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ABSTRACT

The generation of oxygen microbubbles in catalytic microtubes has attracted tremendous attention towards the exploration of
unidirectional and overloaded bubble ejection regimes, leading to simple and more complex motions of micromotors. While it is
widely believed that a bubble’s frequency in a unidirectional regime (i.e., a bubble ejected from a single tubular opening) is
random, this study shall demonstrate that periodic oxygen bubble frequencies and sequences can be experimentally controlled
using various concentrations of hydrogen peroxide fuel and surfactants. When released from a substrate, unidirectional
micromotors self-propel in straight, circular, and helical trajectories, leading to a class of well-predictable or simple microma-
chines. Under overloaded conditions, micromotors generate bubbles at both tubular openings, which influence the trajectories of
micromotor motion strongly. A one-dimensional reaction-diffusion equation is formulated to explain the possible mechanisms of
mass transport in microtubes and the transition from the unidirectional to the overloaded regime of micromotors.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5059354

Man-made nano-/micro-motors (NMs) consist of autono-
mous self-propelled nano-/micro-particles of different shapes,
including nano- /micro-rods,"” tubes,” ” and spheres.” NMs are
at the cross-border of the recently emerging fields of chemo-
mechanical systems’ and bioinspired chemistry in motion,”
where novel functions of dynamic nano-/micro-machines are
explored, identified, and utilized.”"* NMs can ultimately lead to
breakthrough applications in clean energy generation,” cargo
payload delivery,” biosensing in motion,”” and biomedical oper-
ations.® Tubular catalytic micromotors are one of the fastest
autonomous micromachines, which are based on efficient
nucleation, growth, and recoil of microbubbles.””'* Mei’s group
developed a model that predicts the linear speeds of tubular

microjets in a unidirectional bubble recoil regime, where the
velocities of NMs are linearly proportional to the H,O, concen-
tration, the microtube diameter, the microtube length, and the
bubble size.” Zhao and co-workers described a one-
dimensional mass transport model based on the reaction-
diffusion that predicts the O, flux, the bubble frequency, the
average microjet speeds from the geometrical parameters (i.e.,
tube diameter and length), and the concentration of H,O, mole-
cules in the solution.”” Gallino et al. showed the chemically dif-
fusive, hydrodynamic models of bubble-propelled micromotors
and outlined the interesting perspectives of interacting micro-
bubbles in the microcavity.”' In biology, despite a simple cylin-
drical shape, chemotactic bacteria swim in random walks by
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alternating tumbles and runs, which helps to obtain a temporal
“memory” for the detection of spatial gradients.”” To date, only a
few researchers have addressed the problem of how to discover
more complex nano-/micro-machines.” It is known that the
conical shape of tubular micromotors governs the unidirectional
recoil of bubbles™ and that the transition to an overloaded
regime typically takes place at higher fuel concentrations. The
group of Fomin, Misra, and Schmidt has developed a numerical
time-resolved model for predicting the transition of tubular
micromotors from a unidirectional to an overloaded regime.” In
this study, we shall discuss the tubular micromotors with differ-
ent lengths generating O, microbubbles in unidirectional and
overloaded regimes, which have an important influence on the
motion of micromotors.

Tubular catalytic micromotors are fabricated using an
established experimental procedure (see supplementary mate-
rial).” After fabrication, the tubular catalytic Ti/Cr/Pt micromo-
tors integrated on the silicon substrate were then immersed in
an aqueous H,O, fuel solution added with a commercial dish
Walch soap (surface tension measurement in the supplementary
material).”® Hydrogen peroxide was decomposed, using catalytic
tubular microcavities, into water and oxygen bubbles according
to the following reaction: 2H,0, — 2H,0 + O. Figures 1(a)-1(h)

