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1. Introduction

Over more than a decade, a lot of efforts have been made to 
develop chemical micro-devices or micromotors that address, for 

Different propulsion mechanisms have been suggested for describing the 
motion of a variety of chemical micromotors, which have attracted great 
attention in the last decades due to their high efficiency and thrust force, 
enabling several applications in the fields of environmental remediation and 
biomedicine. Bubble-recoil based motion, in particular, has been modeled 
by three different phenomena: capillary forces, bubble growth, and bubble 
expulsion. However, these models have been suggested independently based 
on a single influencing factor (i.e., viscosity), limiting the understanding 
of the overall micromotor performance. Therefore, the combined effect of 
medium viscosity, surface tension, and fuel concentration is analyzed on the 
micromotor swimming ability, and the dominant propulsion mechanisms that 
describe its motion more accurately are identified. Using statistically relevant 
experimental data, a holistic theoretical model is proposed for bubble-pro-
pelled tubular catalytic micromotors that includes all three above-mentioned 
phenomena and provides deeper insights into their propulsion physics 
toward optimized geometries and experimental conditions.

instance, targeted medical treatments[1–4] 
and environmental remediation.[5–7] More-
over, micromotors are interesting model 
systems for studying motion mechanisms 
as well as other physical phenomena at low 
Reynolds numbers.[8,9] Chemical micro-
motors range from Janus particles,[10] pot-
like micromotors,[11] single-component 
tubular engines,[12] and asymmetric micro-
tubes.[13–15] All of them exhibit different 
locomotion principles, from diffuso-pho-
resis[16] and electrophoresis,[17] to bubble-
recoil-based mechanisms.[18–22] Hence, 
creating a universal model for all types 
of chemical micromotors is very chal-
lenging and the available experimental 
data and conditions are sparse. There-
fore, in the current work, we focused on 
the micromotors propelled by the bubble-
recoil mechanism as they show excellent 
motion performance in terms of speed 

and thrust force with simple designs.[18–22] These micromotors 
are often asymmetrical tubes, which are fabricated by strain-
induced self-rolling of nanomembranes,[18,19,23] template-based 
electrodeposition,[20] or two-photon laser lithography.[24] They 
are provided with an inner surface of a catalytic material (e.g., 
Pt, Ag, Pd, enzyme) and an outside functional layer (e.g., Au, 
Fe, SiO2, TiO2) for their guidance, in situ reactions or biofunc-
tionalization purposes.[25–30] A chemical reaction between the 
fuel liquid and a catalyst coating the inner surface of the micro-
motor converts chemical energy into mechanical motion. The 
most commonly used reaction is the decomposition of H2O2 
into O2 and H2O using Pt as catalyst. Bubbles are formed by 
oxygen produced inside the tube, leading to a uni- or bidirec-
tional movement, depending on the micromotor geometry.[31]

The physics behind the bubble propulsion mechanism was 
identified first by Mei et al.,[18] and started to be explored in more 
depth in subsequent years.[15,19,32,33] The bubble propulsion is a 
result of three phenomena: i) capillarity,[34] ii) bubble growth,[33] 
and iii) bubble expulsion,[35] depicted in Figure  1a. The capil-
larity introduces a capillary force when the oxygen bubble 
touches the inner wall of the tube, which leads to a movement 
of the bubble through its lumen. While the bubble continues 
growing by collecting oxygen, a fuel flow is induced, propel-
ling the micromotor against the direction of the bubble release. 
Nucleation of several bubbles inside the tube has also been 
observed through this process.[34] During bubble growth, the 
bubble increases due to the continuous production of oxygen 
at the opening of the tube, displacing both the surrounding 
fluid and the micromotor.[33] As soon as the bubble detaches 
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from the opening of the tube, jet-like propulsion mechanism 
emerges. The bubble expulsion results in a frequent release of 
bubbles from the tube giving rise to a fluid flow opposite to the 
direction of the bubble motion. The propulsion of the micro-
motor is then analyzed by conservation of momentum in the 
system engine/fluid/bubble.[35] Based on our observations, the 
same micromotor can experience different propulsion modes 
when varying the experimental conditions (e.g., surface ten-
sion, fuel concentration and viscosity).

We focus on the three aforementioned phenomena and show 
that different propulsion mechanisms can be observed individu-
ally or simultaneously in the same experiment (Figure 1b). We 
fabricate 50 µm long hollow conical micromotors with a 10 µm 
radius of the larger opening and a semi-cone angle of 5° using 
two-photon lithography (Figure 1c), which allows for the control 
of the geometrical parameters with high yield (95%), reducing 
the variability of experimental data (maximum standard devia-
tion of the resulting velocities for ≈20 micromotors was ≈8%). 
Based on these structures, the influence of different concen-
trations of fuel and surfactant as well as of the viscosity of the 
environment on the propulsion mode is analyzed. This provides 
new insights into the propulsion mechanisms and the possi-
bility to further optimize and simulate the behavior of bubble 
propelled micromotors for operating in more complex media.

