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The function of biological systems is inherently limited 
by fundamental physical laws1,2. Cells rely on diffusion to 
distribute materials at the microscale, but larger organ-

isms must evoke active transport mechanisms that bridge the 
diffusive and convective scales, while overcoming viscous dis-
sipation and non-equilibrium effects3,4. A particularly efficient 
transport mechanism that evolved subject to these constraints 
is the self-organized motion of molecular motor proteins along 
cytoskeletal microfibres5,6 (Fig. 1a). For example, kinesins can 
walk along microtubules to drag neurotransmitter vesicles across 
nerve cells millions of times their own size7. To achieve this active 
transport reliably over long distances, each kinesin motor has 
two binding groups connected with a flexible joint that can alter-
nately bind and walk on the microtubules using energy from ATP 
hydrolysis7. Their speed (up to about 100 body lengths per second) 
depends not only on the energy provided (ATP concentration) but 
also on physical properties, as their architecture must withstand 
the large Stokesian drag forces7. This cargo haulage can also drive 
cytoplasmic streaming by hydrodynamic entrainment, enhancing 
the intracellular transport further8. Recent advances have enabled 
the design of engineered molecular motors9,10 and artificial 
microtubules in the context of self-assembled machines11–13, but 
microrobotic transport along microfilaments (Fig. 1b–d) remains 
unexplored despite its natural primacy.

Microrobotic delivery technologies are developing rapidly, each 
with advantages and inherent limitations. Mobile microrobots can 
propel and navigate in viscous liquid environments, which hold 
potential for minimally invasive surgery and precision drug deliv-
ery inside the human body14–18. However, delivering microcargoes 
remains challenging owing to their relatively low speed, difficult 
navigation, and dispersal in complex and dynamic flow environ-
ments19–24. Existing methods for microrobotic delivery require 
high-resolution spatiotemporal tracking with limited capability to 

compensate for environmental disturbances, hindering their poten-
tial impact in biomedical applications25–28. Tubular medical cathe-
ters are widely used for delivering drugs in medicine, and functional 
microrobot suspensions can be pumped through the inner lumen 
and delivered to the tip position29. However, catheters are not eas-
ily miniaturized to the micrometre scale, and the required pump-
ing pressure increases rapidly with a decreasing inner diameter 
(Δp ∝ 1/R4) based on the Hagen–Poiseuille equation. As a result, it is 
prohibitively difficult to deliver sufficient amounts of drugs through 
micrometre-sized capillary tubes.

Design and function of artificial microtubules
Inspired by cytoskeletal transport, we present a strategy to con-
vey magnetic microcargoes using structured magnetic microfibres 
(Fig. 1b), which we called artificial microtubules (AMTs). They are 
about an order of magnitude thinner than 25 gauge (G25) needles 
(Fig. 1c) so they can deliver cargo much more accurately (Fig. 
1d). Unlike moving inside tube-shaped catheters, the magnetic 
microcargoes actively propel along the outside of the AMTs (Fig. 
2a,b and Supplementary Video 1). This is achieved by embedding 
a one-dimensional array of magnetic plates (nickel, with 50 μm 
height, 40 μm width and 15 μm length, and periodicity 90 μm) 
inside a non-magnetic fibre (SU-8, with 50 μm height, 80 μm width 
and 20 mm length) using photolithography and electroplating pro-
cesses (Extended Data Fig. 1 and ‘Fabrication of artificial microtu-
bules’ in Methods). These embedded nickel plates, which we call 
stepping stones, have a low magnetic coercivity (Extended Data Fig. 
2), such that they can be magnetized dynamically by an external 
rotating magnetic field. Consequently, they generate large local 
magnetic-field gradients (Fig. 2c) on the surface of the structured 
fibre, providing anchoring points for the walking magnetic micro-
robots to mitigate dispersal by external flows or fluctuations with-
out being limited by the Hagen–Poiseuille law.
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We first investigated the transport capabilities of the AMTs using 
a magnetic microrod cargo (nickel, 15 μm width, 90 μm length and 
8 μm thickness) in a highly viscous Newtonian liquid (99% glycerol, 
viscosity 1.15 Pa s). Under a slowly rotating magnetic field B (10 mT, 
0.5 Hz in the x–y plane), the long axis of the microrod was aligned 
and rotated in synchrony with the external magnetic field, as depicted 
in Fig. 2a,b. Unlike existing mobile microrobots (for example, sur-
face rollers and helical microswimmers), the walkers do not rely on 
Stokesian hydrodynamic interactions to propel forwards. Instead, the 
large magnetic-field gradient close to each stepping stone induces a 
strong attractive force that provides traction to the microrods, akin 
to molecular motor binding sites (Fig. 2c). As a result, the microrod 
pivots around the anchoring points and rapidly propels forwards, 
because it does not slip on the surface (Fig. 2a,b). The microtubule 
also enhances microrod propulsion. When the magnetic field is par-
allel to the microtubule, a negative field gradient is generated at the 
anchoring points such that the microrods are repelled, helping them 
to release and move to the next anchoring point (Supplementary 
Video 1). This stepwise walking behaviour is particularly efficient, 
allowing speeds of up to two body lengths per rotation period, which 
is more than an order of magnitude faster than flexible and helical 
microswimmers and surface walkers (Fig. 3c).

