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Cooperative Magnetic Interfacial Microrobot Couplefor
Versatile Non-Contact Biomedical Applications

Bowen Chen, Hao Wu, Yiyu Chen, Kangru Cheng, Ying Zhou, Juan Zhang,
Chaowei Wang, Jiawen Li, Dong Wu, Jiaru Chu, and Yanlei Hu*

Magnetic interfacial microrobots are increasingly recognized as a promising
approach for potential biomedical applications ranging from electronic
functionalization to minimally invasive surgery and targeted drug delivery.
Nevertheless, existing research faces challenges, including less cooperative
interactions, contact-based cargo manipulation, and slow transport velocity.
Here, the cooperative magnetic interfacial microrobot couple (CMIMC) is
proposed to address the above challenges. The CMIMC can be maneuvered
by a single magnet and readily switched between capture and release states.
By leveraging cooperative interactions and meticulous engineering of capillary
forces through shape design and surface treatment, the CMIMC
demonstrates the ability to perform non-contact cargo manipulation. Using
the synergy of preferred magnetization directions and magnetic field
distribution, along with optimization of the resistance-reducing shape, the
CMIMC significantly enhances the cargo transport velocity, reaching 12.2
body length per second. The studies demonstrate various biomedical
applications like targeted drug delivery and myomectomy, paving the way for
the broad implementation of interfacial microrobots in biomedical fields.
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1. Introduction

In recent years, research on microrobots
has emerged as a significant branch within
the field of robotics, with its importance
becoming increasingly prominent.[1–6]

Currently, the majority of studies focus
on microrobots operating in liquid or gas
mediums, while research on microrobots
at gas-liquid interfaces (e.g., air-water in-
terface) is scarce. Interfacial microrobots,
capable of manipulating microscopic ob-
jects at different gas-liquid interfaces, have
great potential in cell manipulation,[7] drug
delivery,[8] water treatment,[9–12] precision
assembly,[13,14] and microelectronic pattern
transfer.[15] Researchers have developed var-
ious strategies to propel interfacial micro-
robots, such as the Marangoni effect,[16–18]

capillary forces,[14,19] electric fields,[20–22]

light,[23–25] and magnetic fields.[26–30]

Among these, magnetically driven interfa-
cial microrobots are increasingly favored

due to their pollution-free, remote, biocompatible, and unteth-
ered characteristics.[31–34] However, due to the global nature of
magnetic fields, the microrobots within them are subjected to
the same magnetic field effect, resulting in identical operational
states. Therefore, multiple magnetic interface microrobots can
only manipulate microscopic entities at the gas-liquid interface
by pushing, lacking interactive capabilities (e.g., approaching
each other for target capture), thereby failing to achieve efficient
collaboration during the manipulation process. Several studies
have explored the possibility of cooperative interactions among
magnetic interfacial microrobots. For instance, Barbot et al. con-
trolled the distance between the microrobots by adjusting the
proximity of a permanent magnet to regulate the capture/release
actions.[15] He et al. utilized a Helmholtz coil to generate an
oscillating magnetic field, which controlled the approach and
vibration of the microrobots, enabling both capture and cargo
transport.[35] However, the studies lack design for the external
shape and internal magnetic material distribution, resulting in
slow cargo transport velocities of the magnetic interfacial micro-
robots (≈2 BL s−1).[35] Additionally, the need for direct contact
with the targeted cargo during the capture process confines their
application prospects in the biomedical field. Consequently, it is
imperative to devise a new cooperative magnetic interfacial mi-
crorobot that is capable of non-contact cargo manipulation while
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Figure 1. Schematic of multifunctional CMIMC. a) Schematic diagram illustrating the cooperative magnetic actuation of the cooperative magnetic
interfacial microrobot couple (CMIMC) at the air-water interface. The diagram depicts the states of capture (C) and release (R) on an untethered cargo
manipulated by an external magnet through rotational motion. b) Design and photographic images of the CMIMC capturing an untethered cargo driven
by the magnet and capillary force at the air-water interface. Scale bar, 5 mm. c) Optical images of the CMIMC. From left to right: the internal carbonyl
iron powder distribution, the surface microstructures, and the contact angle (154.5 ± 1.59 °), respectively. Scale bars, 300 and 2 μm, respectively. d)
Schematic illustration detailing the diverse functions of the CMIMC commencing from the center and proceeding clockwise along the periphery. The
CMIMC can achieve non-contact capture, transport, and release of an untethered cargo (Non-contact transport). Positioned at the top, the CMIMC
can navigate in a complex environment for cargo transport (Transport in complex environment). Subsequently, the CMIMC can capture cell clusters
and transport them to the target site for precise deactivation (Cell deactivation). The CMIMC further demonstrates the capability to transport cargo in
counterflow environments (Counterflow transport). Positioned at the bottom, the CMIMC achieves targeted drug release in a disturbed environment
(Drug releasing). The left image illustrates the CMIMC integrated with a ceramic blade for performing uterine fibroid excision. (Myomectomy).

ensuring both excellent controllability and high manipulation ve-
locity.

