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Abstract
We study the transientmotion of a colloidal particle actively dragged by an optical trap through
different viscoelastic fluids (wormlikemicelles, polymer solutions, and entangledλ-phageDNA).We
observe that, after sudden removal of themoving trap, the particle recoils due to the recovery of the
deformed fluidmicrostructure.We find that the transient dynamics of the particle proceeds via a
double-exponential relaxation, whose relaxation times remain independent of the initial particle
velocity whereas their amplitudes strongly depend on it.While the fastest relaxationmirrors the
viscous damping of the particle by the solvent, the slow relaxation results from the recovery of the
strained viscoelasticmatrix.We show that this transient information, which has no counterpart in
Newtonianfluids, can be exploited to investigate linear and nonlinear rheological properties of the
embedding fluid, thus providing a novelmethod to perform transient rheology at themicron-scale.

1. Introduction

Viscoelasticity is ubiquitous inmanymaterials ranging frombiological fluids, polymers,micellar systems,
colloidal suspensions, andmore. In general, suchmaterials are characterized by a strongly time-dependent
mechanical response to stress or strain. For instance, in case of an oscillatory shear, theymay exhibit either
liquid- or solid-like properties depending on the imposed frequency [1]. Such non-Newtonian behavior
originates from the storage and dissipation of energy within their complexmicrostructure, which gives rise to a
finitemacroscopic stress-relaxation time [2]. Given the abundance of systemswhich involve the interplay
betweenmicroscale viscoelastic flows and embeddedmicron-sized objects, as typically found in lab-on-a-chip
devices [3–5], porousmedia [6, 7], and in activematter [8–10], the understanding of the equilibrium and non-
equilibriumdynamics of colloidal particles in viscoelastic fluids is a noteworthy topic in softmatter.
Microrheology has become in recent years afieldwhich successfully addresses some of these problems. In
particular, it provides alternativemethods to bulk rheology to investigate flow and deformation properties of
microlitre samples of viscoelasticmaterials. For example, linear shearmoduli can be inferred in passive
microrheology from the thermal fluctuations of suspended colloidal particles via a generalized Stokes–Einstein
relation [11–14]. On the other hand, in activemicrorheology, small-amplitude oscillatory forces can be applied
to the particle, which enables the dynamicalmeasurement of the linear viscoelastic response of the surrounding
fluid [15–18].More recent developments of activemicrorheology have aimed to probe nonlinear responses of
complexfluids by perturbing theirmicrostructure far away from equilibrium. This has been achieved by
dragging or rotating the probe through thefluid at sufficiently large constant force or torque [19–23], or at
constant velocity [24–27], thus inducing, e.g., thinning.

Despitemultiple potential applications ofmicrorheology, so farmost of the experiments have focused on the
study of linear-response or steady-state quantities.More-complex transient behavior observedmacroscopically,
e.g., nonlinear creep, stress relaxation, and strain recovery, is far less well-understoodwithin the context of
microrheology. Indeed, theoretical works suggest that the drag force acting on a colloidal probe driven through a
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non-Newtonian fluid strongly depends on the spatio-temporal deformation of themicrostructure of the
surrounding fluid [29–31]. Therefore, in contrast toNewtonian liquids, where a lowReynolds number
guarantees simple Stokesian flows and linear-response drag forces, it is questionable whether this is applicable
when a particle is dragged by a time-dependent driving force over large distances through a viscoelasticmedium
[32]. Then, it is not evident which kind of rheological properties of the fluid can be extracted by simply tracking
the position of a probe in response to a pulsed orHeaviside time-dependent driving force. It should be
mentioned that such a time-dependent force represents themicrorheological analogue to amacroscopic flow
startup/cessation experiment [28], where the time evolution of the stress (strain) ismeasured upon suddenly
imposing or relieving strain (stress), respectively. Although relevant for further developments ofmicrorheology
and for the general understanding of themotion ofmicron-sized particles in viscoelasticmedia, these questions
have not been experimentally investigated so far.

In this work, we study the localmicrostructural recovery of several viscoelastic fluids bymeans of
microrheology. For this purpose, we drag spherical particles at constant velocity through themusing optical
tweezers, thus inducing strain, and thenwe studdenly remove the trapping force.We observe that the particle
recoils after removal of the trap until the complete recovery of the investigated fluid.We find that the transient
particle dynamics during the recovery proceeds via a double-exponential relaxation, whose relaxation times
remain independent of the initial particle velocity, but their amplitudes strongly depend on it. These processes
reveal how the elastic energy stored by thefluid due to a large local strain is eventually dissipated.While the
fastest relaxationmirrors the viscous damping of the particle by the solvent, the slow process results from the
relaxation of the viscoelasticmatrix. In particular, we show that this experimentalmethod allows us to probe the
linear and nonlinear transient rheological behavior of the viscoelastic fluid under study and to extract
unambiguously its stress-relaxation time. In addition, ourfindings have important consequences on the
understanding and interpretation of themotion of colloids actively driven through viscoelasticmedia. Thus, we
provide clear experimental evidence that, unlike that as seen in passive and small-amplitude oscillatory
microrheology, the activemotion of a colloidal particle over large distances does not only probe the bulk
viscoelastic properties of thefluid but also is affected by theflowfield and the deformation imposed by the
particle.

