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E N G I N E E R I N G

Scale-reconfigurable miniature ferrofluidic robots 
for negotiating sharply variable spaces
Xinjian Fan1, Yihui Jiang1, Mingtong Li2, Yunfei Zhang1, Chenyao Tian3, Liyang Mao3, Hui Xie3, 
Lining Sun1*, Zhan Yang1*, Metin Sitti2,4,5*

Magnetic miniature soft robots have shown great potential for facilitating biomedical applications by minimizing 
invasiveness and possible physical damage. However, researchers have mainly focused on fixed-size robots, with 
their active locomotion accessible only when the cross-sectional dimension of these confined spaces is comparable 
to that of the robot. Here, we realize the scale-reconfigurable miniature ferrofluidic robots (SMFRs) based on 
ferrofluid droplets and propose a series of control strategies for reconfiguring SMFR’s scale and deformation to 
achieve trans-scale motion control by designing a multiscale magnetic miniature robot actuation (M3RA) system. 
The results showed that SMFRs, varying from centimeters to a few micrometers, leveraged diverse capabilities, 
such as locomotion in structured environments, deformation to squeeze through gaps, and even reversible scale 
reconfiguration for navigating sharply variable spaces. A miniature robot system with these capabilities combined 
is promising to be applied in future wireless medical robots inside confined regions of the human body.

INTRODUCTION
Untethered magnetic miniature robots can navigate in lumina and 
tubular tissues, enabling new minimally invasive therapeutics and 
diagnostic medical procedures by shortening recovery times, decreas-
ing the risk of infection, and reducing the possibility of complica-
tions (1–5). Therefore, magnetic miniature robots have undergone 
rapid development over the past 2 decades, owing to their potential 
applications in medicine and bioengineering (6–8). For example, 
previous works have proven that magnetic miniature robots can 
pass through the confined spaces inside the human body (e.g., 
tissue gaps and blood vessel branches) to realize micromanipulation 
and cargo delivery with cell-level precision (9, 10), enabling active 
targeted treatments at the microscale (11, 12). Recently, soft minia-
ture robots made of active materials, such as fluids, gels, and elasto-
mers, have demonstrated a relatively large number of degrees of 
freedom compared to rigid materials based on fixed shapes (13). In 
addition, various deformations of these robots can be addressed 
by programmable structures and magnetization profiles under an 
external magnetic field, highlighting their flexibility and applicability 
in unstructured environments (13–15).

In particular, the ferrofluid-based soft robots have emerged and 
advanced significantly, since they enable autonomous movement 
and deformation via the programming of external magnetic fields 
spatiotemporally through self-organized fluid dynamics rather than 
relying on the intricate and sophisticated solid structure design. 
Many research groups have explored the potential of ferrofluidic 
miniature robots and shown a series of interesting experimental 
results, as well as the mechanisms behind them (16–25). For instance, 
Latikka et al. (17) studied the magnetic field–induced splitting of 

ferrofluid droplets immersed in an immiscible liquid and discussed 
related dynamics and applications. Ahmed et al. (18) made notable 
progress in the study of locomotion, deformation, splitting/fusion, 
and potential applications of millimeter-scale ferrofluidic drop-
lets. Nacev et al. (19) have demonstrated the medical application of 
ferrofluids. They designed and verified an original mechanism to 
optimally control multiple electromagnets in concert to move a 
single ferrofluid spot from the edge of a domain to a deep central 
target with minimal spreading.

However, despite recent advances in this field, the existing works 
have only focused on the characteristics and performances of minia-
ture robots within the same scale without considering the matching 
degree of the robot’s size and the scale of the workspace. For exam-
ple, related studies have proven that the millimeter-scale robot can 
deliver drugs in large-scale confined spaces, such as stomach, intes-
tines, and fallopian tubes in vivo (26–29). However, compared with 
the biological barriers, millimeter-scale robots are too large, limiting 
their ability to penetrate tumors and other tissues and decreasing 
their applicability to and practicality in targeted drug delivery. On the 
contrary, micrometer-scale robots have substantial maneuverability 
advantages because of their smaller size, enabling them to shuttle freely 
between tissue gaps and even through the blood-brain barrier. There-
fore, micrometer-scale robots are the ideal solution to achieve accurate 
targeted drug delivery in vivo (30–34). Unfortunately, limited to 
their tiny volume, micrometer-scale robots are unable to reach suffi-
cient levels to compete with diseased tissues, which are several orders 
of magnitude larger (35, 36). Therefore, considering the inherent con-
tradiction between reachability and the capability for specific-scale 
miniature robots, proposing soft miniature robots with reconfigurable 
scales and developing an actuation system compatible with multi-
scale robots could solve the aforementioned challenges.

Here, inspired by previous droplet-based miniature robots, we 
propose a series of control strategies for achieving trans-scale loco-
motion, deformation, and scale reconfiguration of miniature robots 
by using ferrofluid droplets as robots and designing an actuation 
system compatible with multiscale robots. The achievement of these 
trans-scale maneuvers via the present research is conceptualized as 
shown in Fig. 1. Considering the potential of ferrofluid droplets 
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(Fig. 1B) as miniature soft robots with extreme deformability, such 
as splitting and recombination, they are the best choice for the scale 
reconfiguration control research in this work. Therefore, ferrofluidic 
robots (divided on the basis of the largest feature size), including 
centimeter-scale ferrofluidic robots (centi-FRs), millimeter-scale 
ferrofluidic robots (milli-FRs), and microscale ferrofluidic robots 
(micro-FRs), are used as magnetic agents. In addition, as shown in 
Fig. 1C, we designed a hybrid magnetic actuation, the multiscale 
magnetic miniature robot actuation (M3RA) system, by combining 
electric and permanent magnets in one system, enabling us to use a 
weak background magnetic field generated by electromagnetic coils 
to control a strong actuating magnetic field generated by the per-
manent magnet, which can generate a powerful magnetic field (B)/
gradient (∇B) field simultaneously in a programmable way. On the 
basis of the M3RA system, the shape and scale reconstruction and 
motion control of the scale-reconfigurable miniature ferrofluidic 
robot (SMFR) were well studied (Fig. 1, A and D), which enabled us to 
demonstrate the capabilities of SMFR by negotiating sharply variable 
environments with multiscale construct features (Fig. 1E). We envi-
sion that the SMFR’s ability to realize combined locomotion, deforma-
tion, and scale reconfiguration could enable access to complex tight 

regions and indicates a great potential for practical use in laboratory- 
on-a-chip applications and biomedical procedures with minimal 
invasiveness and safe accessibility.