Here, we have developed a new robotic system termed Coop-
erative Magnetic Interfacial Microrobot Couple (CMIMC). The
CMIMC is composed of polydimethylsiloxane (PDMS) and car-
bonyl iron powder arranged in a specific chain distribution. By
controlling the N-S orientation of a rectangular permanent mag-
net (i.e., simply rotating the magnet), we can switch the micro-
robot couple between capture/release states in 0.18/0.29 s, re-
spectively. The CMIMC is capable of moving freely at the gas-
liquid interface in both capture and release states by facilely ad-
justing the position of the permanent magnet. Optimized uti-
lization of magnetic field and a streamlined shape design enable
the CMIMC to achieve a high cargo transport velocity (12.2 BL
s−1). Additionally, the CMIMC can manipulate the targeted cargo
based on capillary forces, avoiding direct contact with the cargo
during the capturing, releasing, and moving processes, which
significantly enhances its potential in biomedical applications.
Owning to the distinctive properties of the CMIMC (cooperative
interactions, non-contact cargo manipulation, and swift cargo
transport), versatile applications, including non-contact coun-
terflow targeted transport, precise deactivation of cell clusters,
targeted drug release, and myomectomy procedures, have been
demonstrated.

2. Results

2.1. Fabrication of Multifunctional and Cooperative CMIMC

The CMIMC consists of two components floating on the air-water
interface, as illustrated in Figure 1a Each component can interact
independently with the magnetic field generated by a permanent
magnet positioned beneath the air-water interface. By rotating
the magnet to change its N-S axis orientation, the CMIMC can
flexibly transition between two stable equilibrium states, corre-
sponding to the release state (R-state) and the capture state (C-
state) (Figure 1a and Movie S1, Supporting Information). Fur-
thermore, precise control of the CMIMC’s position on the air-
water interface is achieved through the 3D movement of the mag-
net. Therefore, by leveraging the state transition and position
control, the CMIMC is capable of achieving some cooperative in-
teractions, such as the capture, transport, and release of unteth-
ered floating cargo in synergy (Figure 1a,b).

For cooperative magnetic driving, each CMIMC compo-
nent should respond differently to the same magnetic field to
adjust its position while being able to react identically when
needed to control the overall system. The CMIMC was made of
polydimethylsiloxane (PDMS) mixed with superparamagnetic
carbonyl iron powder, allowing it to respond to the magnetic
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Figure 2. Characterization and performance of CMIMC under magnetic fields. a) Schematic of the experimental setup and identified parameters affecting
the performance of the CMIMC. b–g) Selections of geometrical and material parameters for optimal capture velocity (Vc) (n = 3), release velocity (Vr)
(n = 3), step-out velocity (Vs) (n = 3), and success ratio (𝛾) (n = 60) of transition from the capture state to release state. Parameters include fillet or
chamfer sizes r (b), scale lengths (c), thicknesses h (d), cavity radii R (e), lengths a (f), and mass fraction of carbonyl iron powder 𝛼 (g) of the CMIMC.
Line graphs correspond to the left y-axis, and bar graphs correspond to the right y-axis in c to e. h) Equilibrium position with the distance between the
driving magnet and the air-water interface. i,j) Average (i) and maximal (j) capture and release velocities (during the entire process) with the distance
between the driving magnet and the air-water interface.

field for propulsion (Figure S1a, Supporting Information). We
employed a spin coater to regulate the thickness of the carbonyl
iron/PDMS mixture layer (Figures S1b and S2, Supporting
Information). The 500 μm layer was placed above a permanent
magnet to orientate the carbonyl iron powder inside the layer
(Figure S1c, Supporting Information). Then, the layer was
heated and cured to fix the spatial distribution of the carbonyl
iron powder aligned along the nonhomogeneous magnetic
field lines (Figures S1d and S3, Supporting Information).[36]

Due to the anisotropic magnetic field distribution of the per-
manent magnet in space, different positions in the layer had
different preferred magnetization directions, which could be
preprogrammed by adjusting the distance between the layer and
the magnet (Figure S4, Supporting Information). Finally, the
layer was cut by the predetermined shape (resistance-reducing

shape, Figure 2a) using a femtosecond laser, followed by sur-
face modification treatment, resulting in a superhydrophobic
CMIMC with preferred magnetization directions (Figure 1c and
Figure S1e, Supporting Information). After the application of the
driving magnetic field, the CMIMC tends to align the preferred
magnetization directions with the magnetic field lines.[37] Thus,
we can use this characteristic to control the relative position of
the CMIMC to achieve cooperative magnetic driving. Moreover,
introducing the preferred magnetization directions could en-
hance the magnetic induction during the response to the driving
magnetic field, thereby increasing the magnetic driving force for
the CMIMC (Figure S5, Supporting Information).[38,39]

During the transition from the R-state to the C-state, as the
distance between the components decreases, capillary forces be-
tween the facing hydrophobic surfaces could facilitate automatic
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alignment and self-assembly. This phenomenon arises from the
mutual attraction of surfaces with identical hydrophilic or hy-
drophobic properties on a liquid interface, whereas surfaces with
contrasting properties exhibit mutual repulsion.[13,14] Further-
more, the capillary force creates a “capillary potential well” within
the internal cavities of the CMIMC. This potential well is a sig-
nificant concept as it enables stable and non-contact capture,
transport, and release of the cargo by providing a stable region
for the cargo to reside within the cavity, thereby preventing the
cargo from escaping.[40] As shown in Figure 1d, this non-contact
transport, combined with the cooperativity of the components,
enables multiple functionalities. First, we achieved non-contact
targeted transport in complex environments through precise con-
trol of the movement paths of the CMIMC. Furthermore, com-
bined with lasers, targeted precise deactivation of cell clusters was
achieved. Following that, under conditions of enhanced magne-
tization and resistance-reducing shape, transport could even be
achieved in counterflow environments. Subsequently, through
drug encapsulation, targeted drug release in disturbed environ-
ments was achieved. Finally, by integrating a ceramic blade un-
derneath the CMIMC and utilizing its high-velocity motion, a
demo of myomectomy procedures was successfully performed,
showcasing the versatility of the CMIMC.