2. Experimental description

In our experiments, we prepared equimolar solutions of cetylpyridinium chloride (CPyCl) and sodium salicylate
(NaSal) in deionizedwater at concentrations between 5 and 9mM.We also studied samples of other viscoleastic
fluids, namely, aqueous polyacrylamide (PAAm) solutions (Mw= 18× 106 at 0.05%wt) and entangledλ-phage
DNA solutions (500μg mL−1 in 10mMTris-HCl and 1mMEDTA).We add to each viscoelastic solution a small
volume fraction of spherical silica particles, whose radii are chosen between r= 0.9 and 2.2μm.The temperature
T of each sample is kept fixed by aflow thermostat between 20± 0.1 and 40± 0.1 °C.Then, a single particle is
trapped by optical tweezers created by deflection of aGaussian laser beam (λ= 1070 nm) on a galvanostatically
driven pair ofmirrors and subsequent focusing by amicroscope objective (100×, NA= 1.3) into the sample. In
order to avoid hydrodynamic interactions, the particle is trapped at least 20 μmaway from thewalls of the
sample cell. The optical trap at position ro= (xo, yo) exerts a restoring force on the particle at position r= (x, y),
i.e., fo=−k (r− ro) . Using videomicroscopy, we track the center ofmass of the particle at 120 frames s−1 with a
spatial accuracy of 10 nm.We implemented the protocol sketched infigure 1(a), where the red solid line
represents the time evolution of xo, to study the recovery of the different viscoelastic fluids.

(i) During time t t t0 1  , the trap is kept at rest (xo= 0, yo= 0), so that the particle is in thermal equilibrium
with the surrounding fluid. The thermal fluctuations of (x, y) enable us to determine the stiffness k of the
optical trap and to characterize the linearmicrorheological properties of the fluids by passive
microrheology.

(ii) Then, at time t= t1, we start tomove the trap at constant velocity v along a linear path, (xo= v(t−t1), yo= 0),
thus actively dragging the particle through thefluid along x and inducing strain. At position xo=X0, where
X r16 m0 m=  , themotion of the trap is reversed: v v - .We perform a sequence of these back-and-
forthmovements of the trap position until the distance travelled by the particle during a period τo= 2X0 / v
remains constant. Depending on the value of the driving period τo, we can induce either a linear or
nonlinearmicrorheological response of the viscoelastic fluid [27]. During this step, wemeasure the effective
viscosity of the fluid η= fd/(6πr v) by activemicrorheology from the balance between the drag force fd and
fo∣ ∣.
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(iii) Finally, at time t= t2 and position xo= X0/2, the optical trap is suddenly turned off. During this final step,
the particlemotion at time t> t2 is subjected to the relaxation of the previously strainedmicrostructure of
thefluid. The subsequent recovery results in a recoil of the particle along the x-direction, opposite to that of
the prior trapmotion. This recoil is illustrated in figure 1(b), wherewe plot an example of a 2D trajectory of
the particle during the recovery process of awormlikemicellar solution after removal of themoving trap.
We observe that, in absence of external forces, the particle gradually performs Brownianmotion once the
fluid completely equilibrates.

Note that, in aNewtonian fluid, the particle undergoes Brownian diffusivemotion immediately after
removal of the force and, therefore, such a recoil is not observed, as verified in our experiments inH2O and
glycerol (data not shown). Since the recoil takes place in the direction parallel to the driving force, in the
followingwe only concentrate on the time evolution of its x coordinate.We define t2= 0 s as the time at which
the trap is turned off andΔx(t)= x(t)− x(t2) as the distance travelled backward by the particle during the
recovery of the fluid. For a fixed velocity v of the trap, the previous protocol is repeated at least 20 times in order
to perform an ensemble average ofΔx.We typically span values of v between 0.4 μm s−1 and 40 μm s−1. For
these values of v theDeborah number is between 0.025 and 2.5, whereas theWeissenberg number is between
0.125 and 12.5, thus fully probing both linear and nonlinear viscoelasticity of the investigated fluids.

