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Abstract: 

Artificial micro/nanomotors utilizing active particles exhibit enormous potential in applications such 

as drug delivery and microfabrication. However, their substantial upgrade to micro/nanorobots 

capable of executing precise tasks with sophisticated functions remains a significant challenge. In this 

paper, we develop a bubble microthruster (BMT) – a new variation on the bubble driven microrobot 

– that focuses energy from a collapsed microbubble to create a hydrodynamic jet to exert inertial 

impact on nearby micro-objects. Benefiting from the easy magnetic-field guided control via gamepad, 

the BMT can perform real-time measurements on designated micro-objects with the assistance of 

high-speed imaging. By measuring the transient response of the micro-object and fitting the relaxation 

time, the inertial mass and density of micro-objects can be determined. Our study validates our 

approach by measuring the mass of polystyrene microparticles and the effective density of hollow 

glass microspheres, and unravel a sub-nanogram resolution that could be suitable to detect variation 
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in mass or density of cells or embryos. The BMT technique illuminates the development of a chip-

free method for biological microparticles, integrating with manipulation using microrobot and 

detection of physical properties. This technique may provide versatility and simplicity in complex 

environments compared to current methods using cantilever/resonator in microfluidic chips.  

 

Keyword: Bubble Microthruster, Real-time sub-nanogram resolution measurement, Magnetic 

manipulation, Hydrodynamic jet flow, Biological particle. 
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1. Introduction 

The emerging technique of artificial micro/nano-motors[1, 2] provides a vivid example of 

the idea using tiny machines to finish jobs in microscopic world, first proposed by Richard 

Feynman in his famous speech “There’s plenty of room at the bottom”[3]. These micro/nano-

motors can harvest energy from ambient environment by means of chemical reaction[4-6] and 

other external fields (like acoustic[7, 8], magnetic fields[9-14], light[15, 16], etc.), and manifest 

autonomous movements. Integrated with manipulation strategies based on hydrodynamics 

and external field steering, micro/nano-machine or micro/nano-robot have been recently 

developed to serve various applications, such as targeted drug delivery[17-20], minimally 

invasive surgery[21].  

Among many micro/nano-motors, microbubble driven micromotor is a unique type that 

can reach the highest propulsion speed[4, 22], owing to the high surface energy of the bubble 

and the focused hydrodynamic jet during bubble collapse[4, 22] that can significantly enhance 

micromotor’s propulsion. Recent progress has demonstrated that the microbubble itself can 

implement new functions for the micromotor based on bubble dynamics and induced 

hydrodynamic flow[4], rather than merely providing energy. For instance, bubble microrobot 

has been developed to realize functions like gripper, pusher, and anchor, which shows high 

maneuverability and easy switch of different speeds and functions[4]. The bubble microrobot 

can be applied as a key manipulation tool in microfabrication platform at the air-liquid 

interface for two-dimensional soft functionalized film or micro electronic[11].  

In fact, more functions can be extracted from the sophisticated mechanisms when 

microbubble is involved. Specifically, microbubble collapse and its induced hydrodynamic 

impact provide a transient inertial effect which is precious in microscopic world. Reminiscent 

of the scallop theorem[23], such inertial effect is desired to break time-reversal reciprocal 

motion in viscous low Reynolds number (Re number is defined as a ratio of inertial effect to 

viscous effect) flow for designing artificial microswimmers[5]. More importantly, the inertial 

effect offers a possibility to detect physical quantities in microscale, which is closely related 

to inertia but very difficult to measure by existing methods. For example, measuring the mass 

and mass variation of a living cell with size about 5 m, which requires a sensitivity of 
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approximately 100 pg = 10-10 g, could provide quantitative information linked to cell 

growth/death, composition variation, and response to drug treatments[24-26]. Compared with 

previous measurement methods based on nano resonator[26-32] or Raman scattering 

microscopy[25], bubble micromotor or microrobot could provide an alternative approach 

probing the mass or density of a tiny particle by its response to inertial impact, with merits 

like controllable single particle selection, easy manipulation, and real-time measurements. 

 

Fig. 1 Schematic diagram of the magnetic-field guided BMT, which can be easily controlled by a 

gamepad. The BMTG focuses the energy of the collapsed microbubble to impact the target 

microparticle and obtains the inertial mass and density of microparticle by measuring its inertial 

response to the impact. 