scitation.org/journal/apl

show the schematic and optical microscopy images of an indi-
vidual 125 ym long microtube generating periodic sequences of
O, microbubbles (1-8) in a unidirectional regime from one tubu-
lar opening (video 1, supplementary material). Figure 1(i) presents
the typical helical, circular, and straight trajectories of micromo-
tors driven by a unidirectional recoil of O, bubbles. Swimming
micromotors were then tested in an overloaded regime located
in mixtures of (i) H,O, with soap to stabilize bubbles and (ii)
H,0, with propylene carbonate (PC) to reduce the lifetime of
bubbles. At a higher concentration of hydrogen peroxide fuel
(H202 = 20% v/v in soap), transition to the overloaded regime
occurred [supplementary material video 2; Fig. 1(j, left)]. In the
mixture of peroxide and soap, the micromotor underwent a cir-
cular motion and then switched to a rotational trajectory. In the
H»0, PC fuel, the O, bubbles broke in tens of microseconds,
allowing the avoidance of subsequent collisions between the
ejected bubbles and self-propelled micromotors. Figure 1(j,
right) shows the back-and-forth motion of an individual micro-
motor in the H,O, PC fuel mixture. Such overloaded regimes
can have a pronounced influence on the transition of catalytic
micromotors to more complex dynamics.

Focusing on microtubes integrated on-chip assists with the
assessment of individual micromotors under different chemical

(a) (b)

)
%

(c) (d)

FIG. 1. Generation of periodic microbubble
sequences from an individual 125 um long
catalytic microtube integrated on a silicon
substrate. (a)~(h) The sketch and optical
microscopy images of the corresponding
microtube ejecting microbubbles with different

(e) (f)

fuel compositions:  single  bubble  C;
(S=16% v, H,0, 1% viv) and multiple
sequences of bubbles: C, (S=32% VN,
H202 = 0125%), 03 (3232% V/V, HzOg
= 0.25%), C4 (S=32% ViV, H,0, = 0.5%),
and Cs (S=32% v, H0, = 1%). (i)

(9)

(h) %’z%

C Tracked trajectories in a unidirectional regime
5

of helical, circular, and straight motion tubular
micromotors. The scale bar is 50 um. (j)
Optical microscopy image of an individual
N swimming overloaded Ti/Cr/Pt micromotor in

ol— the mixture of dish soap (32% viv) and H,0,
. . (21% Vi), left image. Initially, a rotational
( | ) (J ) Q== ° motion was observed followed by transiton to
rotational motion. The time interval was 1s.
H,O, + Surf. H,0, + PC The tracked trajectory of the swimming over-
%\ loaded micromotor in a mixture of hydrogen
P a peroxide and propylene carbonate (20% viv
5 - oo Do H,0, in propylene carbonate) is shown. The
w"%é,’ B, Q?g, blue arrows indicate the direction of micromo-
":jﬂ}g‘)m‘w‘ ‘?gjg% &; i Q gw tor motion. The scale bar is 70 um.
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Lo 3 @ 40 77 W07 3% and sequences of bubbles observed in dif-
> slr/ J 62 2 N Hy05= 6% ferent concentrations of H,0, (0.125, 0.25,
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conditions. Figure 2(a) indicates the bubble frequencies and
sequences of a 125um long microtube, immersed in different
H,O, concentrations of 0.125, 0.25, 0.5, and 1% v/v, while keep-
ing a constant dish soap concentration, S=32% v/v. Error bars
were calculated for each point as a standard deviation of 30
ejected bubbles. Interestingly, a maximum number of eight
ejected bubbles in sequence was reached at a given H,O, (1% v/
v) concentration that can indicate the limitation of physical
space for bubbles in a 125 ym long microtube. It is known that
different tubes have slightly different bubble nucleation energy
barriers, which are particularly visible at low H,O, fuel concen-
trations. As a result, depending on the conditions, if one fraction
of tubes remains inactive, the other fraction ejects single or
multiple O, bubbles on the same chip. Figure 2(b) shows the sta-
tistical data for activated tubes (from 20 to 120 um) in 1.5, 3, and
6% v/v HyO,, respectively. They correlate favorably with previ-
ous reports about catalytic tubular micropumps.'“*’ The filled-
area graph displays bubble sequences observed in 1.5% v/v H,O,
(crosshatching line region), 3% v/v H,O, (right tilted hatched
region), and 6% v/v H,O, (left tilted hatched region) for acti-
vated micropumps.

