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ABSTRACT: A numerical time-resolved model is presented for predicting the

transition between unidirectional and overloaded motion of catalytic tubular microjets

(Ti/Fe/Pt rolled-up microtubes) in an aqueous solution of hydrogen peroxide.

Unidirectional movement is achieved by periodic ejection of gas bubbles from one

end, whereas formation of multiple bubbles hinders microjet movement in overloaded

regime. The influence of nucleation positions of bubbles, hydrogen peroxide con- \
centration, liquid-platinum contact angle, microjet length, and cone angle on the \
bubble ejection frequency and microjet speed are investigated. We find agreement

between the theoretical speeds of the microjet for a range of bubble nucleation

positions (04L < x, < 0.6L) and our measurements (108 + 35S pm/s) for Y
unidirectional motion. In addition, we observe experimentally that transition to ’
overloaded motion occurs for hydrogen peroxide concentration of 5%, whereas our

model predicts this transition for concentrations above 2.5%.
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1. INTRODUCTION

Over the past decade, external actuation of man-made robots'~
at the nano- and microscales has shown potential to revolutionize
medicine and technology.g_11 It is possible to direct and/or drive
these robots via the action of a magnetic field without the need of
onboard power supply and control system. One of the simplest
designs for man-made robots at the nano- and microscale
consists of a catalytic self-driving mechanism,'*™° which utilizes
the chemical energy resulting from the catalytic reaction between
the robot surface and the surrounding medium to provide
propulsion. In this approach the navigation relies only on a
dynamic magnetic fields,”' ~** allowin% for simple motion control
and accurate localization in two->*>> and three-dimensional®®
spaces. Several mathematical models of various types” > of self-
driving mechanisms have been proposed to study and optimize
the locomotion. Favelukis et al. have presented a model for
momentum- and mass-transfer-controlled spherical bubble
growth and showed that the driving force for mass transfer
increases as the reaction rate increases. In addition, this model
predicts that the growth rate of the bubble increases owing to a
decrease in the surface concentration.”’ Manjare et al. have
formulated one-dimensional reaction diffusion equations
to describe the mass transport and reaction in a cylindrical
microjet.”’ These diffusion equations predict the consumption
rates and distribution of hydrogen peroxide and oxygen only at

7

- ACS Publications  ©2017 American Chemical Society

one end of the microjet. Li et al. have proposed a simple model to
predict the average speed of the microjet based on the product of
the bubble radius and bubble ejection frequency.”” However,
this model is based on the assumption that the microjet has an
ideal cylindrical shape, while typical tubular micromotors are
asymmetric. A hydrodynamic model considering both the bubble
geometry and buoyancy force has been proposed by Li et al. to
identify the mechanism of a self-propelled conical tubular
micromotor in an aqueous solution of hydrogen peroxide.”
In addition, Fomin et al. have considered the geometric
asymmetry and modeled the propulsion force of the microjets
based on the development of a capillary force owing to the
growth of the bubble in an asymmetrical tube.** The dependence
of motility of microjets on the concentration of surfactants
(required for detachment of the bubble from the microjet) and
type (anionic, cationic, and neutral surfactants) has been studied
by Wang et al.** They have observed that micorjets are more
active in the presence of anionic surfactant than nonionic and
cationic surfactants. A unified solution of the drag force and drag
coefficient for all circular cross-sectional types of microjets has
been presented.*® This model provides a useful tool to optimize
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Figure 1. Ejection of oxygen bubbles by the catalytic decomposition of hydrogen peroxide fuel results in self-propulsive force and locomotion in low
Reynolds number fluids. (a) Bubble ejection at both microjet ends in overloaded regime results in negligible net displacement of the microjet. (b)
Simulation of a microjet in the overloaded regime. (c) The microjet moves at an average speed of two body lengths per second in the unidirectional
regime with bubble ejection from the wider microjet end. (d) Simulation of a microjet in the unidirectional regime.

the parameters of the microjet. In addition, the near-surface
effects of a channel or vascular network (hydrogen peroxide is
available in blood™® at concentration of 2 X 107 mol/L) on the
propulsion of self-propelled microjet have been investigated
theoretically by Sarkis et al’” It follows from the mentioned
theoretical models that the existing experimental work has been
partially explained, but several discrepancies between the actual
model of the microjet and theory still exist. For instance, the
influence of microjet parameters and hydrogen peroxide con-
centration on the nucleation of multiple bubbles and transition
between unidirectional and overloaded motion has not yet been
addressed. Here, we study the influence of multiple oxygen bubbles
on the motion of microjets during transition from unidirectional
microjet movement to overloaded flow, and we expand on the work
of Manjare et al,*' Li et al,** and Fomin et al.**