2. Results

By changing the composition of the fuel, we alter the hydro-
dynamics of the micromotor, which directly influences the 
speed of the micromotor and switches between different pro-
pulsion modes. For instance, increasing fuel (i.e., hydrogen 
peroxide, H2O2) concentration leads to a higher production 
rate of oxygen, thus causing bubbles to grow faster and leave 
the tube more frequently, hence propelling the micromotor 
at a higher speed. Alternatively, the use of surfactants (i.e., 
Sodium dodecyl sulfate, SDS) reduces the fluid surface ten-
sion, allowing the bubbles to move faster through the micro-
motor and detach easier from the larger tube opening. Another 
way to influence the motion of the micromotor is by changing 
the viscosity of the fuel through adding, for example, methyl-
cellulose (MC) at different concentrations[36] as it influences 
the drag force acting on the micromotor. Thus, in our work, 
a switching between propulsion mechanisms depending on 
the concentrations of SDS, H2O2, and MC is thoughtfully ana-
lyzed. The impact of each parameter is quantified by meas-
uring the bubble diameter, the bubble release frequency and 
the speed of the micromotor, and compared to the theoretical 
data obtained by applying each of the propulsion mechanisms 
under consideration.

Figure 1. a) Schematic of the propulsion phenomena: i) capillarity,[34] ii) bubble growth, [33] and iii) bubble expulsion,[35] which can occur during the 
motion of a catalytic micromotor, and the corresponding micromotor average speed formulas. b) Illustration of the forces acting at different time 
intervals during the motion of a catalytic micromotor (FC: Capillary force, FG: Growth force, and FE: Expulsion force). c) SEM images of 50 µm long 
catalytic micromotors with a larger radius of 10 µm and a semi-cone angle of 5°. d) Snapshots of the micromotor motion in a solution containing 2.5% 
H2O2 and 5% SDS. The bubble growth and expulsion over time (in sec) are clearly observed. These photographs illustrate that during the motion of 
the micromotor, various propulsion mechanisms are dominant at different times.
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2.1. Influence of the Surfactant Concentration

To investigate the influence of the surfactant concentration on 
the performance of the micromotors, SDS was added to the 
fuel liquid in different concentrations (1.25%, 2.5%, 5%, 7.5%, 
10%, 20%, and 30%), while maintaining a constant concentra-
tion of H2O2 (2.5%). According to Wang et  al.,[37] anionic sur-
factants such as SDS have a stronger speed increasing effect 
than non-ionic or cationic ones. Consequently, SDS was used 
in these experiments to reduce the surface tension for reaching 
high speeds. Looking at the diameter of the bubbles in the 
individual micromotors in Figure 2a,b, the bubbles decreased 
in diameter with increasing concentration of the surfactant in 
the interval from 1.25% to 10% SDS, while bubbles grew much 
larger when the SDS concentration was increased to 20% and 
30%. An opposite behavior was found for the average bubble 
release frequency. From 1.25% to 10% SDS, the average bubble 
release frequency increased, but it dramatically decreased for 
concentrations of 20% and 30% SDS. The micromotors stopped 
completely at the SDS concentration of 30% by forming only 
one big bubble. This behavior was confirmed by the obtained 
average speed and trajectories of all observed micromotors 
(Figure 2a,c). The reduced speeds were caused by large bubble 
diameters, while higher speeds were linked to higher bubble 
release frequencies (Figure 2b). The speed of the micromotors 
increased from about 160 µm s−1 at 1.25% SDS almost linearly 
to about 350 µm s−1 at 10% SDS, while at 20% and 30% SDS, a 
rapid decrease in the speed of the micromotors was observed. 
An anionic surfactant, such as SDS, reduces the surface ten-
sion in the medium. This facilitates the formation and escape 

of oxygen bubbles from the tube, and the bubble diameter 
decreases as the bubbles are fed with less oxygen over a shorter 
time period. At 30% SDS, micromotor motion ceased as only 
one bubble was continuously growing at the larger opening 
of the micromotor. Figure  2c shows that none of the earlier 
reported models predicts the micromotor speed accurately. 
The bubble growth mechanism is the one, which approaches 
the experimental data most closely, having a difference in the 
threshold micromotor speed of ≈152 µm s−1.

The effect of surfactant in the fuel solution was previously 
investigated by Wang et  al.,[37] who reported that the speed of 
their catalytic micromotors no longer increased at SDS concen-
trations greater than 0.3%, differing from the threshold of 10% 
SDS observed in our work. These results were explained by the 
adsorption of the surfactant at the interfaces,[38] explaining the 
decrease in micromotor speed for SDS concentrations over the 
threshold value. This theory states that the adsorption of the 
surfactant takes place in two stages.[39] The first stage is charac-
terized by the chemical interaction of the surfactant molecules 
and the solid surface, which causes the surfactant molecules to 
be transferred onto the solid surface. In the second stage, the 
adsorbed molecules form a hemimicelle through the interac-
tion of the molecules with each other. These two steps can be 
summarized with the two following equilibrium Equations (1) 
and (2)[38]

+ ↔Site Surfactant Adsorbed Surfactant (1)

( )− + ↔1 Surfactants Adsorbed Surfactant Hemimicellen  (2)

