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Janus Microdimer Surface Walkers Propelled by Oscillating 
Magnetic Fields

Tianlong Li, Anning Zhang, Guangbin Shao, Mengshi Wei, Bin Guo, Guangyu Zhang,* 
Longqiu Li,* and Wei Wang*

Recent strides in micro- and nanofabrication technologies have enabled 
researchers to design and develop micro- and nanoscale robotic systems with 
enhanced power, functionality, and versatility. Because of their capability of 
remote actuation and navigation, synthetic micro- and nanomotors powered 
by oscillating magnetic fields have recently gained considerable attention. In 
this article, a new type of magnetic surface walker that can achieve speeds of 
up to 18.6 µm s−1 (≈4 body length s−1) in an oscillating magnetic field oper-
ated at 25 Hz and ≈2.7 mT is reported. Two magnetic Janus microspheres 
spontaneously form a microdimer via magnetic dipolar interactions, and this 
microdimer rolls its two “feet” back and forth in an alternating fashion. In 
addition to propulsion, the oscillating magnetic field can also precisely steer 
these surface walkers through complicated structures, and an extensive dis-
cussion of their performance in various experimental conditions is provided. 
The reported propulsion mechanism opens new possibilities for the design of 
remotely actuated microrobots for a wide range of applications.
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assembly,[25–28] nanoscale lithography, and 
super-resolution optical imaging.[29,30] 
Among the many developed methods for 
powering these micromotors, magnetic 
fields have been popular because they can 
be applied remotely and noninvasively and 
objects can be simultaneously steered and 
powered.[6–9]

Magnetically powered micromotors can 
be further categorized into two groups 
based on how the magnetic field is applied. 
The motors in the first group, inspired by 
bacterial flagella, rotate their helix-shaped 
bodies in a rotating magnetic field and 
move along their long axes like a screw.[31–39]  
Those in the second group move in  
oscillating magnetic fields and rely on 
asymmetrical shape deformation to escape 
the constraints of the scallop theorem 
(i.e., purely reciprocal motion does not 

lead to net displacement in low Reynolds number media).[40–44] 
Dreyfus et al.[40] developed the first micromotor driven by an 
oscillating magnetic field by attaching a linear chain of colloidal 
magnetic particles to a red blood cell. More recently, the Nelson 
and Wang groups independently demonstrated the undulatory 
locomotion of multilink magnetic nanoswimmers.[42–44]

Both mechanisms and their respective experimental imple-
mentations require a nonreciprocal change in the particle con-
figuration, be it the screw-like rotation of helical bodies or the 
undulatory motion of flexible chains, and are, in principle, 
insensitive to whether the particles move in the bulk or near 
boundaries. This insensitivity to location is very different from 
that of another type of magnetically powered micromotors, called 
“surface walkers”, which only move near a surface. For example, 
recent studies have shown that, when actuated by a rotating mag-
netic field and placed near a surface, magnetic dimers,[45] Janus 
or uniform microspheres,[46,47] clusters,[48] colloidal chains,[49] 
nanowires,[50] and microcages[51] can all start rolling in a direc-
tional motion, while their reciprocal dynamics in the bulk would 
result in no net displacement. One of the limitations of the above 
studies, however, is the use of a rotating magnetic field, which 
requires slightly sophisticated Helmholtz coil setups.

The study of micromotor dynamics near boundaries or in 
close confinement is of great importance and has seen a tre-
mendous growth in academic interest.[52–55] These studies are 
important not only because many of the proposed applications 
involving micromotors occur in confined geometries, such as 
blood vessels, microfluid chips, or other liquid–solid or liquid–air  