RESULTS
Characterization and actuation strategies of the SMFR
As shown in Fig. 2 (A and B), oil-based ferrofluid is a stable colloidal 
suspension of Fe3O4 nanoparticles (≈10 nm, superparamagnetic 
nanoparticle) dispersed in a surfactant and carrier liquid (light 
hydrocarbon oil) to prevent agglomeration, which exhibits a unique 
combination of liquid properties and strong magnetic response. 
That is, in the presence of an external magnetic field, the ferrofluid 
droplet tends to align with the magnetic field, producing an induced 
magnetic moment in the direction of the external magnetic field 
and minimizing the internal energy by changing its shape or posi-
tion (37, 38). However, it is worth noting that the ferrofluid is not a 
kind of typical magnetorheological fluid, where the diameter of the 
Fe3O4 particles is usually up to micrometer level (39), since it main-
tains an almost stable viscosity characteristic as the magnetic field 
intensity increases, as demonstrated in fig. S1A. Therefore, the fluid 
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Fig. 1. Overview of trans-scale maneuver and scale reconfiguration strategies of the scale-reconfigurable miniature ferrofluidic robots (SMFRs). (A) Trans-scale 
control of the SMFR: locomotion of the centi-FR, milli-FR, and micro-FR based on magnetic gradient, both magnetic gradient and torque, and magnetic torque only, 
respectively. (B) Response behaviors of ferrofluid droplets in magnetic fields. (C) The SMFR is manipulated by a custom-designed magnetic actuation system (the M3RA 
system) composed of four electromagnets, a spherical permanent magnet (SPM), and a motorized translation stage. To easily observe the internal composition of the 
system, we hide a quarter of the structure. (D) Deformation and scale reconfiguration of the SMFR: stretch deformation, scale-down through separation, and scale-up 
through recombination. The red arrow represents the polarization direction of the magnetic field. (E) Typical application scenario of the SMFR based on the combination 
of the above capacities: locomotion in a sharply variable space such as the vascular network.
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behavior of ferrofluid will maintain similar flexibility even under 
different magnetic flux densities. The competition between mag-
netic forces and the surface tension gives it elastomer-like properties, 
which allows the ferrofluid droplet as a whole to be manipulated. 
Moreover, since the flexibility and amorphousity of fluids are inherited, 
ferrofluid droplets have excellent deformability and even merging 
or splitting capabilities, easily enabling the study of the reconfigura-
tion of their scales and making the SMFR a good candidate for 
studying the trans-scale control of miniature robots.

Ferrofluid droplets have been proven to be effectively actuated 
by a nonuniform magnetic field (17, 24) or rotating magnetic field 
(16, 40). The principle of actuating SMFRs by a nonuniform mag-
netic field is relatively simple. It mainly depends on the drag effect 
of magnetic gradient force, a volume force proportional to the size 

of the droplet. However, the mechanism behind the rotation of 
ferrofluid droplets with an external magnetic field is much more 
complicated. The magnetic particles in ferrofluids can be regarded 
as rigid magnetic dipoles (fig. S1B), which spin at the frequency of 
the external rotating magnetic field with a constant phase lag due to 
the viscous friction against the carrier liquid, and are equilibrated 
by the magnetic torque (41). Inside the SMFR, the corotation of two 
neighboring particles is dissipated by viscous friction; therefore, 
only at the interface is the friction low, and the SMFR’s interface can 
rotate (fig. S1B). In short, this is a kind of rotation caused by the 
surface effect. Therefore, the larger the specific surface area (the 
smaller the size) of the SMFR, the higher the actuating efficiency, 
and vice versa. To verify this, we studied the maximum rotating 
speed of an SMFR with various scales in a rotating magnetic field 
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Fig. 2. Characterization of the SMFR and the M3RA system. (A) The transmission electron microscopy (TEM) results of the nanoparticles in the ferrofluid. (B) The 
composition and magnetic response properties of the oil-based ferrofluid (white lines, magnetic field; black lines, constant field contours). (C) Magnetic field distribution 
and coordinate definition of the M3RA system. (D) Measurement results of magnetic flux density B or equivalently the magnetic field H = B/0 distribution in the plane 
5 mm from the top of SPM. (E) Comparison between the magnetic field generated by the coil (blue line) and the SPM along the polarization direction, with the subfigure 
showing the local enlarged drawing of the shaded part of the curve. (F) Schematic of the speed measurement setup of SPM based on the Faraday law of electromagnetic 
induction. (G) The relationship between the induced voltage Ve generated by cutting the magnetic induction line when SPM rotates and the amplitude Vd and the oscillation 
frequency of the driving voltage. Error bars represent the SDs for three times measurements. The maximum rotation frequency fmax of SPM as a function of the driving 
voltage Vd (H) and rotation angle s when Vd = 20 V (I).
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(B = 2.5 mT) by measuring their maximum translation speeds on 
the substrate and comparing the magnitude of magnetic gradient 
forces on them (fig. S1C). The results show that a smaller-scale 
SMFR has a higher rotation speed but a weaker magnetic gradient 
force; in contrast, a larger-scale SMFR is subjected to a more notable 
gradient force, but its rotation ability is relatively diluted, which is 
consistent with the above analysis.

In conclusion, magnetic gradient force and magnetic torque 
affect the motion behaviors of SMFRs with different sizes at contin-
gent levels; that is, smaller SMFRs are more susceptible to magnetic 
torque, as their magnetic gradient forces are ignorable (see note S3 
for details). However, with the increase in the robot scale, the optimal 
actuation force gradually transits from magnetic torque to magnetic 
gradient force. Therefore, the micro-FR is preferable for actuation in a 
rolling manner by magnetic torque because of its unique torque- 
selective sensitivity. Centi-FR is easier to pull by suffering a power-
ful magnetic gradient force. As for milli-FR, it may be actuated by 
magnetic gradient force, torque, or more effectively by both.

The M3RA system for actuating the SMFR
According to the previous inference, the key to achieving efficient 
control of the SMFR is a time-varying magnetic field with a power-
ful gradient force and torque. To tackle this challenge, we designed 
a hybrid magnetic actuator by integrating permanent magnet and 
electromagnets to create the M3RA system, which has high com-
pactness. As shown in Fig. 1C and fig. S2, four orthogonal solenoids 
are arranged inside this system at each bottom vertex of the cubic 
space, each pointing to the center where a spherical permanent 
magnet (SPM) composed of NdFeB exists. A goblet-like support 
was used to restrict the SPM’s position, making its center always 
located at the focus of the four electromagnetic coil’s axes. Besides, 
to reduce the friction between the SPM and the support, we coated 
their contact surfaces with low-viscosity lubricating oil and graphite 
powder, as shown in fig. S2B. A three-axis motorized translation 
stage was used to increase the system′s flexibility and enable the 
programmability of magnetic fields in a wide range of available 
spaces (fig. S2C). The optimized parameters used for our machine 
prototype design are shown in note S2 (table S1).