3. Results

Infigure 2(a)weplot the time evolution of the displacementΔx(t) of a r= 1.6 μmparticle after removal of the
trapmoving at different initial velocities v in awormlikemicellar solution (CPyCl/NaSal 5mM,T= 303.16 K).
Wefind thatΔx(t) strongly depends on v, with amonotonic increase over afinite time-scale until the complete
relaxation of the system to thermal equilibrium, at whichΔx(t) saturates to a constant value A x t( )º D  ¥ .
In order to demonstrate these dynamics, infigure 2(b)we represent in a semi-log plot the time evolution of the
normalized displacement, [A−Δx(t)]/A. As a result, all curves start at 1 and decaymonotonically to 0 regardless
of the value of v.We observe that all the curves exhibit an initial fast decay, followed by a slower one, which
suggests the existence of two exponential relaxations. Indeed, we verify that for all v the time evolution ofΔx(t)
can befitted to the function

Figure 1. (a)Experimental protocol to study the transientmotion of a colloidal probe during the recovery of a viscoelastic fluid: (i)
passive, (ii) active, and (iii) transientmicrorheology. (b)Trajectory of a r= 1.6 μmparticle suspended in awormlikemicellar solution
(CPyCl/NaSal 7mM,T= 303 K)during themicrostructural recovery after removal of the trap (k= 8 pN μm−1, v= 3.20 μm s−1).
The blue arrow indicates the direction of the particle recoil. See text for explanation.
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with two relaxation times τf and τs and two amplitudesAf andAs which satisfyA=As+Af. This is shown in
figures 2(a) and (b), where the correspondences with equation (1) are represented as solid lines. Furthermore, we
find that this transient behavior of the particle position is not specific to the recovery of wormlikemicellar
solutions. For example, infigures 2(c) and (d), we plot the time evolution of [A−Δx(t)]/A for a r= 1.6 μm
particle recoiling in a PAAm solution and inλ-phageDNA, respectively, for different v.Wefind that, in these
cases equation (1) also describes the time evolution ofΔx(t), evenwhen the rheological properties of such
viscoelastic fluids aremore complex than those of wormlikemicelles [33].

To support the existence of two distinct relaxation processes, we studied the dependence of the fitting
parameters of equation (1) on the velocity v. For instance, infigure 3(a), we plot the two relaxation times τf and τs
as a function of v during the recovery of awormlikemicellar solution (CPyCl/NaSal 5mM, same sample as in
figure 2(a)).Wefind that the values of these two time-scales are different by one order ofmagnitude, and
interestingly, both are independent of v. For this reason, wewill refer to them in the following as fast and slow
relaxation times, respectively. Their corresponding amplitudes,Af andAs, are plotted infigure 3(b).We observe
that, unlike the relaxation times, the amplitudes strongly depend on v. In particular, whileAf increases
monotonically with increasing v and then levels off,As has amaximumand then decreases with increasing v.

For the values of vwe span in our experiments, both linear and nonlinearmicrorheological response of the
viscoelastic fluid is induced by the particlemotion previously driven by the tweezers. This is shown infigure 3(c)
wherewe plot the effective viscosity η of thefluid,measured by activemicrorheology during step (ii) of
figure 1(a), as a function of the imposed velocity v. As highlighted in the inset offigure 3(c), at small
v 3 m s ,1 m h- is constant and equal to the zero-shear viscosity η0= 0.045± 0.005 Pa s (dashed line), because
the strain rate imposed by the particle is sufficiently slow for thefluid to lose itsmemory on previous
microstructural deformations. Consequently, Newtonian-like behavior is observed through the validity of the

Figure 2. (a)Time evolution of particle displacementΔx(t) during the recovery of a wormlikemicellar solution after removing the
trap, initiallymoving at different velocities v. Frombottom to top: v= 1.60 μm s−1 (+), 6.40 μm s−1(∗) , 32.00 μm s−1 (×). Time
evolution of the normalized particle displacement [A−Δx(t)]/A for (b) awormlikemicellar solution, same data and symbols as in
figure 2(a), (c)PAAm solution at v= 2.13 μm s−1 (+), 4.00 μm s−1 (∗), 12.80 μm s−1 (×), and (d)λ−DNAat v= 1.30 μm s−1

(+), 2.10 μm s−1 (∗), 3.20 μm s−1 (×). The solid lines are fits to equation (1).
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linear-response Stokes law: fd= 6πr η0 v. On the other hand, at sufficiently large v 3 m s 1 m - , the particle
motion is able to induce an orientational order of the fluidmicrostructure. As a result, thefluid exhibits
thinning, where η decreases dramatically with increasing v [27]. Note that the emergence of nonlinear
rheological effects of the fluid due to the local deformation created by the particle are better quantified bymeans
of theWeissenberg numberWi. In our system,Wi can be estimated by the product of the characteristic rate of

deformation
t

x t

r

v

r

d

d 2 2
o( )( ) = times the largest relaxation time of the system τs:Wi= v τs/(2r). Then, nonlinear

non-Newtonian behavior is expected at Wi 1 , at which the localmicrostructural deformation of thefluid is so
strong that the Stokes lawmust break down. Indeed, infigure 3(c), we show that, for the spanned values of v, the
effective viscosity of thefluid exhibits the aforementioned transition atWi≈ 1 and therefore we cover both
linear and nonlinearmicrorheological behavior. Hence, our results demonstrate that the double-exponential
relaxation of the particle position is a rather general process during the recovery of viscoelastic fluidswith awell-
defined zero-shear viscosity, regardless of the value of theWeissenberg number.