Catalytic tubular microjets are made of Ti/Fe/Pt rolled-up micro-
tubes. The catalytic microjets have length of 50 ym and are
prepared with a composition of the nanomembranes of Ti (S nm),
Fe (5nm) and Pt (3 nm). The fabrication process is based on rolled
up technology.® The inner surface of the microjet is coated with
platinum, and the microjet is immersed in a hydrogen peroxide
(H,0,) solution. The following chemical reaction produces oxygen
upon contact between the platinum and the hydrogen peroxide fuel:

2H,0, —» 2H,0 + O, (1)
The conical shape of the microjet enables oxygen bubbles to be
ejected from the wider end thus providing unidirectional propul-
sion, as shown in Figure 1. In the overloaded regime, bubbles are
ejected from both microjet ends and reduce its speed to approxi-
mately zero, as shown in Figure 1a,b.3* In this work, we develop a
numerical time-resolved model to describe hydrogen peroxide
decomposition and oxygen formation, oxygen and hydrogen
peroxide diffusion, multiple bubbles nucleation and growth, bubble
movement and ejection, and microjet movement. The extension
with nucleation of multiple bubbles allows us to differentiate
between unidirectional (Figure 1c,d)) microjet movement and
overloaded microjets. This modification enables a correct selection
of microjet parameters to avoid operating in overloaded regimes.

The remainder of this paper is organized as follows: Section 2
provides modeling of the microjet using multiple bubbles
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nucleation. The results of this model are included in Section 3.
Discussions pertaining to differences between the existing
models in the literature and the model presented in this study
are provided in Section 4. Finally, Section 5 concludes and
provides directions for future work.

2. MULTIPLE BUBBLES NUCLEATION MODEL

rmln

. . t s

A microjet has an average radius, r = T’, where 1, and 7,

are the small and large radii of the microjet, respectively

(Figure 2a). The microjet has a conical geometry of length L and

ymax - len
L

the x-axis in the range, 0 < x < L, so that the jet radius function

(r](x)) is given by
r](x) = fon T X tan ¢

angle ¢ obtained using ¢ = tan_l( ) It is aligned along

)

Oxygen bubbles nucleate at position x, and time f, where i
indicates the bubble number (Figure 2b). Therefore, the initial
bubble volume, position, and nucleation time of the first bubble
are V(t;) = 0, x,(t,) = x5, and t; = O s, respectively. Bubbles grow
by collecting oxygen as they move inside the microjet. Therefore,
the model of the microjet is based on the rate of change of bubble
volume (Vi(t)) and the bubble position (x,(t)), until the final
time (t;). The final time and microjet movement regime (n) are
determined by the occurrence of bubble ejection (n = 1) or
blockage of the microjet with several bubbles (n > 2), and is
described using

-

rmax ’

2/3
3Vi(t) 2
4

(t;; 1) forx(t) > L + (

(t,n) = 5 4
(t;, 2) for Vy(t) 2 37 (%),

[ (£, 3) otherwise
®3)
For each set of parameters, the numerical time-resolved model

continues until, t = #. Then, microjet behavior is classified as
unidirectional or overloaded according to Table 1. Ejection
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Figure 2. Schematic representation of a catalytic tubular microjet. (a) The
microjet has length L, minimum radius 7, maximum radius r,,,,, conical
angle ¢, liquid-platinum contact angle 6. (b) The first bubble nucleates and
grows at position x,. (c,d) The second bubble nucleates and grows at
position x,. The first bubble moves at speed v, toward the wider microjet
end with ejection frequency f and radius r,, to initiate unidirectional
microjet motion along the opposite direction. The bubble shape is
geometrically described by two spherical caps (left and right) of radii R; and
R, and heights h and h, and two cones of length } and I.. (e) Ti/Fe/Pt
rolled-up microtubes. Scale bar is 25 ym. (f) The jet is prepared with a
composition of the nanomembranes of Ti (S nm), Fe (S nm), and
Pt (3 nm). Scale bar is 25 ym. () and (f) are scanning electron microscopy
images of the rolled up microjets.

frequency f, radius of ejected bubble r,, and average bubble speed
(%) are evaluated and analyzed.