2.2. Optimization of Shape and Parameters for CMIMC

Contemporary research on air-water interface microrobots is
commonly encumbered by challenges such as sluggish propul-
sion velocities and suboptimal precision, markedly constraining
their practical applications. The objective of the optimization is
to maximize the separation success ratio (𝛾) and velocities of the
CMIMC. The separation success ratio (𝛾) is the proportion of suc-
cessful transitions from the C-state to the R-state through magnet
rotation in experimental trials. The velocities include capture ve-
locity (Vc), release velocity (Vr), and step-out velocity (Vs), which
evaluate the cargo capture/release and the maximum transport
velocities at the interface, respectively. These performance indi-
cators are mainly determined by the driving force, resistance, and
capillary force. The driving force exerted on the CMIMC by the
external magnet is influenced by the mass concentration of car-
bonyl iron powder (𝛼), the distribution of carbonyl iron powder
(i.e., the shape of the CMIMC), and the distance (d) between
the driving magnet and the air-water interface. The resistance
and capillary force during the motions of the CMIMC are intri-
cately linked to its geometric characteristics (Figure 2a). The com-
plete experiment setup is shown in (Figure S6, Supporting Infor-
mation). Accordingly, the characterization experiments focus on
studying the effects of these factors on CMIMC’s performance.

For the CMIMC’s shape, we designed four types: triangular (i),
circular (ii), rectangular (iii), and log-aesthetic curve (iv) (Figure
S7, Supporting Information). Results in Figure S8a,b (Support-
ing Information), indicate that shape iv exhibited higher cap-
ture, release, and step-out velocities at the same feature size (f
= 8 mm). To further validate the superior performance of shape
iv, we designed a counterflow experimental environment with
a controlled flow velocity. The microrobot was positioned at the
air-water interface, and we gradually increased the water flow ve-
locity until the microrobot could no longer maintain its stability

at the interface. (Figure S9 and Movie S2, Supporting Informa-
tion). As shown in Figure S8c (Supporting Information), shape
iv was able to sustain stability in a higher water flow environ-
ment, reaching a velocity of up to ≈8.125 body length s−1 (BL s−1,
65 mm s−1, Movie S2, Supporting Information). This advantage
stems from the log-aesthetic curve design, which minimizes re-
sistance during motion.[41] Therefore, to enhance the motion ef-
ficiency, the contour design of the CMIMC was shaped as part of
the logarithmic aesthetic (log-aesthetic) curve.

The key factor for a successful transition from the C-state to
the R-state is whether the magnetic force on a CMIMC compo-
nent along the x-axis could overcome the capillary force after ro-
tating the magnet. In the C-state, the proximity of the CMIMC
introduced sharp edges at the periphery, which hindered the en-
try of liquid into the contact area, consequently diminishing the
success ratio. To enhance the stability of state transition, we de-
signed the rounded edges at the contact edges to facilitate achiev-
ing the advancing angle (Figure 2a and Figure S10, Supporting
Information).[42,43] A 100% success ratio (𝛾) was achieved when
the radius of curvature (r) reached 0.5 mm, consistently outper-
forming chamfered edges, as shown in Figure 2b. Maintaining
the curvature at 0.5 mm with an 8 mm baseline feature size, scal-
ing up the CMIMC overall resulted in higher success ratios and
the maximum velocities observed at the baseline feature size, as
depicted in Figure 2c. This phenomenon arises because increas-
ing the dimensions amplified magnetic force, as well as resis-
tance and capillary forces. However, the rate of increase in capil-
lary force was slower compared to the magnetic force (for more
details, please refer to Supporting Information). Concurrently, di-
minishing the thickness (ℎ) and expanding the cavity radius (R)
of the CMIMC effectively decreased capillary resistance during
separation, leading to an improved separation success rate, as il-
lustrated in Figure 2d,e. Notably, the maximum velocities were at-
tained at R = 2.5 mm and h = 530 μm. As observed in Figure 2f,g,
both the length (a) of the captured log-aesthetic curve and the car-
bonyl iron powder concentration 𝛼 exerted substantial influence
on the CMIMC’s performance. Optimal velocities were achieved
at a= 6 mm and 𝛼 = 10%, where separation success rates reached
100%. These results demonstrate that appropriate scaling, thin-
ner thickness, and larger cavity radius can enhance CMIMC’s
performance.

Apart from the parameters of the CMIMC itself, the distance
(d) between the driving magnet and the air-water interface also
affects the CMIMC’s performance. By adjusting the parameter
d, the equilibrium separation of the CMIMC in the R-state can
be modulated (Figure 2h). The closer proximity of the magnet to
the CMIMC results in superior performance (Figure 2i,j). This
phenomenon arises due to the amplified driving magnetic field,
thereby engendering a heightened driving force. Nevertheless,
excessively close distances significantly increase the magnetic
force and torque in the z-direction, leading to an increased sink-
ing depth (s) of the CMIMC (for more details, please refer to Sup-
porting Information). This elevates resistance stemming from
capillary and viscous forces, influencing the CMIMC’s perfor-
mance. Figure 2j illustrates the Vmax, representing the peak veloc-
ity achieved during the capturing or releasing motion processes.
Considering the combined relationship between velocities as de-
scribed in Figure 2i,j and the distance (d), a distance of d= 22 mm
was established as the default for subsequent experiments
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unless otherwise specified. The CMIMC will undergo a process
of acceleration followed by deceleration during the state transi-
tions (Figure S11, Supporting Information). This behavior is at-
tributed to the gradual decrease in the magnetic force component
along the x-axis and the concurrent increase in resistance dur-
ing the motions. Notably, capture velocity consistently surpassed
release velocity owing to the distinct roles of capillary forces as
driving and resisting factors in the two processes.