Janus Microspheres

1. Introduction

Powering synthetic micro- and nanoswimmers in a low Reyn-
olds number regime is an exciting yet challenging task fueled 
by popular fantasies and engineering ambitions.[1–9] Recent 
strides in micro- and nanofabrication technologies have 
sparked the development of functional micromachines with 
enhanced power and versatility.[10–15] These “micromotors”, as 
they are commonly called, convert various types of energy into 
mechanical motion while overcoming viscous drag forces and 
thermal fluctuations. Preliminary yet exciting applications of 
micromotors have emerged in the fields of drug delivery,[16–19]  
biosensing,[20,21] environmental remediation,[22–24] active material  
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interfaces, but also because they shed light on how living micro-
organisms and cells move in similar environments. In this spirit 
and with the goal of developing an alternative strategy for pow-
ering magnetic micromotors in a simpler configuration, we 
herein report the propulsion and steering of magnetic micro-
dimers in an oscillating magnetic field. This new microdimer  
surface walker consists of two Ni/SiO2 (or polystyrene) Janus 
microspheres connected by magnetic forces. Remarkably, in 
response to a planar oscillating magnetic field, the two hinged 
spheres move back and forth asymmetrically, leading to a net dis-
placement of the microdimer. A maximum speed of 18.6 µm s−1 
(≈4 body length s−1) was recorded for the reported micromotor at a 
driving frequency of 25 Hz and a magnetic field strength of 2.7 mT.  
Fast and accurate magnetic steering of these micro motors in 
complex environments and near obstacles were also demon-
strated. This fuel-free micromotor represents the latest effort 
toward the development of fast, efficient, and controllable micro-
devices that are promising for a number of potential applications.

2. Results and Discussion

The experimental setup and sample fabrication of our experi-
ments are represented in Figure 1. Janus microspheres were 
fabricated by half-coating silica (SiO2) microspheres 3 µm in 

diameter with a 15 nm thick layer of nickel (Ni) by electron 
beam evaporation (Figure 1B). We note that the Janus particles 
made of polystyrene microspheres showed the same qualitative 
behaviors. The surface morphology of these Ni-SiO2 spheres 
was confirmed with optical microscopy and scanning electron 
microscopy (SEM) (Figure 1D). When exposed to an external 
magnetic field generated by an electromagnetic coil placed to 
one side of the sample stage (Figure 1A), the ferromagnetic Ni 
layer on the SiO2-Ni Janus sphere became magnetically polar-
ized. Due to magnetic dipole–dipole interactions, two such 
Janus spheres were attracted to each other and formed a dimer 
with a staggered shape (Figure 1C,D). The Ni patches where 
two spheres bind serve as a hinge that enables periodic rolling 
under an external oscillating magnetic field, which will be dis-
cussed in more detail later.

Not only does the oscillating magnetic field induce dipole–
dipole interactions between two Janus spheres, it also propels 
the forward motion of the formed dimer (Video S1, Supporting 
Information). Sinusoidal waves were generated by a waveform 
generator and amplified before being applied to an electromag-
netic inductor, which generated an oscillating magnetic field. In 
such a field with an appropriate driving frequency and ampli-
tude (discussed later), the microdimers first aligned their long 
axes (the line connecting the sphere centers) to the field direc-
tion at an angle of 47.6 ± 2.6° (Figure 2A,B) and then began 
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Figure 1. Design and fabrication of microdimer surface walkers. A) Schematic of the experimental setup in which a magnetic dimer moves along the 
magnetic field direction and away from the magnet. B) Fabrication of the microdimers. Ni-SiO2 magnetic Janus microspheres were fabricated by coating 
a monolayer of silica microspheres with a thin layer of Ni, and they bind to form dimers when exposed to a magnetic field. C) Optical microscopy image 
of a few representative microdimers after magnetization. D) Magnified optical microscopy image and the corresponding SEM image of a microdimer, 
highlighting its staggered shape and the magnetic hemispheres (dark under the optical microscope and bright under the SEM).
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to move in the direction of decreasing magnetic field strength 
(i.e., away from the magnet). This staggered geometry is a nat-
ural consequence of two magnetic spheres trying to minimize 
their magnetic energies and is consistent with previous studies, 
where similar dipolar interactions occurred in either AC mag-
netic or electric fields[56–58] or even in chemical gradients.[59–61] 
Upon closer examination, the microdimer did not move by 
simply sliding its body forward but rather by alternating its two 
spheres back and forth. A series of time-lapse snapshots shown 
in Figure 2C captures this process in more detail: during half of 
the sinusoidal cycle, one of the two spheres in the dimer rolled 
upward (out of the plane) and then forward, while the other 
sphere slid backward; during the next half of the cycle, the 
two spheres switched roles, and the trailing sphere rolled for-
ward to become the leading one. The rolling of the two spheres 
was then repeated in subsequent cycles, propelling the dimer 
forward. Figure 2D shows the continuous motion of three  

microdimers over 5 s at a speed of 10.6 µm s−1 (≈2 body length s−1)  
and a driving frequency of 12 Hz.