Therefore, in this work we will show a novel concept using a controllable bubble 

microthruster (BMT) to measure the inertial mass and density of a tiny particle with sub-

nanogram resolution. This magnetic-field guided BMT, which is easily manipulated using a 

gamepad, can exert inertial impact and focus hydrodynamic jet flow from microbubble’s 

collapse to a target microparticle. The kinematic response of the target particle, which is 

recorded by a high speed camara (see Materials and Methods for detail), will be analyzed 

based on our theoretical model. The inertial mass and density can be measured by 

determining the relaxation time , which characterizes the transient movement of the target 

particle. In the following, we will explain the principle of the BMT, and demonstrate its 

validity and reliability based on results of microparticles with controlled sizes and densities. 

The BMT is further applied to measure densities of different biological particles, including 

cells (like hela, hepatocyte, nephrocyte) and embryos. 
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Fig. 2 The principle of the inertial mass measurement is based on the transient velocity variation of 

the target particle as a response to the inertial impact from the bubble collapse. (a) Diagram of a 3-

stage velocity variation Vp of the target microparticle. In stage I (red) the particle withdraws to the 

bubble cavity after the bubble collapse. In stage II (blue) the transient hydrodynamic flow exerts a 

strong propulsion to the particle and changes the particle’s velocity to positive. In stage III (green) 

after the particle reaches its maximum speed it will slow down with the flow of surrounding fluid. 

The dashed curve illustrates the decay of the velocity of ambient fluid uf. (b) The measured 

velocity variation in stage II and III of a microparticle (radius Rp = 6.4 m, density p = 0.59 

g/cm3) by a high speed camara. The measured data is compared with the dashed curve 

obtained from numerical simulation, showing a good agreement. (c) Snapshots of the BMT from 

experiment during bubble collapse. The white circles represent the initial position of target 

microparticle. (d) Snapshots from numerical simulation showing the flow field and the motion of the 

microparticle at t = 0 s, 5 s, 10 s, 50 s, respectively. The white dotted circle in the last snapshot 

displays the original position of the microparticle. 
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2. Principle of Inertial Mass/Density Measurement 

In the experiment, we used a gamepad to guide the BMT’s approaching to the target 

microparticle (Fig. 1, SM video S1). The BMT’s translational motion is propelled by the 

catalytic on the platinum surface of the Janus micromotor (JM); whereas its orientation and 

steering are controlled by a magnetic field generated by a 3D Helmhotz electromagnetic coil 

(HEC) system (SM)[4]. After approaching, a JM-bubble-particle configuration is established 

by turning bubble in the middle. Hydrodynamic theory and simulation[4] have predicted a 

strong hydrodynamic jet flow caused by bubble collapse. The direction of this jet flow is 

determined by the surrounding confinement: in this JM-bubble-particle configuration the 

flow will point to the side with stronger confinement depending on the size. As illustrated in 

Fig. 2(a), the BMT is suitable to work when the JM’s diameter is smaller than that of the 

target particle, which is called a “pusher mode” [4] as the jet flow will push the target particle 

away from its original position.  

        The transient response of the target microparticle pushed by the BMT is the key to 

measure the inertial mass/density, which can be divided into three stages as shown in Fig. 

2(a). In stage I (red curve) right after the bubble collapse, the microparticle withdraws to the 

cavity of the bubble dragged by the flow of the surrounding fluid. The hydrodynamic jet flow 

towards the particle will instantaneously form after the fluid has filled the bubble cavity, 

which rapidly turn the particle’s velocity Vp from negative to positive in stage II (blue curve). 

Stage III begins when the particle’s speed reaches its maximum value, which equals to the 

fluid speed uf (dashed curve in Fig. 2(a)). In stage III (green curve), the particle’s speed Vp 

will decrease gradually accompanying the decay of the surrounding flow uf(t) due to viscous 

dissipation.  

This 3-stage velocity variation is verified by our experiment using a microparticle with 

radius Rp = 6.4 m, observed by a high speed camara (450, 000 frame per second), as shown 

in Fig. 2(b) and experimental snapshots in Fig. 2(c). We can see that stage II is a very rapid 

process only lasting approximately 4.8 s respectively, while stage 3 takes a much longer 

time exceeding 50 s. Note that the duration of bubble collapse is known to be 0.5R  3.9 

s (𝑅  = √𝜌𝑅𝑏
3 𝛾⁄  is the inertial Rayleigh timescale, which is calculated to be 7.8 s in this 
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case when Rb = 16.1 m for the bubble)[33, 34], which is in good agreement with the 4.8 s 

duration observed in our experiment. We also perform numerical simulation to show the 

transient flow field during bubble collapse (Fig. 2d), which provides valuable information 

for analyzing the hydrodynamic drag force exerted on the target particle. In the simulation, 

the sizes of the JM, the bubble and the microparticle are 20 m, 20 m, and 35 m, 

respectively. The simulation flow field supports the above illustration of the working 

principle, and the propelled displacement of the microparticle shown in Fig. 2(d) within 50 

s is approximately 7.6 m, in agreement with experimental observation, In addition, the Re 

number reaches 5 based on the maximum speed of the particle approximately 0.4 m/s, clearly 

indicating the transient inertial effect introduced by the BM during the above process.  

