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Mimicry of motile microorganisms offers new concepts and strategies to design and manipulate micro-
robots. As a representative instance, Escherichia coli switches its motility between swimming and tum-
bling to adapt to surroundings. Inspired by this, we present a tubular microrobot behaving rolling and
tumbling motion modes analogous to the motion of Escherichia coli, as a result of the anisotropic magne-
tized status with radially magnetized status at rolling and longitudinally magnetized one at tumbling. The
motion behavior of microrobot as rolling or tumbling is determined by the frequency of rotating mag-
netic field. The threshold frequency for switching is closely related to the amplitude of magnetic field,
viscosity of solution and size of microrobot. The net locomotion near substrate comes from the friction
and pressure, and the motion switching is due to the magnetized statuses and discrepancy of drag force.
The switch from rolling to tumbling endows the microrobot with adaptive locomotion to cross obstacles.
Furthermore, microfluidic manipulation through rotational microrobot is achieved based on the local mi-
crovortex, which is generated from the hydrodynamic interaction between microrobot and substrate. This
manipulation is applied in cargo delivery and release by altering surrounding microfluid via switchable
motion modes. This work opens up new possibilities in improving moving ability and extending functions
of microrobots through bioinspired motion behaviors.
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1. Introduction efficient motility towards complex environment as well as interac-

tion ability with surroundings.

Microrobots are artificially fabricated and propelled by differ-
ent forms of energy to deal with different environments and ac-
complish designated functionalities [1-5]. Such unique characteris-
tic enables microrobots to be applied in targeted drug delivery [6-
8], minimally invasive surgery [9-12], biosensing [13-15], detox-
ification [16-18], and other biomedical applications [19,20]. It is
expected that single microrobot has the ability to accomplish on-
demand motion and tasks. To this end, different remote signals
[1,3,21,22] and functional modifications [23-26] have been devel-
oped to control the motion and design the function of microrobots.
However, the limited size of microrobot makes it difficult to realize
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Nature provides plenty of ideal prototypes for microrobots that
utilize different strategies to obtain powerful propulsion in micro-
environment, together with complex functions. For example, leuko-
cyte, the only motile cell in bloodstream, propels itself efficiently
against blood flow to reach the damaged or infected tissues timely.
It gets close to the cell-free vessel wall for lower fluid force
and performs rolling behavior to move forward as the symme-
try in space is broken [27]. Leukocytes-inspired microrollers with
efficient translational velocity hold great potential related to the
biomedical applications in vasculature [27-29]. Additionally, flagel-
lated Escherichia coli cell has also involved its own motility strategy
to adapt to the surroundings. The adaptive motion of Escherichia
coli consists of a sequence of smooth swimming for translational
motion and tumbling for rotational motion. The probability of tum-
bling motion is altered according to the comparison between cur-
rent and previous chemical environment, leading to a chemotaxis
behavior [30-33]. Therefore, new characteristic of Escherichia coli
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connecting with surroundings is realized based on this specific
motion mode switch.

The efficient surface-rolling motion of leukocytes and switch-
able motion mode of Escherichia coli inspire us to design a mi-
crorobot with enhanced translational motion and tunable interac-
tion with surroundings. Here, we present an anisotropic magne-
tized tubular microrobot that can resemble the switchable mo-
tion modes of Escherichia coli. The microrobot performs rotational
motion alike to leukocytes under the remotely controlled rotat-
ing magnetic field. As the frequency of rotating magnetic field
rises beyond a threshold frequency, the tubular microrobot changes
the preferred status from radially magnetized one to longitudi-
nally magnetized one. Therefore, the corresponding motion mode
switches from rolling horizontally around the longitudinal axis to
tumbling vertically around the radial axis. The threshold frequency
is closely correlated with the amplitude of rotating magnetic field,
viscosity of solution and size of microrobot. The switchable mo-
tion mode occurs due to the competition of drag forces between
rolling and tumbling for the anisotropic magnetized tubular mi-
crorobot. In addition, the microrobot with the switchable motion
mode successfully adapt to rough terrain as the tumbling motion
mode makes it easy to get close and cross over vertical obstacles.
And the microfluidic manipulation of the microrobot is achieved
via altering local microvortex by the motion mode switch, which
is attributed to the hydrodynamic interaction between the micro-
robot and surface boundary. The microvortex alteration is exper-
imentally applied to precisely capture, transport and release mi-
croparticles. This work opens up potential use in biomedical and
microfluidic applications of microrobots through bioinspired mul-
timodal motion behavior.