We studied the dynamic transport of the same magnetic micro-
rod at different frequencies by tracking its orientation and central 
position (Fig. 2d). At low frequencies (f = 0.5 Hz), the microrod 
synchronized with the external magnetic field and moved forwards 
using anchoring points (two steps per rotation). Its centre traced out 
trajectories of semicircles, showing a strong position and orientation 
correlation (Fig. 2e and Extended Data Fig. 5). At a higher frequency 
(f = 2 Hz), although the microrod was still rotationally synchronized, 
it could no longer maintain the translational pace (<2 steps per rota-
tion) owing to increased translational drag force. This can be seen 
from the pink-to-yellow colour transition periodicity in Fig. 2f, with 
the centre drawing a flatter line. This translational asynchronized 
behaviour is referred to as ‘slip-out’, which comparable to the widely 
used rotational ‘step-out’ behaviour in rotational asynchronization. 
At even higher frequencies (f = 4 Hz; Fig. 2g), the microrod was 
both rotationally and translationally asynchronized, which further 
decreased the translational speed (Supplementary Video 2).

Quantification of transport velocities
To understand the frequency-dependent coupling between trans-
lation and rotation, we systematically tested the locomotion speed 
of the microrods in the same viscous liquid (99% glycerol) using 
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NATurE MAcHiNE iNTElliGENcE | VOL 4 | AUGUST 2022 | 678–684 | www.nature.com/natmachintell 679

http://www.nature.com/natmachintell


Articles NATurE MACHINE INTEllIgENCE

different magnetic-field strengths (B = 5 mT, 10 mT and 20 mT) and 
different frequencies ranging from 0.1 Hz to 30 Hz. The measured 
velocities are shown in Fig. 3a. As expected, we see that larger fre-
quencies and stronger magnetic fields result in much faster veloci-
ties (Supplementary Video 3). Speeds of up to 1,200 μm s−1 were 
achieved, despite the viscosity being 103 times larger than water. 
However, these curves feature a maximum, where higher frequen-
cies lead to lower speeds. To understand this dynamic behaviour, 