We then establish a kinematic equation for the particle’s transient motion in stage II and 

stage III: 

                                        𝑚𝑝
𝑑𝑉𝑝

𝑑𝑡
= 6𝑅𝑝[𝑢𝑓(𝑡) − 𝑉𝑝]                                              (1) 

where mp and Rp are the inertial mass and radius of the target microparticle, and  is fluid 

viscosity. It is known that the relaxation time p = 2Rp
2p/9 is the key parameter in this kind 

of kinematic equation, characterizing the typical time of the temporal variation of the inertial 

response Vp(t). To tackle the difficulty of solving eq. (1) due to the complex flow field uf(t), 

we propose an approach to solve the microparticle velocity Vp(t). According to our 

experimental observation showing a rapid and a slow decay of uf(t) in stage III respectively, 

we introduce an equation consisting of two exponential parts to model the variation of the 

fluid velocity uf(t):  

uf(t) = (c1e
-t/1+c2e

-t/2)                                                      (2) 

where 1 and 2 are the typical timescales of the rapid and slow fluid velocity decay 

respectively in stage III, and the parameters c1 and c2 are determined by the initial velocity 

as uf(0) = c1 + c2. As discussed in Fig. 2(b), the rapid dynamics is characterized by the 

Rayleigh timescale, and we find 1 = 0.5R. The slow decay follows a much longer timescale 

2, which is approximately 100 s determined by the long-tail of the experimental data in the 

range of t = 30 – 100 s. Substituting eq. (2) into (1), we can fully solve the first-order 

ordinary differential equation with initial condition 𝑉𝑝(0)  obtained from the experimental 
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observation of the largest negative velocity at t = 0. 

          𝑉𝑝(𝑡) = 𝑒−𝑡/𝜏𝑝[
𝑐1𝜏1

𝜏1−𝜏𝑝
𝑒(𝑡/𝜏𝑝−𝑡/𝜏1) +

𝑐2𝜏2

𝜏2−𝜏𝑝
𝑒(𝑡/𝜏𝑝−𝑡/𝜏2)] + 𝐶𝑒−𝑡/𝜏𝑝             (3) 

Obvious, the parameter C is closely related to the initial condition, i.e., 𝐶 = 𝑉𝑝(0) − (
𝑐1𝜏1

𝜏1−𝜏𝑝
+

𝑐2𝜏2

𝜏2−𝜏𝑝
). In eq. (3), there are only two unknown parameters obtained by fitting experimental 

data: the relaxation time of target microparticlep, and the initial fluid velocity uf(0). The 

microparticle’s density p is calculated by p = 9p/2Rp
2, and the inertial mass is obtained 

by multiplying the volume of microparticle with p.  

 

3. Working Regime of BMT 

A critical issue hindering the functioning of the BMT is that in certain circumstance 

bubble collapse could cause withdrawal of target particle rather than propelling it. Briefly, 

the hydrodynamic mechanism is significantly influenced by the asymmetric confinement 

from the JM and the target microparticle on both sides of the bubble. After a JM-bubble-

particle combination is formed following the gamepad manipulation, the bubble collapse will 

introduce a hydrodynamic jet flow towards the side of stronger confinement (as demonstrated 

in Fig. 2 and our previous study[4]). If the target microparticle is larger than the JM, the 

hydrodynamic jet flow will point to the microparticle forming a “pusher” mode, which is 

referred to as bubble microthruster or BMT in this study. On the contrary, if the JM is larger 

than the target particle, a “puller” mode is formed which drags the particle back to the bubble. 

It is interesting to mentioned that a “anchor” mode will form if the sizes of JM and particle 

are identical.  
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Fig. 3 Distinguishing two basic working modes of the BMT: pusher vs. puller. (a) A phase diagram 

based on the particle-to-JM size ratio   vs. the velocity ratio . And (b) a phase diagram based on the 

bubble-to-JM size ratio  vs. the bubble-to-particle size ratio .  