2.1. Time-Dependence of Bubble Volume. The time-
dependence of the bubble volume V;(t) is based on catalytic
formation of oxygen and its diffusion. The catalytically formed
oxygen (with volume Vy(x, t)) after a time step At and its
diffusion are governed by’

V(x, t + At) = V(x, t) + Keyy(x, t)A(x)At

D
—At(V(x — Ax, t) — 2V (x, t) + V(x + Ax, t
2 M ) (x, £) + Vi( ) )
where K;, cy(x, t), and D, are the rate constant of oxygen
production, local hydrogen peroxide concentration, and oxygen

+

Table 1. Parameters of the unidirectional and overloaded
regimes. The ejection frequency is denoted by f, radius of
ejected bubble is r,, average bubble speed is 7, and average
microjet speed is v for the two regimes of microjet movement

microjet motion unidirectional overloaded
n 1 2
f E 0
tf
Te 3ty 1/3 0
4n
% x(tg) = %9 0
tf
7 t
g LMy dt 0
teJo )

diffusion constant, respectively. This volume is calculated at
discrete positions separated by small increments Ax, where Ax =
L/N, and N is the number of segments along the microjet.
Linearization of diffusion law is justified as the time step is set
to At = %, so that the prefactor of diffusion term is 1/10.
The catalytically active local surface has an inner cylindrical area
A(x) = 27r)(x)Ax, where Ax is the local increment along the
x-axis and r(x) is the microjet radius at position x. The initial
condition is Vj(x,0) = 0. Hydrogen peroxide consumption and
diftusion are governed by the following equation:

2K
culx, t+ At) = cy(x, t) — —HCH(x, t)At
r(x)
D
+ A—HZAt(cH(x — Ax, t) — 2cy4(x, t) + cy(x + Ax, 1))
x

()
where Ky and Dy are the rate and diffusion constants of the
hydrogen peroxide solution, respectively. The initial condition is,
cu(%,0) = c;. Now, bubble volume V() grows by collecting
oxygen with volume Vy(x, t) along the bubble length from
minimum bubble position (x,,;,) to maximum bubble position
(%max) according to

Vi(t + At) = Vi(t) + f V.(x, t + At)
win (6)

We apply the condition of oxygen balance, Vo(%,p, < & < %y t +
At) = 0. Minimum and maximum bubble positions are determined
from the bubble geometry. The bubble is divided into two equal
volumes V] and V, located left and right with respect to
bubble position x;, respectively (V; = V, = V;/2). Each of these
volumes consists of a cone of length ! and a spherical cap of height
h (Figure 2c). The cone volume is calculated using

X=X,

7l
Vo= ?(rjz(xi) + rjz(xi =)+ "](xl)”)(xl +1)) )
where =+ is for the right and left cones, respectively. Further, the
volume of the spherical cap (V) is given by

ﬂ'h 2 2

V= 2 ) + ) "
If the bubble ends inside the microjet, the spherical cap forms
contact angle 6 with the wall of the microjet. Using x,,;, = max
(06, — I — hy) and #x,, = min (L + I, + h,), the hydrogen
peroxide concentration is set to zero in the cone range el — )
<« <ux;+l,t + At) = 0 (platinum surface is in contact with oxygen
in this region).
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2.2. Time-Dependence of Bubble Position. The bubble
position x;(t) is determined using, x, (t + At) = x,(t) + v, () At,
where v,(t) is the time-dependent bubble speed. The bubble
speed results in a change of the bubble position and move-
ment of hydrogen peroxide solution, cy(x,t) = cy(x — v; ALt).
Bubble i + 1 nucleates if bubble i is relatively far from
nucleation position x, (%, > x + § + h;). The relative speed
(n,(t)) of the bubble with respect to microjet wall is calcu-
lated by™*

rjz(xi)
nvi(t) ©)

where 7 is the dynamic viscosity of the medium. Further, F,, is a
force due to the pressure difference between the left and right
spherical caps of the bubble,*" and it is given by

vy(t) = 0.0127F,

o, 11
F, = mr] (xi)Zo{El — R—]

T

(10)