We point out that the dependence on the velocity v of the relaxation times τf and τs, and the amplitudesAf

andAs is not particular to the particlemotion during the recovery of wormlikemicelles, but also found for the
other investigated viscoelastic fluids. Infigures 4(a)–(c)weplot the results for an aqueous semidilute polymer
solution of PAAm (Mw= 18× 106 at 0.05%wt, temperatureT= 293.16K), whereas the results forλ-phage
DNA (500μg mL−1 in 10mMTris-HCl and 1mMEDTA, temperatureT= 298.16 K) are displayed in
figures 4(d)–(f). Once again, we observe that the two distinct relaxation time-scales remain independent of v
both in the linear and nonlinear response regime, whereas the amplitudes exhibit a very similar dependence to
that observed for thewormlikemicellar solution. Thus, ourfindings suggest that only the amplitudes ofΔx(t)
and not its relaxation times encode rheological information of the local deformation of the fluidmicrostructure
created by the particle, the latter defining the time-scales at which the system retainsmemory on the energy
stored by such an elastic deformation.

4.Discussion

In order to gain an understading of this obviously generic behavior ofΔx(t), we now investigate whether a
Langevinmodel can reproduce the particle dynamics after sudden removal of the driving force after dragging the
particle over a large distanceX0> 2r through thefluid, i.e., after inducing a large strainX0/(2r). For this purpose
we consider the simplest case of a particle driven by themoving trap in awormlikemicellar solution. In general,
under sufficiently small applied shear strain rate ġ , the resulting shear stress of a viscoelastic fluidσ is
determined by the linear shearmodulusG: t G t t t td

t
( ) ( ) ˙ ( )òs g= - ¢ ¢ ¢

-¥
. In the case of awormlikemicellar

solution,G can be simply characterized by a single stress relaxation time τ, the viscosity of the solvent h¥ and the
zero-shear viscosity η0 (Jeffreysmodel) [34]

G t t
t

2 exp . 20( ) ( ) ( )h d
h h

t t
= +

-
-¥
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⎝

⎞
⎠

Therefore, according to commonly accepted assumptions, the steady-state dynamics of the x coordinate of the
particle is described in the linear-response regime by the non-Markovian Langevin equation [35]

Figure 3.Dependence of (a) relaxation times τs (,), τf (◦), and (b) amplitudesAs (,),Af (◦), obtained from thefit to equation (1), on
the driving velocity v. The symbols (∗) correspond toA=As+Af, whereas the dashed lines represent the values τeff andAeff computed
from equation (9) for the rheologicalmodel (2). (c)Effective viscosity η of thefluid as a function of the driving velocity v determined by
activemicrorheology during step (ii). Inset: log-log plot of η as a function of the correspondingWeissenberg number, same data as in
mainfigure. The dashed line represents the value of the zero shear viscosity η0.
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In equation (3),Γ(t− t′)= 6πr G(t− t′) is amemory kernel related to the shearmodulusG of thefluid given in
equation (2), whereas ξ is a colouredGaussian noise with autocorrelation function

t t k T t tB( ) ( ) (∣ ∣)x xá ¢ ñ = G - ¢ .

4.1. Transientmotion under small deformation
Wefirst experimentally verify that the Langevin equation (3) correctly describes the equilibriumdynamics of the
particle and its linear response to small-amplitude oscillatory forces exerted by the optical trap. This implies that,
for sufficiently small deformations of the fluid, bulk rheological properties can be unambiguously determined by
measuring the position of the embedded particle, as widely assumed in passive and linear activemicrorheology.
For this purpose, we apply to the particle a sinusoidal force kxo(t) bymoving the trap according to xo(t)=X0

tsin( )W , with amplitude X r200 nm 20 =  at different driving frequenciesΩ/(2π). The characteristic strain
of the fluid locally induced by this oscillatorymotion isX0 / (2r)= 0.06. The typical time evolution of the particle
position in response to such a driving force is illustrated infigure 5(a).We observe that, while the coordinate x
responds to the force at the same excitation frequencyΩ/(2π), the coordinate y remains unaffected. Therefore,
linear response dynamics can be tested bymeans of x, whereas thermal equilibriumproperties can be analysed
bymeans of y. This can be done, e.g., by comparing the experimental power spectral densities of such stochastic
signals to those predicted by the Langevinmodel (3). For a sinusoidal driving force, equation (3) yields the
following expressions for the power spectral densities of x and y in terms of the linear storageG′(f) and lossG″(f)
modulus of thefluid

