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depend on material architectures and methods for controlling magnetization profiles. While some efforts have
been made, there are still key challenges in achieving programmable magnetization profile and creating hetero-
geneous architectures. Here, we directly embed programmed magnetization patterns (magnetization modules)
into the adhesive sticker layers to construct soft robots with programmable magnetization profiles and geome-
tries and then integrate spatially distributed functional modules. Functional modules including temperature and
ultraviolet light sensing particles, pH sensing sheets, oil sensing foams, positioning electronic component, circuit
foils, and therapy patch films are integrated into soft robots. These test beds are used to explore multimodal robot
locomotion and various applications related to environmental sensing and detection, circuit repairing, and gastric
ulcer coating, respectively. This proposed approach to engineering modular soft material systems has the poten-
tial to expand the functionality, versatility, and adaptability of soft robots.

INTRODUCTION

There has been tremendous progress in recent years in the develop-
ment of small-scale, untethered soft robotic systems that are capable
of programmable shape morphing through magnetic fields, light,
temperature, chemical cues, and other forms of external or environ-
mental stimulation. Such systems have enabled an increasing number
of promising applications in cargo grasping (I1-7), intelligent elec-
tronics (8-12), precision medicines (I, 8, 13-17), and bionics (18-23).
However, further progress in creating stimuli-responsive soft robots
that are capable of mimicking the rich multifunctionality, agility,
and physical adaptability of living creatures (24) remains a nota-
ble challenge (25, 26). One main limitation is how to integrate
multiple functional modules with dissimilar material compositions
into one soft robot (27-31). While numerous examples of stimuli-
responsive materials capable of reversible shape change, locomotion,
and sensing have been developed, there are relatively few examples
of heterogeneous architectures that combine these functionalities
into a single integrated system. This is particularly true for magnet-
ically activated soft robots, for which the magnetization profile can
be precisely controlled to achieve programmable structural changes
for multimodal motions and diverse applications (I, 8, 27). These
existing robots lack the ability to close the loop between sensing,
signal processing, and actuation (32). In this respect, simultaneous
integration of programmable structural changes and various functional
modules remains a key scientific challenge in the development of
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magnetically responsive material systems that exhibit robot intelli-
gence (24, 33).

Another limitation with existing magnetic soft robots is that cur-
rent methods of manufacturing, material design, geometry change,
and operation result in materials that form bending and folding de-
formations. Most of these methods involve the creation of discrete
magnetization (uniform magnetization) profiles of hard magnetic
particles [neodymium-iron-boron (NdFeB) and chromium dioxide]
by altering the orientation of magnetized microparticles (13)
and nanomagnets (20) locally or globally within the soft robot. This
is accomplished using a variety of fabrication techniques, including
three-dimensional (3D) printing (8, 34, 35), lithography (2), electron
beam lithography of nanomagnets (20), laser heating (3, 9), spray-
ing (13), and magnetized modules assembly with dynamic covalent
bonds (36, 37) and bonding agent (14, 38). Although template-
assisted magnetic programming allows continuous magnetization
(nonuniform magnetization) for simple curved deformation (1, 39),
transformative soft robots containing several curved structures are
difficult to fabricate using this method due to the requirement of
shape conformability, intricate template geometries, and demand-
ing operations. Alternatively, magnetized modules assembly has the
potential to achieve this goal, but only the concept for these modular
architectures has been proposed (14). In addition, assembly of mag-
netized modules avoids the processing limitation of previous methods
to create arbitrary 3D geometries (14). However, the laborious connect-
ing steps between individual magnetized modules increase fabrication
duration and complexity. Thus, a more efficient approach should be
developed to achieve programmable uniform and nonuniform mag-
netization assembly and 2D and 3D geometries of soft robots.