2. Results and discussion

2.1. Concept and realization of anisotropic magnetized tubular
microrobot

The inspiration of our magnetic microrobots with switchable
motion modes comes from the motion alteration of Escherichia coli
cell. Flagellated Escherichia coli involves attribute of chemotaxis to
adapt to the surroundings, which is characterized as a sequence
of smooth swimming motion punctuated by intermittent tumbling
motion (Fig. 1a). The probability of tumbling will be enhanced af-
ter perceiving worsening conditions and vice versa. This feature
makes Escherichia coli prefer to swim smoothly towards attractant
and tumble away from repellent [30]. The adaptive motion behav-
ior of Escherichia coli gives us a hint that applying modulation of
motion modes in microworld can realize complex functions in a
confined structure. Thus, we design an anisotropic magnetized mi-
crorobot with enhanced translation and manipulation capabilities
brought from motion mode switch analogous to Escherichia coli
(Fig. 1b).

Our microrobot with magnetic components is designed in a
tubular architecture and prepared by self-rolled-up nanotechnol-
ogy (Fig. S1). The fabrication of our tubular microrobot starts from
the deposition of Ag, Si, and NiggFeo onto a glass substrate. Ni-Fe
layer is chosen to offer moving capability under rotating magnetic
field, and the layer consisting of Ag and Si provides the internal
strain gradient for rolling process. After deposition, the nanomem-
branes were delaminated and rolled-up into hollow architecture,
which was triggered by microdroplet [34]. A representative mor-
phology of the rolled-up microtube with ca. 3 windings is shown
in the upper image of Fig. 1c. The length and diameter of the mi-
crotube are ca. 125 m and ca. 42 m, respectively. And the enlarged
view (lower image of Fig. 1c) indicates that the curly surface of the
rolled-up architecture contacts tightly. Besides, the diameter of the
microtube is tuned by adjusting the deposition rate of Ni-Fe layer
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(Fig. 1d) that the increase in deposition rate leads to the micro-
tube with smaller diameter. And also, the length of the microtube
is simply tuned by the size of the rectangle pattern for nanomem-
brane deposition (Fig. S2).

The switch between different motion modes is realized by alter-
ing the rotation frequency of magnetic field (Fig. 1e). The micro-
robot moves in rolling mode below transition frequency fi ansition
and in tumbling mode beyond fi;asition- ANd microrobot stops mov-
ing as the rotation frequency of magnetic field rises above the cut-
off frequency f.ucof- It indicates that the tubular microrobot per-
forms switchable motion modes just dependent on appropriate fre-
quency of rotating magnetic field, leading to the on-demand mo-
tion manipulation. Snapshots of the optical images in Fig. 1f and
g show the microrobot moving in the rolling and tumbling modes,
respectively, where the strength of the out-of-plane magnetic field
is 3 mT and the viscosity of the solution is 1.2689 mPaes. At 25 Hz,
the microrobot rolls horizontally around the longitudinal axis of
the tubular symmetry and moves forward (Fig. 1f and Movie S1).
When magnetic field frequency increases to 55 Hz, the microrobot
tumbles vertically around the radial axis (Fig. 1g and Movie S2).
The translational locomotion of the microrobot is ascribed to the
hydrodynamic interaction between the tubular microrobot and the
solid surface, which breaks the symmetry of the rotational mo-
tion [28]. Besides, the microrobot becomes almost suspended as
the field frequency gets higher, which is mainly because that the
magnetic moments of the microtube cannot catch up with the
quick change of the rotating magnetic field [35,36]. Therefore, the
anisotropic magnetized tubular microrobot is proposed to resem-
ble the motion modes of Escherichia coli, which are controlled via
the frequency of the rotating magnetic field.