we defined a non-dimensionalized number, Z = v/fL, the number of 
body lengths the microrod travels per rotation, where v is the trans-
lational speed, f is the frequency of the external rotating magnetic 
field and L is the length of the microrod. We then plotted the same 
results in terms of Z in Fig. 3b. Two distinct regimes were observed. 
At low frequencies, the number of steps per rotation remained 
constant at Z = 2. After a critical slip-out frequency, the Z value 
decreased below 2 with increasing frequency. We developed a model 
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to explain the slip-out behaviour (Supplementary Information and 
Extended Data Fig. 3), predicting the optimal frequency. In Fig. 3b, 
the model results are shown as dashed lines for the different field 
strengths, which agree well with the experiments. Importantly, com-
pared with existing magnetic microrobots (helical swimmers, flex-
ible swimmers and surface rollers), our microrod has a remarkably 
higher Z value on the AMTs under the same magnetic actuation 
conditions (Fig. 3c). The strong magnetic interactions between the 
AMTs and the microrod allow for unseen high-speed transport at 
the microscale, identical to the highways formed by natural micro-
tubules. In lower-viscosity media comparable to water, the slip-out 
frequency increases, allowing for even faster transport.

locomotion and tethering under external flow
Even under strong external fluid flow, the AMTs are capable of hold-
ing magnetic particles in position and transporting them against 
the flow (Supplementary Video 4). Using the set-up depicted in Fig. 
4a, we applied an externally driven flow in the x direction, parallel 
to the microtubule, which itself was fixed on the silicon substrate. 
Under a static magnetic field (10 mT in the y direction), the micro-
rods were able to resist the flow by magnetically anchoring onto a 
stepping stone (Fig. 4b). We demonstrated that the anchor is robust 
to strong flows of 80 μl s−1, which corresponds to a local flow veloc-
ity of vf ≈ 1,000 μm s−1, even when using 99% glycerol, giving a large 
hydrodynamic drag.

When a rotating magnetic field (10 mT in the x–y plane) was 
applied, the microrods were still able to walk up and down the AMT 
despite the flow (Fig. 4c). When moving against the flow, the micro-
rods suffer an additional translational drag force that slows their 
locomotion. Similar to the stalling force of a molecular motor7, we 
identified a stalling flow rate where the speed of the microrod is zero 
when vf ≈ 190 μm s−1. To more deeply understand this, we modified 
our theoretical model to account for the external flow (see ‘Dynamics 
under the external flow’ in Supplementary Information). Here we 
showed that the dynamics can be predicted in terms of a critical 
flow velocity, v∗f , which depends on the magnetic-field strength and 

frequency (marked in Fig. 4c). In weak flow, the microrobots move 
with a constant speed, unperturbed and robustly over a broad range 
of flows, with Z = 2 when vf < v∗f . In counterflows stronger than v∗f , 
the particles slow down because their Z value decreases, until they 
are eventually advected downstream, as expected. Interestingly, this 
asymmetric response to positive and negative flows can be used to 
develop a diode functionality, where oscillatory flows lead to net 
microrobot motion in one direction.

Self-assembly and collective motion of microparticles
Finally, we observed the self-assembly and subsequent collective 
motion of microparticles along the AMT (Fig. 5). Instead of micro-
rods, we considered superparamagnetic composite microparticles 
(polystyrene with embedded Fe3O4 nanoparticles, average diameter 
10 μm). By applying an external magnetic field (20 mT rotating in 
the x–y plane), the particles were attracted to the stepping stones 
owing to the local magnetic-field gradient, and assembled into clus-
ters (Fig. 5b, left, and Supplementary Video 5). This assembly pro-
cess gradually attracted all nearby particles and accumulated them 
close to the AMT. Then, on reaching a critical size, the clusters 
became motile (Fig. 5b, right, and Supplementary Video 5). This 
collective motion is inherently related to the local particle density; 
sparse clusters remain bound to their assembly site (Fig. 5c, faint 
vertical lines), while dense clusters are able to bridge from one step-
ping stone to the next (Fig. 5c, bright diagonal lines). This effect is 
partially attributed to magnetic interactions, but also hydrodynamic 
interactions, where the flow generated by one forced particle can 
also push the next particle forwards. Figure 5d quantifies this transi-
tion from non-motile individual particles to propelling active clus-
ters, showing a critical density around 200 (relative particle density). 
Moreover, as shown in Extended Data Fig. 8c and Supplementary 
Video 6, the assemblies have a higher speed with higher local con-
centration (Z = 2), while smaller clusters have a lower speed (Z = 1). 
Overall, the collective motion provides a shared functionality, 
because it minimizes the drag force per microparticle. To conclude, 
we demonstrate targeted delivery of numerous microparticles in a 
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microfluidic network (Fig. 5e and Supplementary Video 7). First, 
the AMT is guided into the fluidic branch close to the target. After 
applying the rotating magnetic field, clusters of microparticles are 
continuously propelled along the AMT and accumulated at the tar-
get site at a high concentration.

