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ABSTRACT: Fluid convection and mixing induced by
bubble-propelled tubular microengines are characterized
using passive microsphere tracers. Enhanced transport of the
passive tracers by bubble-propelled micromotors, indicated by
their mean squared displacement (MSD), is dramatically larger
than that observed in the presence of catalytic nanowires and
Janus particle motors. Bubble generation is shown to play a
dominant role in the effective fluid transport observed in the
presence of tubular microengines. These findings further
support the potential of using bubble-propelled microengines
for mixing reagents and accelerating reaction rates. The study
offers useful insights toward understanding the role of the motion of multiple micromotors, bubble generation, and additional
factors (e.g., motor density and fuel concentration) upon the observed motor-induced fluid transport.

■ INTRODUCTION

Micromotors, unlike their macroscale counterparts, operate in
the low Reynolds number regime where inertial forces are
dominated by viscous stresses, and are thus subject to
significant constraints on the method of propulsion and
analysis of their motions.1−9 Particular recent attention has
been given to chemically powered micromotors, including
bimetallic nanowires,10,11tubular microengines,12−15and Janus
microparticles,16−19 that exhibit autonomous self-propulsion in
the presence of hydrogen peroxide fuel. Tubular microengines
have attracted substantial interest due to their remarkable
cargo-towing20,21 and solution-mixing capabilities in different
environments toward diverse biomedical22−25 and environ-
mental26−28 applications. For example, the continuous move-
ment of tubular microengines has been shown to be extremely
effective in accelerating detoxification and decontamination
reactions.27,28 The dramatically accelerated remediation of
chemical pollutants and threats has been attributed to an
efficient motor-induced fluid mixing (without external
agitation). Such fluid mixing capability of these tubular
microengines holds a considerable promise for enhancing the
yield and speed of a wide range of chemical processes, where
quiescent conditions lead to low reaction efficiencies and long
reaction times.
Herein, we present a fundamental study of the dramatically

enhanced fluid transport observed in the presence of bubble-
propelled tubular microengines using passive microparticle
tracers. The displacement of passive microparticle tracers has
been previously used for studying enhanced diffusion processes
associated with the motility of E. coli bacteria,29−31 and more

recently with the movement of catalytic nanowire and Janus
motors.32,33The substantial fluid transport associated with the
movement of catalytic tubular microengines is characterized in
the next sections by analyzing the mean squared displacement
(MSD) of passive polystyrene bead tracers over different time
scales. Our new findings provide strong evidence that the long
tail of oxygen microbubbles generated in the catalytic cavity of
the tubular microengines plays a crucial role in the dramatically
enhanced displacement of passive bead tracers. Our data also
demonstrates that the tracer displacement is substantially larger
than that observed in the presence of other catalytic
micromotors, including bimetal nanowires and Pt-based Janus
particles. The new knowledge of the microengine-induced fluid
transport offers considerable promise for accelerating the rate
of chemical and biochemical reactions through enhanced
micromixing, and should thus benefit a wide range of practical
applications.

■ RESULTS AND DISCUSSION
The enhanced fluid motion in the presence of tubular
microengines is characterized by analysis of the mean squared
displacement (MSD) of passive microsphere tracers. These
MSD data illustrate that the transport in a suspension of
bubble-propelled micromotors is substantially over the trans-
port induced by suspensions of catalytic nanowires and Pt-
Janus particle motors. Additional experiments in which the
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tubular microengines were fixed to the glass slide were also
used to separate the effect of the motor movement from that of
the bubble generation, and to illustrate that the bubble
evolution has a profound effect upon the observed enhanced
transport of passive bead tracers.
The polymer-based microtubular engines were prepared by a