Benefitting from its unique structure, the M3RA system can 
generate a background magnetic field (Bb) with customized direc-
tions by configuring the current inside the solenoid. According to 
Eq. 2 (see Materials and Methods), the magnetic moment m of SPM 
will be forced to align with Bb due to the existing magnetic torque 
between them. Therefore, the requisite magnetic field can be ob-
tained by adjusting the position and/or orientation of the permanent 
magnet. Specifically, for a dynamic rotating field, the SPM will 
follow the field with a fixed misalignment angle (≤90∘); for a 
time-invariant magnetic field, it tends to align with the field. In this 
way, we realized the free control of an extremely strong actuation 
magnetic field Ba by a very weak magnetic field Bb.

Figure 2 (C and D) illustrates the magnetic field (Ba) distribution 
at a plane 5 mm (dh) from the SPM’s surface. For comparison, the 
corresponding results of the Bb generated by a coil of the M3RA 
system were simulated and measured (fig. S3). Figure 2E shows the 
attenuation curves of Ba and Bb along the magnetization direction 
of the SPM and a coil, respectively. Combined with the experimen-
tal and simulation results in fig. S3, it is reasonable to conclude that 
the SPM could provide a more powerful static magnetic field Ba 
with an available magnetic field strength up to 300 mT and the 

highest magnetic gradient exceeding 50 T/m, which is much higher 
than the maximum background magnetic field Bb with correspond-
ing parameters being 15 mT and 1.5 T/m on the top surface of the 
coil. It is worth noting that most of our later experiments can be 
implemented in a workplace far away from the SPM (dh = 10 to 
20 mm), where Ba can still reach 30 mT or 2 T/m.

In addition, the dynamic response capability of the M3RA system 
is also a critical factor in realizing the trans-scale control of minia-
ture robots. When actuated by a rotating background, the magnetic 
field is expressed as Bb(t) = Bb[ cos (t)ex − sin (t)ez] on the (x, z) 
plane, and the SPM will rotate around the y axis with a mean angular 
velocity of  because of the magnetic torque. The dynamic perform-
ance of the system can be measured on the basis of the Faraday law 
of electromagnetic induction by the homemade setup (Fig. 2F). 
Figure 2G shows the results obtained from studies on the evolution 
process of the angular frequency  using a method as illustrated in 
fig. S4. The experimental results showed that when  was below a 
specific frequency c, the SPM followed the rotating background 
magnetic field synchronously; however, when  > c, the SPM no 
longer kept up with the rotating magnetic field and stopped abruptly. 
Usually, the c is called the cutoff/critical frequency. Further analy-
sis, as demonstrated in Fig. 2H, shows a very substantial linearity 
change of the cutoff frequency c when varying the driving voltage 
Vcoil of the background magnetic field. Notably, when the maxi-
mum driving voltage of the M3RA system was up to 32 V, the cutoff 
frequency of the SPM reached an astonishing 200 Hz, with the 
energy consumed by the system being only about 10 W (one coil), 
which is hard to realize by the existing device because of bandwidth 
limitations or inertia confine (42). The next section of the survey is 
concerned with the isotropic factor and robustness of SPM’s motion 
performance by measuring the c of SPM when rotating in different 
directions (s is defined in fig. S5) when driving by the same Vcoil. 
The results (Fig. 2I) showed good consistency for the maximum 
rotating speed of the SPM in all directions despite some minor fluc-
tuations due to the bottom support with uneven smoothness, which 
demonstrated its excellent controllability and repeatability.

Controlled deformation of the SMFR
Similar to water droplets in nature, the SMFR can passively fit 
the surrounding environment by maintaining the same shape as the 
container. Because of its unique magnetic responsiveness, the SMFR is 
capable of active deformability through programming the distribu-
tion of the external magnetic field (43). For example, when a hori-
zontal polarized magnetic field is applied, the SMFR is stretched to 
reach an equilibrium state along with the orientation of the external 
field, owing to the competition between its internal magnetic forces 
and surface tension (Fig. 3A). It is well known that the inner mag-
netic forces acting on the ferrofluidic droplet can be expressed by 
the Maxwell stress tensor, denoted as max, and is given as (44): 
max = − B2I/2 + BB, where  is the permeability of the ferrofluids. 
I represents the unit matrix. The first term on the right-hand side 
contains the surface force, which is the source of the elongated stretch. 
In this case, the deformation of the SMFR can be characterized by 
the magnetic Bond numbers (45) as

     0   =    0    B   2   r  0   / 2  (1)

where  is the surface tension coefficient, 0 is the permeability of 
the vacuum, and r0 is the radius of the SMFR in zero fields. The 0 
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can characterize the shape change of an SMFR: The smaller the 0, 
the more spherical the SMFR will be. Therefore, in line with com-
mon expectations, more significant elongations will result from larger 
droplets or stronger field strengths.

As was demonstrated earlier, the M3RA system can generate a 
customized magnetic field by adjusting the position and/or orienta-
tion of the SPM, which means the stretch direction and magnitude 
of the SMFR can be well controlled through regulating the orienta-
tion of the SPM and the distance between the SPM and SMFR (dh), 
respectively. Here, the magnitude of the stretch is represented by 
the ratio (a/b) of the long axis (a) and the short axis (b). Figure 3B 
shows the deformability of SMFRs varying from the micrometer to 
centimeter scale as a function of dh. It is apparent from the collected 
results that, limited to the smaller size, the micro-FR is capable 
of only slight deformability compared to the milli-FR, which can 
stretch to more than a fourth of its initial radius. Furthermore, it is 
worth noting that the centi-FR does not have the greatest deforma-
bility but is somewhere in between the best and worst. This is 
because as the volume of SMFR increases, it is more obviously affected 

by the magnetic field gradient force, which forces the ferrofluid to 
be enriched near the SPM. In addition, eq. S2 (see note S3) reveals 
the faster decrease in the field gradient as a result of distance rather 
than field intensity. Therefore, degenerate deformability occurs 
only when the robot is close enough to the SPM, which also explains 
why during the first half of the curves, the magnetic intensity is 
stronger, but the SMFRs are less likely to deform. As a demonstra-
tion, Fig. 3C (movie S1) shows that the deformation magnitude of a 
milli-FR can be well controlled by tuning the dh. Except for the 
magnetic field strength, the nanoparticle content will also strongly 
affect the SMFR’s magnetic deformability. Figure S6A shows that the 
deformability of SMFRs is a function of their magnetic nanoparticle 
content, indicating a positive correlation between them: The higher 
the concentration of magnetic nanoparticles, the stronger the deform-
ability and magnetic responsiveness of the SMFRs. According to the 
experimental results, when the weight percentage of nanoparticles 
is less than 20%, the SMFR becomes insensitive to the magnetic 
fields with only slight deformation (a/b < 2) in our system. Further-
more, controlling the deformation direction of the SMFR is also of 
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great significance to enable it to pass through specially oriented 
narrow gaps. For example, Fig. 3D and movie S1 demonstrate that 
the stretch direction of a milli-FR can be indirectly regulated by 
adjusting the orientation of the SPM through spatiotemporal pro-
gramming of the magnetic field. The performance of the stretch 
angle control is shown in fig. S6B: the average and maximum error 
over all angle measurements during this experiment are 1.32° and 
5.7°, respectively, which is comparable to previous work where only 
electromagnetic force was used as the actuation system (18).