Discussion
AMTs provide a bioinspired strategy for fast, confined and guided 
transport of magnetic microcargoes in complex physiological con-
ditions. They overcome the intrinsic limitations of tubular cath-
eters and freely swimming microrobots, opening up opportunities 
for robust and precise cargo delivery30–33. In the future, they can 
be combined with existing technologies; an AMT can be guided 
out of a microcatheter so that narrower microvascular chan-
nels can be reached. In addition, microswimmers can be guided 
along AMTs before swimming the last stretch independently. 
Our design can be implemented at different scales to match the 
cargo dimensions for different application scenarios, including 
drug delivery14,15,18, magnetic tweezers34,35, lab-on-a-chip applica-
tions36,37 and reconstituted cytoplasmic streaming38. Besides trans-
port, AMTs can offer a method for separating microparticles by 
size, because the particles must be large enough to bridge between 
the embedded stepping stones, which may be useful in confine-
ment geometries where gravitational separation is difficult. By 
introducing a gradient in the stepping stone separations, a broad 
range of particle sizes can be separated simultaneously. Similarly, 
one can assemble clusters of microparticles of a specific size, using 
the strong local magnetic-field gradients produced by the AMTs 
for high-throughput processing of composite microparticles39. 
This system may also shed light on collective particle transport 

on biological microtubules. As predicted by Malgaretti et al.40,41, 
molecular motors speed up significantly at high densities because 
of hydrodynamic coupling. We now provide experimental evi-
dence of this, where the microparticles indeed move faster along 
the AMTs at high densities. This principle of collective drag reduc-
tion will probably be important for the optimization of numerous 
microbiological pathways for intracellular transport.

Methods
Fabrication of artificial microtubules. The AMTs were fabricated using a 
photolithography-based microfabrication process on four-inch silicon wafers. A 
schematic illustration of the complete fabrication process is shown in Extended 
Data Fig. 1a.

There were four main subprocesses in the fabrication of the AMTs. First, a 
400 nm silicon dioxide layer was grown on the silicon wafer through wet oxidation. 
This layer was removed at the very end of the process to release the samples (steps 
1 and 2 in Extended Data Fig. 1a).

Second, we patterned a conductive seed layer for electroplating nickel plates 
(steps 3–5 in Extended Data Fig. 1a). To pattern this seed layer, we first spin 
coated (2,500 rpm for 30 s) a thin layer of negative photoresist (AZ nLOF 2070), 
baked for 2 min at 100 °C, exposed to an ultraviolet lamp (4.4 mW cm−2 at 365 nm 
wavelength for 43 s) through a printed film mask (JD Photo Data), developed 
with alkaline developer (2.38% tetramethylammonium hydroxide solution), and 
rinsed with deionized water. After drying, 10 nm titanium and 200 nm gold were 
deposited on the patterned wafer using thermal evaporation in a vacuum chamber. 
The AZ photoresist was then removed in acetone together with unwarranted 
metal deposition.

The third subprocess was to pattern SU-8 photoresist as the structural material 
of AMTs. We used the processing parameters recommended in the user manual 
of SU-8 3025 (Kayaku Advanced Materials). A spin-coating speed of 600 rpm (for 
60 s) was used to achieve a thickness of 65 μm at the centre. The soft baking time 
was 30 min at 95 °C, and the ultraviolet exposure dose of 250 mJ cm−2 achieved the 
best geometry for the holes where nickel was later deposited. After developing, 
oxygen plasma (Diener plasma asher) was used to clean the sample surface 
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(0.5 mbar, 100 W for 20 min). The wafer was then hard baked (170 °C for 20 min) 
on a hotplate to improve the bonding between the SU-8 and the substrate. A poor 
adhesion of the SU-8 structure can be problematic during electroplating.