x f S f S f , 4pas act
2ˆ ( ) ( ) ( ) ( )= +

y f S f , 5pas
2ˆ ( ) ( ) ( )=

where

S f
k T

f

rG f
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2 6

6 6
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B
2 2

( )
( )
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( )

p
p

p p
=
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Figure 4.Dependence on imposed velocity v of (a) relaxation times τs (,), τf (◦), (b) amplitudesAs (,),Af (◦),A=As+Af (∗) and (c)
effective viscosity η ( )à for a r= 1.6 μmparticle in a polymer solution of PAAm.Dependence on v of (d) relaxation times τs (,), τf (◦),
(e) amplitudesAs (,),Af (◦), andA=As+Af (∗), and (f) effective viscosity η ( )à for a r= 1.6 μmparticle inλ−DNA. The dashed
lines infigures 4(a) and (d), correspond to τeff whereas, infigures 4(b) and (e), they representAeff. See text for explanation.
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are the contributions to the power spectral density due to thermalfluctuations and to the active driving force,
respectively. In particular, the prefactor kB T in equation (6) results from the thermal origin of the fluctuations,

while the delta function f
2( )d -
p
W in equation (7)mirrors themechanical response of the system at frequency

f
2

=
p
W . Indeed, wefind the expressions (4)–(7) derived from equations (2) and (3) correctly describe the

measured power spectral densities of x and y for all the investigated frequencies. This, in turn, validates such a
Langevin approach in the linear response regime, provided that the particle performs small displacements in the
fluid, i.e., when sufficiently smallflow and deformations are induced.We show this infigure 5(b), wherewe
demonstrate that, at the unexcited frequencies f

2
¹

p
W , the power spectral density is correctly described

equation (6) (dashed line), whereG′(f) andG″(f) are obtained from the Fourier transformof equation (2). On the
other hand, an excellent agreement between the experimental peaks of x f 2∣ ˆ ( )∣á ñat the excited frequencies
f

2
=

p
W (circles) and equation (4) (dashed line) is observed.

Oncewe have verified that the Langevinmodel (3) correctly describes the particle dynamics under
sufficiently small deformations of thefluid, we now focus on its transient behavior after removal of the driving
force. A schematic representation of the average forces acting on the particle is shown infigure 5(c).
Interestingly, equation (3) predicts that after dragging the particle at velocity−v at time t< 0 through amedium
with linear viscoelasticity (2), it recoils with an initial velocity v0( )h h h- ¥ ¥ at time t= 0 upon removal of the
trap.Moreover, the subsequent displacementΔx(t) evolves in time t> 0 according to a single exponential
relaxation

x t A
t
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with amplitude and relaxation time
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h
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h
h

t= - =¥ ¥
⎛
⎝⎜

⎞
⎠⎟

respectively. See appendix A for amore detailed derivation of equations (8) and (9).We notice that, according to
equation (9), the amplitudeAeff depends linearly on v and encodes information of the rheological properties of
thefluid. Indeed, the drivenmotion of the particle induces a strain in thefluid, which is captured in the linear
rheologicalmodel of equation (2) as an effective elastic compression∼v τ, as depicted in the upper panel of

Figure 5. (a)Time evolution of the coordinates x (red solid line) and y (black dashed line) of a r= 1.6 μmparticle in awormlike
micellar solution in response to a small-amplitude sinusoidalmotion of the optical trap (k= 2× 10−6 N m−1)with amplitude
X0= 200 nmand angular frequencyΩ= 2π rad s−1. (b)Experimental power spectral density of x (dotted lines) at different oscillation
frequenciesΩ/(2π) of the trap. The peaks at each imposedΩ/(2π) are indicated by circles. The dashed line represents equation (6),
whereas the solid line corresponds to the total power spectral density described by equation (4). (c) Schematic representation of the
particle dynamics dragged at constant velocity−v through afluidwith linear shearmodulus (2) (upper panel) and during the
relaxation after removing the driving force (lower panel). See text for explanation.
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figure 5(c). This results in a total displacement of the particle proportional to vupon removing the driving force,
as schematized in the lower panel offigure 5(c). On the other hand, the relaxation time τeff of the particle
displacement is independent of v and always smaller than the stress-relaxation time of the fluid τ. This is due to
the presence of the solvent, whose viscosity h¥makes the particle become at rest in the effective Langevinmodel
(3) before thefluid completely relaxes its stress initially stored by the elastic compression induced during the
active driving process.