Locomotion of the SMFR
As discussed earlier, microscale magnetic robots are more sensitive 
to magnetic torque than magnetic force. Therefore, it is more efficient 
to actuate these robots in a rolling mode using a rotating magnetic 
field. In this case, the micro-FR always tends to follow a rotating 

magnetic field with a mean angular velocity of FR. Once closed to 
the substrate, the apparent viscosity of the portion facing the solid 
surface increased, enabling the micro-FR to become a surface walker 
with a mean translation velocity v (Fig. 4Ai). Similar to the SPM in 
a rotating background magnetic field, the rotating speed of the 
micro-FR increases linearly and monotonously with the ascending 
frequency of the actuation magnetic field until it exceeds the cutoff 
frequency    c  

FR  .
On the basis of the above experiment and analysis results, the 

velocity and position of the micro-FR can be accurately controlled 
to track sophisticated paths. However, before that, we must first 
eliminate the influence of the magnetic gradient force. More specifi-
cally, although the magnetic gradient force cannot yield the efficient 
actuation of the micro-FR, it can affect its motion trajectory cumu-
latively. Consequently, there is often a static error d for an open-loop 
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move along a spiral trajectory. The highlighted circular area in this figure is the controllable and reachable range for SMFR, beyond which the milli-FR cannot access. 
(G) A milli-FR is actuated by the combination of magnetic force and torque. (H) A centi-FR is capable of crossing a narrow gap through reorientating and relocalizing the 
SPM simultaneously. (I) Overlapped sequential snapshots of a video, when a centi-FR is actuated to cross a channel with convex structures under the action of deformation 
and magnetic gradient force.
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controller. As shown in fig. S7 (A, C, and D), compared to the first 
loop, the tracking trajectory of the second loop has obvious drifts 
with more substantial average tracking error and error ranges (mea-
sured by Euclidean distance). To tackle this tricky aporia, as illustrated 
in fig. S8, a vision-based closed-loop controller was introduced 
here. Figure 4 (B and C) and fig. S7B show that the motion trajecto-
ries and error analysis of a micro-FR when tracking a circular path 
with a closed-loop controller, which by contrast are more accurate and 
reproducible. On the basis of these improvements and perfections, 
the micro-FR is capable of tracking more sophisticated trajectories 
quickly and precisely. As shown in Fig. 4D and movie S2, a micro-FR 
with 10-m diameter draws a traditional Chinese character–like 
trajectory at a speed of ≈5 m/s. The means and SDs of the tracking 
results are shown in fig. S9. Although these paths are challenging 
due to their extreme curvatures and complex shapes, the robot could 
still stably follow them with a path deviation error within 0.2 ± 0.152 
of the body length.

Turning now to the experimental evidence on milli-FR, the situa-
tion differs. Earlier analysis showed that, with the increase in the 
diameter of SMFRs, the efficiency of its rotation through magnetic 
torque is lowered, resulting in a small    c  

FR  . From another point of 
view, the increasing size makes the volumetric force suffered by the 
milli-FR more obvious and enables it to be operable by magnetic 
gradient force. In any case, the milli-FR can be actuated by both 
magnetic torque and magnetic gradient force, as illustrated by the 
schematics in Fig. 4Aii. Figure 4 (E and F) (see movie S3) shows that 
a milli-FR (≈1.5 mm) is controlled to cross a maze or follow a spiral 
path under the action of magnetic gradient force or magnetic 
torque, respectively. However, we found in experiments that the 
actuation method based solely on magnetic gradient force requires 
a small actuation distance dh (<8 mm in our system). Otherwise, it 
usually causes failure; as for the actuation method based solely on 
magnetic torque (when the motor-based stage is locked), although 
it enables a more considerable actuation distance (da ≈ 25 mm), the 
reachable area of the robot is limited to ≈30 mm, the outermost of 
the spiral line in Fig. 4F.

To address these constraints, we propose a method to actuate the 
milli-FR efficiently with an extensive range by using magnetic force 
and magnetic torque simultaneously based on the M3RA system 
(Fig.  4Aii). As shown in Fig.  4G and movie S3, we steered the 
milli-FR navigation in a hydrogel maze with an actuation distance 
da = 25 mm. For comparison, we first used the magnetic force to 
drag the milli-FR along the planned trajectory by adjusting the po-
sition of the SPM below. However, the milli-FR fell behind the SPM 
quickly because of the severely attenuated magnetic gradient force 
and friction from the substrate. In the second attempt, we rotated 
the SPM and moved simultaneously while using a PID (proportional 
integral derivative) controller to control the translation direction of 
the milli-FR and another PID controller to adjust the position of the 
SPM by translating the x-y stage, ensuring that the milli-FR was 
always located in a proper scope. In this way, the milli-FR can pass 
through the large complex maze more smoothly, with the average 
and maximum path error in the overall experiments being only 
1.2 and 3 mm, respectively. There were consistent deviations from 
the path, which may have been due to the momentum that the robot 
picked up, as it accelerated during certain parts of the track. Other 
possible explanations may include the heterogeneous flatness of 
the maze and the boundary effect when the milli-FR approached 
the maze wall.

