics should also depend on the functional shape of themodulation (rectangular, sinusoidal,
sawtooth, etc) and thus allows to optimize the locomotion to different types of environments. Because the
particle reorientation dynamics is key for the stability of clusters and themotion of APs through topographical
landscapes, the possibility to control the rotationalmotion of APsmay suggest novel strategies for particle
steering under conditionswhere rapid directional changes are required.
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Figure 4. (a)Particle trajectories (400 s each) for differentmodulation times and for I 4max = μW μm−2. The local particle
orientations are indicated by arrows. (b)Normalized probability distribution functions of orientational changes qD during

t TmodD = for differentDe. (c)Corresponding orientationalmean square displacements which indicate an effective diffusive behavior
at long times. (d)Normalized orientational diffusion coefficient versusDe for I 2max = μW μm−2 (black circles), 4 μW μm−2 (red
squares). (e)Normalized orientational diffusion coefficient versus intensity I atDe=1.
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Figure 5. (a)Translationalmean square displacement for differentDe=7.5, 1.5, 1, 0.6, 0.375, for I 4.0max = μW μm−2. The solid
linewith slope equal to 1 shows the long-time translational diffusivity. (b)Normalized translational diffusion coefficient versusDe for
I 2max = μW μm−2 (black circles) and 4 μW μm−2 (red squares).

Figure A1.Viscosity η as a function of the shear rate ġ for the viscoelastic PAAmcriticalmixturemeasured at three different
temperatures:T=25 °C (dashed green line), andT=31 °C (solid red line).
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Appendix. Rheological properties of the polymer criticalmixture

Wehave characterized the temperature-dependence of the viscosity η of the viscoelasticmixture used in our
investigation as a function of the applied shear rate ġ (VISCOSTARPlus L, FUNGILAB S.A.). Figure A1 shows
the results for two different temperatures:T=25 °C (dashed green), which corresponds to the bath
temperature of our solvent andT=31 °C (solid red)which is close to the critical point of themixture and thus
near the temperature of the illuminated cap.Within our experimental resolution, we do notfind a temperature
dependencewithin this range. This implies that no gradients in the viscosity around an anisotropically heated
Janus particle are present within this temperature range.
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