Such a rolling motion is likely a response of the magnetically 
polarized microspheres to a weak oscillatory magnetic field, 
and we propose the following qualitative mechanism (illus-
trated in Figure 3A,B). First, previous studies have measured 
the in-plane coercivity field of 18 nm thick Ni to be ≈3 mT,[62] 
and a series of measurements by Choi et al. showed a coercivity 
of ≈2–3 mT for Ni films ≈20 nm thick.[63] Since relatively weak 
magnetic fields were applied in our experiments (≈1 mT, see 
Figure S1, Supporting Information), the strength of the field in 
the reverse direction was not sufficient to reach the coercivity 
required to demagnetize the Ni layer or to switch its magnetic 
polarity. Therefore, to minimize the magnetic energy, a mag-
netic torque acted on both spheres, whose magnetic dipoles still 
pointed in the original direction; thus, the spheres rolled 180° 
to comply with the newly established magnetic field direction. 
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Figure 2. Propulsion of microdimer surface walkers under an oscillating magnetic field. A,B) When exposed to a magnetic field, the dimer immediately 
aligns its major axis with the field direction at an angle α of 47.6 ± 2.6°, determined by the dimer geometry. C) Time-lapse optical microscopy images 
depicting the alternation of the two “feet” of a microdimer in an oscillating magnetic field. D) Trajectories of three representative microdimer surface 
walkers over 5 s. The relative position of the magnetic is marked to indicate that the dimers moved away from the magnet.
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Because the two spheres in the dimer were strongly bound via 
Ni patches, they did not roll independently but rather in a coor-
dinated and hinged fashion.

How does the symmetric oscillation of the driving field result 
in asymmetric and directional microdimer motion? After all, 
the “scallop theorem” proposed by Purcell famously predicted 
that reciprocal motion, such as rolling forward and backward in 
an oscillating magnetic field, would not lead to net motion for 
microswimmers operating at a low Reynolds number. The pres-
ence of a boundary is critical for overcoming this theorem to 
make “surface walkers” feasible. Specifically, although a sphere 
in a dimer can freely roll forward from the top, the backward roll 
of the sphere underneath is hindered by the limited space and 
presumably higher drag force (Figure 3B). Consequently, during 
one cycle, the forward-rolling sphere carries the dimer forward 
for a longer distance than the backward-rolling one, leading 
to a net forward motion. This mechanism of motion is sup-
ported by the data shown in Figure 3C, in which each of the two 

spheres of a dimer moving at 15 Hz was individually tracked. 
The speeds of the spheres oscillate in synchronization with the 
phases of the applied magnetic field and thus fit to a sine func-
tion. The tracking results reveal that during one full cycle, a 
sphere traveled an average of 2.52 µm while rolling forward and 
only 1.70 µm when rolling backward. This discrepancy leads to a 
net displacement of 0.82 µm cycle−1 and a speed of 12.2 µm s−1,  
which agrees well with the dimer speed calculated by manu-
ally tracking the dimer as a whole (12.5 µm s−1). Finally, a field 
gradient is likely necessary for a dimer to continuously move 
in one direction. Since at each half cycle the field and magnetic 
dipoles are always opposite, the overall interaction between 
a dimer and the magnetic field is repulsive. Even though a 
quick calculation shows that the two spheres experience a dif-
ference in the magnetic field strength of only 7 × 10−3 mT,  
or 1‰, minimization of the magnetic energy still dictates 
that the dimer moves away from the magnet. We acknowledge 
that even though this proposed mechanism could qualitatively 
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Figure 3. Propulsion mechanism of microdimer surface walkers under an oscillating magnetic field. Schematics showing the A) top and B) side views of 
the rolling motion of a microdimer. The red and blue arrows on the dimer indicate the magnetic polarization of the Ni hemispheres. C) Instantaneous 
velocity of both spheres (color coded by the inset cartoon) in a moving microdimer over 0.225 s, with positive and negative values corresponding to 
forward and backward rolling, respectively. Solid lines are sinusoidal fits. For each sphere (color), the area in the positive region is larger than that 
in the negative region, indicating a net displacement of the microdimer in the forward direction. D) Motion of a microdimer in the bulk versus when 
settled near a surface. Inset: optical microscopy images showing how a levitated microdimer oscillates with no net displacement, while the one near 
the bottom moves forward (to the right) after one cycle of rolling. Scale bar: 2 µm.
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explain why a dimer rolled in an oscillating magnetic field and 
why away from the magnet, a more comprehensive and quanti-
tative study is needed and under way.