In eq 10, R, R, and o are the left and right radii of the
spherical caps, and the liquid surface tension, respectively.
In the laboratory frame, the oxygen bubble moves with speed
v, + v, where v; is the speed of the microjet (Figure 2d).
The rate of change of the momentum of the subsystem
bubble/tube is equal to the rate of exchange of momentum
with the fluid, which is represented by the sum of the drag

forces as follows:

d dy,
E(mb(vb + vj)) + ij =F; + FClJ (11)

where Fy and Fy are the drag forces on the bubble and

microjet, respectively. In a low Reynolds number fluid, the
inertial forces exerted on the microjet are smaller than drag
forces

dv,

j
m,— | <IF,|
) t di

(12)

Similarly, the viscous forces exerted on the bubble are dominant

d
E[mb(vb + )] ‘<<|de| 1)

Therefore, motion of the microjet is governed by

de+Fdi= 0 (14)

The drag forces in eq 14 are given by*®
27117ij

F, =6 +v) and Fj=—0 )
a, = 6mry(vy +v) and  Fy m@/b) + o ()

The finite boundaries (inner surface of the microjet) exert a greater
drag force on the bubble™ than that given in eq 15. Nevertheless,
we only consider the drag force at the time instant of detachment
of the bubble from the microjet.*® Therefore, we assume that
the bubble is not in contact with a wall. The microjet speed is
calculated based on the instantaneous equilibrium of the fluid
forces as follows:

3ryVp
vo= —
j T
3, + /b +q (16)

where, b =1, — % tan ¢, and c, is given by*®
clz—l+ln2—2_§tan¢[ 2 In| 2
2 2¢ tan ¢ [2—.§tan¢ 2 —¢tangp

B 2—2§tan¢ln 2 —2ftan ¢
2—¢tang 2—¢tang

(17)
Ineql7,¢& = VL The negative sign in eq 16 indicates that the

microjet and the bubble are moving along opposite directions.
Time-averaged microjet speed 7, is calculated from the equation
given in Table 1. We begin by solving the multiple bubbles
nucleation model numerically to study the influence of nucle-
ation position, contact angle, concentration, and microjet length

on unidirectional-overloaded transition in microjets.
3. SIMULATION OF MULTIPLE BUBBLES NUCLEATION

MODEL

The model with multiple bubbles nucleation is applied
and analyzed with the parameters summarized in Table 2.

Table 2. Simulation Parameters of the Microjet’**
parameter value parameter value
r [um] 3 Dy [m*s™] 143 x 107
Fmin L] 2.5 Dy [m*s™] 2.06 X 1077
Fonax L] 3.5 Ky [m-s™'] 1.32x107°
L [pm] S0 K, [ms™"] 5.1x107*
¢ [°] 115 m; [kg] 250 x 1071
o [%] 1 7 [Pass] 0.013
%o [pm] 10 6 [N-m™] 0.0338

The microjet length is divided into 200 segments of length
Ax =251 nm. The time step is set to 3 us. Influence of the bubble
position on bubble shape, nucleation position x, contact angle 6,
hydrogen peroxide concentration ¢y, and microjet length L on
ejected bubble radius ., frequency f, and microjet average speed
v; are studied using our numerical model.

A typical example of the bubble ejection from the microjet is
summarized in Figure 3, at different time-laps. The time instants
are 1,20, 51, 53, 54, 58, 59, and 59.2 ms. The x-axis is parallel to
the axis of the microjet, and the range from zero to microjet
length (L) is represented. The microjet walls are shown using the
solid black lines. On the y-axis, normalized hydrogen peroxide
concentration (cy/c,) and normalized catalytically formed
oxygen volume (V,/V;) are plotted using blue and red lines,
respectively. At time, t = 1 ms, there is a small oxygen bubble at
nucleation position x, (green circle). Small amount of oxygen is
formed (V,/V; % 0) and small amount of hydrogen peroxide is
consumed (cy/cy, & 1). At time t = 20 ms, the bubble size is
increased to a radius of 1.7 ym at its initial position. Hydrogen
peroxide concentration cy/c, is decreased toward the center of
the microjet. After time, t = 51 ms, the bubble size increases and
its surface comes into contact with the inner wall of the microjet.
At time t = 53 ms, the bubble obtains a conical shape, and
hydrogen peroxide concentration is reduced to zero at bubble
position. The bubble moves toward the wider microjet end.
The hydrogen peroxide profile moves with the bubble. Simul-
taneously, a second bubble nucleates at position and time x, and
54 ms, respectively. The first bubble continues its motion and the
second bubble is growing in size (t = 58 ms). Due to the rapid
movement of the first bubble, the oxygen layer is almost zero
from x, to L. At time, t = 59 ms, the first bubble reaches the