 

Notably, the working modes depend on the size ratios and the velocity ratios between 

the JM and the target microparticle. Fig. 3 shows two phase diagrams of different working 

modes, i.e., pusher, puller and anchor, based on four dimensionless parameters: α = Rb/Rp, β 

= Rb/RJM, γ = Rp/RJM, and δ = 𝑉𝑝̅/𝑉𝐽𝑀
̅̅ ̅̅̅, where Rb, Rp, and RJM are the radii of the bubble, the 

microparticle, and the JM, respectively, 𝑉𝑝̅ is the average velocity of the microparticle in a 

bubble cycle, and 𝑉𝐽𝑀
̅̅ ̅̅̅ is the average velocity of the JM without loading the microparticle. 

Fig. 3(a) distinguishes the working modes based on the microparticle-to-JM size ratio   vs. 

the velocity ratio . The value γ = 1 indicates a symmetric system around the bubble, which 

results in no net displacement of the microparticle in a full bubble cycle. The reciprocal 

motions of both microparticle and JM around the bubble form the “anchor” mode with  𝑉𝑝̅ = 

0 and δ = 0 (black diamond) in Fig. 3(a), as illustrated in our previous work [4]. 

When 0<γ<1, the hydrodynamic jet flow will point to the JM and drag the microparticle 

back to the JM side, resulting in a “puller” mode with δ < 0 (red circles in Fig. 3(a)). When 

the size of the microparticle is much smaller than the JM, the particle will follow JM 

completely. When γ>1, the hydrodynamic jet flow will point to the target particle forming a 

“pusher” mode with δ > 0 (blue triangles in Fig. 3(a)), which is needed to realize the function 

of BMT. In our experiments, we find that to form a stable pusher mode the value of γ should 

exceed 1.5 rather than the ideal value 1. In addition, we show the upper and lower boundaries 

(dashed curves) of all the experimental data in the phase diagram in Fig. 3(a). The lower 

boundary approximately passes through (-1, 0) and (0, 1) in the  - γ coordinates. And the 

upper boundary obeys a scaling of γ ~ -1/3, which is governed by the law of conservation of 

momentum (SM).  

Another phase diagram can be obtained by taking the bubble effect into account, as 

shown in Fig. 3(b). The two axes are defined based on the bubble-to-JM size ratio  vs. the 
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bubble-to-particle size ratio . We obtained regime A, i.e., the lower right part of the slope 

Rp/RJM=1, which is a purely puller mode, and regime C, i.e., the upper left part of the slope 

Rp/RJM=1.5, which is a purely pusher mode. An intermediate regime B is located at 1< 

Rp/RJM<1.5, in which stable pusher mode is achieved when approximately  = Rb/RJM < 1.5. 

This puller mode above the threshold value  =1.5 can be attributed to the clear withdrawal 

of the microparticle to the bubble cavity if the bubble is too big.  

 

4. Implementations 

Based on the results shown in Fig. 3, we can precisely control the BMT to work in the 

pusher mode as long as the primary condition γ > 1.5 is fulfilled. To avoid disturbance from 

large bubble and insufficient energy of small bubble,  is chosen to be 1 <  < 2.5 in the 

experiments shown below. It is important to stress that the smallest JM used in our 

experiments was approximately RJM = 3.4 m, because bubble might not appear on smaller 

JM’s surface due to higher free energy barrier for bubble nucleation.[4] Based on the threshold 

γ > 1.5, the smallest target microparticles is approximately Rp = 5.1 m, whose mass is 

approximately 0.55 ng if its density is assumed to be 1 g/cm3. Assuming a 20% measurement 

uncertainty, our method is able to reach a mass resolution approximately 0.1 ng (which will 

be discussed later).  

To verify the effectiveness of the BMT, we will first use polystyrene (PS) microspheres 

with different sizes and fixed density ρ = 1.05 g/cm3 as target microparticles. The measured 

sizes using our BMT method are in good agreement with the values obtained by microscopic 

observation. Further, we will use hollow glass microspheres (HGMs) with adjustable 

densities to show that the BMT can solve more difficult task. In addition, the BMT is applied 

to measure mass and density of different cells and embryos, demonstrating the feasibility of 

using BMT as a real-time, convenient, and high-resolution method for probing mass/density 

variation of biological particles during different processes. 
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Fig. 4 The measured transient velocity variations compared with their fitted curves based on eq. (3). 