To better understand the origin of bubble sequences in the
microtubular cavity, a semi-transparent Ti/Cr/Pt microtube
was fabricated with dimensions of 50 um in length and 9.5 ym in
diameter, which consisted of approximately two rolled-up layers
of a metallic nanomembrane. Nucleation, growth, and ejection
of O, bubbles were clearly observed in the self-propelled cata-
lytic microtube, as shown in Fig. 3(a). During a time period of
100 ms (t;—t4), bubbles in the sequence (N 1, 2, 3, 4) changed their
average diameters from (8, 6, 6, 5.8 um, t;) to (10.2, 7.8, 8.2,
10.8 um, ty4), respectively. The observed bubble sequences can be
attributed to the difference between the bubble growth time
required to reach the critical bubble ejection size (tens of ms)
and the bubble recoil time (less than 10 ms). O, bubbles located
near the tubular openings could reach the ejection diameter
faster, while bubbles located in the middle of the catalytic
microtube would require more time to reach the critical recoil
radius, due to the limited supply of hydrogen peroxide fuel by
diffusion. At the same time, bubbles ejected from the tubular
opening induced fluid pumping and bubbles remaining in the
tube moved closer to the opening. Figure 3(b) shows the results
of bubbles ejecting in unidirectional sequences from self-
propelled Ti/Cr/Pt microtubes with different lengths
(20-120 um long) at a constant soap concentration (S = 32% v/v)

20 40 60 80
Tube length [um]

100 120 140 tilted hatched region).

and at different hydrogen peroxide (10, 13, 14% v/v) concentra-
tions. At first, self-propelled microtubes were tested in 10% v/v
H,0O,, where bubbles recoiled in a single mode starting from the
80 um tubular length (see the upper graph, red curve). We show

(a) 1234 1234
Vil Vi
t, t,
123, 1237
Vi1 s
t, t,
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FIG. 3. Analysis of bubble sequences ejected from an individual swimming trans-
parent microtube and bubble sequences of self-propelled microtubes with different
lengths. (a) Characterization of bubble evolution and recoil from transparent Ti/Cr/
Pt microtubes where individual oxygen microbubbles in a sequence are indicated
by numbers (1-4) and colored arrows. (b) Average frequencies and sequences of
0, bubbles observed in different concentrations of hydrogen peroxide (10, 13, and
14% v/v) and at a constant soap concentration, 32% viv. At 10% v/v H,O,, a single
bubble recoil is observed, upper graph (inset shows how increasing H,O, fuel to
13% viv activates shorter 20, 40, and 60 um tubes). A further increase in the fuel
concentration to 14% viv H,0, leads to the appearance of bubble sequences (lower
graph).
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that shorter micromotors (20, 40, and 60 um) could also be acti-
vated and generate single bubbles at 13% v/v H,O, (upper graph,
black curve). Sequences of bubbles (2, 4) for longer tubes from
60 to 120 um were observed at a higher (14% v/v) H,O- fuel con-
centration (lower graph) with the same soap concentration (32%
v/v). For shorter tubes (20 and 40 um), sequences of bubbles (2)
were observed at 17 and 16.5% v/v H,O,, with the frequencies of
6.2 and 6.7 Hz, respectively.

Figure 4(a) clearly shows three regions of on-chip inte-
grated micromotors with different lengths (20-120 ym), which
have (i) inactive, (ii) unidirectional, and (iii) overloaded bubble
recoil regimes. The substrate can have a significant influence on
the nucleation of oxygen bubbles, and the bubble frequencies of
microtubes integrated on-chip can be different from free-
swimming micromotors.”® In this study, the comparison
between free-swimming micromotors and on-chip analysis for
both uni- and bi-directional is given in the supplementary mate-
rial. A theoretical model is considered to better understand uni-
directional and overloaded bubble recoil. Previously, Manjare
and co-authors formulated a one-dimensional reaction diffusion

(a) 14
12-

20 40 60 80 100 120
Tube length [um]

(b)o.so0-
0.48-
<
> 0.44- R
— 2 pum
0424 ——5um
——10 ym

20 4 60 8 100
Tube length [um]