The centi-FR had the lowest actuation efficiency by a rotating 
magnetic field, and its droplet-like shape was easily destroyed by 
a dynamic magnetic field (46). Therefore, it is not preferable to 
actuate the centi-FR using magnetic torque. In contrast, as discussed 
earlier, a large volume always results in a massive magnetic force, 
which indicates that magnetic gradient force enables the more effi-
cient motion control of centi-FRs. Therefore, we can use the drag 
effect of the magnetic gradient force and the shape-shifting effect of 
the magnetic torque to realize the navigation of a centi-FR in un-
structured environments (Fig.  4Aiii). As shown in Fig.  4H and 
movie S4, by simultaneously programming the orientation and 
position of the SPM, a typical centi-FR (≈10 mm diameter) can 
be made to deform and fill the narrow channel and then squeeze 
through the gap (≈2 mm width) under the drag of the magnetic 
gradient force. Besides, by reorientating and relocalizing the SPM, 
the centi-FR is endowed with obstacle surmounting ability. As 
shown in Fig. 4I and movie S4, when encountering a convex barrier, 
the orientation of the SPM was adjusted to point vertically (standing 
state), which resulted in a vertical deformation of the centi-FR with 
the overall height being much higher than the obstacles. In this case, 
once the SPM was restored to the lying state while advancing, 
the centi-FR overcame the obstacles. Our experimental results show 
that the centi-FR can cross barriers up to 2.5 mm high that cannot 
be overcome just through magnetic gradient force (see fig. S10 and 
movie S4). Those abilities potentially enable the controllable loco-
motion of centi-FR on rugged surfaces, such as the human intestine 
and stomach cavity.

Scale reconfiguration of the SMFR
According to Eq. 1 (see Materials and Methods), the deformability 
of the ferrofluid droplets mainly depends on both the surface ten-
sion and the magnetic field strength. Therefore, when encountering 
submillimeter or micrometer-scale confined spaces, surface tension 
of the SMFR dominates its shape and only enables weak deforma-
bility, which blocks it from squeezing through such channels. In 
this case, splitting the SMFR into smaller ones is a better choice. 
Thanks to their fluid nature, ferrofluid droplets are capable of splitting 
and merging, which enables their reversible scale reconfigurability. 
As illustrated in Fig. 5A, when a magnetic field is vertically applied 
from the bottom of a centi-FR, the combination of the high magnetic 
intensity and vertical gradient creates repulsive forces among the 
inner parts of the centi-FR, causing them to move away from each 
other until they tear the centi-FR apart (25). Therefore, the centi-FR 
can be divided into multiple milli-FRs by decreasing the dh while 
maintaining the SPM a standing state. Once the magnetization 
direction of the SPM is rotated in the vertical plane, the resulting 
milli-FR can be combined into a centi-FR again, as illustrated in the 
right corners of Fig. 5C (movie S5), where the magnetic forces 
between the milli-FR make them align, collide, and merge into a 
centi-FR. Besides, to independently control the resulting daughter 
SMFRs after splitting a big one, we proposed a reliable separation 
method for them by integrating a tiny magnetic sphere, since the 
milli-FR can be driven by the magnetic gradient, which is easy to 
obtain even within a millimeter-scale space (47), therefore enabling 
us an efficient mechanism to lock and individually manipulate a 
designated milli-FR. Figure S11A illustrates the principles of genera-
tion and addressable control strategy of milli-FRs. First, the SPM 
approaches the centi-FR vertically to split it into multiple milli-FRs. 
Then, the SPM backtracks to the initial position, while the resulting 



Fan et al., Sci. Adv. 8, eabq1677 (2022)     16 September 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

8 of 14

milli-FRs get away from each other because of the induced magnetic 
repulsion. Last, a magnetic sphere (diameter, 1.5 mm) with an 
extremely local magnetic field Blocal is manually transferred to the 
bottom of a candidate milli-FR to lock it, since the Blocal can only pro-
duce an effective driving force in a limited range (≈2 mm), enabling 
an individual manipulation method of the locked milli-FRs without 
disturbing its neighbors, as demonstrated by fig. S11B and movie S6. 
In this way, we can subtly separate milli-FRs from the dense area one 
by one without necessarily relying on the surrounding environment.

However, one cannot continually split the milli-FR using the 
above method because a smaller volume of milli-FR results in weak 
repulsive forces among presegmentations that fail to overcome sur-
face tension and the enrichment effect of magnetic gradient forces 
(see fig. S12 and note S3 for more details). The minimum diameter 
of the resulting milli-FRs appears when dh is within 5 to 8 mm, 
where the minimum diameter of milli-FRs is around 1.8 mm. Here, 

as shown in Fig. 5B, to realize the further splitting of the milli-FR, 
we proposed an intelligent strategy based on the M3RA system by 
tuning the rotation speed of the Ba. A close inspection of Fig. 5D 
and movie S5 indicates that when the milli-FR rotates quickly enough 
under the strong rotating magnetic field produced by the SPM 
underneath, it is capable of splitting into multiple micro-FRs. This 
result may be explained by the fact that the milli-FR is stretched to 
an ellipsoid-like shape by the actuation magnetic field during the 
experimental process, making the shear forces suffered by the milli-FR 
anisotropic, that is, the closer to the end, the greater the shear 
forces are. Therefore, when the rotation speed is fast enough, the 
milli-FR is forced to break up from the ends, and with an increase 
in rotation speed, the SMFR can be split many times. This can be 
demonstrated in Fig. 5D, which shows that a milli-FR is separated 
into 14 micro-FRs one by one by gradually increasing the rotation 
frequency (from 1 to 120 Hz). Even more interesting, these resulting 