With respect to multifunctional soft robots, a universal strategy
is to integrate various functional modules [logical microfluidic systems
(40), temperature sensing (27), light sensing (41), biosensing (42, 43),
superhydrophobic surfaces (27), cell cages (14), etc.] with soft com-
pliant materials. These modules are composed of micro/nanoparticles,
circuit wiring, and microelectronic components. Considering the
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soft and thin structure of magnetic soft robots, it is important that
the introduction of functional modules does not hinder their natu-
ral mechanics and deformability. Meanwhile, a general material
architecture should be developed to achieve seamless integration of
various modules. Wu’s group (27) achieved various functional par-
ticles infusion in different regions of soft robots for deformation,
superhydrophobic surface, and sensing. Sitti’s group (14) integrated
microcages at the surface of soft robots for cell transport, which has
no apparent influence on the deformation of soft robots. Although
some advanced functions have been integrated, extra connecting
steps are needed for functional modules integration, and delamination
may occur because of different material properties and limited bonding
agent choice. Therefore, the integration of various functional modules
with different material properties and forms still requires further ex-
ploration to bring more intelligent magnetic soft robots. Furthermore,
some functional modules need to be conveniently replaced once
they are used or damaged for sustainable use of soft robots.

Here, we address these challenges with a modular soft magnetic
architecture in which individual units contained NdFeB micro-
particles with prescribed magnetization profiles (uniform or non-
uniform). The modular magnetization units are directly embedded
into the network of adhesive sticker layers to form magnetic soft
robots with arbitrary 2D and 3D geometries. Multiple functional
modules with different material properties and formation factors
(e.g., particles, papers, films, foams, and electronic components) can
be seamlessly integrated through robust adhesion to form connected
networks. The recyclable adhesive sticker allows some functional
modules to be easily replaced after use. As proof-of-concept demon-
strations of multifunctional soft robots, we introduce temperature
and ultraviolet (UV) light sensors, pH detectors, polydimethylsiloxane
(PDMS) foams, radio frequency identifier (RFID), and drug load-
ing films and demonstrate the ability to create magnetic soft robots
capable of multimodal motions and applications in environmental
sensing and detection, positioning, circuit repairing, and gastric ulcer
therapy. Our approach simplifies the fabrication steps for intelli-
gent soft robots with customized shape deformation and function,
enabling the possibilities of their applications in multiple fields.

RESULTS

Design and fabrication of programmable

and multifunctional magnetic soft robots

The schematic diagram of fabrication and application for multi-
functional soft robots is illustrated in Fig. 1. In the fabrication process,
patterns composed of NdFeB microparticles are first magnetized by
template-assisted method (fig. S1) with a magnetizer (39). NdFeB
patterns with either uniform (in-plane and out-of-plane) or non-
uniform magnetization profiles are achieved in this manner. Next,
magnetized NdFeB patterns are selectively embedded into the ad-
hesive sticker network of the top and bottom sides of the double-
sided adhesive to form the programmable magnetic body of the soft
robotic system. The position and direction of magnetized patterns
are determined by the desired shapes and structural changes of soft
robots. In this process, no additional connecting step is required
due to the overall network and tackiness of double-sided adhesive
layers. Then, the magnetic soft robots are cut out from the double-
sided adhesive, after which they are powered by a spatially non-
uniform magnetic field. Within the actuating magnetic field, the
3D deformation of a soft robot is primarily driven by magnetic torques

Dong et al., Sci. Adv. 8, eabn8932 (2022) 22 June 2022

that align the local magnetization with the field direction, and then
the magnetic forces increase or decrease the robot’s deformation
depending on the relationship between the reoriented magnetization
of the initially torque-driven deformation with the direction of mag-
netic field gradient (44, 45). The magnetic response of the robot will
either involve folding or continuous structural changes depending
on whether it is programmed with uniform or nonuniform magnetiza-
tion profiles, respectively. We note that the regions on both sides of
the double-sided tape that do not contain NdFeB microparticles can
be populated with microelectronics, circuit wiring, and other elements
to support additional robotic functionalities. Next, functional modules
are seamlessly incorporated into the inner network (temperature
and UV light sensing particles) or outer surface (pH paper, PDMS
foam, and RFID) by adhesion to these nonmagnetized regions. As a
mature commercial product, adhesive sticker has been developed
and refined to tightly bond various materials under light pressure,
which is beneficial for robust interfacing of modular units. The
resulting soft robots can perform multimodal motion and achieve
environmental sensing, positioning, and circuit repair by combining
the specialized functions of each unit.