4.2. Transientmotion under large deformation
Wenow compare the values of the effective parameters τeff andAeff with thosewe obtain experimentally for the
colloidal particle after performing large displacementsX0> 2r through thefluid, i.e., after inducing a
characteristic strainX0/(2r)= 5. Infigure 3(a), we show as a dashed line the value of the effective relaxation time
τeff, where the parameters 0h h¥ and τ are determined by passivemicrorheology during step (i) offigure 1(a).We
observe that the values of the fast relaxation time τf obtained from thefit to equation (1) (circles) agreewell with
τeff, which implies that the fast relaxation processmirrors the effective elastic relaxation of the probe damped by
the solvent viscosity. Nevertheless, infigure 3(b)we show thatAeff>Af for all v> 0, which suggests that the fast
relaxation is just one of the possible channels for the complete relaxation of the system to thermal equilibrium.
As amatter of fact, infigure 3(b)we show that at small vA=As+Af agrees well withAeff. Thus,A actually
quantifies the elastic compression of thefluid induced by the driven particle in the linear response regime.
Systematic deviations ofA fromAeff showupwith increasing v, though, because nonlinearmicrorheological
response of thefluid is induced during the previous drivenmotion of the particle. In such a case, equation (2)
fails to describe the viscoelastic properties of thefluid.We confirm this infigure 3(c), wherewe show that at
small v 3 m s 1 m - , i.e., Wi 1 , linearmicrorheological response is induced, i.e., η= η0, whereas at
sufficiently large v 3 m s 1 m - , i.e., Wi 1 , thefluidmicrostructure responds nonlinearly and the system
exhibits thinning. Note that the values of v for which thinning emerges agreewell with those for which large
deviations ofA fromAeff are observed. Nonlinearmicrorheological behavior of thefluid affects separately the
behavior ofAf andAs, as well. In particular,Af exhibits a saturation, whereasAs has amaximumand then
decreases for the values of v, at which prior thinning is observed. These results clearly demonstrate that
nonlinear response of a viscoelastic fluid, induced by activemicrorheology, gives rise to nonlinear transient
behavior of the probe upon removal of the active driving.

We also check that the previousmechanism applies to the recovery of the polymer solution and ofλ–DNA.
In the absence of simple rheologicalmodels for the linear shearmodulusG(t) of such viscoelastic fluids, in
analogy to the observations for thewormlikemicellar solutions, we first assume that τeff= τf and τ= τs, which
implies that 0 eff 0 f sh h t t h t t= =¥ . Then, accordingly to equation (9)we compute the effective amplitude by
means of

A v . 10eff s f( ) ( )t t= -

Surprisingly, we observe infigures 4(b) and (e) that the values ofAeff obtained from equation (10) (dashed lines)
agree verywell with the total amplitudeA=As+Af (asterisks) at sufficiently small velocities v for bothfluids,
thusmaking evident the robustness of the two distinct time-scales τf and τs regardless of the details of the
rheological properties of the embedding viscoelastic fluid.On the other hand, for velocities at which thinning is
induced, i.e., at which η decreases with increasing particle velocity, the amplitudes exhibit a dependence very
similar to that observed forwormlikemicelles.WhileAf saturates with increasing vAs has amaximumand then
decreases. As a consequence, the total amplitudeA levels off with increasing velocity, thus signalling the
emergence of a nonlinear regimewhere the elastic compression of the fluid induced by the particle becomes
independent of v. Hence, our results demonstrate the generality of the transientmicrorhelogical behavior for
very distinct viscoelastic fluids both in the linear and nonlinear response regimes.

The previous findingsmake evident that the transient rheological behavior of viscoelastic fluids probed by
microrheology does not only depend on the characteristic rate of local deformation v/(2r), but also on the total
strainX0/(2r). On one hand, for smallX0/(2r) 1, the Langevinmodel (3) correctly describes the dynamics of
the particle either in thermal equilibriumwith the surrounding fluid or externally driven into linear response
regime by small-amplitude forces, where vanishingly small deformations of the fluid are induced. On the other
hand, a different transient behavior is observed for sufficiently large strain X r2 10 ( )  , where such a Langevin
model ceases to be valid. In particular, it fails to reproduce the slow relaxation inferred from equation (2) after
cessation of a large deformation imposed by the driven particle. The reason is that equation (3) only accounts for
the coarse-grained drag force exerted by the fluid. Such a viscoelastic drag force is enough to describe
equilibrium thermal fluctuations of the particle positionwithout recourse to any information on the
surrounding flowfield.However, it does not incorporate the effect of the transient flow and deformation
localized around the particle when dragged over large distances, andwhich cannot be neglected during the
recovery process of thefluid. In the simplistic Langevin picture, the only possible channel for the system to reach
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thermal equilibrium is bymeans of the effective relaxation of the particle position.While this relaxation probes
the linear bulk properties of thefluid, it ignores the complete stress relaxation of the local viscoelastic flowfield.