In this section, we have optimized the geometric parameters
and experimental conditions for the CMIMC, resulting in a cap-
ture velocity of up to 7.5 BL s−1 (60.3 mm s−1) and a maximum
cargo transport velocity of 12.2 BL s−1 (97.5 mm s−1). These veloc-
ities represent a leap forward, enabling non-contact and targeted
transport over extended distances. To further assess CMIMC’s
stability, we conducted repetitive tests measuring the relative dis-
tances at equilibrium positions in both C and R states (Figure S12
and Movie S1, Supporting Information). Over 100 repetitions,
CMIMC demonstrated robust consistency. These performance
metrics underscore the broad potential applications of CMIMC
in various domains.

2.3. Dynamics Mechanism of CMIMC

As shown in Figure 3a, during the motion of the CMIMC at
the air-water interface, each component primarily experienced
magnetic forces, capillary forces, gravity, and resistance from the
water.[44–46] Due to the use of superparamagnetic materials, none
of the components of the CMIMC retained residual magnetiza-
tion (Figure S5, Supporting Information). Therefore, the mag-
netic moment of the CMIMC is entirely determined by the exter-
nal magnetic field. This behavior is consistent with the principles
of magnetic manipulation in solution, where the magnetic force
must overcome hydrodynamic drag forces to enable controlled
movement, as highlighted in studies on the magnetophoretic
mobility of magnetic nanoparticles.[47] So, the magnetic force and
torque acting on the CMIMC are:[15,47,48]

FB =
∑

i

∇
(
mi ⋅ Bi

)
(1)

𝝉B =
∑

i

(
mi × Bi

)
(2)

mi =
Vi𝜒

2𝜇0
Bi (3)

where mi represents the local magnetic moment of the CMIMC,
Bi denotes the local magnetic field strength, FB is the total mag-
netic force exerted on a single component of the CMIMC, Vi is
the local volume of the CMIMC, 𝝉B is the resulting torque, 𝜒 is
the material magnetic susceptibility, and 𝜇0 is the vacuum mag-
netic permeability. Under the external magnetic field, the inter-
nal carbonyl iron powder distribution in the CMIMC tends to
align with the field lines. By adjusting the distance between the
driving magnet and the interface, the magnetic field distribution
across the x-y plane could be modified, altering the equilibrium
distance between the CMIMC (Figure 2h and Figure S13, Sup-
porting Information). Due to the anisotropic distribution of the
carbonyl iron powder and the irregular shape of the CMIMC,

obtaining an analytical solution for the magnetic forces is chal-
lenging. Consequently, finite element analysis was used to cal-
culate the magnetic forces acting on the CMIMC. Figure 3b,c
and e,f depict the spatial distribution of the external magnetic
field and the resultant magnetic force exerted on an individual
component at the equilibrium positions in the R-state and the C-
state, respectively. Owing to the non-uniform distribution of the
driving magnetic field, the magnitude of magnetic forces acting
on the CMIMC varied continuously as they moved relative to the
driving magnet. Moreover, initially subdued, the magnetic inter-
action force (FBij) between the CMIMC experienced substantial
amplification as they approached proximity. This result was rig-
orously validated through simulations. Figure 3d,g depicts the
variations in magnetic forces along the x-axis acting on a single
component, with respect to the relative distance (D) between the
CMIMC during the transition to the R-state and the C-state, re-
spectively. The simulated equilibrium position (D = 10.5 mm)
in the R-state corresponds closely with the experimentally mea-
sured (D= 10.7 mm) at a magnet-interface distance of d= 22 mm
(Figures 2h and 3d). The magnetic forces along the z-axis acting
on the CMIMC are shown in Figure S14 (Supporting Informa-
tion).

Due to surface tension at the air-water interface, each com-
ponent of the CMIMC is subject to capillary forces. The key to
determining the capillary forces acting on the CMIMC lies in
building the contour functions of the merged meniscus (sur-
face between the couple) and the single meniscus (log-aesthetic
curved surface). During assembly, the merged meniscus under-
goes continuous variation with the relative distance (D) between
the CMIMC, whereas the single meniscus remains nearly con-
stant. This results in the angles 𝜃 and 𝜃′ between the capillary
forces and the horizontal direction varying as functions of D and
remaining constant, respectively. The detailed calculation pro-
cess of 𝜃 and 𝜃′ is presented in Supporting Information. Thus,
the capillary force acting on a single component is:

FC =
∑

i

𝛾Lmikmi +
∑

j

𝛾Lsjksj (4)

where 𝛾 is the surface tension of the water, Lmi and Lsj denote
the local three-phase contact lines of the merged meniscus and
single meniscus, respectively, kmi and ksj are their corresponding
unit direction vectors corresponding with 𝜃 and 𝜃′. If the CMIMC
is assumed to maintain equilibrium in the vertical direction, as
given by:

G + FBz + FCz = 0 (5)

where G, FBz, and FCz are the gravitational force, magnetic force
in the z-direction, and capillary force in the z-direction acting on
each microrobot, respectively. Given the gravitational and mag-
netic forces, the bottom of the CMIMC will submerge to a spe-
cific distance s relative to the interface, as depicted in Figure S15
(Supporting Information). Calculations confirm that the mag-
netic force will not exceed the capillary force in the z-direction,
preventing the CMIMC from sinking to the bottom of the wa-
ter (Figure S15, Supporting Information).[49,50] The resistance
and capillary force in the x-direction vary with different sinking
depths, as illustrated in Figure 3h,i, respectively. The computed
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Figure 3. Rough calculation and simulation of the magnetic fields and forces during motions. a) Schematic illustration of the forces and torques acting
on a single component of the CMIMC. The capillary force (Fc) is determined by the single and merged menisci at the three-phase contact lines, which
depend on the angles (𝜃′ and 𝜃) between the menisci and the horizontal direction as the distance (D) between the CMIMC changes. FBx, FBz, and 𝜏B
represent the magnetic force components along the x, z-axes, and the magnetic torque exerted by the external magnet, respectively. FBij denotes the
magnetic interaction force between the CMIMC. Fg is the gravitational force. b,e) Simulated background magnetic field distributions in the R-state (b)
and C-state (e). The arrow’s direction indicates the direction of the magnetic field at that location, and the length indicates the magnitude. c,f) Simulated
magnetic force density distributions of the CMIMC in the R-state (c) and C-state (f), with the red arrow indicating the direction of the magnetic field at
that location. d,g) Magnetic force components along the x-axis as a function of distance (D) in the R-state (d) and C-state (g). The equilibrium positions
for both states are marked. h) Calculated capillary forces of the CMIMC as a function of distance (D) at varying distances (s) from the air-water interface.
i) Calculated viscous resistance of the CMIMC as a function of their velocity at varying distances (s) from the air-water interface. j,k) Comparative analysis
of magnetic and capillary forces along the x-axis during the transitions from C to R-state (j) and R-state to C-state (k), respectively.

capillary forces along the x-axis for an individual component are
≈7 μN (at the equilibrium position in the C-state) and 1.8 μN (at
the equilibrium position in the R-state). At the maximum veloc-
ity (97.5 mm s−1) of cargo transport, an individual component
of CMIMC experiences a resistance force of ≈0.169 mN. These
calculations are predicated on s = 0.5 mm.

Without considering CMIMC tilting, the horizontal motion
of the CMIMC in the experimental investigation was examined,
which is given by:

m 𝜕2v
𝜕t2

= FCx (D, s) + f (v, s) + FBx (D) + FBij (D) (6)

where m is the mass of an individual component (≈0.01 g), v is
the current velocity of the component, and FCx and FBx are the
capillary force and magnetic force exerted on the component in
the x-direction, respectively. In practical computations, appropri-
ate handling of the simulated magnetic forces was performed.
The components of magnetic and capillary forces exerted along
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the x-axis on the CMIMC, sinking depth s, 𝜃 and 𝜃′ during the
state transitions were determined using the equations mentioned
above (Figure 3h,k, and Figure S15, Supporting Information).
Initially, the separation force (resultant force combining mag-
netic force and capillary force) provided at the starting position
amounted to ≈56.8 μN and decreased to zero as the distance be-
tween the CMIMC increased until reaching the equilibrium po-
sition at the R-state, where D = 10.7 mm, consistent with experi-
mental measurements (Figure 2h). Moreover, when the CMIMC
is at the equilibrium position in the R-state and C-state, it is char-
acterized by a stable state that allows it to restore its equilibrium
position and maintain stability against external perturbations.
Besides, during the transition of the CMIMC from the R-state
to the C-state, the magnetic and capillary forces act coherently
due to mutual attraction between surfaces of similar hydrophilic-
ity, serving as driving forces. Consequently, throughout the cap-
ture process, the driving force remained consistently positive un-
til CMIMC made contact (Figure 3k). The theoretical examina-
tion based on preferred magnetization directions substantiates
the feasibility of controlling the relative distance of the CMIMC
using a permanent magnet. Derivations and detailed calculations
are presented in the Supplementary Information.

2.4. Targeted Transport in Complex Environments

After optimizing the motion performance and analyzing the
dynamics mechanism, we explored the extensive potential
applications of the CMIMC based on cooperative interactions.
Because the geometric center axis of the CMIMC consistently
aligned with that of the driving magnet, it enabled proximity to
the untethered cargo floating at the interface. When the cargo was
positioned at the center of the CMIMC’s cavity, the driving mag-
net was rotated using a motor to align its N-S axis with the x-axis,
switching the CMIMC to the C-state and enabling non-contact
capture of the untethered cargo. Due to the influence of capillary
forces, there was a continual mutual repulsion between the cargo
and CMIMC. Furthermore, owing to the presence of the capillary
potential well, the cargo consistently resided within the cavity’s
center of the CMIMC. Consequently, throughout the entire pro-
cess of capture, transport, and release, the object remained in a
state of non-contact with the CMIMC, which is currently difficult
to achieve in research endeavors. This precise manipulation of
the CMIMC’s position at the interface enabled non-contact tar-
geted transport of the cargo. Upon reaching the predetermined
position, the driving magnet was rotated again to switch the
CMIMC to the R-state, allowing for the non-contact release of
the cargo (Figure 4a and Movie S3, Supporting Information).

In experimental settings, we directed the motion of the
CMIMC with a stepping motor and an XYZ 3D displacement
stage (Figure S6, Supporting Information), ensuring exact real-
time and pre-programmed positional control and reliable state
transitions. Figure 4b illustrates the CMIMC approaching and
capturing an untethered cargo on the air-water interface with
high precision. Subsequent manual manipulation facilitated tar-
geted transport and release, concluding with the CMIMC re-
trieval along the original path. Additionally, in a large spatial area,
we validated the manual capture of the untethered cargo at the
interface, followed by automatic transport and release along pre-

determined paths. Circle-shaped and letters-shaped tracks were
demonstrated in experiments, as shown in Figure 4c,d, respec-
tively (Movie S3, Supporting Information).