The programming and transfer of magnetized

NdFeB patterns

The synthesis and transfer of prescribed NdFeB patterns and mag-
netization profiles (either uniform or nonuniform) are the basis of
the magnetic soft robots. Figure 2A describes these processes in detail.
First, a patterned wax mask (10.4 um in thickness) is printed onto
the polyetherimide (PEI) tape with a thin adhesive layer by a wax
printer (Fig. 2B). The PEI tape loses its stickiness in the regions coated
with wax. NdFeB microparticles are then adhered onto the exposed
regions of the PEI tape, thereby forming the NdFeB patterns (Fig. 2C,
fig. S2A, and movie S1). Next, the PEI tape is soaked in ethyl acetate
solution for 5 min to remove the wax mask. Because of the swelling of
the adhesive layer, the wax pattern on the surface of PEI tape can be easily
removed after soaking and slightly shaking (fig. S2B and movie S1).
However, the NdFeB patterns (Fig. 2D) are stably fixed into the net-
work of adhesive layer, and nearly no NdFeB microparticles are
observed after attracting ethyl acetate solution with a magnet (fig.
S2C). The patterned NdFeB on PEI tape is henceforth referred to as a
NdFeB/PEI film. From its cross-sectional scanning electron microscopy
(SEM) images (Fig. 2F), we find that a small part of NdFeB micro-
particles volume is embedded within the thin adhesive layer, indicating
the excellent stickiness of the adhesive layer. The planar resolution
of the patterned NdFeB features can reach 40 pm (fig. S3), which lays
the foundation for small-scale magnetic soft robots.

We also investigate the ability to transfer the patterned NdFeB
layer from PEI tape to a double-sided tape. The NdFeB/PEI film is
placed onto the double-sided tape with the NdFeB side facing down.
After applying pressure, a large portion of the NdFeB microparticles
is transferred to the thick adhesive layer of the double-sided tape
(Fig. 2E). Upon peeling off the PEI tape, most of the NdFeB parti-
cles are transferred into the double-sided tape (Fig. 2G and movie
S1). However, some NdFeB microparticles still remain in the PEI
tape, which is ascribed to its nonuniform size as displayed in SEM
images (fig. S4). Moreover, some small NdFeB microparticles are
deeply embedded into the adhesive layer of the PEI tape or do not
make initial contact with the double-sided tape due to interference
from larger NdFeB microparticles during the transfer process (fig. S5).
However, although larger NdFeB microparticles can prevent some
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Fig. 1. The schematic diagram of integrating magnetized NdFeB patterns and functional modules for programmable and multifunctional magnetic soft robots

and their applications. PET, polyethylene glycol terephthalate.

of the smaller particles from transferring, they are nonetheless im-
portant since they provide the soft robot with a stronger magnetic
force response (fig. S6). Meanwhile, a thicker adhesive layer is needed
to accommodate larger NdFeB microparticles. As shown in Fig. 2H
and figs. S7 and S8, we investigate the transfer of unmagnetized and
magnetized NdFeB microparticles with average sizes of 38.0, 75.0,
and 150.0 um on double-sided tapes with different thicknesses (0.3,
0.5, and 1.0 mm). These NdFeB microparticles are uniformly dis-
tributed into the double-sided tapes, as also demonstrated by the SEM
image (Fig. 2I). No agglomeration happens for magnetized NdFeB
microparticles, demonstrating that NdFeB microparticles are stably
and separately fixed into the adhesive layer, which is essential for
uniform and consistent deformation of soft robots. Therefore, our
proposed strategy is suitable for fabricating magnetic soft robots with
different thicknesses. As the thickness of double-sided tapes in-
creases, more NdFeB microparticles are inserted into the adhesive
layer, and the transfer efficiency increases. As the size of NdFeB
microparticles increases, their transfer efficiency in double-sided
tapes with the same thickness decreases. We calculate their trans-
fer efficiency by measuring the weight of NdFeB microparticles in
the PEI tape before and after the transfer (Fig. 2K). All measured
transfer efficiencies are beyond 85.0%, ensuring that our strategy
can be efficiently used to assemble NdFeB patterns for magnetic
soft robots.