The importance of the boundary is perhaps best demon-
strated by its absence (Figure 3D, Video S2, Supporting Infor-
mation); thus, we designed experiments in which the Janus 
particles were lifted far away from any boundaries via an 
acoustic levitation technique.[28] In the bulk, the dimers formed 
when exposed to an oscillating magnetic field in the same way 
as near a substrate, but the formed dimers only rolled back and 
forth at the same spot without any net motion, consistent with 
the scallop theorem. Once the dimer settled to the bottom, it 
immediately began to move forward. This is the most direct evi-
dence that these magnetic microdimers break the symmetry by 
coupling their oscillation to a boundary.

Having explored the propulsion mechanism of the micro-
dimers in an oscillating magnetic field, we then turned our 
attention to their performance under various conditions, which 
is critical for many of the proposed applications of microma-
chines. A total of four variable parameters were examined: the 
driving frequency, sphere size, driving voltage (i.e., the mag-
netic field strength), and waveform of the magnetic field. First, 
Figure 4A compares the 5 s trajectories of the 3 µm microdimer 
surface walkers at oscillating magnetic field frequencies from  
5 to 45 Hz. This comparison is quantitatively presented in 
Figure 4B, and the motors moved at a peak speed of 15.9 µm s−1  
at a frequency of 20 Hz, beyond which the motor speed 
decreased (Video S3, Supporting Information). Such a step-
out frequency is commonly observed for many types of micro-
motors powered by oscillating magnetic fields.[42,44] Here, we 

suspect that the maximum available magnetic torque is insuf-
ficient for overcoming the fluidic drag, leading to decelera-
tion as the microdimer surface walker moves out-of-sync with 
the applied magnetic field.[34,42,44] Second, Janus spheres with 
three diameters (2.5, 3, and 5 µm) were fabricated, and their 
corresponding microdimers were tested in oscillating magnetic 
fields (Figure 4B). The step-out frequencies of the larger micro-
dimers were found to be lower than those of the smaller dimers 
under similar driving conditions. Furthermore, Figure 4C  
displays the velocities of the microdimer surface walkers  
operated with driving voltages ranging from 50 to 200 mV 
(corresponding to a magnetic field strength of 1.4–5.6 mT). 
The speed of the microdimer surface walker under each oscil-
lating frequency increases with increasing input voltage of the 
magnetic field. Finally, we investigated the effect of the oscil-
lating magnetic field waveform on the speed of the microdimer 
surface walker. As shown in Figure 4D, varying the waveform 
(square wave, triangle wave, and sine wave) had minimal effect 
on the performance of the microdimer surface walkers.

For biomedical applications that require operation in biolog-
ical fluids, tests of the propulsion performance of microdimer 
surface walkers in liquid media with different viscosities and 
salt concentrations are critical. The solution viscosity was varied 
by changing the concentration of glycerol in water from 0% 
(viscosity of 1.21 cP) to 40% (viscosity of 4.32 cP). Our experi-
mental results, shown in Figure 5A,B, demonstrate that the 
motion of our microdimer surface walkers slowed significantly 
in highly viscous media. This was expected since the viscous 
drag at low Reynolds number is known to scale with viscosity, 
and our data qualitatively agree with this trend.