Figure 2. a) Micromotors trajectory and expelled bubble size under different SDS concentrations. Time for all videos was set to 1.15 s (Video S1, Sup-
porting Information). From 2.5% SDS to 10% SDS, the bubbles become smaller and the speed of the micromotor increases (as seen through a longer 
trajectory for 10% SDS). In contrast, at the concentration of 20% SDS, the bubble is much larger and the micromotor is much slower compared to 
the results obtained at 10% SDS. At 30% SDS, the surface tension is so high that the bubble just continues to grow and it is not able to detach from 
the micromotor surface. Consequently, the micromotor stops. This implies that the growth mechanism is dominant in this experimental condition. 
b) Average bubble diameter and bubble release frequency as a function of the SDS concentration (error bars correspond to 15–20 observed micromo-
tors). c) Comparison between the micromotor speed calculated for different propulsion mechanisms with the obtained experimental data.
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The amount of surfactant adsorbed (Γ) at a concentration C 
is described by the following isotherm Equation[38]

( )
Γ =

Γ +
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where k1 and k2 are the equilibrium constants for the chemical 
reactions, Γ∞ is the maximum amount of surfactant, which can 
be absorbed at high concentrations, and n is the hemimicelle 
aggregation number. Γ∞ and Γ can be measured experimen-
tally.[38] There are certain limiting cases that lead to the Lang-
muir equation. If k2 → 0 and n → 1, Equation (3) changes to

Γ = Γ
+
∞

1
1

1

k C

k C
 (4)

If n > 1 and k2Cn−1 ≪ 1/n, Equation (3) acquires the form

Γ = Γ
+

∞( / )

1
1

1

n k C

k C
 (5)

According to Equations (4) and (5), the amount of SDS on the 
micromotor surface is a function of the SDS concentration, the 
aggregation number n and the reaction constant k1. The latter, 
in turn, depends on the amount of the material available for the 
reaction and thus on the geometry of the micromotor. Accord-
ingly, there are different limits for the adsorption of surfactant 
depending on geometry and material of the micromotor leading 
to changes in the micromotor motion as the surface tension 
lowering effect occurs only when SDS is adsorbed. This could 

explain the different results of Wang et  al.[37] and the present 
work by the fact that smaller micromotors had less material, 
which could adsorb the SDS. Consequently, the limit of adsorp-
tion is much lower than for the micromotors used in the cur-
rent work, reducing their speed earlier, at 0.3% SDS. Thus, 
SDS adsorption on the inner micromotor surface is the main 
reason for the decrease of speed for surfactant concentrations 
over 10%, since the material has already reached the adsorption 
limit. The viscosity increasing effect of SDS apparently has no 
influence in the current work; as based on the previous viscosity 
measurements done by our group, the viscosity of SDS-supple-
mented medium remains constant until ≈30% v/v.[40]

2.2. Influence of the Hydrogen Peroxide Concentration

The energy required to propel catalytic micromotors is provided 
by the decomposition of the surrounding H2O2 fuel into oxygen 
gas, which is catalyzed by the inner Pt layer of the tube. To 
investigate the influence of H2O2 concentration, water with dif-
ferent H2O2 concentrations (2.5%, 3.75%, 5%, 7.5%, 10%, 20%, 
and 30%) and a constant SDS concentration of 5% were used. 
In Figure 3a,b, the bubbles of individual micromotors decrease 
in diameter with increasing H2O2 concentration within the 
whole range under consideration. This is different from the 
behavior of the bubble release frequency, which increases with 
increasing H2O2 concentration (Figure 3b). We confirmed this 
effect by measuring a statistically relevant number of around 
15–20 catalytic micromotors. The average speed increased lin-
early from about 250 µm s−1 at 2.5% H2O2 to about 700 µm s−1 
at 10% H2O2. At higher H2O2 concentrations, more O2 can 
be produced by chemical decomposition, underpinning these 