We also compare the magnetization profiles of magnetized NdFeB
patterns before transfer (in PEI) and after transfer (in double-sided
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tapes) captured by a magneto-optical microscope (Fig. 2]). The NdFeB/
PEI films are magnetized by the template-assisted method (fig. S1)
(39). We find that the magnetization profiles remain the same, with
no obvious difference observed for uniform (in-plane and out-of-
plane magnetization) or nonuniform magnetization. This observa-
tion indicates that NdFeB microparticles do not rotate and displace
easily in the process of pressing and scratching due to the strong
cohesion and elasticity of the adhesive sticker, which is critical for
the successful fabrication of the anticipated magnetic soft robots
with high fidelity in magnetization profiles. The NdFeB microparticles
are also stably fixed into the double-sided tape and cannot be rotated
or moved even after repeated stimulation with magnetic field (100 mT)
for 2000 cycles (Fig. 2, L and M). Two rectangular NdFeB patterns
with uniform and nonuniform magnetization are inserted into the
double-sided tape (10 mm by 2 mm by 0.03 mm and 10 mm by
2 mm by 0.1 mm) to demonstrate their stability. Unexpectedly,
nearly no height and curvature changes are observed, indicating that
soft robots fabricated by our strategy can be used for a long time
even when using the largest NdFeB microparticles (150.0 um) and
thinnest double-sided tape (0.03 mm). In addition, the soft robots
are also stable after ultrasonic in water for 1 hour and magnetic
stimulation in HCl solution, NaOH solution, ethanol, gastric fluids,
blood, saliva, and urine for 2 hours (fig. S9). Therefore, the proposed
strategy for fabrication and transfer of magnetized NdFeB patterns
is simple, robust, and suitable for developing programmable mag-
netic soft robots.
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Fig. 2. The fabrication and transfer of NdFeB patterns. (A) The fabrication process of NdFeB patterns. The optical images of (B) wax mask on PEl tape, (C) NdFeB patterns
and wax mask on PEI tape, (D) NdFeB patterns on PEI tape after wax removal, (E) NdFeB patterns in the double-sided tape. The cross-sectional SEM images of NdFeB micro-
particles on (F) PEl and (G) double-sided tapes. (H) The enlarged optical images and (I) SEM image of magnetized and unmagnetized NdFeB microparticles in double-sided
tapes with different thicknesses. (J) The magneto-optical microscope images of magnetized NdFeB patterns [uniform (in-plane and out-of-plane) and nonuniform mag-
netization] before transfer and after transfer. (K) The transfer efficiency of NdFeB microparticles in double-sided tapes. The stability of NdFeB patterns with (L) uniform
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The assembly process and structural changes of soft robots
with 2D geometries

We further assemble several programmable magnetic soft robots with
uniform and nonuniform magnetization and 2D and 3D geome-
tries to explore their shape changes. The relationship between the
shape of the template and the magnetization profiles of all NdFeB
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patterns has been provided to understand the structural changes
of the assembled soft robots (fig. S1). Their specific geometrical
parameters are reported in fig. S10. The thinnest double-sided tape
(0.03 mm) and medium-sized NdFeB microparticles (75.0 um) are
selected to ensure the dexterous shape changes and fast magnetic
response of soft robots. Although larger NdFeB microparticles
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Fig. 3. The soft robots with uniform and nonuniform magnetization assembly and 2D geometries. (A) The schematic diagram of assembly process with roll-to-roll
technology. (B) Magnetized NdFeB patterns fixed on the roller. (C) The assembled soft robots with high reproductivity. The designed shapes with distributed magnetiza-
tions, optical images before and after magnetic stimulus, and simulated deformation results of soft robots with 2D geometries fabricated by (D to F) uniform magnetiza-
tion assembly and (G to I) nonuniform magnetization assembly. [The inset images are the magneto-optical microscope images of magnetized NdFeB patterns. Scale bars,

1.0 cm; color bars, the range of “maximum principal strain (logarithmic strain)”].