Adv. Funct. Mater. 2018, 1706066

Figure 4. Performance of the microdimer surface walkers under different experimental parameters. A) Tracking lines illustrating the traveled distances 
of a microdimer surface walker over a 5 s period in an oscillating magnetic field with frequencies from 5 to 45 Hz. B) Speeds of the microdimer surface 
walkers with diameters of 2.5, 3, and 5 µm in a frequency range of 5–55 Hz. C) Speeds of the microdimer surface walkers at different magnetic field 
strength with driving frequencies of 12, 18, and 24 Hz. D) Speeds of the microdimer surface walkers at different driving frequencies of square, triangle, 
and sine waves.
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The microdimers were then tested in sodium chloride solu-
tions with various salt concentrations. Figure 5C displays the 
track lines of a microdimer over a 5 s period in these solutions. 
The velocity of the microdimer decreased from 10.7 to 2.3 µm s−1  
upon increasing the sodium chloride concentration from  
0.1 to 2.5 mmol L−1 (Figure 5D). Such a dramatic decrease in 
speed was somewhat surprising since in principle, magnetic 
fields are not significantly affected by the salt concentration of a 
solution beyond a small possible change in the magnetic suscep-
tibility of the solution. We instead propose the following mecha-
nism. As the salt concentration increases, it screens the charges 
on both the particles and the substrate, thus undermining the 
electrostatic repulsion from their electrical double layers. The 
dimers therefore settle closer to the bottom of the solution. We 
estimated that the separation distance changed from 1.36 µm  
to 64.2 nm upon increasing the salt concentration from 0 to 
2.5 mmol L−1 (see the Supporting Information for the calcula-
tion details). The dimer dynamics strongly depend on its loca-
tion near the bottom, and a smaller separation could mean 
more severe viscous drag for the spheres rolling both forward 
and backward, consequently slowing the dimer motion. Further 
increasing the salt concentration leads to an irreversible col-
lapse in the electrical double layers and adhesion of the dimers 
to the bottom.

The ability to overcome/bypass complicated barriers is an 
extremely attractive feature of micromachines in applications 
ranging from nanomanipulation to precise medical treat-
ments. Here, we demonstrate how the current magnetic micro-
dimers circumvent small objects and overcome cracks along 
their paths. First, Figure 5E shows how a microdimer auton-
omously detoured around a 3D object comparable to its size  
(10 µm microsphere) and continued along its original direction 
after the encounter. Figure 5F shows how a microdimer moved 
across continuous cracks created by scratching the glass slide 
with a diamond cutter. These examples (Video S4, Supporting 
Information) are only preliminary demonstrations but provide 
evidence for the robustness and power of these magnetic micro-
dimers, which could prove valuable for future applications.

On-demand speed modulation and directional steering of 
microswimmers are also important features for many practical 
applications.[10,13] Figure 6A presents the speed modulation of 
a microdimer surface walker. The track line represents the tra-
jectory of a microdimer operated with an oscillating frequency 
that was repeatedly switched between 8 and 18 Hz. The instan-
taneous speed of the microdimer was tracked and is plotted in 
the inset, revealing a periodic change between two speeds that 
matches the switching frequency. The nickel coating on our  
dimer enables the magnetic steering of its motion, and  
Figure 6B,C presents the magnetic control of the directionality 
of the microdimer surface walkers. Since the dimer always 
aligns with the magnetic fields to minimize energy, a change in  
the relative position between the electromagnet and the sur-
face walker in the x-y plane leads to a change in the motor 
orientation and moving direction (Figure 6B). Because the 
dimer is very sensitive to the direction of the magnetic field 
and responds precisely and quickly, complex trajectories such 
as that demonstrated in Figure 6C become possible (Video S5,  
Supporting Information). It is easy to imagine that more 
sophisticated magnetic setups involving multiple coils could 
lead to more advanced control over the dimer trajectory.