t = 0 s t = 8 s t = 10 s

1 mm

t = 38 s t = 40 s

Splitting Merging

ωωω

ω ω

ω

D 

E F

1 cm

Splitting Merging

Splitting Splitting

Centi-FR Milli-FR Milli-FR Milli-FRMicro-FRCenti-FR

Recombine Recombine

t = 8 st = 0 s t = 20 s t = 28 s t = 29 s

dh

dh

C

A B

Sp

Centi FR

ng Rec b e

Milli-FR

t = 0.0 s t = 0.6 s

ω ω ω ω

Vortex swarm Matrix swarm

2 mm1 mm

Fig. 5. Scale reconfiguration of the SMFR through splitting or merging. (A) Schematics of a centi-FR splitting into milli-FRs and recombination by tuning the position 
and orientation of the SPM. (B) Schematics of a milli-FR splitting into micro-FRs and recombination by adjusting the rotation frequency of the SPM. (C) Image sequences 
show the experimental splitting process (scale down to milli-FR) of the centi-FR when the SPM (polarized vertically) closes the robot. However, when the polarization 
direction of SPM is adjusted to be horizontal, the resulting milli-FRs will be recombined to scale up to centi-FR, as illustrated by the schematic diagram at the bottom. 
(D) Image sequences show the experimental splitting (scale down to micro-FR) and recombination (scale up to milli-FR) process of the milli-FR when increasing or decreasing 
the frequency of the rotating magnetic field. The schematic diagrams in the lower right corner illustrate the state of SPM during the process in a side view, where the 
arrow pointing upward represents an increase in the SPM’s rotation frequency, otherwise representing a decrease. (E) Image sequences show large-scope controlled 
fluid induced by chain-like micro-FR assemblies. The blue and red boxes mark the positions of some tracer particles, which are acted by ferrofluid fragments floating on 
the liquid surface, and the white arrows show the adjusting process of the controlled fluid at reference positions. (F) Emergency and control of the resulting micro-FRs 
swarm with different patterns: vortex swarm and matrix swarm.
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micro-FR formations are aligned along a straight line as a chain-like 
assembly because of the time-averaged attraction U(r)attr = − 0m2/8r3, 
where r is the dipole’s center-to-center distance, 0 is the permeability 
of vacuum, and m is the dipole strength. In addition, this process 
has proven excellent reversibility; that is, micro-FRs can recombine 
into milli-FR by reducing the rotation frequency (from 120 to 1 Hz), 
as shown in the latter part of Fig. 5D. Therefore, by simply turning 
the actuation frequency, it is possible to achieve the on-demand 
scale reconfiguration of SMFRs. As shown in Fig. 5E and movie S5, 
the unique chain-like structure enables the assembled micro-FRs to 
produce a large scope of controllable flows in their arrangement 
direction. The tracer particles (ferrofluid fragments) on the liquid 
surface reflect the controllability and effect range of the resulting 
fluid. To theoretically analyze the strengthening effect of the chain-
like assembly on the secondary fluid, we simulated the velocity of 
the resulting flow while considering the presence of a stationary 
plane boundary (see “Numerical simulation of fluid” section). As 
indicated in fig. S13 and movie S5, the fluid directly above the 
assembly is accelerated multiple times as it passes each micro-FR, 
until it reaches a huge jet velocity before leaving, and then drives a 
large scope of fluid motion, which potentially has great research 
significance for realizing efficient stirring and noncontact manipu-
lation in a low Reynolds number environment.

Notwithstanding, it is challenging to achieve independent con-
trol of the resulting micro-FRs after splitting a milliscale one, since 
they are so close to each other that they can be regarded as exposed 
to the identical actuation field; therefore, they have synchronized 
and consistent behavior. Instead of actuating them individually, as 
shown in Fig. 5F, we proposed a more practical strategy based on 
the idea of swarm control, which is recognized as a more optimal, 
robust, and efficient driving mode for miniature robots (36). Figure 
S14 and movie S6 show the swarm control principle and experi-
mental results of micro-FRs, where a single milli-FR is split into a 
series of micro-FRs and then controlled to locomote while maintain-
ing a matrix pattern under the action of the M3RA. The micro-FR 
swarm can be switched between the matrix pattern and vortex 
pattern by adjusting the SPM’s rotating axis (z axis or any axis on 
the horizontal plane). As proved by previous works (48, 49), realizing 
swarm control not only can retain the flexible characteristics of the 
small-scale robots due to their small size but also greatly improves 
their control efficiency and movement speed, which enables them 
to cross complex environments, such as a narrow channel and an 
undulating surface more efficiently.

Combined locomotion, deformation, and scale 
reconfiguration of the SMFR in sharply variable spaces
As shown in Fig. 6A, the cross-sectional dimensions of channels in 
many organs or tissues inside the human body may change markedly. 
Therefore, to realize the application in  vivo, the miniature robot 
must deal with this situation. Targeted drug delivery, for example, 
requires miniature robots capable of accessing sophisticated struc-
tured environments with varying characteristic scales, such as blood 
vessels and natural orifices. To tackle this challenge, as a proof-of-
concept demonstration, we achieved trans-scale control of the SMFR 
in a specially designed phantom to mimic their motion behaviors 
when navigating scale-varying biology environments by tuning the 
magnetic field according to the local environmental conditions to 
achieve combined locomotion, deformation, and scale reconfigura-
tion in situ (Fig. 6B).

Figure 6C and movie S7 show that the experimental scene started 
from a centimeter-scale square maze with width-varying channels. 
After the maze was a millimeter-scale meandering channel that 
gradually extended to a micrometer-scale circular maze. To navi-
gate the SMFR through the phantom, we applied different control 
signals through the M3RA system. First, the SMFR was guided to 
cross the first half of the square maze by a standing SPM under the 
translation of the x-y motorized stage. When encountering a narrow 
gap, the centi-FR was stretched along the channel by rotating the 
SPM horizontally to squeeze through the narrow part. However, 
when the width of the walkable path changed significantly, the 
centi-FR no longer crossed through slight deformation. Instead, in 
this case, we enhanced the magnetic field and vertical magnetic field 
gradient around the centi-FR by decreasing the dh to split the 
centi-FR into multiple milli-FRs. Next, the SPM was moved away to 
smartly control redundant milli-FRs to leave the region of interest 
(ROI) with only one left behind. After that, the SPM was quickly 
transported horizontally to get close to the ROI again alone. Then, 
the selected milli-FR was controlled to pass through the winding 
millimeter-scale narrow channel through simultaneous rotation 
and translation. Last, as the locally enlarged drawing of the red box 
labeled part (Fig. 6D) shows, before entering the microscale circular 
maze, the milli-FR was ulteriorly split into micro-FRs by increasing 
the rotation speed (up to 50 Hz), which enabled them to shuttle the 
circular maze freely and finally merge in the central region. Note 
that these complex manipulations of miniature robots are not 
possible using previous approaches because of the extremely 
marked changes in the environmental scale in this kind of applica-
tion scenario.

DISCUSSION
Magnetically actuated miniature soft robots could potentially en-
able direct access to currently difficult-to-reach regions inside the 
human body for minimally invasive medical operations. However, 
research has mainly focused on robots with immutable scales, with 
their active locomotion accessible only when the cross-sectional 
dimension of these confined spaces is comparable to that of the 
robot. Therefore, their functionalities are currently restricted by 
their predesigned scales. Moreover, it is still challenging to achieve 
free control of miniature robots with multiple scales simultaneously, 
restricted by the lack of compatibility control methods, which pre-
vents us from entirely using the volume advantages of miniature 
robots with varying scales in critical engineering and biomedical 
applications. Here, we realized the SMFRs by programming exter-
nal magnetic fields spatiotemporally. We also propose a series of 
adaptive control strategies for reconfiguring SMFRs’ scale and 
deformation to achieve trans-scale motion control by designing a 
M3RA system through hybridizing permanent and electric mag-
nets, which allows the SMFR to achieve free navigation in confined 
spaces with a notable scale change. In addition, functional ma-
neuvers were carefully presented to prove the effectiveness of our 
method and illustrate the potential utility of the SMFRs’ advanced 
dexterity. Investigating the reconfiguration and trans-scale control 
of SMFRs improved our understanding of their dynamic organiza-
tion and motion behaviors on various scales. Thus, the presented 
combination of locomotion, deformation, and scale reconfiguration 
of the SMFRs markedly enhanced the functionality and practicability 
of the miniature robot for potential applications in the biomedical 
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and microassembly fields. For example, when in a relatively wide 
work space, one can improve the SMFR’s task execution capabilities 
and efficiency by making them larger through the scale-up strategy; 
however, when encountering extremely narrow and restricted envi-
ronments, one can scale them down into a swarm by the splitting 
strategy, making them very suitable for navigating tubular or slit-like 
lumen structures with sharply variable cross-sectional dimensions 
inside the human body.