(150.0 um) can provide faster magnetic response, too large of a
structural change will affect the overall deformation of small-scale
soft robots. As shown in Fig. 3A and movie S2, we transfer and as-
semble magnetized NdFeB patterns one by one into the double-side
tape and demonstrate mass production of programmable magnetic
soft robots using roll-to-roll manufacturing. The different magne-
tized NdFeB patterns are fixed onto different rollers according to
the shape and magnetization profiles of soft robots. For example,
magnetized rectangular NdFeB patterns with different directions are
first uniformly distributed onto two PEI tapes in a complementary
form (Fig. 3B). After transferring two consecutive times with the
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custom-made roll-to-roll device, the spatially patterned magnetic
soft robots can be reproduced in a high-throughput manner (Fig. 3C
and movie S2). We believe that more advanced roll-to-roll device
can be designed and optimized to produce complex programmable
soft robots composed of dozens of NdFeB patterns with one process.

The assembly of NdFeB patterns can also be easily achieved manually
(fig. S11 and movie S2). A soft robot with magnetization directions
(black arrows) printed on an A4 paper is taped at the bottom of the
double-sided tape (fig. S11). Next, the soft robots are acquired by
cutting along their profiles. No connecting step is needed in all of
these processes. Figure 3 (B to G) displays soft robots with 2D
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geometries and their shape changes {optical images and simulation
results [these simulations are conducted using a user-element sub-
routine (UEL) in ABAQUS (8, 46)]}. Magnetic field generated by a
magnet is used to induce the deformation of assembled soft robots
(fig. S12). To suppress the influence of magnetic force, a large disc-
shaped magnet with the diameter of 8 cm is applied to minimize the
magnetic field gradient (47). Thirty identical rectangular NdFeB
patterns with in-plane magnetization are assembled to form a multi-
legged robot that is powered by an external magnetic field, which causes
the legs to contract (Fig. 3B and movie S3). Similarly, 72 identical
triangular NdFeB patterns with in-plane magnetization are assembled
to enhance the deformation capability through using a kirigami design
(Fig. 3C). NdFeB patterns are partially separated by cutting the tape
along blue dotted lines. Upon stimulation by a magnetic field, all
back-facing triangular NdFeB patterns approach each other to form
complex 3D deformation (Fig. 3C and movie S3). As a typical deform-
ation of out-of-plane magnetizations, the assembled soft robot
fabricated by 16 NdFeB patterns with four out-of-plane magnetiza-
tions can transform into a polyhedron (Fig. 3D and movie S3). In
addition to the uniform magnetization assembly above, nonuniform
magnetization assembly has been easily achieved to create more com-
plex deformation shapes with multiple curved structures. Twelve
identical rectangular NdFeB patterns with S-shaped deformation
are assembled to form a metamaterial structure that can expand and
contract both in length and width simultaneously and has enabled
multifunctional applications (Fig. 3E and movie S3). The structures
of blooming chrysanthemum and Dendrophylax lindenii are also
constructed (Fig. 3, F and G), which can be used to study and use
plant behavior. Sixty petal-shaped NdFeB patterns of different sizes
with arc-shaped deformation are assembled to mimic the structure
of blooming chrysanthemum (Fig. 3F and movie S3). These petals
can swing simultaneously and quickly with the movement of an
external magnet, suggesting the potential to mimic the function of
cilia for pumping and mixing biological fluids. The D. lindenii is
assembled by six arc-shaped structures and two helical structures
generated by eight simple NdFeB patterns (Fig. 3G and movie S3).
These patterns are split from the planar structure of D. lindenii. All
of the above examples demonstrate the versatility of our method to
create soft robots with a wide range of uniform and nonuniform
magnetization profiles and 2D geometries. The detailed assembly
processes are presented in fig. S11. These simulation results in
Fig. 3 (B to G) are reasonably close to the actual deformation of the
soft robots. We attribute the small differences between simulation
and experiment to the following three factors: (i) spatially non-
uniform magnetic field in experiments, (ii) manual assembling pro-
cess, and (iii) imperfect and discontinuous magnetization profiles
in the simulated models (see more discussion in text S1).