3. Conclusions

In conclusion, we have reported the propulsion and steering of 
magnetic microdimers in an oscillating magnetic field operated 
at ≈10 Hz. The two Ni-dielectric Janus spheres in the dimer 
rolled alternatingly and asymmetrically, and a peak speed of 
≈20 µm s−1 was achieved at a field strength of ≈2.7 mT. The 
speed was significantly reduced in solutions with high viscosity 
or a high salt concentration, while modulation of the speed was 
easily achieved by ramping the driving voltage/frequency up 
and down. Due to the alignment of the microdimer with the 
magnetic field, fast and precise steering provided good control 
of the dimer trajectory and the ability to overcome obstacles. 
Regarding the operation mechanism, we tentatively proposed 
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Figure 5. Performance of the microdimer surface walkers in complicated environments. Tracking lines illustrating the distance traveled by a microdimer 
surface walker over a 3 s period in aqueous solutions with different concentrations of A) glycerol and C) sodium chloride. B,D) Data for the experi-
ments in (A) and (C). E) A microdimer surface walker bypasses several polystyrene microspheres 10 µm in diameter. F) A microdimer surface walker 
crosses continuous cracks on a glass surface.
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that oscillating magnetic fields below the coercivity exerted 
torques that rolled the spheres, and their rolling became asym-
metric due to the coupling of the field to the nearby bounda-
ries and the presence of a field gradient. This rolling led to a 
net displacement that was not observed for microdimers levi-
tated in the bulk solution in acoustic levitation experiments. 
The dynamics of the microdimers in which the two spheres 
alternate and walk on a surface carry an interesting, although 
superficial, similarity to protein nanomotors, such as kinesin 
and myosin, that walk on microtubular tracks, which obviously 
operate by a completely different mechanism and on a different 
scale. Overall, the microdimer surface walkers reported here 
are a new type of magnetic microswimmers, and, due to their 
easy operation and precise steering capabilities, could become 
a promising candidate for future applications in areas such as 
biomedicine and environmental monitoring.

4. Experimental Section
Synthesis of Janus Microspheres: Silica or polystyrene microsphere 

monolayers were produced on glass slides and coated with a 20 nm 
titanium layer at 1 Å s−1 followed by a nickel layer of a desired thickness 
at 2 Å s−1 using a Temescal BJD 1800 E-beam evaporator. Through brief 
sonication in ultrapure water, the Janus microspheres were released 
from the glass slide and dispersed in ultrapure water.

Magnetic Experiments: The magnetic field setup was adapted from 
previous studies,[42,44,64] and consisted of a dual-channel arbitrary 
waveform generator (Keysight 33510B), a compact 150 W audio 
amplifier (SMSL, SA-S3), and a 10 mH iron core inductor (Erse Audio, 

266-580). In a typical experiment, the magnet was placed a few cm from 
the experimental chamber, which was either a glass capillary tube or a 
chamber created by a silicone spacer, a glass substrate, and a cover slip. 
The tip of the iron core was pointed toward the chamber. The magnetic 
field strength at the center of the chamber dropped as the magnet was 
moved away from it, and this change was measured and is reported in 
Figure S1 (Supporting Information).

Optical Observation and Tracking: Videos were captured at 30 frames s−1  
by an inverted optical microscope (Olympus IX73) coupled with a 
40× objective and a Point Grey CMOS camera. These videos were 
then analyzed by MATLAB codes courtesy of Prof. Hepeng Zhang from 
Shanghai Jiaotong University. The particles were isolated by the code, 
and their coordinates in each frame were identified. The trajectories and 
speeds of the particles were then obtained.

Ultrasound Experiments: The ultrasound experiments followed a 
procedure developed in a previous study.[28] Briefly, ultrasound waves 
were produced by a piezoelectric transducer coupled to the back side 
of a piece of silicon wafer, and the experimental chamber sat on the 
front side of the wafer. The transducer was connected to one output 
channel of the dual-channel waveform generator (the other channel 
was connected to the magnetic setup), and sine waves of 3–4 MHz 
frequency were typically used. At the resonance frequency of the 
chamber, the particles were levitated by the acoustic radiation force to 
a nodal plane at the center of the chamber. The ultrasound was then 
turned off to allow the particles to settle, and their dynamics during 
settling were recorded.

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

Figure 6. On-demand speed modulation and steering of microdimer surface walkers: A) Speed modulation of the surface walkers in response to a 
series of frequency ramp switches between 8 and 18 Hz. Inset: the trajectory of a dimer operated under switching frequencies in which the speed is 
color-coded. B) Scheme of the magnetic control of the microdimer surface walkers. By placing the magnets at different positions marked by 1, 2, and 
3, the microdimer moves along different paths that are aligned with the respective magnet positions. C) Microdimer surface walkers are steered along 
specific paths that form the letters HIT.
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