In fact, the aforementioned drawbacks suggest that, in reality, the residual slow relaxation represents a
secondmechanism to completely release the stress stored by the strainedfluid. The two relaxationmechanisms
allow in turn the fluid to reach thermal equilibrium in conjunctionwith the particlemotion. These observations
hint at the stress-relaxation time τ of the fluid as the slow relaxation time τs. In order to test this hypothesis, we
performusing a rotational rheometer (HAAKERheoStress 1, double-gap cylinder geometry) themacroscopic
version of the transientmicrorheology experiments, This is illustrated in figures 6(a) and (b), wherewe plot an
example of the time evolution of the shear stressσ applied to awormlikemicellar solution, and the resulting
shear strain γ, respectively. After reaching a steady state with constant shear rate ġ at time t< 0, the shear stress is
suddently removed at t= 0, and afterwards γ decays in time, until thefluid completely recovers. Then, we extract
the relaxation time τ of thefluid from the exponential fit γ(t)= γ0 exp(−t/τ). Infigure 6(c)we plot τs, as a
function of the corresponding τ for all the investigated viscoelastic fluids.Wefind that, within the experimental
errors, both time-scales are equal. Infigure 6(c), we also demonstrate that the relaxation times τs are
independent of the size of the probe particle. See appendix B formore detailed results obtained for different
particle sizes. The independence of τs from vr andX0, i.e., from the detailed flow and strain field around the
particle, demonstrates that it is a physical property inherent to the viscoelastic fluid. Thus, this time-scale fixes a
value abovewhich thememory on the storage of elastic energy by the fluidmicrostructure is lost. Hence, the
slow transient dynamics of a colloidal probe after removal of a driving force represents a new straightforward
method tomeasure the stress-relaxation time of viscoelastic fluids, provided that the previous drivenmotion
induces a sufficiently large strain. This can be directly carried out bymeans of particle trackingwithout the need
of anymodel for the dynamics or any further elaborate Fourier or Laplace analysis, as commonly done in passive
and small-amplitude activemicrorheology [37, 38].

We point out that the slow relaxation ismost prominent close to the onset of nonlinearmicrorheological
response aroundWi≈ 1, as verified by the presence of themaxima ofAs infigures 3(b), 4(b), and (e). Therefore,
ourfindings have important consequences for the interpretation of transient behavior in activemicrorheology
under large deformations [20, 26, 36]. This is because they provide experimental evidence that, even at small
Weissenberg number, where only linearmicrorheological response is expected to occur, the response of the
colloidal particle is strongly affected by the relaxation of the localflow and strain field around it. This is in
contrast to passive and activemicrorheology under small-amplitude deformations, where only bulk properties
of the fluid are probed by the particle. In addition, our results have significant implications for the behavior of
micron-sized objects in transient viscoelastic flows, such as those typically found inmicrochannels, where large
strains are commonly induced by high flow rates and sharp constrictions. In such systems, unlike the case of

Figure 6. (a)Example of time evolution of imposed stress and (b) resulting strain during a shear-flow cessation experiment of a
micellar solution (CPyCl/NaSal 7 mM) in aCouette geometry. The dashed line infigure 6(b) represents an exponential fit with
relaxation time τ= 1.8 s. (c)Comparison between the slow relaxation time τs of various viscoelasticfluids determined by the transient
motion of particles of different radii r and the equilibrium stress-relaxation time τ. The symbols are: CPyCl/NaSal 5mM, r= 0.9 μm
(×), r= 1.3 μm ( )à , r= 1.6 μm (∗), r= 2.2 μm •( );λ−phageDNA, r= 1.6 μm ( ) ; PAAm, r= 1.6 μm ( ) ; CPyCl/NaSal 7mM,
r= 1.3 μm (◃), r= 2.2 μm (▹); CPyCl/NaSal 9mM, r= 1.3 μm (▿), r= 1.6 μm ( ) . Inset: expanded view ofmain figure around
0.9 s.
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Newtonian liquids, the conventional Langevin description for the suspended particles involving only coarse-
grained drag forces and noisemust break down. Furthermore, our results are particularly important for the
understanding andmodelling of themotion of biologicalmicroswimmers, e.g., bacteria and spermatozoa,
whose natural environment is frequently viscoelastic [8–10]. Such active systems usually operate at high
Weissenberg number and travel large distances through the viscoelasticmedium, thus inducing complex flow
fields and large strains. Therefore, the relaxation of the elastic energy stored by the surrounding fluid
microstructure can strongly affect their swimmingmechanisms through the different processes found in our
experiments.