The assembly process and structural changes of soft robots
with 3D geometries

Soft robots with 3D geometry can also be constructed by using the
tackiness of the double-sided tape. The two ends of the planar struc-
tures are firmly taped together to form 3D structures, which cannot
be torn apart even if they are loaded with objects thousands of times
their weight (fig. S13). Two columnar structures are exhibited in
Fig. 4 (A and C). The columnar structure with 24 square magnetized
NdFeB patterns (uniform magnetizations) transforms into an epsilon-
shaped structure upon stimulation by the magnetic field (Fig. 4A
and movie S3). The columnar structure with six rectangular magnetized
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NdFeB patterns (nonuniform magnetizations) and 12 square mag-
netized NdFeB patterns (uniform magnetizations) either contracts
or expands along the radial direction under the stimulation of ex-
ternal magnetic field (Fig. 4C and movie S3). A similar structural
change has been successfully applied in capsule and drug delivery
(48, 49). Furthermore, more complex 3D soft robots are constructed
by bonding simple 3D structures with self-adhesive. As exhibited in
Fig. 4B, 16 square magnetized NdFeB patterns (uniform magnetiza-
tions) are first distributed in the rectangular stripes of the double-
sided tape. Next, two ends of rectangular stripes are bonded together
to form simple dumbbell structures. Three of these dumbbell struc-
tures are then bonded together in a side-by-side manner to form a
3D soft robot. After stimulation with an external magnetic field, the
robot folds and undergoes shape change into another 3D structure.
Likewise, four rectangular NdFeB patterns with uniform and non-
uniform magnetizations are first assembled, folded, and bonded to
form the simple triangular prism structures. Six triangular prism
structures are also tightly bonded together to form a complex meta-
material structure (Fig. 4D). After sequential stimulation of opposing
magnetic field, continuous and abrupt structural changes happen
together. The metamaterial structure shrinks apparently and exhibits
dexterous structural changes. Even after many cycles of stimulation,
the shape and deformation of the metamaterial structure remain stable,
further demonstrating the excellent stickiness of the double-sided
tape. Therefore, our proposed method can easily achieve uniform
and nonuniform magnetization assembly for programmable soft robots
with 2D and 3D geometries.

Multiple module integration

We also achieve compatible integration of functional modules (tem-
perature sensing modules, UV light sensing modules, pH sensing
module, circuit module, positioning module, and oil sensing module)
into regions of the multilegged soft robot that are not occupied by
NdFeB microparticles (Fig. 5A). These regions have robust tackiness
due to the presence of the adhesive tape. Considering the seamless
integration and replaceability of all functional modules, temperature
sensing and UV light sensing materials (power) are first incorporated
into the one side of double-sided tape, and pH sensing module and
oil sensing module (PDMS foam) are endowed with stickiness by
depositing a layer of spray-on adhesive (fig. S14). In particular, circuit
modules (copper conductive tape) and positioning modules (RFID)
as commercial products have an adhesive sticker layer. Figure 5B
exhibits the optical images of these functional modules. Thus, these
functional modules can be seamlessly integrated onto soft robots by
the close interaction of self-adhesive on functional modules and soft
robots in a compatible way.