2.2. . Motion property affected by environmental and geometric
parameters

To quantitatively evaluate the motion behaviors at external
stimuli, we firstly investigated the effect of the magnetic field
strength on the motion properties of the tubular microrobot. It
is well-known that the motion of microrobot is highly dependent
on surrounding environment. As for a magnetic microrobot, mag-
netic field plays a vital role in propulsion. In our experiment. the
rotation frequency of the microrobot increases first and then de-
creases as the frequency of the rotating magnetic field increases
(Fig. 2a). Also, there exists a sharp falling slope in rotation fre-
quency, which is attributed to the different motion modes (inset
of Fig. 2a). The increase of the rotation frequency corresponds to
the motion in rolling mode. Under this circumstance, the micro-
robot rolls synchronously with the rotating magnetic field. As the
magnetic field frequency increases, the microrobot begins to move
in tumbling mode, where rotation frequency of the microrobot dra-
matically falls behind the frequency of the rotating magnetic field.
Besides, the rotation frequency drops nearly zero with further in-
crease in the frequency of the rotating magnetic field, indicating
the suspended microrobot without effective motion (stop region).
Similarly, the velocity of the microrobot increases with rising ro-
tation frequency of the magnetic field, where the microrobot per-
forms rolling motion (Fig. 2b). And then the velocity gets lower
due to the motion mode turning into tumbling as highlighted by
the dashed circle. It is noteworthy that the velocity of the rota-
tional microrobot drops at the magnetic field frequency close to
the transition frequency. The asynchronous rolling behavior of the
microrobot at high rotation frequency contributes to this drop of
speed [36-38].

We summarized the motion modes of the microrobot related to
the frequency and strength of the rotating magnetic field (Fig. 2c).
The red points represent the transition frequencies fiansition and
the yellow points represent the cut-off frequencies f.of. By link-
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Fig. 1. Concept and realization of anisotropic magnetized microrobot with switchable motion modes. (a) Schematic illustration for the locomotion of Escherichia coli with
swimming forward and tumbling behavior. (b) Schematic illustration for the tubular microrobot with rolling forward and tumbling behavior. (c¢) SEM images of the magnetic
microtube. Scale bars from upper to lower are 20 um and 10 pm, respectively. (d) Dependence of the diameter of the rolled-up microtube on the deposition rate of Ni-Fe
layer. The insets show the optical morphology of corresponding rolled-up microtubes. Scale bars are 100 wm. (e) Schematic sketch illustrating the motion modes of the
tubular microrobot depending on the rotation frequency of in-plane rotating magnetic field. The frequency is divided into three regions according to the motion modes
as rolling, tumbling and suspending (stop), where fiansiion aNd foueoff Tefers to the transition frequency between different regions. (f) Snapshots for rolling motion of a
tubular microrobot under rotating magnetic field of 25 Hz. Red arrows indicate the moving direction. Scale bars are 100 pm. (g) Snapshots for tumbling motion of a tubular
microrobot under rotating magnetic field of 55 Hz. Blue arrows indicate the tumbling direction. Scale bars are 100 pm.

ing the red and yellow points with black lines, the phase diagram
is divided into three distinct areas referring to rolling (red), tum-
bling (orange), and stop (blue). It clearly shows that the transi-
tion frequency and cut-off frequency increase with the magnetic
field strength, which can be attributed to the increasing propulsion
force brought from the magnetic torque.

We also investigated the effect of the viscosity on the motion
properties of the microrobot when the magnetic field strength is
controlled at 3 mT. Here, the dynamic viscosity of the working so-
lution is altered by the concentration of polyvinyl alcohol (PVA)
(Fig. S3). Similar with the case in the discussion of the magnetic
field, the rotation frequency and velocity of the microrobot in-
crease first as it moves in rolling mode and then decrease for
the tumbling motion (Fig. 2d and e). Drop of the velocity exists
when the field frequency is close to the transition frequency due to
the asynchronous rotational motion. In addition, the transition fre-
quency and cut-off frequency decrease with the increase of the vis-
cosity due to the increasing drag force (Fig. 2f). In a word, the lo-
comotion of the tubular microrobot is modulated by rotating mag-

netic field frequency, strength and liquid viscosity, implying that
the tubular microrobots have the potential to detect the change of
viscosity and external magnetic field.

Except from the effect of external stimuli, the motion of the
magnetic microrobot is also influenced by its geometric param-
eters as the structure will affect the magnetic torque and drag
force. Here, tubular microrobots in different lengths and diame-
ters were fabricated for investigation (Fig. 3). It can be seen that
the microrobots in different geometries all present uniform motion
mode switch related to the rotating magnetic field frequency, indi-
cating that this motion mode switch is a general phenomenon in
our tubular microrobots. The microrobots in different lengths have
slight difference in the rotation frequency and velocity (Fig. 3a and
b). Shorter microrobot moving in rolling mode results in a little bit
higher velocity, which may come from the hydrodynamic interac-
tion among the microrobot, fluid and substrate. The phase diagram
in Fig. 3c shows that the transition frequency decreases slightly
with the increase of length. It indicates that longer tubular micro-
robot tends to facilitate the transition from rolling to tumbling. Be-
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frequency of microrobot. (b) Velocity related to the magnetic field frequency under different magnetic field strengths. Dashed circles refer to the tumbling motion mode. (c)
Phase diagram showing the dependence of motion modes on the magnetic field. (d) Dependence of rotation frequency of the microrobot on the frequency of magnetic field
in the different viscosity environments. (e) Velocity related to the magnetic field frequency in different viscosity environments. (f) Phase diagram showing the dependence
of motion modes on the viscosity.
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sides, there is no obvious difference found in the cut-off frequency. rection) through simulation. The friction and pressure at different
With respect to the diameter of the tubular microrobot, an upward point on the microtube surface, which is signed by central angle
trend of transition and cut-off frequencies with the increase of di- is calculated in Fig. 4a. It can be seen that obvious pressure and
ameter is observed (Fig. 3d-f). friction generated around 90°, corresponding to the bottom point