Figure 3. a) Trajectories of micromotors captured from the experiments with different H2O2 concentrations. The speed increases with higher concen-
trations, which is shown by longer trajectories for the same time interval of 0.29 s (Video S2, Supporting Information). b) Bubble diameter and bubble 
release frequency as a function of the H2O2 concentration. The bubble diameter decreases dramatically with increasing the H2O2 concentration from 
10% to 30% leading to switching of propulsion mechanisms from a combined one to the bubble expulsion. The switching occurs as long as the bubble 
diameter is nearly as large as the diameter of the micromotor larger opening. c) Speed of micromotors as a function of the H2O2 concentration and 
comparison with the speeds calculated for the three propulsion mechanisms.
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results (Figure  3c). Accordingly, the bubble release frequency 
increases, and so does the speed of micromotors. Due to this 
increased frequency and the associated shorter time, during 
which the bubbles remain in the tube, they can also collect less 
oxygen leading to a smaller increase in speed for H2O2 con-
centrations over 10%. Since the amount of oxygen inside the 
bubble and the diameter of the bubble are directly interrelated, 
the bubble becomes smaller with increasing concentration of 
H2O2. Figure  3c shows that none of the existing mechanisms 
predicts the micromotor speed precisely enough when varying 
the SDS concentration. The only exception is the expulsion 
propulsion model for the speed of the micromotors at 30% 
H2O2 (details explained in Sections  2.4 and  2.5). The catalytic 
micromotors of Solovev et  al. [41] showed an increase of their 
speed with increasing concentration of H2O2 in the range of 
2.5% to 10%. However, the conical catalytic micromotors used 
here are four to five times faster than those of Solovev et  al., 
which might be caused by the different fabrication methods.[41] 
It could be confirmed that the increase of speed by increasing 
the H2O2 concentration over 20% became much less than for 
concentrations below this threshold. The proposed decrease of 
the speed at high concentrations of H2O2 could not be observed 
during the experiments performed in the present approach. 
Anyway, this behavior could occur at still higher concentrations. 
The reason for this phenomenon is the switching between pro-
pulsion mechanisms, which will be discussed in Sections  2.4 
and 2.5 below. Especially at the H2O2 concentration of 30%, the 
micromotors tend to stop soon after the injection of the fuel 
solution, probably caused by the bubble blockage (where more 
bubbles are formed inside the tube than can be released, which 
could cause a bubble to be pushed outside the smaller opening 
of the tube and to block it) proposed by Klingner et al.[34]

2.3. Influence of the Fluid Viscosity

The medium surrounding the catalytic micromotor also has 
a major influence on its performance. According to Newton’s 
third law of motion, the driving force FDriving that moves the 
micromotor forward is counteracted by a force acting against 
the direction of motion. The latter force that slows down the 
micromotor is the drag force FDrag of the medium, which is 
directly proportional to its viscosity. This influence is investi-
gated within the present study by adding MC to the fuel solu-
tion. MC increases the viscoelastic properties of the medium. 
A number of values of the MC concentration (0%, 0.05%, 
0.1%, 0.15%, 0.2%, 0.25%, 0.4%, and 0.6%), corresponding to 
fluid viscosities of 0.0013, 0.0018, 0.002, 0.0022, 0.0025, 0.0028, 
0.004, and 0.006 Pa⋅s (measurements done with a conventional 
rheometer), respectively, were used in this experiment. The 
H2O2 concentration was kept constant at 2.5% and the SDS 
concentration was kept at 5%, offering the best motion stability.

As seen in Figure  4a,b, the bubbles became larger with 
increasing MC concentration, while the speed and the 
bubble release frequency decreased. The decrease of the bubble 
release frequency slowed down the micromotors. In Figure 4c, 
the trend of a lower speed due to a higher viscosity was con-
firmed for all observed micromotors (15–20 for each data point). 
The graphs of the simulated speed of the micromotors for the 
three considered propulsion mechanisms confirm once again 
that none mechanism alone is sufficient to interpret the micro-
motor speed, especially at lower viscosities. The reason for the 
observations is the passivating effect of MC on platinum inside 
the tubes. This results in a reduction of the chemical activity of 
platinum, which, in turn, leads to a reduced decomposition of 
H2O2 and thus to a weaker O2 production. As a consequence, 

Figure 4. a) Trajectories taken from the experiments with the varying MC concentration. The speed of the micromotor decreases with rising the con-
centration of MC, as the latter increases the viscosity of the medium. At the MC concentration of 0.6%, only a bubble growth is present (Video S3, 
Supporting Information). b) Average bubble diameter and expelling frequency as a function of the SDS concentration. c) Speed of micromotors as 
a function of viscosity of the fuel solution and comparison of our experimental data with the micromotor speed obtained using different propulsion 
mechanisms. Trajectory recorded during a time interval of 1.3 s.
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the bubble release frequency goes down, allowing the bubbles 
to stay longer inside the tube and collect more O2, resulting 
in an increased bubble diameter. Therefore, bubbles grow for 
longer time inside the micromotor, blocking it and hindering 
its propulsion. The influence of the viscosity of the medium 
on the performance of micromotors was investigated by Wang 
et al.[42] Their results were based on mathematical modelling of 
the average micromotor speed.

Wang et  al. [42] also concluded that the higher the viscosity 
of the medium was, the lower was the speed of micromotors. 
However, the simulated average speed for the micromotors 
decreased faster than it does for the micromotors investigated 
within the present approach. This fact could be caused by the 
different geometric parameters as mentioned at the beginning 
of the present section.