The fourth subprocess was to electroplate nickel inside the empty holes in 
the microtubule fibre. The electroplating solution was composed of nickel(II) 
sulfate hexahydrate 300 g l−1 and boric acid 50 g l−1 with deionized water. Before 
the deposition, the samples were immersed in the isopropyl alcohol (IPA) and 
water for 30 s and 5 min, respectively, to dissolve the bubbles that were trapped in 
the holes. Nickel was electrodeposited through an externally controlled current 
source (Autolab Aut83866 potentiostat/galvanostat instrument) at 50 °C with a 
magnetic bar constantly spinning at the bottom of the beaker. A constant current 
(400 A m−2) was applied between a nickel plate (anode) and the wafer (cathode), 
which were placed in parallel inside the electroplating bath. The thickness of 
the nickel was controlled by the electroplating time. In some cases where the 
electroplating time was too short or too long, the holes were not filled or oveplated 
resulting in ‘mushroom like’ structures, as shown in Extended Data Fig. 1b. 
Finally, the silicon dioxide layer was etched by HF solution to release the samples. 
The samples were thoroughly washed, dried and sealed in a sample case to prevent 
oxidation. As in Fig. 1c, an artificial microtubule is displayed with a G25 needle 
(Sterican 25G x 5/8ʹ, Braun).

Fabrication of magnetic microrod. The microrod was fabricated using a similar 
process to that used for the microtubule. First, 10 nm titanium and 200 nm gold 
layers were deposited on a silicon wafer as the seed layer. Then, 10-μm-thick 
photoresist (AZ nLOF 2070) was patterned on the seed layer using a standard 
process. After rinsing with water, the wafer was electroplated with nickel using the 
same set-up as for the AMT. After electroplating, the AZ photoresist was removed 
using acetone. Microrods (15 μm in width, 90 μm in length and 8 μm in thickness) 
were picked off on-demand from the wafer using a microneedle.

Experimental set-up for microrod transport. To test the transport of microrod 
on the AMT, we fixed the microtubule on a clean silicon wafer with epoxy glue. 
The long axis of the nickel plates was oriented parallel to the silicon substrate, 
exposing both ends to the liquid and the microrod during the experiments. 
Considering the strong magnetic interactions between the microrod and the 
AMT, we purposely used 99% glycerol (ABCR, viscosity 1.15 Pa s) as a highly 
viscous Newtonian liquid to ensure that the dynamics were fully disclosed at 
low frequency (<50 Hz). The high viscous drag force on the microrod eases the 
micromanipulation of the microrod, and avoids the use of a high-speed camera to 
track the particle trajectory.

The external rotating magnetic field was applied using an eight-coil 
electromagnetic system (MFG-100, MagnebotiX). A uniform magnetic field was 
applied in the workspace. All experiments were performed at room temperature.

In the experiments where an external-pressure-driven flow was applied (Fig. 
4), we used a different experimental set-up. First, a polydimethylsiloxane (PDMS) 
cover was cured in a precisely machined aluminium mould. After peeling off the 
PDMS cover, the silicon chip was assembled into the PDMS cover and bonded with 
a glass substrate. The height (1 mm) of the microfluidic channel was controlled 
by the step height machined in the aluminium mould. An inlet and outlet were 
punched on the PDMS and connected to flexible vinyl tubes (Masterflex Transfer 
Tubing, 1/16ʹ inner diameter × 1/8ʹ outer diameter) with needles with Luer locks 
(18G, Darwin Microfluidics). The flow was controlled by the syringe pump 
(neMESYS base and low-pressure syringe pump module, CETONI) and a constant 
volumetric flow rate was selected.