DOI: 10.1021/acs jpcc.7b02447
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Figure 3. Simulation results for the time-resolved model with multiple bubbles formation until bubble ejection for 1 ms (top-left corner), 20 ms, S1 ms,
53 ms, 54 ms, 58 ms, 59 ms (bottom-left corner) and 59.2 ms for x, = 10 um, 6 = 0°, ¢, = 1%. Microjet walls (black inclined lines), oxygen bubbles
(green), normalized hydrogen peroxide concentration (blue) and normalized catalytically formed oxygen volume (red). Bubbles nucleate at time,

t; = 0sand t, = 54 ms.

microjet end and is ejected at time, t = 59.2 ms with r, = 4 ym,
frequency of 16.9 Hz, and average bubble speed of 720 ym-s™".
This ejection results in a unidirectional microjet movement.
The bubble position x,(t) and microjet speed v;(t) are shown in
Figure 4, for three periods. In the first 50.9 ms of each period, the
bubble remains at its initial position and v; is zero. Then, the
bubble moves toward the wider microjet end at speed of up to
60 pm/s. The microjet moves stepwise with average speed of
200 pm/s.

It is also possible to analyze the behavior of the microjet
when several bubbles are nucleated, as shown in Figure S. At time
t = 1 ms, two bubbles are formed at nucleation positions 10 and
40 pm. At time t = 52 ms, the sizes of these bubbles grow to
2.7 and 2.9 pm in radius. A third bubble is nucleated at time
t = 62 ms, while the first and second bubbles are growing in
volume and moving along the microjet. At t = 71 ms. Two
bubbles block the microjet leading to overloaded-regime.

3.1. Influence of Nucleation Position. Bubbles have
random nucleation positions in the microjet due to the
inhomogeneity of the microjet surface. Figure 6 shows the

14858

L 40
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201 10
0 50 100 150 0

Time [ms]

Figure 4. Bubble position x,(t) and jet speed v(t) versus time for
xo =10 pm, 6 = 0°, and ¢, = 1%.

influence of different nucleation positions x, on the speed of the
microjet and the bubble ejection frequency. Unidirectional microjet
movement is achieved for all nucleation positions. The maxi-
mum radius of the second bubble is 70% of the microjet radius.
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Figure S. Simulation results for the time-resolved model with multiple bubbles (three bubbles) formation until bubble ejection for 1 ms (top-left
corner), 10 ms, 51 ms, 52 ms, 61 ms, 62 ms, 70 ms (bottom-left corner), and 71 ms for x, = 10 and 40 yim, 6 = 0°, ¢, = 1%. Microjet walls (black inclined
lines), oxygen bubbles (green), normalized hydrogen peroxide concentration (blue), and normalized catalytically formed oxygen volume (red).

Ejected bubble radius, average bubble speed, and microjet
speed decrease by increasing x, and remain constant for
%o > 35 um. Bubble ejection frequency of 9 to 17 Hz is achieved
for relatively small and large values of x,, respectively. As the first
bubble nucleates close to the narrow microjet end, it collects a
large amount of oxygen in its motion through the whole microjet.
Therefore, the ejected bubble is relatively large. The bubble gains
high speed toward the wide microjet end, and hence, the average
speed and frequency of bubble ejection are relatively high.
The second bubble has a small radius as it has short time to grow
and a small surrounding from which it can collect oxygen. If the
bubble nucleates close to the wide microjet end, it reaches low
speed since the pressure difference is decreased. Therefore, the
frequency is small, and the ejected bubble has the size of the
microjet opening ... The second bubble is large as it has
longer time to grow and a large surrounding to collect oxygen.
These results can explain the variation of ejected bubble radius
and speeds for equal microjets and conditions as the nucleation
position varies randomly.

3.2. Influence of Contact Angle. We also study the
influence of the contact angle on the motion of the microjet.
The contact angle is varied between 0° and 13°. Representative
simulation results are shown in Figure 7, for initial position,
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Figure 6. Dependence of average bubble speed (7,) and average jet
speed (7;), normalized ejected bubble size r,/fy frequency f and
normalized second bubble radius r,/(x,) on the nucleation position
xo for 6 = 0° and ¢, = 1%.