2.4. Combining Regimes of Propulsion

The experiments show that for the used micromotors all three 
regimes of propulsion are influenced by viscosity, surface ten-
sion and fuel concentration, which vary the bubble diameter 
and the bubble release frequency, leading to a change in the 
micromotor speed and the dominant propulsion mode. As 
shown in the present section, an adequate theoretical descrip-
tion of the speed of the micromotors requires a combination 
of the three mechanisms of propulsion. According to Newton’s 
third law of motion and considering a steady motion at very low 
Reynolds numbers, the drag force FDrag at an instant t compen-
sates the driving force FDriving acting on the micromotor

( ) ( )=t tF FDrag Driving  (6)

The drag force acting on the micromotor depends on its 
instantaneous speed v(t), the length L, the maximal radius Rmax, 
the semi-cone angle φ and the fluid viscosity η

πη( ) =
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FDriving depends on the propulsion mechanism at a given 
instance. For the capillary force mechanism,[34] a driving force 
is due to a capillary force occurring during the bubble motion 
through the tube. Accordingly, the driving force as a function 
of time FC(t) depends on the instantaneous bubble radius Rb(t) 
and the absolute speed of the bubble with respect to the vessel, 
which is given by vb(t) + v(t), vb(t) being the instantaneous 
speed of the bubble relative to the tube

πη ( )( ) ( ) ( ) ( )= +t R t t tF v v6C b b  (9)
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, where f is the bubble release 

frequency, ρ 2O  is the mass density of oxygen and O2G  is the rate 
of oxygen production.

The driving force within the bubble growth mechanism[33] 
FG(t) depends on the size of the bubble and its growth rate and 
therefore on the rate of oxygen production

ρ π( ) ( ) ( ) ( ) ( )= +





3
2

w b
2

s b
2

b bF t R t C R t R t R tG
   (10)

Here Cs is a fitting constant taken from experimental data.
The driving force for the bubble expulsion mechanism[35] 

originates due to bubbles leaving the micromotor frequently, 
giving rise to a flow of the liquid against the directed motion of 
the bubbles. It is expressed by the following equation:

πη θ( ) ( ) ( )=t R t tF v6 cosE b b  (11)

where θ is the inclination angle of the bubble speed with 
respect to the inner wall of the tube.

During the experiments, two bubbles inside the tube 
could be observed in accordance with the observations by 
Klingner et  al.[34] Therefore, we considered a system con-
sisting of the engine+fluid+two bubbles (Figure  1b). At the 
first stage, a bubble started to grow inside the tube. By col-
lecting more oxygen, it grew larger until it touched the inner 
wall of the micromotor. At this instant, FC began to move 
the micromotor against the direction of the bubble motion. 
When reaching the larger opening of the tube, the bubble 
grew further, being adhered to the opening. Meanwhile, a 
second bubble started to grow inside the micromotor, not 
touching the inner wall yet. At this stage, FDriving(t) was 
only given by FG(t) of the first bubble. At the next stage, the 
second bubble touched the inner wall of the tube, which 
resulted in FDriving(t) represented as a sum of FG(t) of the first 
bubble and FC(t) of the second bubble. When the first bubble 
detached from the tube opening, we got the driving force as 
a sum of FC(t) from the second bubble and FE(t) due to the 
first bubble.

In summary, the overall driving force is a sum of all 
driving forces corresponding to the three propulsion modes. 
On various time intervals, different propulsion mechanisms  
are dominant, while some of the mechanisms may be not in 
force.

The micromotor speed for each mechanism is calculated 
according to Equation (7)[33,34]
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Here H O2 2C  and n are the concentration of H2O2, and a para-
meter taken from the experiment, correspondingly. According 
to Equations (12)–(14), the micromotor speed vanishes as soon 
as either vb or f become 0. The time average micromotor speed 
in Equations (13) and (14) is calculated by integration of the 
instantaneous speed over the period ∆ = 1t

f
 between two con-

secutive ejections divided by this period

0

1/

∫ ( )=v f v t dt
f

 (15)

2.5. Simulation and Switching of Propulsion Mechanisms

In the present section, we use the theoretical model in order 
to interpret the experimentally observed micromotor dynamics. 
For simulations based on Equations (12)–(15), both parameters 
determined from our experiments and those taken from the lit-
erature are used (see Table 1).
Our experiments imply that, depending on the composi-
tion of the fuel fluid, a switching of propulsion mechanisms 
occurs.

A dominant influence of the bubble growth mechanism is 
observed for the concentrations higher than 20% SDS (at 2.5% 
H2O2) as well as for the concentrations of 0.4% MC and higher 
(with viscosity above 0.004 Pa⋅s) at 2.5% H2O2 and 5% SDS 
(Figure 5a,b). In those cases, not enough force is exerted on the 
bubble to detach it from the tube. This causes the bubble to keep 
on growing becoming much bigger than the larger opening of 
the micromotor (Figures  2 and  4). Due to the motion of the 
bubble in the micromotor, a relatively small contribution of the 

capillary force is also present, which can be neglected for a suf-
ficiently long time because no second bubble is formed inside 
the micromotor. An exclusive occurrence of the capillary force 
mechanism is not possible, because the bubble always leaves 
the interior of the micromotor within this combined regime. 
The dominance of the capillary force mechanism should be 
feasible if the bubble is kept inside the tube. Our experimental 
data suggest that starting from the concentration of about 20% 
H2O2 (the specific value depends on the system under study), 
the bubble expulsion mechanism dominates over the other 
two mechanisms. Firstly, because the bubbles move through 
the tube so quickly, that their radii remain smaller than that 
of the tube (Figure 3). Accordingly, there is no contact between 
the bubble and the inner wall to induce a capillary force. Sec-
ondly, due to their small size, the bubbles leave the micro-
motor without adhering, so that no growth force emerges. This 
explains a flatter increase of the speed of the micromotors in 
the range of the H2O2 concentrations between 20% and 30% 
compared to the H2O2 concentration range between 2.5% and 
10%, which is seen in Figure 3. The higher speed induced by 
the bubble expulsion mechanism is not sufficient to completely 
compensate this trend leading to a lower overall increase of 
speed with increasing the H2O2 concentration.