of microtube. It also reflects that the pressure hinders the micro-
tube to move forward, while the friction provides the propulsion
force. Therefore, the translational motion of rolling microtube can
be attributed to the friction generated from the hydrodynamic in-
teraction between microtube and bottom substrate. To better un-

2.3. Mechanisms of motion mode switch

To figure out the reason of net locomotion near a substrate,
we investigated the total force along the horizontal direction (x di-
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Fig. 4. Mechanism of self-propulsion and motion mode switch due to fluid friction, magnetization state and drag force. (a) The fluid friction and pressure applied on the
rolling microrobot related to the central angle. Inset depicts the model that rolling microrobot above the surface generates translational motion due to the competition
between friction (Fg) and pressure (Fy). (b) Dependence of friction and pressure in x axis with the distance to substrate. (c) Total force in x axis as a function of the
distance to substrate. (d) Magnetic hysteresis loops of the ferromagnetic microtube. Red curve illustrates the hysteresis curve perpendicular (90°) to the longitudinal axis
of the tubular symmetry, and blue curve illustrates the hysteresis curve parallel (0°) to the longitudinal axis of the tubular symmetry. The inset in the bottom right corner
shows the definition of measured degree. The inset in the top left corner shows the hysteresis loops up to the magnetic strength of 5 mT. (e) Magnetization states of the
tubular microrobot under circumstances including demagnetized, rolling, and tumbling state. (f) Calculated drag force of the microrobot. The viscosity and magnetic field
amplitude are set as 1.2689 mPaes and 3 mT, respectively. The insets schematically show the rolling and tumbling motion under the rotating magnetic field. (g) Calculated
maximum drag force at rolling and tumbling modes in the fluid with different viscosities. (h) Calculated maximum drag force at rolling and tumbling modes under varied
magnetic field strength. (i) Calculated maximum drag force at rolling and tumbling modes for the microrobots with different diameters (length, ca. 125 pm). (j) Calculated
maximum drag force at rolling and tumbling modes for the microrobots with different lengths (diameter, ca. 47 pm).

derstand the role of distance between microtube and substrate sur-
face, Fig. 4b and c present the pressure, friction and total force in x
direction related to the distance. It reveals that both pressure and
force dramatically decrease with increasing distance, which leads
to the decrease of total force. As the distance increases further, the
friction and pressure could approach to zero (Fig. S4). And with-
out a substrate, the microtube only rotates without net translation,
together with a different motion mode switch manner (Fig. S5).
The simulation results indicate that the effect of total force includ-
ing friction and drag force makes the rolling microrobot with sym-
metrical structure obtain net locomotion in the low Reynolds (Re)
number fluid.

In order to reveal the reason for the rolling and tumbling mo-
tion of the microrobot, we measured the magnetic hysteresis loop
of the tubular microrobot in longitudinal axis (0°) and radial di-
rection (90°) (Fig. 4d). The hysteresis loop measured along the ra-
dial direction shows a little larger remanence and coercive field
than that along the longitudinal direction which is verified by the
hysteresis loops up to the strength of 5 mT (inset in the top left
corner of Fig. 4d), indicating circular magnetic easy axis of the
magnetic microtube, which is similar to the previous work [39].
Based on the magnetic hysteresis loops, the magnetization of tubu-
lar microrobot is proposed to be circular configuration at demagne-