Based on the validations mentioned above, our CMIMC ex-
hibits the cooperativity to capture an untethered cargo and con-
duct targeted transport along arbitrary trajectories. Furthermore,
we performed experimental validation using cabbage seeds to
showcase CMIMC’s programmable motion capabilities to ex-
plore more complex environments and potential applications in
site-directed biological culture (Figure S16, Supporting Informa-
tion). Initially, we used the CMIMC to capture a seed. Then,
we transported the CMIMC to the targeted position, navigating
through a complex environment for designated cultivation pe-
riods, and subsequently retrieved the CMIMC. Comparative ex-
periments involving cabbage seeds cultivated in water, with and
without CMIMC manipulation in different conditions, demon-
strated the feasibility and effectiveness of the CMIMC for site-
directed biological culture in a disturbed environment (Figure
S16 and Movie S4, Supporting Information). Simultaneously, co-
cultivation for ≈19 h confirmed the CMIMC’s non-toxicity. By
leveraging its non-toxicity, flexible cooperativity, and ability to
maintain cargo integrity without direct contact, we advanced its
potential in biotechnology. We have established a laser irradia-
tion point with predetermined coordinates at the interface for
cellular deactivation. By capturing yeast cell clusters and subse-
quent laser activation, we further demonstrated the precise tar-
geted transport capability of the CMIMC. Using the CMIMC, we
captured the yeast cell clusters, transported them along the des-
ignated path to the deactivation coordinates, activated the laser
upon reaching the target position, and transported them out of
the system. The control experiment, without laser activating, con-
firmed that the CMIMC did not impact cell viability. The viability
of the clusters was ≈15.6% after the laser irradiation, compared
to near 100% viability for sole transport, which corroborates the
biocompatibility of the CMIMC (Figure S17 and Movie S5, Sup-
porting Information). For more details, please refer to the Exper-
imental Section.

2.5. Targeted Drug Transport and Myomectomy

After confirming the biocompatibility of the CMIMC, we sub-
sequently investigated its diverse cooperative applications in
biomedicine. We first explored the application prospect of
the CMIMC for targeted drug transport and release in an
anatomical model of the human stomach. The capability to
achieve disturbance-resistant targeted drug release positioned
the CMIMC as a promising platform for precise drug delivery to
gastric ulcers. Active targeted delivery with site-directed drug re-
lease can reduce dosage and prevent side effects of drugs. Figure
5a schematically illustrates the experimental process, which can
be roughly divided into three stages: pushing a medical catheter
(Stage I), deploying the drug-loaded CMIMC using an external
magnet through the catheter (Stage II), releasing the drug at
the targeted position and retrieving the CMIMC by the catheter
(Stage III). Snapshots of the experimental process are shown
in Figure 5c, progressing from left to right. Initially, only an ex
vivo stomach model containing an appropriate volume of fluid
to simulate a realistic gastric environment was present (0 s).

Adv. Mater. 2025, 2417416 © 2025 Wiley-VCH GmbH2417416 (7 of 12)
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Figure 4. Non-contact and cooperative targeted transport. a) Illustration depicting the non-contact and cooperative transport of an untethered cargo
by the CMIMC at the air-water interface, navigating through a complex environment. b–d) Non-contact targeted cargo transport demonstrations by the
CMIMC with different route shapes, complex-shaped (b), circle-shaped (c), and letters-shaped (d) trajectories. Scale bar, 10 mm.

Subsequently, a medical catheter and the CMIMC loaded with
drugs were deployed (23 s), followed by a continuous process of
targeted drug release (340 s). As a demonstration, a biocompati-
ble dye, specifically an edible pigment, was utilized for drug stain-
ing, which was encapsulated within the hydrogel. The retrieval
of the CMIMC and catheter was completed following prolonged
drug release (692 s). As a control experiment, Figure 5d shows
the situation of targeted drug release without CMIMC capture. In
this scenario, apart from the challenge of the drug reaching the
targeted position, disturbances such as external vibrations and
the Marangoni effect induced by concentration gradients could
cause the drug to deviate from the targeted site, thereby reducing
treatment efficacy (Movie S6, Supporting Information). Figure 5b
presents the drug concentrations released under tethered and
untethered conditions in Figure 5c,d. Additional control groups
included drug concentration not collected (Control I) and drug

concentration collected away from the ulcer site (Control II). The
method employed for determining drug concentration involved
collecting solution from a specific site, evaporating the solvent
through heating, and assessing the change in container mass
before and after collection to quantify drug concentration. Min-
imal concentration changes were noted when only heating the
containers and distant from the targeted position. Moreover, the
concentration at the targeted position following drug release with
the CMIMC was 1.72-fold higher compared to the non-CMIMC
condition (Figure 5b). This significant increase in drug concen-
tration at the targeted position demonstrates the potential of the
CMIMC in enhancing drug efficacy (for more details, see Exper-
imental Section).