template-based electrodeposition of poly(3,4-ethylenedioxy-
thiophene) (EDOT) and COOH-EDOT/Pt bilayer14 (see
Experimental section in the Supporting Information (SI)). The
template fabrication process resulted in ∼8 μm-long polymer/
Pt microtubes that propelled efficiently via the ejection of
oxygen bubbles generated by the catalytic decomposition of
hydrogen peroxide fuel at their inner Pt layer.14 As will be
discussed below, both the movements of the motors and of the
bubbles they generate contribute to the marked increase in the
effective diffusion coefficient of the 2 μm passive polystyrene-
bead tracers. To examine the effect of motor movement and
bubble generation on the transport of the passive tracers, equal
volumes of four different solutions (of particles, micromotors,
surfactant and fuel) were placed on a glass slide. The effect of
ambient air motion and droplet spreading on particle transport
was determined to be negligible by conducting a parallel
experiment in the reservoir of a tailor-made PDMS chip, as will
be described below. The movement of the micromotors and of
their corresponding oxygen bubbles generated flow fields that
caused the displacement of the passive tracers (Figure 1). The

motion of the particle tracers was video-recorded and analyzed
with an automated particle-tracking software (see Experimental
section for details). To minimize the influence of the three-
dimensional fluid flow caused by the bubble collapse occurring
at the top of the droplet, the passive bead tracers were only
tracked near the bottom surface, where their motions and MSD
were analyzed in two dimensions.
Figure 2 and SI Video 1 demonstrate the significantly

enhanced diffusion of 2 μm passive polystyrene spherical
particles due to the movement of bubble-propelled micro-
tubular engines, compared to particles undergoing Brownian
motion only. For example, Figure 2A,B display traces of the
particle trajectories (during a 30 s period) and a plot of the
mean squared displacement versus time, respectively, in the
absence (a) and presence (b) of the hydrogen-peroxide fuel. In

the absence of fuel (H2O2), both the micromotors and the
tracer particles experience Brownian motion and thus the
particle trajectories are chaotic and random, with negligible
displacements (Figure 2a). In contrast, the bubble-propelled
micromotors move rapidly in the presence of H2O2, leading to
significantly enhanced fluid transport and displacement of the
tracer particles (Figure 2b). The time-lapse images (A, top)
illustrate the ability to simultaneously visualize and track both
the tracer beads and the micromotors (with their microbubble
tails). These images, and the corresponding tracking plots
(shown at the bottom of A) indicate that the bead displacement
is not uniform. As expected, the enhanced diffusion of the
passive beads is strongly influenced by their position relative to
the moving micromotors, being larger as the distance between
the beads and the micromotors decreases. Unlike other catalytic
motors, the tubular microengines tend to be inhomogeneously
distributed in space (e.g., SI Video 2). Yet, as will be illustrated
below, the average distance traveled by a large population of
tracer particles(n = 100) is substantially greater than that
observed in the presence of other common micromotors. The
trajectories traced by the particles suggest that the nature of the
flows they experience is coherent. This behavior is consistent
with the hypothesis (discussed below) that the enhanced
transport is greatly affected by the flow fields induced by the
generated bubbles. The latter translate vertically and their flow
fields are therefore relatively coherent compared to the flow
fields induced by the translating micromotors, which follow
random trajectories in arbitrary directions.
The transport is quantified in terms of the mean squared

displacement (MSD) ⟨Δx2⟩ after a fixed time interval Δt,
defined as

Δ | = Δ − + Δ −Δx x t x y t y( ( ) ) ( ( ) )t
2

0
2

0
2

(1)

where the angle brackets ⟨·⟩ indicate an average over an
ensemble of n = 100 particles, subscript “0” denotes the original
position of the tracer, and x(Δt) and y(Δt) are the coordinates
of the particle in the plane of motion after time interval Δt. In
general, the magnitude of the MSD reflects the strength of the

Figure 1. Schematic illustration of micromotor-enhanced transport of
passive microparticle-tracers. Equal volume of solutions containing
particles, micromotors, surfactant, and fuel were placed on a glass slide,
and oxygen bubbles ejected from the self-propelled micromotors along
with their own motion made the passive tracers displace from an initial
to a final position denoted in the figure as (x0, y0) and (x, y),
respectively. The enhanced motion rate of the particles is estimated by
measuring their mean-square displacement ⟨Δx2⟩ at both short and
long time intervals and its trend is studied upon such intervals, as
shown in the inset at the top right of the figure.