%9 = 10 pm and concentration of 1%. The microjet has
unidirectional motion up to contact angle of 9° and the results
are independent of 6. The first bubble moves at speed of 0.7 mm/s,

DOI: 10.1021/acs.jpcc.7b02447
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Figure 7. Dependence of average bubble and jet speeds 7, and ¥,
normalized ejected bubble size r./ry,, frequency f and normalized
second bubble radius r,/r(x,) on the contact angle  for ¢, = 1% and
xy = 10 pm.

and this speed results in propulsion of the microjet at speed of
200 pum/s. The bubble is ejected with radius of 1.13r,,, at
frequency of 17 Hz. The second bubble reaches the size of 0.37r;.
Above 9°, the size of the second bubble increases suddenly,
leading to overloaded condition, at # > 10°. Therefore, radius of
ejected bubble, frequency, bubble speed, and microjet speed are
reduced to zero. Thus, small contact angles are essential for the
motion of microjets.

3.3.Influence of Concentration. More oxygen is generated
at the inner surface of the microjet for relatively high hydrogen
peroxide concentration based on eq 4. The microjet is
overloaded above a critical concentration of 2.5% as r,/r; = 1.
Below this critical concentration, the microjet moves unidirec-
tionally, and bubble speed, microjet speed, radius of ejec-
ted bubble, radius of second bubble, and bubble ejection
frequency increase with the concentration, as shown in Figure 8.

Speed [mm/s]

Frequency [Hz]

Unidirectional

0 1 2 3 z

¢ [%]

Figure 8. Dependence of average bubble speed (7,) and jet speeds (7,),
normalized ejected bubble size r./ry,, frequency f and normalized
second bubble radius r,/7; (%) on the hydrogen peroxide concentration
¢o for @ = 0° x5 = 10 yum, and L = 200 pm.

The influence of the hydrogen peroxide concentration is
experimentally evaluated at two representative concentrations
of 1% and 5%, as shown in Figure 9. At ¢y = 1%, the microjet
achieves a unidirectional motion at an average speed of
108 + 35 pm/s. This measurement is in agreement with our
theoretical prediction for a range of bubble nucleation positions
of 0.4L < xy < 0.6L. At ¢y = 5%, the microjet achieves overloaded
movement, and the average speed is decreased to 22.3 +
10.2 ym/s, as shown in Figure 9. Again, this experimental result

is in qualitative agreement with our theoretical prediction.
Figure 8 suggests that a transition to overloaded regime occurs
for ¢y > 2.5%.

3.4. Influence of Microjet Length. The influence of the
length on the motion of the microjet is shown in Figure 10, for
0 =0° xy=0.1L, r = 3 ym, and ¢ = 1.14°. The microjet is
overloaded above a critical length of 160 ym. Below this critical
length, the microjet has a unidirectional motion. In this case, bubble
speed, microjet speed, and radius of the second bubble increase
linearly with the length of the microjet. The radius of ejected bubble
reaches 1.4r,,, at frequencies between 40 and 80 Hz.

3.5.Influence of Cone Angle. The cone angle describes the
asymmetry of the microjet. In Figure 11, the influence of the cone
angle ¢ on the movement of microjet is shown for the parameters
given in Table 2. A transition from unidirectional to overloaded
regime is observed at ¢ = 2.4°. In the unidirectional regime,
bubble speed, microjet speed, and the frequency of ejection
increase with the cone angle and decrease for ¢ > 2°. Maximum
bubble speed, microjet speed, and frequency are 0.7 mm/s,
0.2 mm/s, and 18 Hz, respectively. On the other hand, the size
of the second bubble decreases with ¢, reaches a minimum at
¢ = 0.9° and then increases again. The size of the ejected bubble
decreases with the cone angle ¢b. These results show that the cone
angle is essential to initiate microjet movement. However, the
angle does not have to be accurately implemented, as there is a
very broad maximum around the optimum cone angle. The cone
angle for geometry in Table 2 should be in the range 1-2° to
increase the speed of the microjet.