In general, as we have demonstrated, since the SMFR’s design is 
not fixed, changing the magnetic field control inputs can enable 
different locomotion modes, deformation, and even the scale of the 
robot, which are expected to make substantial progress and gradually 
realize their applications in practical scenes. Realizing the trans-scale 
motion control of SMFRs makes it possible to take full use of their 
scale-induced advantages through adaptively matching the constrained 

environments. Achieving these dexterous functions of miniature 
robots is the primary motivation behind this study. However, even 
though the experiments conducted in this study are two-dimensional 
(2D), it is possible to steer the robot in 3D confined spaces by gener-
ating rotating magnetic fields and magnetic gradients in arbitrary 
planes in 3D space. Therefore, additional efforts need to be made 
to realize the motion and shape control of the SMFR in 3D spaces, 
since many application scenarios must be implemented in such 
environments (3, 6, 18). Moreover, this work mainly focused on the 
motion control and scale reconfiguration of SMFRs without con-
sidering their biomedical functionality. Therefore, achieving some 
application-oriented tasks, such as SMFR-based targeted cargo 
delivery (22), precise local magnetic hyperthermia (50), or selective 
occlusion of tumor blood vessels (51), would also be of great interest 
and thus another potential direction for future research.
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Fig. 6. Locomotion of the SMFR in a dimension-varying structure based on the combined locomotion, deformation, and scale reconfiguration. (A). Organs and 
tissues with multiscale structures in the human body. (B) Schematics of an SMFR crossing blood vessel–like structures with scale-varying gaps: (i) locomotion of the centi-FR; 
(ii) scaling down to milli-FR; (iii) locomotion of milli-FR; (iv) scaling down to micro-FR; (v) locomotion of micro-FR; (vi) scaling up to milli-FR; (vii) scaling up to centi-FR and 
recycling. (C) Sequential video snapshots demonstrating the combined locomotion, deformation, and scale reconfiguration of a centi-FR by squeezing through a maze 
with specially designed narrow features. (D) The local enlarged drawing of the red box labeled part in (C). From the experimental results, one can see the process of an 
SMFR crossing a structured environment with scale-varying features through scale reconfiguration.
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MATERIALS AND METHODS
Modeling of the magnetic field and forces
Magnetic force and torque
Magnetic actuation was conducted by imparting magnetic force 
and/or torque to the SMFR through remotely applied magnetic 
fields. In newton meters, the torque on a targeted SMFR with a 
magnetic moment m in magnetic field B is expressed as follows (52)

      m   = m × B =  
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This equation indicates that the torque tends to align the mag-
netic moment m with the applied field B. Meanwhile, the force on 
the magnetic moment in newtons is expressed as follows

   F  m   = (m · ∇ ) B  (3)

where ∇ is a gradient operator. Since there is no electric current 
flowing through the region occupied by the body, the quasi-static 
magnetic field can be described by Maxwell’s equation as ∇ × B = 0 
and ∇ · B = 0 (52, 53). This enables Eq. 2, after some manipulation, 
to be expressed in a more straightforward form
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Modeling of the magnetic dipole
The dipole model is widely used to model the magnetic field of 
permanent magnets or electric coils with soft magnetic cores because 
it provides an analytical expression convenient for calculation. The 
magnetic flux density B produced by a dipole (fig. S15A) at the ROI 
is equal to (54)

   B(m; r ) =      0   ─ 4   (     3m · r ─ 
 r   5 

   r −   m ─ 
 r   3 

   )     (5)

where 0 = 4 × 10−7 is the air permeability, r is the vector pointing 
from the magnet center to the targeted point P(r, ), and m is the 
magnetic moment of the dipole source in units Am2, which can be 
found by integrating the magnetization M over the volume as m = ∫ 
MdV. For systems with multiple permanent magnets, the total 
magnetic filed obeys the superposition law.
Modeling of the coil with the air core
In the analytical calculation, each turn of the solenoid coil was 
assumed to be of a single circular loop. The magnetic flux density B 
at any point due to a single current loop of radius a, as shown in 
fig. S15B, can be computed by evaluating the curl of the magnetic 
vector potential A. With the current loop located in and symmetric 
to the x-y plane, A is given by (55)
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where r, , and φ are spherical coordinates, I is the loop current, and 
0 is the permeability of free space. The curl of Eq. 6 can be simpli-
fied in Cartesian coordinates as follows
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where 2 ≡ x2 + y2, r2 ≡ 2 + z2, 2 ≡ a2 + r2 − 2a, 2 ≡ a2 + R2 + 2a, 
k2 ≡ 1 − 2/2, and C ≡ 0I/. Here, K(k2) and E(k2) are the complete 
elliptical integrals of the first and second kinds, respectively. After 
calculating the magnetic field due to a single loop, these fields are 
integrated for the whole coil in all axial directions.

Numerical simulation of fluid
The velocity of the flow u generated by a micro-FR with a radius of 
a at an angular velocity of , and a distance h from the stationary plane 
boundary can be evaluated by the tensorial equation, as developed 
in the study of Blake and Chwang (56)
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where u is the velocity vector,    ̂  r   =  √ 
_________________________

    (x −  x  1  )   2  +  (y −  y  1  )   2  +  (z −  z  1  )   2     is 
the position from the center of the micro-FR,  R =  
√ 

_________________________
    (x −  x  1  )   2  +  (y −  y  1  )   2  +  (z +  z  1  )   2     is the position of its image, (x1, y1, z1), 

(x, y, z) are the locations of the micro-FR and target position for the 
fluid velocity calculation, respectively, and ϵ is the Levi-Civita ten-
sor. When Re ≪ 1, Stokes equations reduces to a linear equation, 
which makes the principle of superposition available; therefore, the 
induced fluid field by a chain-like micro-FR assembly is the sum of 
the fluid fields generated by an array of N micro-FRs as  u =  ∑ i=1  N     u  i   .