5. Summary and conclusion

Wehave experimentally studied themotion of a colloidal probe during the local strain recovery of several
viscoelastic fluids upon shutoff of an active driving force.We have shown that, evenwhen a Langevinmodel
correctly describes linear response dynamics of the particle position under vanishingly small strain, it cannot
capture its transient dynamics during the recovery process when large deformations are previously induced by
large displacements of the particle through the fluid. In particular, we have found that this transient dynamics
proceeds via a double-exponential decay, which reveals the cooperative relaxation to thermal equilibriumof the
particle and the surrounding strainedfluid.We have shown that the fastest relaxationmirrors the viscous
damping of the particle by the solvent, whereas the slow one results from the relaxation of the viscoelasticmatrix.
Thus, the two relaxation processes represent dissipation channels for the elastic energy stored by the fluid
microstructure upon cessation of a sufficiently large deformation.We have demonstrated that, while the
amplitudes of these relaxationmodes encode either linear or nonlinearmicrorheological information of the
fluid induced during the prior driving, their relaxation times are insensitive to it. Consequently, this transient
microrheologicalmethod allows to determine unambiguously stress-relaxation times ofmicro-litre samples of
viscoelastic fluids.
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AppendixA. A transient particle’s dynamics in a Jeffreysfluid

For the Langevinmodel of a particlemoving in a Jeffreys fluid, i.e., equations (2) and (3), an analytical expression
for the time evolution of its positionΔx(t) after cessation of an externally applied force can be readily derived.
This can be achieved by realizing that, for 00h h> >¥ and τ> 0, the non-Markovian equation ofmotion (3)
for x can bewritten as a linear systemof twoMarkovian Langevin equations [39]
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Without loss of generality, we define the particle position at time t= 0 at which the external force is removed
(k= 0) as x(0)= 0. Therefore, the solution of the linear system (A.1) at subsequent times t> 0, averaged over a
large number of realizations of the noises ζ1 and ζ2, can be expressed in terms if the initial conditions x u0 0˙ ( ) ( )
and u 0 ,˙ ( ) at t= 0 as
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In order to obtain the initial conditions of equation (A.3), we take into account that at t< 0, the particle is
dragged in a steady state by the optical trap at velocity−v, i.e. x t vt( )á ñ = - . On the other hand, upon removal
of the external force at t= 0, the ensemble average of the viscoelastic drag force

F t t t x t tddrag
t

( ) ( ) ˙ ( )ò= G - ¢ ¢ ¢
-¥

in equation (3) is zero. Therefore, after integration by parts and using the
auxiliary variable u defined in equation (A.2), we find the relation
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equations (A.4) and (A.5) yield the following expressions for the initial conditions of equation (A.3) in terms of
the initial driving velocity v and the rheological quantities of the Jeffreysmodel
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Finally, by inserting (A.6) into equation (A.3), wefind the analytical expression of equation (3) for the distance
recoiled by the particle x t x t x 0( ) ( ) ( )D = á - ñafter removal of the imposed velocity.

Figure B1.Dependence on imposed velocity v of (a) relaxation times τs (,), τf (◦), (b) amplitudesAs (,),Af (◦),A=As+Af (∗) and (c)
effective viscosity η ( )à for a r= 0.9 μmparticle in awormlikemicellar solution. Dependence on v of (d) relaxation times τs (,), τf
(◦), (e) amplitudesAs (,),Af (◦), andA=As+Af (∗) and (f) effective viscosity η ( )à for a r= 1.3 μmparticle in the samemicellar
solution. The dashed lines in figures B1(a), (b), (d) and (e) correspond to τeff andAeff described in themain text, whereas those in
figures B1(c) and (f) represent the zero-shear viscosity η0 of thefluid.
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Appendix B. Particle size

In this section, we show the results for the transient dynamics of particles of different radii r during the
microstructural recovery of awormlikemicellar solution (CPyCl/NaSal 5mMatT= 303.16 K). Figures B1 (a)–
(c) are the results for r= 0.9 μmwhereas those for r= 1.3 μmare plotted infigures B1(d)–(f).We point that the
dependencies of the two relaxation times τf and τs, (figures B1(a) and (d)), the amplitudesAf As andA=Af+As

(figures B1(b) and (e)) and the viscosities η (figure B1(c) and (f)) are very similar to those shown infigure 3 the
main text for the samemicellar solution using a particle of radius r= 1.6 μm. In particular, the values of τf and τs
do not depend on the particle size r, whereas the amplitudes are independent of r in the linear response regime at
which η= η0. The only difference is observed in the nonlinear values of the amplitudes forwhich thinning is
previously induced at sufficiently large v. In such a case,figures B1(b) and (e) suggest that, with decreasing
particle radius, the total amplitudeA decreases. For instance,A≈ 1.0 μmfor r= 0.9 μm,A≈ 1.5 μmfor
r= 1.3 μm, andA≈ 1.7 μmfor r= 1.6 μm.This can be explained by the fact that, at fixed v andX0, the smaller
the particle radius r, the stronger the local deformation rate v/(2r) and the total strainX0/(2r) of thefluid
induced by the active driving, thereby resulting in aweaker nonlinear strain recovery.
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