4. DISCUSSION

The multiple bubbles nucleation model resembles the bubble
ejection and microjet movement. Unidirectional microjet motion
is attributed to bubble ejection before microjet blockage by
additional bubbles. The dependence of the results on nucleation
position explains the statistical variation of behavior reported
in.">'® The multiple bubbles nucleation model provides stepwise
microjet movement similar to the experimental results in.”'
Comparison of bubble ejection frequency and microjet
speed found by multiple bubbles nucleation model, experiment,
growth model, and ejection model are summarized in Table 3.
Our model provides a frequency smaller than the experimental
frequency. However, it provides more accurate results, as
opposed to other models. The microjet speed is accurately
predicted by the ejection model.”> Our model also provides the
same order of magnitude as the experimental results, and
overestimates the microjet speed by a factor of 2. Overloaded
microjets are caused by multiple bubbles of the size of microjet
radius which hinder further bubble ejection, and results in
negligible displacement of the microjet. Quantitatively, over-
loaded microjets are found by the model for high contact angles
(>10°), high hydrogen peroxide concentration (>2.5%), and
relatively long microjets (>160 pm). Overloaded microjets at
high contact angles can explain the experimentally reported
necessary addition of surfactants to reduce contact angles.16
The contact angle of water on platinum surface is 40°. This value
is decreased by surfactants. This observation is important as the
model predicts overloaded microjets above a critical angle of 9°.
The predicted critical length of 160 pm (Figure 10) is in
agreement with the experimental value between 150 and
200 pm.*>* Blockage of blood flow by oxygen bubbles through
system of capillaries, which have similar radius and length
to microjets, occurs already at 0.01—0.02 vol% hydrogen peroxide.39
There is also good agreement between the experimental switching
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Figure 9. Calculated and measured speeds of the microjets during unidirectional and overloaded regimes. The measured speed of the microjet is 108 +
35 pm/s during unidirectional movement for concentration of hydrogen peroxide cy; = 1%, whereas the calculated speeds range between 178.7 ym/s and
56.38 um/s for bubble nucleation position, 0.3L < x, < 0.7L. The microjet achieves negligible displacement at average speed of 22.3 + 10.2 um/s during

overloaded regime, for ¢;; = 5% (Supporting Movie 1 and Movie 2).
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Figure 10. Dependence of average bubble speed (7,) and average jet
speed (7;), normalized ejected bubble size r,/ry,, frequency f and
normalized second bubble radius r,/ rj(xo) on the microjet length L for
6 =0° xy=0.1L, r = 3 um, ¢y = 7%, and ¢ = 1.14°.
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Figure 11. Dependence of average bubble speed (7,) and average jet
speed (7;), normalized ejected bubble size r./ry,, frequency f, and
normalized second bubble radius rz/ri(xo) on the cone angle ¢ of the
microjet for @ = 0°, x, = 0.1L, r = 3 um, and ¢, = 7%.

Table 3. Experimental and Theoretical Ejection Frequency (f)
and Average Microjet Speed (¥;) Determined for Hydrogen
Peroxide Concentration ¢y = 1%, Viscosity 77 = 1.13 mPa-s,
Tube Length L = 50 pm, Tube Radius r; = 3 ym, Tube Mass
m; = 250 pg, and Bubble Nucleation Point x, = L/§

model f[Hz] ¥ [um/s]
experiment34 30 100
ejection model* 1.43 70
growth model®’! 0.035 ~0
multiple bubbles nucleation model (current study) 17 200

to overloaded condition for large concentrations and high
microjet lengths, which expands currently existing models for
unidirectional movement.

5. CONCLUSIONS

We present a model with multiple bubbles nucleation that
describes the locomotion of microjets. Multiple bubbles are
introduced to differentiate between unidirectional and over-
loaded microjet movement. This model addresses the over-
loaded microjet behavior and predicts a transition between
unidirectional and overloaded microjet movement for high
contact angles, high concentration of hydrogen peroxide
solution, and relatively long microjets. Furthermore, quantitative
agreement with experimental limits of unidirectional behavior
is found with values of contact angles of approximately 10°,
hydrogen peroxide concentration of approximately 2.5%, and
microjet length of 160 ym. The multiple bubbles nucleation
model provides values comparable to experiments, as shown in
Table 3. As part of future studies, the model will be extended for
more than one bubble ejection to find the influence of residual
oxygen. In addition, we will use the multiple bubbles nucleation
model to optimize the design of microjets.
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