Experimental setup and systems
Figure S16 illustrates the framework of the physical composition of 
the M3RA system. The computer as the host of the M3RA system was 
used to display the interactive interface and perform data visualiza-
tion; a DAQ board (NI-6259, National Instruments) was used to 
output and transmit the desired control signals in an addressable 
manner. Four homemade power amplifiers were used to amplify 
the signals before connecting with the coils, and they are capable of 
a 75-V peak voltage and an 8-A load current. The broad view field 
above the device allowed the installation of an upright microscope 
to obtain the position and potential orientation information of the 
SMFR, with the resolution of the installed charge-coupled device 
(CCD) camera being 1600 × 1200.The control module, possessing an 
Intel Core i7 3.0-GHz processor, was used to run the LabVIEW-based 
customized software that includes real-time imaging tracking pro-
grams and control algorithms, which enables the M3RA system to 
output preprogrammed control signals or receive remote control 
signals from a joystick to guarantee the dexterity of the M3RA sys-
tem. Moreover, to ensure the M3RA system has a reasonable struc-
ture and suitable workspace for potential clinical examinations, a 
three-axis motorized translation stage (25-cm rang, 0.2-mm precision 
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on x-y axes; 10-cm rang, 0.1-mm precision on z axe) was introduced 
to ensure that the M3RA system is always located near the ROI 
(fig. S2C).

Programming methods of the spatiotemporal actuation 
magnetic field
To generate the powerful omnidirectional actuation magnetic field 
Bm, the arranged electromagnets are programmed to guarantee the 
desired post of the SPM by generating Bb, to which the SPM will 
naturally align, rather than explicitly controlling the torque. 
Assuming that the magnetic field vector generated by coili with a unit 
current at target point P is     ~ B    i   = (  ̃   B   x    i  ,   ̃   B   y    i  ,   ̃   B   z    i  ) . Regarding a combi-
nation of several coils, the contribution matrix (P) can be com-
posed of multiple    ~ B    derived from every coil. Moreover, the net 
magnetic flux density can be calculated using the linear superposi-
tion of each coil’s magnetic flux density contribution. Therefore, at 
any given point in the workspace, the magnetic field due to actuating 
several given electromagnets with internal current i = [i1⋯in] can 
be expressed as

   B(P ) = (P )  
[

    
 i  1  

  ⋮  
 i  n  

  
]

     (9)

where  (P ) = [   ~ B    1  (P) ⋯    ~ B    n  (P ) ] , and n is the number of coils. The 
electrical current in each coil to generate the required magnetic 
field can be determined considering the linear relation of magnetic 
field and electrical current, as long as the inverse or pseudo-inverse 
of the contribution matrix (P) can be found. Therefore, the re-
quired current [i0…i3] to achieve the desired magnetic field can be 
calculated as

    

⎡

 ⎢ 

⎣
   

 i  0  

   i  1     i  2    

 i  3  

  

⎤

 ⎥ 

⎦
   =   (P)   †  

⎡

 ⎢ 

⎣
   
 B  x  

   B  y    
 B  z  

   

⎤

 ⎥ 

⎦
     (10)

where † represents the pseudo-inverse of this application. To find 
the contribution matrix caused by all coils, we assume that the SPM 
is always located at the intersection of their axes. As demonstrated 
in fig. S2, axial directions of all coils coincide with the diagonal of 
the cubic space formed by the center points of the four coils, which 
guarantees that the flux density generated by each coil at the origin 
is equal in the x, y, and z axial, with a same scale factor . Last, the 
 can be simply written as

   (P ) =  [    
1

  
− 1

  
− 1

  
1

   1  1  − 1  − 1   
− 1

  
− 1

  
− 1

  
− 1

  ]     (11)

Motion control scheme of the SMFR
Here, to control the position of the SMFR on a predetermined tra-
jectory in addition to an open-loop control method based on the 
joystick, we also proposed a closed-loop control method to make 
the SMFR more controllable. To achieve this aim, the desired paths 
were segmented into a series of steps, including a point-to-point 
breakdown of the desired path, and fed to the controller in the form 
of an array. The directions of the actuation magnetic field were 

controlled by a closed-loop controller to steer the SMFR toward 
the next point in the array. As the SMFR approached the desired 
position, the controller moved to the next point in the path, me-
thodically moving through each predefined position path.

As the control architecture shows in fig. S8, an observer of the 
robot’s position was established using the LabVIEW-in-built Mean-
Shift algorithm and Kalman filter algorithm to enhance accuracy 
and noise immunity. Moreover, the closed-loop controller used in 
this research was written in LabVIEW, which changes the steering 
angle  and frequency of the input magnetic field based on measuring 
the distance between the current location (xc and yc) and reference 
location (xr and yr)

   
 v  s   = k min ( √ 

_
  e x  2  +  e y  2    +  f  min  ,  f  stepout  )

      
  = arctan  (      e  x   ─  e  y     )   

    (12)

where k is the ratio of the rotating speed to the translation velocity 
of the SMFR, which can be measured through experiments. ex = 
xc − xr, ey = yc − yr, fmax is the upper limit of the driving frequency, 
and fmin is the minimum driving frequency capable of overcoming 
friction, Brownian motion, or other external disturbances.

Magnetic field measurements
The magnetic field was measured using a Hall sensor (TLE493D-
W2B6, Infineon Technologies Inc.), which can detect the strength 
of a magnetic field in all three dimensions, i.e., the x, y, and z axes. 
The output signal from the Hall sensor was acquired through the 
serial port. The three components of the magnetic field (Bx, By, and 
Bz) generated by the SPM or coils were measured with the module 
attached to the three-axis motorized translation stage, which was 
also used to perform all the ferrofluidic robot actuation experiments 
and a z translation stage. LabVIEW-based upper computer software 
was developed to realize the traversal of the sensor to any point 
within the workplace.

Fabrication of the hydrogel maze
As shown in fig. S17, the polypodium acrylate hydrogel maze was 
synthesized using the free radical polymerization method. In a typical 
experiment, sodium acrylate (400 mg), N,N′-methylenebis-acrylamide, 
dye (10 l), and K2S2O8 (15  mg) were dissolved in deionized 
water and ultrasonicated for 30 min. Then, C6H16N4 (10 l) was 
added into the solution after a female maze mold that was 3D 
printed from polylactic acid was immersed. After 10 hours of po-
lymerization at room temperature, a hydrogel maze with various 
special structures was finally obtained. Last, the maze was removed 
for later use.

Preparation of the SMFR
Ferrofluids with a density of 1.43 g cm−3 dynamic viscosities of 
8 mPa · s (EMG 901; Ferrotec Corporation) were used in the experi-
ments. The properties of the ferrofluids are summarized in table S2. 
Figure 2A shows the transmission electron microscope image of the 
iron oxide nanoparticles in ferrofluids. The pipette gun was used to 
prepare centi-FR of a specific size. The milli-FR and micro-FR were 
prepared by the splitting effect of an external magnetic field, as 
described in the main manuscript.
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SUPPLEMENTARY MATERIALS
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