Next, we demonstrate the potential applications of the multi-
functional multilegged soft (MFMLS) robot. The MEMLS robot is
flexibly actuated using a cuboid magnet (length: 40 mm; width: 40 mm;
height: 25 mm) and is capable of multimodal locomotion, which
includes crawling, locomotion, and diving (fig. S15). For crawling on
adry surface (fig. S15A), the MEMLS robot will perceive the surround-
ing environment (Fig. 5, C and D). When the MFMLS robot approaches
the heating area (65°C), the closest temperature sensing modules
(35°C) will change their color from light blue to dark blue (blue arrows,
Fig. 5C and movie $4). Next, the closest temperature sensing modules
(65°C) change their color from light purple to deep purple when it
first touches the heating area (purple arrows, Fig. 5C and movie $4).
As the whole MEMLS robot enters the heating area, all temperature
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sensing modules change their colors. Thus, we acquire the ambient
temperature information from the color feedback of robot to deter-
mine the following behaviors of MFMLS robot or judge whether it
is safe or not. To improve the spatial resolution and precision of
sensing, temperature sensing modules are uniformly distributed
onto each leg to achieve multidirectional temperature sensing
(Fig. 5, A and C). Similarly, UV light sensing modules are also uni-
formly distributed onto each leg to achieve multidirectional UV light
sensing. When the MFMLS robot encounters UV light, the corre-
sponding modules will quickly change their color from white to green
(Fig. 5D and movie S4).
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The MFMLS robot can also be used for water quality sensing
through coupling with its multimodal motion. Because of its light-
weight, large contact area with water, and the hydrophobicity of
double-sided tape (fig. $16), the MFMLS robot can float and swiftly
move around on water when actuated by a moving magnet [Fig. 5E
(1), fig. S15B, and movie S6]. Once reaching the monitoring area,
we judge the pH value (pH > 7) of water according to the color change
(from yellow to brown) of pH sensing modules. As the MFMLS robot
deforms, the hydrophilic pH sensing modules adsorb the water to
detect its pH value. The MFMLS robot also can dive into the water
when actuated it from the bottom with a magnet [Fig. 5E(2) and
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Fig. 5. Multiple applications of MFMLS robot. (A) The schematic diagram of MFMLS robot with functional modules (circuit, positioning, oil detection, temperature
sensing, UV sensing, and pH sensing) and their response under various stimuli. N, North; S, South. (B) The optical images of all functional modules. (C) The multidirectional
temperature sensing of MFMLS robot. (D) The multidirectional UV light sensing of MFMLS robot. (E) Multimodal motion for water quality testing of MFMLS robot: (1) the
locomotion on the water and pH sensing, (2) the diving and crawling in the water and oil adsorption, and (3) the floating to the water surface (the inset image is the
bottom view of MFMLS robot). (F) The replacement process of oil removal module (PDMS foam) after oil adsorption.

fig. S15C]. With the magnet approaching, the MFMLS robot shrinks
its body to decrease the contact area with water. Meanwhile, the magnet
provides a downward pulling force that overcomes the buoyancy of
the MFMLS robot (its body and PDMS foam) to enable diving
(movie S6). The PDMS foam is hydrophobic and lipophilic (fig. S15).
Afterward reaching the bottom, the MFMLS robot reverts to a crawling
gait and moves to the monitoring area. By applying opposing mag-
netic force, the oil sensing module is pressed to closely contact the

Dong et al., Sci. Adv. 8, eabn8932 (2022) 22 June 2022

monitoring area to adsorb oil [Fig. 5E(2), fig. S14E, and movie S6].
After that, the MFMLS robot is controlled to float up from the bottom
to the water surface without sinking [Fig. 5E (3) and fig. S15D]. The
MFMLS robot is retrieved to observe whether there is oil exposure
in the monitoring area [the inset image of Fig. 5E (3)]. After being
used, the pH and oil sensing modules are easily peeled off and re-
placed by new ones for further use. Figure 5F displays the replace-
ment process of the oil sensing module (PDMS foam). The PDMS
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foam is wholly removed from the MFMLS robot, and no apparent
residual is observed owing to the recyclability of adhesive sticker
(the inset images in Fig. 5F). Thus, new PDMS foam can be tightly
integrated into the MFMLS robot to conduct another test for mea-
suring the presence of oil. The pH sensing module can also be replaced
using the same process.