tized state (left image of Fig. 4e), which was also reported in other
tubular magnetic architectures [39,40]. The permalloy (NiggFeqq)
exhibits a negative magnetostriction constant [41] that imparts
strain-induced anisotropy to the rolled-up microtube. As the fre-
quency of rotating magnetic field changes, the tubular microrobot
exhibits anisotropic magnetized status. At low rotation frequency,
the circular magnetization of the tubular microrobot tends to be
easily aligned to the direction of the rotating magnetic field, result-
ing in effective magnetic moments aligning to radial axis (middle
image of Fig. 4e), namely radially magnetized state. Therefore, the
magnetic torque provided by the rotating magnetic field drives the
tubular microrobot to rotate horizontally around its longitudinal
axis, which leads to the rolling behavior. However, after the motion
of tubular microrobot enters into asynchronous region, the hydro-
dynamic interaction between microrobot and fluid becomes signif-
icant and the microrobot switches into tumbling motion. Thereby,
the magnetized state changes to longitudinal one and the effec-
tive magnetic moments parallel to the longitudinal axis of the mi-
crotube (right image of Fig. 4e) enable the continuous tumbling
motion driven by the rotating magnetic field. Similar rolling and
tumbling motion are also observed in a peanut-shaped micromo-
tor with permanent magnetic moment vertical to the long axis of
peanut colloid under the control of rotating magnetic field [42].
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They also presented an interesting wobbling motion using a con-
ical rotating magnetic field. Since the tubular microrobot can be
radially magnetized under rotating magnetic field, similar as the
magnetization direction of peanut colloid motor, it is believed that
the tubular microrobot could also display stable wobbling motion
under a conical rotating magnetic field which needs further study.

Furthermore, we estimated the drag force applied on the mi-
crorobot in the two motion modes to analyze the reason for the
orientation of the tubular microrobot. In low Re number fluid with
neglected inertial force, rotating magnetic field supplies the power
for the motion of microrobot with considerable dissipated energy.
And the microrobot exposed to rotating magnetic field is subjected
to a balanced drag force. Based on this consideration, the drag
force applied on the microrobot in rolling and tumbling motion
was calculated as shown in Fig. 4f for a representative instance.
In the rolling region, the drag force increases linearly with the
increase of angular speed and reaches a maximum value of ca.
2.5 x 10710 N (red arrow in Fig. 4f). In the meantime, in the tum-
bling region, the drag force decreases with the decrease of angular
speed, showing a maximum drag force of ca. 1.9 x 1010 N (blue
arrow in Fig. 4f). The difference of the maximum drag force ex-
erted on the microrobot in rolling and tumbling motion may drive
the orientation of microrobot from rolling to tumbling as the mi-
crorobot’s motion gets into asynchronous region.

The maximum drag forces in rolling (Fr) and tumbling (Fpy)
motion are compared and analyzed related to different environ-
mental and geometric parameters (Fig. S6). As the viscosity grows,
the maximum drag force increases accordingly both for rolling
and tumbling modes (Fig. 4g), and the force for rolling is higher
than the one for tumbling. Additionally, the difference of the max-
imum drag forces between rolling and tumbling modes, defined
as AFy = Eq — e, reflects the difficulty of motion mode transi-
tion from rolling to tumbling. A lower difference in force requires
a lower angular speed for transition. Thus, a lower transition fre-
quency firansition 1S Obtained in high viscosity environment. In con-
trast, the force difference AF;, tends to increase with rising mag-
netic field strength (Fig. 4h), leading to a higher transition fre-
quency fiansition- Regarding the case in geometric parameters, dis-
crepancy of maximum drag forces AF, tends to grow with a mi-
crorobot in larger diameter and smaller length (Fig. 4i and j). As a
result, higher transition frequency fiansition 1S Needed for a plump
microrobot. Although the microrobot together with low Re fluid is
a complicated energy-dissipated system, the drag force is crucial to
the switchable behavior of the motion and it is clarified that the
discrepancy of drag force at different motion modes contributes to
the orientation of the tubular microrobots. In previous literature,
the tumbling motion of a slender body nanopropeller is observed
at low Re numbers and is switched to propulsion motion at high
frequency. The motion switch is mainly ascribed to the effect of
thermal fluctuation [43]. However, in our system, the effect of ther-
mal fluctuation on the microscale tubular robot can be neglected,
resulting in a different moving manner.

2.4. . Adaptive locomotion

Similar with the Escherichia coli that switches its motion from
swimming to tumbling to adapt to the surrounding after stimuli,
the tubular microrobot with the switchable motion modes from
rolling to tumbling shows enhanced adaptive ability to overcome
vertical obstacles (Fig. 5a). The adaptive ability was tested using an
artificial obstacle with a height of ca. 100 um (Fig. 5b and Movie
S3). At rolling motion mode, the tubular microrobot is hindered
by the obstacle. When increasing the rotation frequency of mag-
netic field, the microrobot transforms motion behavior into tum-
bling mode and thereby crosses the obstacle successfully. As the
tubular microrobot switches into tumbling motion near an obsta-
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cle, the place of upper half of the tube could mechanically touch
the edge of obstacle. With the friction and drag force, the tubular
microrobot crosses the obstacle and obtains net locomotion in the
fluid. Hence, we experimentally demonstrate the ability in cross-
ing obstacle using the tubular microrobot with switchable motion
modes under the remote control of magnetic field.