(a) Results using PS microspheres with fixed densities and different sizes. (b) Results using HGMs 

with different sizes and effective densities. (c) Results using HGMs coated with 40 nm platinum layer 

to adjust their effective densities. 

 

4.1 Verification using PS microspheres with different sizes 

     We first verify the BMT method using PS microspheres with different sizes. As the density 

of PS microspheres is known to be approximately 1.05 g/cm3, this measurement can 

demonstrate the validity of the BMT method. Fig. 4(a) shows the results using three different 

PS microspheres with measured diameters dp = 19.8 m, 25.0 m, and 32.7 m, respectively. 

The diameters of these PS microspheres were also examined using optical microscope with 

an objective of 100x/NA=1.4, which were found to be dp-m = 21.6 m, 26.4 m, and 33.5 m, 

respectively. The deviations are only 9.0%, 5.6%, and 2.5% respectively, well verifying the 

BMT method. It is of interest to mention that the measured data dp from BMT method are 

usually smaller than the values from optical microscope, which might be due to the influence 

of the free liquid-air surface. Our experiments are usually performed near the liquid-air 

surface due to the presence of bubbles. The theory based on eq. (3) may underestimate the 

size and mass of the target microparticles, because the microparticle could experience slightly 

lower drag force near the free surface. 

 

4.2 Measuring density variation of HGMs 

We then applied the BMT method to detect the effective density of HGMs. The HGMs 

consist of a glass shell (shell = 2.4 g/cm3 and thickness h  1.2 m measured by SEM) and a 

air cavity. Thus, the effective density of the HGMs is decreased with the increasing of the 
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HGMs’ size, which can be characterized before the current BMT measurement (see SM for 

details). We first measured the effective density of HGMs with different sizes, as shown in 

Fig. 4(b). The fit based on eq. (3) shows that the effective density of a HGM with diameter 

dp = 12.8 m is approximately p = 0.89 g/cm3, which is in good agreement with the value 

given in SM. For larger HGM (dp = 31.7 m), the effective density decreases to 

approximately p = 0.46 g/cm3. 

      It is interesting to mention that we can easily adjust the mass/density of the HGMs by 

coating a nanoscale platinum (Pt) layer. For instance, by coating a 40 nm thick Pt layer, the 

effective density of the HGMs can be increased around 20%. We also measure the effective 

density of the coated HGMs with similar sizes, as shown in Fig. 4(c). The measured results 

show good sensitivity of the BMT method about the added mass of the coating, and the 

measured values are consistent with our prediction. 

 

4.3 Measurement of Biological particle 

 

Fig. 5 The measured velocity variation of a single Hela cell (blue) and an embryo (red). The solid 

curves are the fit based on eq. (3). As the embryo is much larger than the Hela cell, its velocity peak 

due to the impact from the BMT is lower while its duration is broader. 

To demonstrate the feasibility of the BMT method in wide applications, we try to 

measure the density of various microscale biological particles, such as cells and embryos. It 

was proposed that the density of cells could provide quantitative information linked to cell 

growth/death, composition variation, and response to drug treatments, however, few data 

have been reported. The BMT method should work in the pusher mode, which requires a 
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larger size of the cell compared with the JM, therefore we start from Hela cell. The measured 

data and the fit curve based on eq. (3) are shown in Fig. 5. From the average value of 5 

independent measurements, we estimated that the density of Hela cell is approximately 

1.210.08 g/cm3.  

    Except for cells, we also apply the BMT method to detect the density of a blastocyst, which 

is an early stage of embryo. A blastocyst usually consists of an outer TE layer, a cluster of 

inter cells, and a cavity, whose diameter is approximately 56.3 m. Therefore, the density of 

the blastocyst should vary accompanying the dividing of inter cells and the expansion of the 

cavity during growth. We show a measured curve of a blastocyst in Fig. 5 (red), by which we 

obtained an effective density of the blastocyst =1.050.08 g/cm3. Due to the existence of 

the cavity, the effective density of the blastocyst is smaller than that of Hela cell. 

 

4.4 Resolution 

It is important to clarify the measurement resolution of the BMT method. Taking HGM 

with measured dp = 12.8 m and p = 0.59 g/cm3 as an example, we show the fit curve (green 

solid line) and the upper and lower boundary of the fitting (red and blue dash-dotted curve 

respectively) in Fig. 6. Fig. 6(a) shows that the BMT method has a good size resolution which 

could be smaller than dp = 1.0 m, manifesting a relative deviation smaller than 7.8%. The 

high size resolution is attributed to the leading term Rp
2 in the relaxation time p = 2Rp

2p/9. 