Figure 2. (A) Time-lapse images illustrating typical trajectories of nine
particle tracers undergoing Brownian motion and a mixture of
Brownian motion and convection using microtube engines in the
absence and presence of the peroxide fuel, respectively. Typical
tracking plots of the total distance traveled by the particles during 30 s
are displayed at the bottom part of A (a and b), respectively. (B)
Mean-squared displacement obtained by averaging over 100 particles,
whose trajectories are subject to the effect of active micromotors
swimming for 30s (b), with respect to that governed only by Brownian
motion (a) upon time, at time intervals of 0.06 s. Enhanced transport
of the passive tracers (2 μm, ∼1.4 × 107/mL) is caused by the catalytic
micromotors (8 μm, 4 × 106/mL) when self-propelled in aqueous
solutions containing 5% Triton X-100 and 1.5% H2O2. Scale bar, 10
μm.
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transport, while its functional dependence on Δt characterizes
the nature of this transport. In the case of pure Brownian
motion in two dimensions, the MSD of a collection of spherical
particles obeys:31

Δ = Δx D t42
(2)

Where D is the Brownian diffusivity of the particles. By analogy,
a complex transport process involving a combination of
diffusion and convection and such that the MSD grows linearly
with time: ⟨Δx2⟩ ∼ Δt (either within some interval Δt or for all
times) is characterized as dif fusive, and eq 2 can then be used to
define an effective diffusion coefficient D. On the other hand, a
purely ballistic motion of the particles results in the quadratic
growth of the MSD with time: ⟨Δx2⟩ ∼ Δt2, and more generally
the transport is said to be superdif fusive if the MSD increases as
⟨Δx2⟩ ∼ Δtα, with α > 1.31 Over the time interval studied here,
the enhanced diffusion of tracer particles due to bubble-
propelled micromotors (in the presence of 1.5% H2O2) appears
to be anomalous, with the MSD of the particles increasing
nonlinearly with time as ⟨Δx2⟩ ∼ tα, with α >1.5 indicating
superdiffusive transport. A superdiffusive behavior has been
previously reported for the transport of passive tracer beads in a
bath of motile bacteria.31 In contrast, without the H2O2 fuel,
tracer particles travel only by Brownian motion, and the data
(shown in SI Figure 1) is consistent with normal diffusion with
the MSD of the particles increasing linearly as a function of
time (α = 1.0).
Figure 2B displays plots of ⟨Δx2⟩ versus time for the bead

tracers in the absence (a) and presence (b) of the H2O2 fuel
(and using the 5% Triton X-100 surfactant essential for the
bubble evolution). The influence of micromotor activity (in the
presence of the fuel) is clearly indicated from the dramatically
larger MSD of the tracers as compared with pure Brownian
motion, with D = 3.05 μm2 s−1 (estimated from the maximum
slope of MSD versus time over the time interval considered
here) (b). In contrast, in the absence of fuel (Brownian
motion), but in the presence of surfactant we obtain D = 0.024
μm2 s−1. This value of D is about 1 order of magnitude lower
than the theoretically calculated value using the Stokes−
Einstein relation, D = kT/6πηa = 0.21 μm2 s−1 (with k
Boltzmann constant, T temperature, η fluid viscosity, and a
particle diameter). In order to gain further insights into this
phenomenon, we conducted similar experiments in the absence
of both the fuel and surfactant. This experiment resulted in a
MSD corresponding to D = 0.17 μm2 s−1, which is consistent
with pure Brownian motion (see also SI Figure 1), and is close
to the theoretical value expected for the “hindered diffusion” of
particles near a solid no-slip surface.34 The decrease in D by an
order of magnitude in the presence of surfactant can be
attributed to the generation of depletion forces between the
particles and the glass slide,35 which hold the particles close to
the glass surface and enhance the hindered diffusion effect. In
order to investigate possible contributions of ambient air
motion and droplet spreading on the magnitude of D, we also
conducted a series of experiments with drops confined in the
reservoir of a PDMS chip. This effect was found to be
negligible, as indicated by the value of D = 0.032 μm2 s−1 for a
Brownian motion experiment (in the presence of surfactant),
which is close to the value estimated for the unconfined drop
(D = 0.024 μm2 s−1).
The substantial fluid transport imparted by tubular micro-