It is noticed that there exists a certain distance between the
rolling microrobot and the wall as the microrobot stops moving
forward. This phenomenon reflects that the resistance for transla-
tional moving comes from hydrodynamic interaction between mi-
crorobot and wall rather than solid contact. A 2D model with fi-
nite element method (FEM) was carried out to distinguish the hy-
drodynamic difference in different moving manners (Fig. S7). Here,
the rotation frequency in rolling manner was set as 50 Hz, while
the one in tumbling manner was set as 2 Hz according to the ex-
periment results. The fluid field around the rotational microrobot
is much stronger than the one around the tumbling microrobot
(Fig. 5¢). In the meantime, the confinement of wall leads to a local-
ized area of high fluid pressure applied on the microrobot, as the
rotational microrobot suffers from higher pressure compared with
the tumbling one (Fig. 5d). Therefore, the total force applied on
the microrobot is dependent on the moving manners of the micro-
robot and the distance between microrobot and wall (Figs. 5e and
S8). We focus on the force in x direction, which denotes the drag
force applied on the microrobot directly influencing its motion. It
is observed that the drag force applied on rotational microrobot in-
creases with smaller distance from the wall, and it increases dra-
matically as the distance reaches less than 50 um (Fig. 5e). But
the force applied on a tumbling microrobot is dependent on its
current tumbling states (Fig. S9). Still, it can be concluded that
the drag force applied on a rotational microrobot is larger than
a tumbling one under the same rotation frequency. Besides, the
drag force decreases as the rotation frequency gets lower. Consider-
ing that the tumbling motion appears in the asynchronous region
where the rotation frequency falls far behind the magnetic field
rotation frequency, the drag force becomes smaller significantly as
the motion mode changes from rolling into tumbling. Therefore,
the microrobot can move close to and overcome the vertical bar-
rier with proper alteration in magnetic field rotation frequency. In
the biomedical area, such as in vessel or intestinal tract with rough
terrain which will obstruct the motion of microrobots, this kind of
magnetic microrobots with switchable motion modes has signifi-
cant advantage in negotiating the unstructured surfaces with com-
plex terrains.

2.4. Microfluidic manipulation

In the fluid environment, hydrodynamic interaction around a
rotating object results in local microvortex. The potential of micro-
robot is expanded in microfluidic field taking advantage of induced
microvortex [44]. Interestingly, benefiting from the switchable mo-
tion modes, the tubular microrobots can tune the local microvortex
sharply in a short period (Fig. 6a). In our experiment, polystyrene
(PS) microspheres with average diameter of 5 um were dispersed
in the working solution to trace the microvortex around the mi-
crorobot. It is clearly shown that many particles moving around
the microrobots and confined in a limited area (Movies S4 and
S5). Then we utilized a grayscale background subtraction analy-
sis to clarify the particles that move together with the microrobot
(second row of Fig. 6a). The white spots depict the particles that
doesn’t present in their original location, so they are moving to-
gether with the microrobots. Therefore, the edge of the spot clus-
ter, as outlined by red dashed curves, represents the distribution
of local microvortex. It can be found that the area of microvortex
induced by microrobot in rolling mode increases with the rising
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Fig. 5. Adaptive locomotion for obstacle-crossing based on the motion mode switch. (a) Schematic sketch illustrating the motion design for crossing obstacle. (b) Sequential
optical images of the microrobot crossing the obstacle with the height of ca. 100 ym. Scale bars are 100 pm. (c) Fluid field generated by the microrobot in rolling (50 Hz)
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rotation frequency. And it is much larger than the one induced by
microrobot in tumbling mode.