Furthermore, we also explored the application prospect of the
CMIMC in myomectomy. It is typically essential to achieve uter-
ine distension before performing myomectomy by instilling an

Adv. Mater. 2025, 2417416 © 2025 Wiley-VCH GmbH2417416 (8 of 12)
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Figure 5. Functional demonstration of targeted drug delivery, release, and myomectomy. a) Conceptual schematic depicting the drug delivery process
of the CMIMC inside a stomach filled with some gastric acid, which involves three stages: pushing a medical catheter, deploying the CMIMC by the
catheter, and drug releasing. b) Drug concentrations are measured by the variation in the mass of the container, which underwent processes of solution
filling and subsequent drying (n = 5). Control I, only the container is heated, and control II is the solution distant from the ulcer. c) Targeted drug delivery
is demonstrated in an anatomical stomach model using a magnet and drug releasing on the ulcer using the CMIMC. d) An untethered drug is released
on the ulcer site with stochastic motion. e) Conceptual schematic depicting the myomectomy process of the CMIMC inside a uterus filled with some
water. f) Schematic illustration of the CMIMC composited with a ceramic blade and the myomectomy process. g) Myomectomy is demonstrated in an
anatomical uterus model, involving three stages: pushing a medical catheter, deploying the CMIMC by the catheter, and removing the hysteromyoma.
Scale bar, 10 mm.

appropriate volume of fluid and creating an air-water interface
within the uterine cavity, which is consistent with the working
condition (air-water interface) of the CMIMC. Figure 5e depicts
a schematic diagram illustrating the excision of a uterine fibroid
using our CMIMC. We coupled a ceramic blade at the bottom
of the CMIMC to excise fibroids, as shown in Figure 5f. Uti-
lization of a ceramic blade over a metallic counterpart aimed
to mitigate susceptibility to external magnetic field interference.

Figure 5f schematically delineates the experimental procedure,
which could be roughly divided into three sequential stages:
pushing a medical catheter (Stage I), deploying the CMIMC in
the C-state to the targeted fibroid for excision, transitioning to
the R-state to position the fibroid adjacent to the blade (Stage
II), reverting to the C-state to execute fibroid excision, and fi-
nally retrieving both the excised fibroid and the CMIMC using
the catheter (Stage III). Snapshots depicting the experimental

Adv. Mater. 2025, 2417416 © 2025 Wiley-VCH GmbH2417416 (9 of 12)
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process are illustrated in Figure 5g, progressing sequentially
from left to right. Initially, a physiologically realistic ex vivo uter-
ine model filled with an appropriate volume of fluid and a des-
ignated fibroid for excision was presented (0 s). Subsequently, a
medical catheter and the CMIMC in the C-state were deployed
(22 s). Utilizing a driving magnet, the CMIMC approached the
targeted fibroid, thereby transitioning into the R-state (28 s) and
continuing in the R-state and approaching the targeted fibroid,
bringing it into proximity to the blade. By rotating the magnet,
the CMIMC reverted to the C-state, utilizing its high capture ve-
locity to complete the excision (39 s). The uterine fibroid was suc-
cessfully excised, and the myomectomy surgery was successfully
performed. The excised fibroid and CMIMC were then retrieved
using the catheter (78 s) (Movie S7, Supporting Information).
Furthermore, we demonstrated that CMIMC exhibits high mo-
tion performance in different fluids, further validating its feasi-
bility for targeted drug delivery in a stomach and myomectomy
(Figure S18, Supporting Information). For detailed experimental
procedures, please refer to the Experimental Section.

3. Conclusion

In summary, we proposed the CMIMC for versatile biomedical
applications. To achieve precise control and flexible cooperativity
of the CMIMC, we mixed the carbonyl iron powder with a PDMS
matrix and engineered the preferred magnetization directions to
ensure optimal responsiveness to the external magnetic field. A
permanent magnet was used to control the position and equilib-
rium states of the CMIMC at the air-water interface. Combined
with capillary effects, we realized non-contact capture, transport,
and release of untethered floating cargo through the cooperative
interactions of the CMIMC. Through the deliberate design of the
CMIMC’s shape and geometric parameters, we optimized its lo-
comotion performance. The maximum cargo transport velocity
was achieved at 12.2 BL s−1. We also conducted counterflow ex-
periments to validate its disturbance resistance capability, achiev-
ing stable transport in a counterflow environment at a velocity
of 8.1 BL s−1. Repetitive state-transition experiments were per-
formed to confirm its robustness. Additionally, simulations of
the driving magnetic field and magnetic forces on the CMIMC
were conducted to reveal the underlying mechanisms of its co-
operative motion. Moreover, we validated the precise and flexible
cooperative interactions of the microrobot couple through trans-
port experiments in complex-shaped, circle-shaped, and letters-
shaped trajectories, respectively. Real-time motion control and
state transitions were demonstrated, as well as transport along
predefined trajectories. Furthermore, we showcased the control
precision and biocompatibility of the CMIMC control through
cabbage seed hydroponics and targeted deactivation of yeast cell
clusters. Finally, the potential applications of the CMIMC in the
biomedical field were demonstrated. Its capability for targeted
drug release in an ex vivo stomach model was verified, achiev-
ing a drug concentration increase of 1.72-fold higher compared
to the non-CMIMC clamping condition. In an ex vivo uterine
model, we successfully performed the removal of uterine fibroids
by combining the CMIMC with a ceramic blade by leveraging its
high-velocity capture and flexible manipulation capabilities.