FIG. 4. Analyses of micromotors in unidirectional and overloaded regimes. (a) On-
chip Ti/Cr/Pt microtubes with lengths from 20 um to 120 um generated bubbles at
one and both tubular openings in different concentrations of hydrogen peroxide and
at a constant concentration of surfactant (32% viv). (b) Modelling of the bubble
nucleation point, depending on the aspect ratio of the tubular micromotor, for the
maximum concentration of oxygen, versus L for different radii.

scitation.org/journal/apl

equation to describe the mass transport and the reaction in a
tubular microjet.”’ The position of the maximum, at which the
concentration of O, is maximum, can be given by

1. . 4/1 L
Xmax = Bsmh (,B_L 1- cosh(ﬂL))) + 5 1)
2K

where f= (DHZOZR)VZ, K is the reaction constant, Dy,o,

=1.43 x 1079 m? s~ !is the diffusion constant of hydrogen perox-
ide, R is the radius of the tube, and L is the length of the tube.
The reaction constant rate was previously calculated by Paxton,
K =6.83 x 107" m s! Figure 4(b) plots the Xy versus L for a
different R. As shown in Fig. 4(b), the location of maximum oxy-
gen generation occurred towards the non-bubbling end of the
tube, but close to midway inside the tube. The trend also shows
that, as the length of the tube increased, the position of Xmax
shifted closer to the non-bubbling end of the tube, since it
would take longer for H,O, to diffuse along the tube. This
explains that oxygen production is not symmetric along the long
axis of the tube. Previously, Manjare et al. assumed that the con-
centration of H,O, was maximum at one end of a microtube,
zero at the other end, and vice versa for the O, concentration.
However, different conditions are applied to our study, and a
reasonable assumption can be made in the steady condition
(unidirectional): all of the oxygen generated inside the motor is
utilized in the formation of bubbles. The equation for oxygen
generation rate at a given concentration can be used.”’ To ana-
lyze the equation further, the effective L in our case is shorter.
For example, if a bubble is initially formed at the location x=1/
2, then at L/2, the concentration of H,O, is zero and all of the
oxygen generated between x=0 and x=L/2 (according to the
diffusion plot), is subject to the formation of bubbles. For longer
tubes, the oxygen has to travel a longer relative distance
towards the far end, where O, bubbles eject or burst. Increasing
H,0, concentrations produce a rich environment for the nucle-
ation of multiple interactive bubbles, and at higher fuel concen-
trations, the O, bubbles come out from both ends. By
substituting the geometrical parameters of the tube, concentra-
tions of H,O- fuel in unidirectional and overloaded regimes and
the beta coefficient defined above, the theoretical value of the
total mass of O, produced can be estimated.” The same order
of magnitude of generated O, and a close consistency between
our experimental and calculated results are achieved. The
experimentally measured values on the order of 10~ -10 kg
s~! dictate that there is large amount of oxygen generated inside
the tube. This leads to the sequence of bubbles and subse-
quently to an overloaded regime, since the O, concentration is
at maximum near the non-bubbling end after the oversaturation
bubbles start to appear at the previously non-bubbling end.

In summary, sequences of microbubbles generated by
tubular micromotors in a unidirectional regime are reported in a
mixture of hydrogen peroxide and high concentrations of a dish
soap. A one-dimensional reaction-diffusion equation was used
to describe gas generation in microtubes. When released from
the substrate, the unidirectional micromotors navigated in pre-
dictable straight, circular, or helical trajectories and thus, in our
opinion, can be related to the class of simple micromachines.
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The dynamics of micromotors under overloaded conditions,
where switchable trajectories of motion and bidirectional motil-
ities were observed, are not yet fully understood—more research
studies must be undertaken. It will be interesting to study how
selective surfactants””” can influence the generation of bub-
bles and motion. Overloaded micromotors can be fundamentally
important to explore more complex micromachines, which can
potentially serve as models of chemotactic bacteria swimming
in tumbles and runs.

See supplementary material for details about fabrication
procedure, surface tension measurements, and comparison
between fuel concentrations required for unidirectional and
overloaded regimes.
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