Furthermore, we performed finite element method (FEM) to
simulate the fluid flow distribution around the rolling and tum-
bling microrobot (third row in Fig. 6a). It presents similar fluid
flow as the experimental results, reflecting that the microvortex is
ascribed to the hydrodynamic interaction between rotating micro-
robot and solid glass substrate. White dashed curve in simulation
results is the contour where relative horizontal velocity of fluid
equals zero, which means the fluid moving together with micro-
robot at the same speed. This can be regarded as the edge of the
vortex. To further elucidate the vortex area related to the motion
of microrobot, Fig. 6b gives normalized vortex length of the micro-
robots in different motion behaviors. The vortex length is defined
as the horizontal distance between the edge of vortex and the cen-
ter of the microrobot. It is concluded that both experimental and
simulation results have the same tendency that the vortex area
rises with faster rotation speed, and it becomes much smaller as
the microrobot’s motion changes from rolling into tumbling mode.

With tunable vortex area, the tubular microrobot is designed
to capture, transport and release microparticles. As sketched in
Fig. 6¢, the microparticle is captured by the vortex generated by
the rolling motion, followed by translating along with the rota-
tional microrobot. And then, the microparticle is released as the
motion mode of the microrobot is switched into tumbling one.
Fig. 6d evidently shows the processes of capturing and transport-
ing microparticle by the tubular microrobot (Movie S6). The PS mi-
crosphere is captured around one end of tubular structure by the
rotational microrobot, and travels a distance as the microrobot rolls
forward. It is found that the velocity of the trapped microparticle

declines exponentially with the increase of the distance to the cen-
ter of microrobot (Fig. S10). When changing the motion mode of
the microrobot from rolling to tumbling via simply adjusting the
rotation frequency of magnetic field, the microparticle is left be-
hind by the tumbling microrobot (Fig. 6e and Movie S7). Therefore,
we demonstrate that the tubular microrobot with switchable mo-
tion modes has the capability in versatile transport and release ap-
plications through altering microvortex. It is also noteworthy that
other function can be extended by the switchable motion modes
and the hollow structure of the rolled-up microrobot also can be
filled with drug gels for cargo transporting.

3. Conclusion

In conclusion, we propose a kind of anisotropic magnetized
tubular microrobots, which is fabricated using nanomembrane de-
position methods and assembled via microdroplet-assisted lift-
off method. The rolled-up microrobot immersed in viscous fluid
and under control of rotating magnetic field exhibits anisotropic
magnetized status and shows switchable motion modes between
rolling and tumbling, subject to a threshold frequency of out-of-
plane rotating magnetic field. The amplitude of magnetic field,
viscosity of solution and size of tubular microrobot play impor-
tant roles in the motion mode switch properties. Rolling motion
is mainly ascribed to the circular magnetic easy axis of the tubular
structures and the net locomotion obtained by the rolling motion
of the tubular microrobot can be ascribed to the competition be-
tween friction and pressure from the fluid with the existence of
substrate. And the motion switching from rolling to tumbling is
closely related to the discrepancy of drag force exerted on the mi-
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Fig. 6. Microfluidic manipulation in cargo transporting and releasing due to the tunable local microvortex of tubular microrobots with switchable motion modes. (a) Local
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horizontal distance between the edge of the vortex area to the center of microrobot. (c) Schematically showing the processes of capturing and releasing particles via the
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crorobot at rolling and tumbling. The anisotropic magnetized mi-
crorobot with motion switch behavior has the adaptive capability
in crossing vertical obstacles on the surface due to the decreased
drag force. Moreover, the rolling and tumbling motion modes gen-
erate different local microvortices due to the hydrodynamic inter-
action between microrobot and solid surface, which is further con-
firmed by numerical simulation. Using the microrobot with switch-
able motion modes, the microfluidic manipulation through tunable
microvortex is applied in capturing, transporting and releasing mi-
croparticles. We expect that this kind of tubular microrobots opens
up new possibilities serving as micropump and microroller in the
manipulation of microfluid. And the tubular microrobot can act
as drug delivery microtool via filling the hollow cavity with drug
loaded gels. This work may also inspire the research focusing on
the switchable motion modes of microrobots and functionality ex-
tension induced by different motion modes.

4. Materials and methods
4.1. Fabrication of tubular microrobot

The fabrication method is reported in our previous work as il-
lustrated in Fig. S1 [34]. Glass slide covered by a shadow mask
with rectangular pores was used as the substrate. Silver (Ag), sili-
con (Si) and permalloy (NiggFe;q) were deposited successively onto

the substrate by electron beam evaporator (TSV70, Tenstar). The
deposition thickness was tuned as 60 nm for each layer. And the
deposition speeds of Ag, Si and NiggFe;o layers were set as 0.7-
2.0 A s1,05-15 A s~! and 0.3-3.0 A s~1, respectively. After de-
position, the 2D nanomembranes were rolled-up into tubular mi-
crostructures via self-delamination, which was triggered by one
microdroplet of alcohol through a tiny capillary tube with a diam-
eter of several microns.