4. Experimental Section
Carbonyl Iron/PDMS Mixture Layer Fabrication: Polydimethylsiloxane

(PDMS, Sylgard 184, Dow Corning) as the matrix material of the CMIMC
was used, mixed with PDMS curing agent and carbonyl iron powder (par-
ticle diameter 3–5 μm, ≥99.5% purity, Nangong Rui Teng Alloy Mate-
rial Co., Ltd.). Initially, these constituents were blended in a mass ra-
tio of 10:1:1 and thoroughly mixed using manual agitation with a glass
rod to ensure uniform distribution. Subsequently, the mixture underwent
15 min of vacuum degassing to eliminate entrapped air bubbles. After
degassing, the mixture was cast onto the center of a clean glass slide
(70×70×1.1 mm). The glass slide was then subjected to spin-coating on a
spin coater (Opticoat MSA100, Mikasa Co. Ltd., Japan) at 150 rpm for 40
s to achieve a uniform layer. The coated glass slide, with a mixture layer
thickness of ≈500 μm, was transferred into a custom-built curing mold
made of laser-cut wooden material to minimize magnetic field interfer-
ence. Positioned beneath the center of the glass slide, at ≈35 mm dis-
tance, was a neodymium-iron-boron (NdFeB) permanent magnet (N52,
25×25×25 mm), with its N-S axis parallel to the glass surface. This corre-
sponded to a magnetic field magnitude of ≈8 mT, which effectively aligned
the carbonyl iron powder into lines along the magnetic flux lines. Then, the
entire mold assembly was placed in an oven and cured at 65 °C for 1.5 h.
This curing process facilitated the alignment of the carbonyl iron powder
along the magnetic flux lines induced by the magnet, resulting in the de-
sired microstructure formation within the composite material.

Femtosecond Laser Fabrication: The femtosecond laser system based
on the Ti: sapphire femtosecond laser system (80L8TICEACE-100F-1K,
Spectra-Physics Solstice Ace, USA) was employed for precise cutting and
modification of the carbonyl iron/PDMS mixture layer. The laser beam fea-
tures included a pulse width < 100 fs, a repetition rate of 1 kHz, and a
central wavelength of 808 nm. This beam was directed through a scan-
ning system (model s-9210d, Sunny Technology, China) and focused onto
the magnetic film using an F-theta lens with a focal length of ≈63 mm.
The scanning path and velocity were controlled by the scanning system,
and the laser power was adjustable via an optical attenuator. Cutting op-
erations utilized a scanning power of 600 mW and a speed of 2 mm s−1,
repeated 15 times. Then, orthogonal crossed line-by-line consecutive scan-
ning was performed on both the upper and lower surfaces of CMIMC to
create the surface microstructures. The process employed an optimized
laser power of 450 mW, a scanning speed of 12 mm s−1, and a line spac-
ing of 0.03 mm.

Characterization: The surface microstructures of CMIMC were char-
acterized by a scanning electron microscope (ZEISS EVO18). The contact
angle and advancing angle of the MIM were measured by the contact angle
system (CA-100C, Shanghai Innuo Precision Instruments Co., Ltd) at am-
bient temperature. Measures were conducted on three different samples.
The volume of the test droplets was ≈4 μL generated by a syringe. The op-
tical image and the advancing process were recorded by a charge-coupled
device (CCD) of the contact angle system.

CMIMC Manipulation: Throughout all experiments, the orientation of
the CMIMC was controlled by a permanent magnet (N25, 25×25×40 mm)
positioned directly underneath the interface. The magnet was securely
mounted on a stepper motor (42BYGH34, Yi Xing Technology Co., Ltd,
China), which was operated via an Arduino UNO R3. Rotation of the
stepper motor, and thus adjustment of CMIMC’s equilibrium state, was
achieved remotely using an infrared receiver module and an infrared re-
mote control unit (Keyes). The stepper motor assembly was affixed to a
precision 3D displacement stage (X-XYZ-LSM200A, Zaber Technologies
Inc.), offering a travel range of 20 cm.

Yeast Cell Culture: Yeast cells were cultured on YPD solid medium (1%
yeast extract, 2% peptone, 2% glucose, 1.5% agar, sourced from Shang-
hai Ruichu Biotech Co., Ltd.). The yeast cells were incubated at a constant
temperature of 30 °C for 2–3 days. Subsequently, the yeast cells were trans-
ferred to a YPD liquid medium (1% yeast extract, 2% peptone, 2% glu-
cose). A 5% mass fraction of glucose was added to the liquid medium to
facilitate the transport of yeast cells.

Yeast Cell Viability Experiment: An infrared laser was used for deacti-
vation (808 nm, 300 mW, Shenzhen Infrared Laser Technology Co., LTD,
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China). A 4% stock solution of trypan blue was first prepared. 4 g of try-
pan blue (BASF SE) was weighed and ground with a small amount of dis-
tilled water. Water was added to make up the volume to 100 mL, and the
solution was filtered using filter paper and stored at 4 °C. The yeast cell
suspension was mixed with a 0.4% trypan blue solution (diluted in PBS).
The cells were observed under a microscope (Leica DM IL LED, Leica Mi-
crosystems), and viability was calculated. Dead cells were stained blue,
while live cells remained colorless and transparent.

Ex Vivo Experiments: In Figure 4b, Figures S9, S16 and S17 (Support-
ing Information), the models utilized were fabricated using a 3D printer
(Dreamer NX, Zhejiang Flashforge 3D Technology Co., LTD) with polylac-
tic acid (PLA) as the material. The models and the catheter in Figure 5c,d,
and g were purchased from Taobao, China. For targeted drug transport
experiments, the drug (Omeprazole Enteric-coated Tablets) was adsorbed
by porous hydrogels. The drugs were stained using edible dyes, and the hy-
drogels were polymerized under UV exposure. Drug concentrations were
assessed by measuring changes in mass using centrifuge tubes. Initially,
some solutions were loaded into the centrifuge tubes. Then, the centrifuge
tubes were heated to evaporate the water. Finally, the mass changes were
measured. Measures were conducted on three different samples. In the
myomectomy simulation, a plastic ball simulated uterine fibroid and was
affixed to the uterine model using tape. The ceramic blade was adhered
underneath the CMIMC using adhesive.

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