engines is obvious upon comparison to other common catalytic
micromotors (which are well-known to produce significantly

less and greatly smaller bubbles). We conducted a series of
experiments critically comparing the tracer transport induced
by the bubble-propelled tubular microengines with that
observed in the presence of common self-propelled nanowires
and Janus microparticles. Figure 3 compares the MSDs of the

tracer particles over a 30 s period in suspensions of the different
catalytic micromotors, including tubular microengines (a),
Janus microparticles (b), and bimetallic nanowires (c), all
powered by 1.5% H2O2 fuel (see also SI Videos 1 and 3). The
calculated MSDs clearly indicate that the bubble-propelled
microtubes induce a substantially greater tracer transport at all
time intervals compared to the self-propelled Janus particles
and bimetallic nanowires under the same fuel concentration (a
vs b and c). For example, the MSD in the presence of bubble-
propelled tubular microengines after 30 s (4679 μm2) is around
10-fold and 16-fold larger compared to those induced by Pt-
based Janus microparticles (442 μm2) and Au−Pt nanowires
(290 μm2), respectively. The corresponding time-lapse images
and particle trajectories in the presence of the different catalytic
motors (shown on the right) clearly illustrate the significantly
larger displacement of the tracer particles in the presence of
tubular microengines (a), compared to nanowire (b) or Janus
particle (c) motors. Even with a 3-fold increase of the fuel level
of the nanowire and Janus-particle motors (to 5%), the bubble-
propelled microengines (at 1.5% fuel) still led to a substantially
enhanced fluid transport of the tracer particles (see SI Figure
2), with the MSD ca. 3-fold and 5-fold larger compared to
those observed using Janus particles and nanowires, respec-
tively. These data clearly demonstrate the advantage of the
tubular microengines (over other catalytic micromotors)
toward enhanced fluid transport and solution mixing.
A clear distinction between the self-propulsion of the

different catalytic micromotors is the effective production of
bubbles by the tubular microengines. In order to gain better
understanding of the enhanced particle transport process
associated with these microengines, we conducted a series of
experiments aimed at distinguishing the relative contributions
of the motor self-propulsion and of the bubble generation and
motion on the enhanced transport of the tracer particles. For
this purpose, we compared the fluid transport associated with
freely moving microtube engines to the transport induced by
bubbles generated by motors confined to the surface of the
glass slide, coated with polymerized polylysine (see Supporting
Information for details of the surface confinement and SI Video

Figure 3. Effect of different types of micromotors on the enhanced
transport of passive tracer particles. (Left) Plots comparing the average
displacement of tracer particles by bubble-propelled PEDOT/Pt
micromotors (a), Pt-SiO2 Janus particles (b) and Au−Pt nanowires
(c), swimming in an aqueous solution containing 1.5% H2O2 for 30 s.
(Right) corresponding time-lapse images used for tracking of the
motors (not to scale). Scale bar, 10 μm. Other conditions, as in Figure
2 (except that no Triton X-100 was used in b and c).
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2 for bubble ejection). Figure 4 illustrates that at short times,
the freely swimming micromotors induce the most vigorous

transport, but after ∼3 s, the MSD for the bubbling-generating
fixed motors surpasses that of the freely swimming motors.
Note that the enhancement of fluid transport by the bubble-
generating fixed motors is even greater than that of the freely
swimming motors, because the latter tend to disperse and
spread in space by self-propulsion, whereas fixed motors
generate long-lived coherent flows near their point of anchor,
thus dramatically enhancing tracer transport in their vicinity.
We also found that when tracer particles are solely transported
by the effect of bubbles, the MSD ⟨Δx2⟩ grows as Δt2,
indicating that the transport is ballistic and dominated by
convection. The transport induced by the vertically rising
bubbles dominates over the transport induced by the freely
swimming motors, which is consistent with the nature of the
flow fields generated in each case in the low-Reynolds-number
regime. Indeed, the flow field generated by a rising bubble,
which is acted upon by buoyancy forces and therefore exerts a
net force on the fluid, decays slowly as 1/r, where r is the
distance to the center of the bubble. The moving micromotors,
on the other hand, do not exert a net force on the fluid and
produce a significantly weaker flow field that decays more
rapidly as 1/r2. Such dependences could be used to develop
theoretical estimates for the observed differences in tracer
transport, although deriving such would require knowledge of
the statistics of the motor and particle distributions in the fluid
and are beyond the scope of this study. Further evidence of the
importance of bubbling can be seen in the particle trajectories
plotted in Figure 4A,B, where the direction of the particle
trajectories appears constant over 15s. This is consistent with
the view that the particles are primarily transported by the flow
field generated by the vertically translating bubbles (as opposed
to the self-propelled micromotors which move in many
arbitrary directions).
Figure 5 demonstrates the increase in the tracer particle