Particle tracking. To track the speed and orientation of the microrod, we used the 
Motion-Based Multiple Object Tracking (Computer Vision Toolbox, MATLAB, 
MathWorks). After the moving microrod was detected, the property of the tracked 
object was analysed using the Image Processing Toolbox in MATLAB. Both the 
orientation and central position of the moving microrod were obtained. The 
detailed tracked position and orientation are shown in Extended Data Fig. 4.

Finite element method (FEM) simulations. We used COMSOL Multiphysics 
to study the magnetic flux density generated around the AMT under an external 
magnetic field, as shown in Fig. 2c. Considering the time for magnetization 
(roughly microseconds) is significantly shorter than the rotating period (0.03 s at 
30 Hz), we simulated the magnetic field in static conditions. On the basis of the 
vibrating sample magnetometer (VSM) testing results of the electroplated nickel 
(Extended Data Fig. 2), we assumed that the magnetization was linearly dependent 
on the external magnetic field, with the relative magnetic permeability equal to 23. 
A global uniform magnetic-field strength of 10 mT was applied to the workspace 
in different directions, and the corresponding magnetic flux density (B) maps were 
shown in the x–y cut plane at the middle of the microtubule structure.

We also simulated the flow profile in the set-up in Fig. 4a. A constant flow 
rate was applied through the inlet plane and outlet plane, as shown in Extended 
Data Fig. 6, and 0 Pa was given as a reference pressure on the outlet plane. No-slip 
boundary conditions were implemented for all surfaces. Owing to the high 
viscosity of the glycerol and the small geometry, the flow was quickly developed 
as laminar flow between the two plates. The local flow speed was proportional to 

the externally driven flow rate. We measured the average flow speed next to the 
microtubule where the microrod was walking. The estimated speed was about 
200 μm s−1 at 20 μl s−1, which is very similar to the measured particle drifting speed 
when it is on the ‘slip-mode’ in Extended Data Fig. 7.

Details of the active cluster experiments. We used polystyrene microparticles 
(micromer-M, 08-02-104, Micromod Partikeltechnologie) with embedded 
magnetite nanoparticles (composite particle magnetization 4.8 Am2 kg−1). The 
magnetic microparticles are monodispersed with an average diameter of 10 μm. 
The surfaces of the microparticles are decorated with –COOH groups for good 
dispersity in water solution.

The procedures for the active cluster experiments were similar to those for the 
microrods, with only a few differences. First, the testing medium was water. The 
microparticles were diluted in the deionized water to reach a lower density and 
then applied onto the AMT. Instead of using the silicon substrate, we fixed the 
AMT onto a polymer substrate to prevent unwanted light reflection. We waited 
until most magnetic microparticles sedimented to the bottom, and then started to 
apply a 20 mT uniform magnetic field rotating in the x–y plane. The images in Fig. 
5b are digitally modified to enhance visibility.

In the demonstration of particle delivery in a microfluidic network shown 
in Fig. 5e,f, PDMS (SYLGARD 184, Dow) was moulded on microfabricated 
microfluidic channels. Artificial colour (rhodamine B, R6626-100G, Sigma 
Aldrich) was added to the deionized water. The artificial microtubule is first 
inserted into the targeted location and an in-plane rotating magnetic field at 
20 mT. The same polystyrene microparticles (micromer-M, 08-02-104, Micromod 
Partikeltechnologie) are continuously delivered to the targeted location and 
accumulated there.

Density analysis in the active cluster transport experiments. We studied the 
active clustering dynamics by tracking the particle density in the vicinity of 
the AMT. To evaluate the particle density, we tracked pixel brightness in the 
region from the surface of the AMT to 50 μm off the surface. From this region, 
the magnetic-field gradient generated by the nickel plates was negligible. 
Microparticles were self-assembled into chains, and rotated around their geometric 
centre without translation (Supplementary Video 5). By adding all the pixel 
brightness values along the y direction at each frame, we obtained the density 
evolution diagram along the AMT with time. As shown in Fig. 5c, the tilted strips 
show the transition of the flocking particles along the AMT, while vertical lines 
show that the particles stay at one plate without horizontal transport.