The instantaneous speed of the micromotors at 5% SDS, 
20% H2O2, and 0.4% MC, respectively, shows the switching of 
the propulsion mechanisms (Figure  5b). For instance, for the 
5% SDS solution (Figure  5b,i), all mechanisms contribute to 
the micromotor motion: each quasi-oscillation represents one 
cycle of bubble dynamics that includes growth inside the tube, 
motion along it, and finally expulsion. At the same time, the 
micromotor speed increases to a peak value, which is much 
higher than the average speed, caused by the bubble expulsion. 
Afterward, the micromotor decelerates due to the drag force 
leading to a speed reduction compared to the average speed. 
As seen in Figure  5b,i, this deceleration becomes smaller at 
the point, when a new bubble completes its motion along the 
tube and starts growing outside it. As this bubble has to move 
through the tube, also a capillary force emerges. Therefore, the 
stage between the peak value and the local minimum value 
of the micromotor speed corresponds to the time interval, on 
which the bubble growth and the capillary force mainly con-
tribute to the micromotor speed. As a result, the average micro-
motor speed in the 5% SDS solution is achieved by a concerted 
action of the capillary force, bubble growth and expulsion. 
Starting from the 20% H2O2 concentration, the bubble expul-
sion is dominant. For the 20% H2O2 solution (Figure  5b,ii), 
frequent small fluctuations around the average speed value of 
≈1200 µm s−1 are observed, caused by the high-frequency expul-
sion of bubbles. Therefore, the bubble expulsion mechanism 
plays a dominant role in this situation, when compared with the 
combination of the bubble growth and the capillary force mech-
anisms. In contrast, for the 0.4% MC solution, which possesses 
a viscosity of ≈4 mPa⋅s (Figure  5b,iii), a slow deceleration of 
the micromotor takes place over the whole time interval of 
the measurement. The initial stage represents the micromotor 
speed after expulsion of a bubble. Afterward, a new bubble 
moves through the tube and starts to grow outside, though it 
is still attached, resulting in the same behavior as explained 
above for a micromotor moving in the 5% SDS solution. Since 

Table 1. Geometric and materials parameters used for simulation of 
catalytic micromotors.

Parameter Value Parameter Value Ref.

Rmax [µm] 10 ρO2  [kg m−3] 1.429 a)

Rmin [µm] 5.6 ρWater [kg m−3] 998.2067 a)

L [µm] 50 θ [°] 0.001 [35]

φ [°] 5

a)GESTIS chemicals database of the IFA, retrieved on 25.06.2019.
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the time of the bubble growth is much longer for a micromotor 
in a more viscous medium, the effect of the bubble expulsion 
on the micromotor speed could be neglected. In this case, the 
micromotor speed could be explained by a combination of the 
bubble growth and the capillary force mechanisms.

In summary, switching of the propulsion regime occurs by 
virtue of the following conditions:

( )= >










F

F

F R t R

F

, if the bubble stays inside the tube;

for , when the bubble remains attached
to the tube;

, when the bubble has left the tube.

Driving

C

G b max

E  
 (16)

For our simulations, all three mechanisms were consid-
ered, in particular for the H2O2 concentrations lower than 
20%, whereas for the H2O2 concentration above this value, 

only Equation (13) was used. Considering all mechanisms 
in our model, the simulated speed as a function of the H2O2 
concentration (ranging from 2.5% to 30%) was in good agree-
ment with the experimental data (Figure 5a). All three propul-
sion mechanisms were also considered for the whole range of 
the MC concentrations (from 0.05% to 0.25%, corresponding to 
viscosities from 1.3 to 6 mPa⋅s), as well as for the whole range 
of the SDS concentrations (from 1.25% to 10%). As the growth 
mechanism was dominant for the MC concentrations of 0.4% 
and 0.6% as well as for the SDS concentrations of 20% and 
30%, only Equation (13) was used. Moreover, it is worth men-

tioning, that the oxygen production rate ρ π=










4
3

1
O O b

3
2 2G f R

f
 

is a cubic function of the maximal bubble radius. Since the 
bubble radius was not measured with high precision (in 2D 
by optical microscopy), deviations within the error bar strongly 
influenced the calculated values in Figures 2, 3, and 4. This was 

Figure 5. a) Measured and simulated average speeds of micromotors depending on the H2O2, SDS concentrations and the medium viscosity. During 
the experiments, switching of propulsion mechanisms is observed, which is controlled by the fuel composition. The expulsion regime is dominant for 
the H2O2 concentrations above 20%, which is illustrated by the violet area. The SDS concentrations of 20% and higher as well as the viscosities of 
4 mPa⋅s and higher lead to the dominance of the growth and capillary regimes (indicated by the pink area). All three regimes coexist for the remaining 
values of the fuel parameters, shown by the blue area. b) Exemplary plots showing the instantaneous speed of micromotors in the 5% SDS solution 
(at 2.5% H2O2 and 0% MC) (i), the 20% H2O2 solution (at 5% SDS and 0% MC) (ii), and the 0.4% MC solution (at 2.5% H2O2 and 5% SDS) (iii). 
c) Simulated average speeds of micromotors when varying their semi-cone angle (2.5°, 5°, and 10°). d) Simulated average speeds of micromotors 
when varying their length (25, 50, and 100 µm).
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the main reason of the variance between the theoretical and 
experimental data.