4.2. Material characterization

The optical morphology of the microtube was conducted on
the microscope (Olympus BX51). The high-resolution morphologies
were observed by scanning electron microscope (SEM, Zeiss Sigma
300) at 5 kV. The superconducting quantum interference device
(SQUID) magnetometer (Quantum Design MPMS) was used to mea-
sure the hysteresis loops of the magnetic microtube radially and
longitudinally.

4.3. Motion investigation

The working solution for the motion investigation of the micro-
robots was prepared using water solution containing different con-
centrations of polyvinyl alcohol (PVA) (0, 1.0, 2.0, 3.0 and 5.0 wt.%).
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The surfactant as sodium dodecyl sulfate (SDS) (0.5 wt.%) was also
added into the solution.

The working solution was added onto a clean glass substrate.
Then, the tubular microrobot was transferred into the working so-
lution. The motion of the microrobots was controlled by a ro-
tating magnetic field, which was generated by orthogonally 3-
dimentional couples of Helmholtz coils. And the motion process
was recorded by high speed CCD camera connected with an optical
microscope (Olympus IX73). The velocity and rotation frequency of
the microrobots were analyzed via Image] software. The grayscale
background subtraction analysis of spreading particles was carried
out by Adobe Photoshop.

4.4. Drag force calculation

The drag force exerted on the microrobot is proportional to the
instantaneous velocity of fluid if we focus on the rotational mo-
tion of the tubular microrobot regardless of the hydrodynamic in-
teraction between the microrobot and the surface. For simple as-
sumption, the absolute value of drag force exerted on the tubular
microrobot with characteristic size L can be expressed as [45,46]:

F = kLnv (1)

where k represents the friction coefficient, n denotes the dynamic
viscosity of fluid, and v denotes the instantaneous velocity by
virtue of rotational motion. It is noted that the instantaneous ve-
locity can be described as v = wWR at the surface of the rotational
microrobot, where w and R denote the instantaneous angular ve-
locity and the distance to the microrobot’s center, respectively.

Herein, we simplify the tubular microrobot as a closed cylinder
for the estimation of drag force. Considering the anisotropy of the
friction coefficient of a closed cylinder, the friction coefficients of k;
at rolling and k; at tumbling for a tubular microrobot with length
(L) and diameter (D) can be described as [47-50].
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Then, the drag force at rolling motion (F;) and tumbling motion
(Ft) can be estimated as:

F = %eran (4)

F= %kthna) (5)

Using Egs. (2)-(5), the drag force was calculated based on the
average angular speed of the tubular microrobot.

4.5. Fluid simulation

The simulation of fluid flow during microrobot’s motion was
conducted on COMSOL Multiphysics. To find out the friction and
pressure applied on a microrobot near a surface, 2D model with
laminar flow interface was applied. Here, the rotating frequency
was set as 50 Hz. The translational velocity was zero as we focused
on the force generation due to the rotating motion. The pressure
and friction were plotted and integrated by outputting the data of
pressure and viscous force in COMSOL. And total force came from
the data of total traction.
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To analyze the hydrodynamic interaction between microrobot
and a vertical wall, 2D model with laminar flow interface was ap-
plied (Fig. S7). The distance between microrobot and bottom sub-
strate was set as 400 nm according to the calculated estimation
(Details can be found in supplementary information) [51,52]. The
translational velocity of microrobot was set as zero, as we assume
that the translational motion of microrobot is hindered by the wall.
The velocity of the microrobot edge was determined by the angu-
lar speed and the distance from the microrobot center. To obtain
the force acting on the microrobot, the x or y component of the
stress on the microrobot edge was firstly integrated and then times
the microrobot length in z direction. The microrobot length in z di-
rection was estimated as the tube length when moving in rolling
manner, and the tube diameter when moving in tumbling manner.

As for the simulation of fluid flow surrounding the tubular mi-
crorobot in 3D space, the laminar flow interface of rotating ma-
chinery was chosen. Tubular microrobot with length in 110 um
and diameter in 50 um was placed at the bottom of fluid area. And
the distance between microrobot and bottom substrate was set as
10 um to obtain better convergence. For microrobots in rolling and
tumbling behavior, the velocity of inlet was set as the translational
velocity and the rotation frequency of rotating domain was set ac-
cording to the angular speed of microrobot, which are obtained
from the experiments. Using Frozen Rotor Study, we simulated the
fluid distribution under the stationary rotation of microrobot.
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