In flock transport, we observed a collective microparticle locomotion, that is, 
the small blob of microparticle assembly tended to stay at the same plate while the 
large blob of microparticle assemblies were able to rotate to the next nickel plate. 
To understand this density-dependent transport, we analysed the data shown in 
Fig. 5c, and analysed the local flock transport speed by tracking density evolution 
within a half rotation cycle (1 s for 0.5 Hz) at each nickel plate. To track the 
particle assembly motion, we identified the peak density position by fitting a sine 
curve with the same periodicity, and assumed the peak of the curve was the flock 
position. Then, we fitted a linear curve of the peak-time plot within a cycle and 
used the slope of the fitted curve as the local flock particle transport speed.

Data availability
All data are available in the main text or the Supplementary Information.

code availability
All the relevant code used to generate the results in this paper and Supplementary 
Information is available upon request.
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Extended Data Fig. 1 | Fabrication process of artificial microtubules. a, Schematic illustration of the microfabrication processes of the AMTs. The details 
of the microfabrication can be found in Methods: Fabrication of AMTs. b, SEM images of the microtubule samples with different electroplating time. Under 
an optimal electroplating time, the nickel plates have the same height as the SU-8 fibre.
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Extended Data Fig. 2 | Magnetic properties of artificial microtubules. We tested the AMT sample using the VSM. The testing sample was a segment of 
the AMT, with 92 embedded nickel plates with a length of 8.28 mm. The sample behaved as typical soft magnetic materials with a low coercivity of 90 Oe.
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Extended Data Fig. 3 | Diagram of magnetic microrobot transport on an artificial microtubule. a, A spherical magnetic particle near the AMT. The red 
shaded areas represent the magnetic-field gradient. b, Modelling of magnetic interactions between a magnetic microrobot and embedded nickel plates.

NATurE MAcHiNE iNTElliGENcE | www.nature.com/natmachintell

http://www.nature.com/natmachintell


Articles NATurE MACHINE INTEllIgENCEArticles NATurE MACHINE INTEllIgENCE

Extended Data Fig. 4 | Position and orientation tracking results of a microrod walking on AMTs. a-c, Subfigures represent the relative x, y position and 
the orientation angle, respectively. The tracking time frame was 6 seconds, until the microrod reached the same reference x position. The solid lines are the 
moving average of the nearest 5 measurements.
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Extended Data Fig. 5 | correlation of tracking results of x, y and angle within each period from the data used in Extended Data Fig. 4. At low frequencies 
there are strong correlations between x,y, and the orientation angle, due to the periodic semicircle trajectories.
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Extended Data Fig. 6 | Externally driven fluidic flow simulation of the experimental set-up. a, Channel geometry in the FEM simulation. The microtubule 
was fixed at the bottom of the substrate. The inlet and outlet were far from the AMT allowing the flow to be fully developed as a typical Couette flow. b, 
Simulation of fluid pressure along the channel length. c, Simulation of fluid flow along the x direction in the observation window near the microtubule. The 
average flow speed was measured at the position where the microrod was walking. The estimated flow speed was 200 μm/s at 20 μL/s, which agrees well 
with the experimental observation shown in Fig. 4c.
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Extended Data Fig. 7 | ‘Stick and slip’ behaviour against strong flow under 0.2 Hz rotating magnetic field. At a low frequency of 0.2 Hz, the locomotion 
of the microrod is highly dependent on the magnetic-field direction within a period, showing ‘stick and slip’ behaviour, explaining the reason for the wide 
dispersion of the tracking speed. The video can be found in Supplementary Video 4.
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Extended Data Fig. 8 | comparison of flocking microparticle transport on the microtubules at different frequencies. The tilted stripes show the 
translation of the flocking particles over time, and the slope of the bright stripes represent the local transport speed. At 1 Hz, the transport was faster than 
at 0.5 Hz. At 2 Hz, we observed that slopes were different depending on the local density. The two bright stripes have a higher speed than the rest of the 
stripes.
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