transport with increased micromotor activity associated with
higher fuel concentrations. Increasing the H2O2 concentration
from 1.0 to 1.5% (b−d), leads to increased bubble frequency

and motor self-propulsion, thus resulting in an increased tracer
transport. Interestingly, the trend in the plot of ⟨Δx2⟩ versus Δt
for different H2O2 concentrations is similar for both the short
and long time intervals examined (A vs B for 2 s and 30 s,
respectively), with the MSD increasing from 1010 to 4694 μm2

for 1.0 and 1.5% peroxide levels, respectively, after a 30 s
interval. Overall, the data of Figure 5 indicates a large increase
in the tracer MSD with increasing fuel concentrations for long
time intervals.
Finally, we examined the influence of the density of the

micromotors upon the fluid transport using a fixed (1.0%)
H2O2 fuel concentration. The results, shown in SI Figure 3,
illustrate a similar trend for the MSD versus Δt for motor
densities of 4 × 106 versus 8 × 106/mL, i.e., a nonlinear
(superdiffusive) time dependence. Also note that doubling the
motor density leads to a ∼2-fold increase in the MSD (2078.7
vs 989.3 μm2) after long times (30 s), suggesting a linear
relationship between the motor density and the induced
transport within the regime studied here.

■ CONCLUSION
We have reported a fundamental study of the effect of bubble-
propelled tubular microengines on the enhanced diffusion of
passive microsphere tracers. These active microtubular motors
were found to substantially increase the displacement of tracer
microparticles through fluid convection from the bubbles
produced during their self-propulsion. The study sheds useful
insights toward understanding the influence of the motion of
multiple micromotors, bubble generation, and additional factors
(e.g., motor density, fuel concentration) upon the enhanced
transport. In particular, the study highlights the unique role
played by the bubble generation upon such dramatically
enhanced transport. Because of the strong coherent flows
driven by the rising bubbles emitted by the motors, the
enhanced passive tracer transport and fluid motions observed in
the presence of tubular microengines were found to be
substantially larger than for other common catalytic micro-
motors, including bimetallic nanowires and Pt-Janus micro-
particles. These findings have important implications upon the
use of tubular microengines and microbubbles for mixing
reagents and accelerating the rate of chemical and biochemical
reactions (compared to quiescent conditions). Such motor-
induced fluid mixing capability thus holds considerable promise
for enhancing the yield and speed of a wide range of chemical
processes. It holds particular promise in situations where
external mechanical stirring is not possible or not desired (e.g.,
using microscale volumes, lab-on-a-chip formats, or in hostile
remote settings).

Figure 4. Effect of the bubbles (alone, without motion) on the
enhanced transport of passive tracer particles. (Top) Average
displacement of tracer particles by bubbles generated by stationary
micromotors, confined to the surface of a glass slide (a), compared to
that observed in the presence of freely swimming micromotors (b), at
1.5% H2O2/ 5% Triton-X 100 for 15 s. Other conditions as in Figure
2. (Bottom) corresponding time-lapse images; scale bar, 10 μm.

Figure 5. Enhanced transport of passive tracers upon increasing
concentrations of H2O2. Average mean-squared displacements of 100
tracer particles at short (a) and long (b) time intervals, with 0 (a), 1.0
(b), 1.25 (c) and 1.5% (d) H2O2 fuel concentration, respectively.
Other conditions as in Figure 2.
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