Besides, the BMT method shows an acceptable resolution of density in Fig. 6(b), in which 

the measured result p = 0.590.08 g/cm3 indicates a resolution of 0.08 g/cm3. It is clear to 

see that the resolution of the BMT method is mainly determined by the positive peak of the 

measured velocity. Thus, for larger target microparticle, the resolution could be enhanced as 

the experiment obtain more data in the peak region resulting in a better fit. Nonetheless, large 

JM and bubble are also need to increase the peak value of the velocity. 
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Fig. 6 The measurement resolution of (a) size and (b) density.  

 

5. Conclusion 

In summary, we show the BMT as a novel technique to achieve sub-nanogram resolution 

of measuring microparticle’s inertial mass and density. The BMT focuses energy from a 

collapsed microbubble and exerts the inertial impact to an adjacent microparticle via a 

hydrodynamic jet. Integrated with magnetic field guided manipulation, the BMT can be 

easily controlled using a gamepad, which greatly promotes its maneuverability. By measuring 

the transient velocity variation of the microparticle under such inertial impact and fit it with 

a solution from the ordinary differential kinematic equation, we can determine the relaxation 

time p and thus obtain the mass and density of the microparticle. We have demonstrated the 

validity and effectiveness of the BMT method using PS microspheres and HGMs with 

different sizes and densities. The measured results shows that the measured resolution of 

mass could be up to approximately 0.1 ng, and the resolution of density could be up to 

approximately 0.08 g/cm3. The BMT method is further applied to different cells and embryos, 

showing the feasibility of being used for unconventional biological microparticles. We want 

to highlight that the BMT method provides a chip-free, real-time, convenient, and high 

precision approach to detect the mass/density of various microparticles. In particular, the 

applying of BMT method to monitor the density variation of cells might pave a new way for 

detecting cell growth/death, composition variation, and response to drug treatments. 

 

Material and Method 
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Fabrication of Janus Microsphere: The hollow magnetic Janus micromotors were 

fabricated by coating Ni (~40 nm) and Pt (~ 20 nm) layers successively on the hemispheres 

of hollow glass microspheres (HGMs). The HGMs (diameter approximately 10-60 μm) were 

purchased from Sino-steel Co. Ltd, and the main component is SiO2. HGMs of different 

particle size distribution could be obtained through screening and floatation. During 

fabrication, the dilute solution of the HGMs was uniformly spread on a hydrophilic polished 

silicon wafer and dried at 60°C to form a monolayer of HGMs on the silicon wafer. Then, a 

Ni layer with thickness of ~ 40 nm and a Pt layer with thickness of ~ 20 nm were successively 

evaporated on the surface of HGMs using an electron beam evaporator. Due to the compact 

arrangement of the HGMs, the Ni and Pt layers only covered the top hemispheres of the 

HGMs.  

Magnetic manipulation system: We established a system for magnetic actuation. The 

magnetic field setup consisted of a computer, a gamepad, two signal generator, three power 

amplifier and a set of three-axial Helmholtz electromagnetic coil (HEC) equipped on the 

inverted optical microscope (Nikon Eclipse Ti-U). The output signal from the signal 

generator is amplified by the power amplifier. The amplified signal is used to drive a set of 

HEC, which generate a uniform magnetic field in arbitrary direction. Herein, we achieve the 

flexible adjustment of magnetic field direction through a gamepad with various self-defined 

programmed functions, and the signal generator is controlled by the gamepad to generate 

predetermined signals. The programming language is C++, the controller programming 

interface is Windows Multimedia Joystick API, and the serial port (RS-232 standard interface) 

programming interface is based on System. IO. Ports provide by NET Framework 4.0. More 

details can be found in text S2 in the Supplementary Information.  

Experimental observation and analysis: The self-propulsion of the BM was observed 

under an inverted microscope (Nikon Eclipse Ti-U) equipped with a high-speed camera 

(Phantom v2512 and TMX 7510). The HEC system was equipped at the microscope platform 

to provide a three-dimensional magnetic field for the control of the microrobot. The objective 

lens is ×10 or ×20, and the frame frequency of the high-speed camera is up to 450,000 fps. 

The concentration of H2O2 is approximately from 3 – 5 % (v/v). The experimental movies 

were analyzed with movie Spot Tracker and ImageJ.  
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