As a step further, we evaluated the effect of different geo-
metric parameters on the performance of the here presented 
micromotors, scaling the micromotor semi-cone angle and 
length. In particular, 50 µm long micromotors with the varying 
semi-cone angle (2.5°, 5°, and 10°), as well as micromotors with 
the semi-cone angle of 5° and varying lengths of 25, 50, and 
100 µm, were analyzed. As a consequence, an increase of the 
micromotor length from 25 to 100 µm, resulted in an increase 
of the micromotor speed, while an increase in the semi-cone 
angle slowed the micromotor down. To further understand this 
behavior, in our simulations, we assumed certain dependen-
cies: when increasing the semi-cone angle of the micromotor, 
we kept the smaller radius constant, therefore the larger radius 
increased. The same applied for an increase in length. Such an 
increase in the larger opening of the tube led to the produc-
tion of high-volume bubbles as it was observed in preliminary 
experiments by our group.[24] Using our experimental data for a 
micromotor with the length of 50 µm and the semi-cone angle 
of 5°, the bubble radius was twice as large as the opening radius 
for different H2O2 concentrations (up to 10%). For larger H2O2 
concentrations, the bubble radius was similar to the opening 
radius. This effect was caused by a higher bubble expulsion 
frequency. The bubble was pushed away by subsequent bub-
bles getting expelled from the tube and could not collect more 
oxygen when adhering to the tube opening. The bubble expul-
sion frequency depended on the active catalytic area of the 
micromotor, which caused an increase in the oxygen produc-
tion rate. An increase of both the semi-cone angle and the 
length of the micromotors led to an increase in the catalytic sur-
face area. In particular for a 50 µm tube, when increasing the 
semi-cone angle from 2.5° to 5° or from 5° to 10°, an increase 
in surface area of 20% and 25%, respectively, was calculated. 
Likewise, an increase of the length from 25 to 50 µm and from  
50 to 100 µm led to an increase in the inner surface by ≈230% 
and 260%, respectively. As the tubes were only several nm 
thick, the inner area AR was calculated as

R max min π( )= +A R R m  (17)

where Rmax  = Rmin  + Ltan ϕ and = + +( )max min
2 2m R R L .  

In summary, an increase in bubble expulsion frequency 
and bubble radius was predicted for increasing micro-
motor length L and semi-cone angle φ. Considering these 
changes in Equations (8–11), a slight increase of the drag 
force (Equation  (8)) and an increase of all driving forces 
(Equations  (9–11)) were expected, leading to an increased pro-
pulsion speed for larger length and smaller semi-cone angles. 
Overall, the obtained results were in good agreement with those 
of Li et al.[15] However, a further study providing experimental 
data varying the above-mentioned geometrical parameters is 
necessary to confirm the model-based predictions.

3. Conclusion

The behavior of catalytic conical micromotors in the pres-
ence of different concentrations of H2O2, SDS, and MC was 

investigated. A physical explanation of the bubble-propelled 
micromotor motion was performed using the established capil-
lary force, bubble growth, and jet-like propulsion mechanisms. 
Switching of propulsion mechanisms was for the first time 
unveiled at certain values of the H2O2, MC, and SDS concentra-
tions. In concrete terms, for H2O2 above 20%, the jet-like pro-
pulsion mechanism was dominant, while for viscosities above  
4 mPa⋅s, as well as the SDS concentrations above 20%, the 
bubble growth mechanism was the most contributing mecha-
nism. The capillary regime always contributed as the bubble 
had to move through the micromotor lumen to grow and to be 
expelled. Besides, it was observed that for certain experimental 
parameters all three propulsion mechanisms performed a con-
certed action. In particular, for concentrations of H2O2 between 
2.5% to 10%, MC between 0.05% to 0.25%, and SDS from 
1.25% to 10%, a coexistence of all three propulsion mechanisms 
was observed. Thus, a theoretical model was proposed to calcu-
late the speed of the bubble-propelled micromotors, including 
the contributions of the three known propulsion mechanisms, 
resulting in good agreement with the obtained experimental 
data. This offers new possibilities to optimize and predict the 
performance of bubble-propelled micromotors for different 
applications in various working environments, including new 
applications such as in-situ sensing of the medium viscosity, as 
well as for fundamental understanding of the impact of various 
geometrical parameters and experimental conditions (length, 
semi-cone angle, surface properties) on the propulsion of con-
ical catalytic micromotors. In the future, other scalability and 
geometrical parameters and surface properties will be consid-
ered to fine-tune the model. Moreover, in applications such as 
environment remediation or biomedicine, these micromotors 
should be guided to a precise location. For that, micromotors 
can be coated with a thin layer of a ferromagnetic material (i.e., 
Fe), which align to weak external magnetic fields (see Video S4 
in the Supporting Information). Since the magnetic force acting 
on the micromotor was employed for guidance, rather than for 
propulsion, and the magnetic field was kept as low as possible 
to reduce the possible forces induced by the magnetic field, 
we neglected it in our current model. However, we expect the 
speed of the micromotors to be higher, when they are aligned to 
stronger magnetic fields, as this prevents the micromotors from 
changing direction of motion caused by the expulsion of bub-
bles and, correspondingly, from the occurrence of yaw motions 
that might reduce the micromotor speed. These parameters will 
be considered in the future to develop our current model.

4. Experimental Section
Structures Design and Writing: The micromotors used were made by 

two-photon laser lithography (Photonic Professional from Nanoscribe). 
The program to control the laser polymerizing the photoresist (IP-Dip 
of Nanoscribe) was created in the software Describe of Nanoscribe. 
Briefly, the photoresist was poured onto a quartz substrate and then the 
writing of the microtubes was done using galvanostatic mode[24] After 
structuring the micromotors using 3D laser lithography, the solvent 
was subsequently removed by using a critical point dryer (CPD), to 
avoid the collapse of the microstructures due to the abrupt surface 
tension. Then, the structures were coated with Cr (10 nm), Ni (130 nm), 
Ti (20 nm), and Pt (30 nm) by e-beam evaporation (Edwards E-Beam). 
It is important that platinum must form the outer layer, otherwise no 
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chemical reaction is possible. Although Pt layer is also present in the 
outer part of the microtube, one would expect some catalytic reactions 
which lead to diffusiophoresis motion outside but, considering the size 
of the micromotors, this effect on the speed and performance can be 
neglected.

Fluid Preparation: In order to prepare the liquids, 15 mL Eppendorf tubes 
were filled with 5 mL deionized (DI) water, for experiments with varying 
SDS and MC concentrations, 500 µL of 30% H2O2 was added to get a 
final concentration of 2.5% H2O2. Subsequently, SDS (sodium dodecyl 
sulphate from Sigma-Aldrich Pty Ltd) was added to the solution (5 mg SDS 
per 100 mL fluid). This concentration was constant for experiments with 
varying H2O2 and MC concentrations. It was changed from 1.25 to 30 wt% 
for experiments with varying surfactant concentration, when the H2O2 
concentration was kept constant at 2.5 wt%. Then, MC (methylcellulose 
from Sigma-Aldrich Pty Ltd) was added in the concentrations from 
0.05 wt% (0.05 mg per 100 mL fluid) to 0.6 wt% for observing the influence 
of a more viscous media. It is important to ensure that the liquid was first 
added to the Eppendorf tube and MC was added only at the end, otherwise 
clumping would occur as the MC is powder. The solution consisting of 
DI-water, H2O2, SDS, and MC was then immersed in the ultrasonic bath 
for 30 min to achieve a complete solution. Since H2O2 is highly reactive, 
the Eppendorf tubes should be carefully closed, and the lid additionally 
sealed with Parafilm to ensure a longer storage time.

Microfluidic Platform Fabrication: A Parafilm chip was used to carry 
out the experiments. For this purpose, a conventional glass slide and 
a cover glass are first placed in acetone and cleaned for 3 min with an 
ultrasonic bath. This process is repeated again with isopropanol. The 
residues are removed with a nitrogen gun. Parafilm is cut into strips 
about 3 mm wide. The strips should be about as long as the shortest 
side of the cover glass. After removal of the protective layer, the strips 
of Parafilm were stuck onto the cover glass with the help of a tweezer. 
Further strips were attached to the cover glass with some distance until 
3 chambers were formed, making sure that there were no bubbles under 
the strip, otherwise the liquid could run under it and loosen the strip. 
Afterward two more layers of Parafilm were applied to make the chip 
higher and to ensure an unhindered movement of the micromotors. The 
height of the chip can be varied by the number of strips of Parafilm on 
top of each other. The Parafilm+cover glass structure was then placed 
on the cleaned glass slide. The resulting microfluidic platform with three 
chambers was heated on the heating plate to 120 °C for about 5 min 
until the Parafilm melted, which was visible by a glassy coloration. By 
applying a slight pressure with tweezers, a complete connection between 
Parafilm and the glass slide and cover glass was secured. The finished 
chips were allowed to cool down to room temperature before use.

Video Recording and Analysis: Videos were recorded with a high-speed 
camera (Phantom) at 50 frames per second. The videos were analyzed 
using ImageJ (open source post-processing software). The MTrackJ 
plugin was used to determine the speeds, which enables manual tracking 
of the micromotors. In addition to the speed, the bubble diameter was 
also determined manually using the measurement function built into 
ImageJ. The bubble release frequency was determined manually by 
reviewing each frame and counting the generated bubbles. The collected 
data were stored in Excel.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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