Circuit repair in narrow and opaque space

The introduction of modular units for circuit functionality and re-
pair represents another promising use case for soft magnetic robots
(50, 51). Here, we use a commercial RFID tag to augment the capa-
bilities of the MFMLS robot. The RFID tag is integrated at the cen-
ter of MFMLS robot, and the circuit module is attached to its center.
We assume that the failure point (open circuit) within an opaque
channel can be observed by metal flaw detector. Thus, the RFID reader
is positioned at the bottom of the channel in a manner that it faces
the failure point in the channel. Under the joint action of the posi-
tioning module, circuit module, and MFMLS robot locomotion, we
implement a temporary circuit connection at the failure point of the
hard-to-reach region to deal with emergencies (Fig. 6A). Because of
the small height of the MFMLS robot with magnetic actuation and
its excellent locomotion capability, the MFMLS robot can easily enter
the narrow channel and approach the failure point (Fig. 6, B and C,
and fig. S17). During the approach process, we use the Received
Signal Strength Indicator (RSSI) value obtained from the RFID reader
to judge whether the circuit module is positioned below the failure point
(Fig. 6B). The RSSI value first increases and then decreases to the
lowest value (—42.0 dBm), which is used to determine the center of
the robot (Fig. 6, D and E). If the RSSI value is larger than —42.0 dBm,
then the MFMLS robot is actuated to keep going forward. If the RSSI
value is equal to —42.0 dBm, then the position of MFMLS robot is
slightly adjusted to observe whether the RSSI value changes gradually.
If it changes, then the robot should keep moving forward. By repeating
this process, if the RSSI value (—42.0 dBm) remains constant (red
dotted frame of Fig. 6E), then we conclude that the center of the
MEFMLS robot is directly below the failure point. After a stronger
magnetic actuation, the MFMLS robot is tightly pushed against the
failure point to guarantee close contact between circuit modules
and failure point, thereby restoring the circuit connection. This is
evidenced by reactivation of the light-emitting diode (LED), which
lights up again upon connecting (Fig. 6D and movie S5). Although
previous works have demonstrated the ability to use soft robots to
repair circuit connections, those implementations required manual
position through visual inspection using the naked eye (48). Because
those implementations require direct line of sight, the failure point
cannot be observed in the case of an opaque channel or the presence
of occlusions. Here, the RFID acts as an “eye” to help the user judge the
position of the failure point. The MFMLS robot also can be controlled
to come out from the narrow channel. As before, the RSSI value is
observed to first increase and then decrease (Fig. 6E). Alternatively,
the circuit module can also be replaced by liquid metal and conduc-
tive silver paste to achieve permanent circuit connecting. However,
such materials might smear off the MFMLS robot and coat other
contacting surfaces during locomotion.

Therapy patch transfer in stomach

We further investigate the biomedical application of the modular mag-
netic soft robot. Because it is capable of multimodal locomotion, cargo
delivery, and tolerating exposure to acid, the soft robot is well suited

Dong et al., Sci. Adv. 8, eabn8932 (2022) 22 June 2022

for biomedical applications that involve operation in the stomach
such as gastric ulcer treatment. More than 10% of people worldwide
have suffered from gastric ulcers with high morbidity (52, 53). Drug
therapy for effective acid suppressants is currently a common treat-
ment method to decrease the incidence (53). However, long-term use
of nonsteroidal anti-inflammatory drugs may result in life-threatening
gastric bleeding (54). Coating technologies assisted with gastroscopy
have been widely explored for ulcer treatment (55). Such an approach
has the potential to stop bleeding, repel gastric fluids, promote tissue
regeneration, and resist biofouling and inflammation. Nonetheless,
conventional gastroscopy brings the risk of several complications
and reduces the patient’s compliance (53). A wireless capsule endo-
scope has been developed to examine the gastrointestinal tract with
painless procedure and higher safety, but other functions like endo-
scopic surgery for patch coating cannot be expanded (56). Thus, we
propose to use a small untethered soft robot to replace the surgical
stapler for coating a therapy patch onto gastric ulcer ex vivo. We
anticipate that the combination of soft robot and capsule endoscope
will become an ideal tool for painless treatment of gastrointestinal
ulcers in the future. Compared to other soft robots (particularly
gas-powered soft robots), our proposed soft robot is untethered and
is wirelessly actuated by magnetic fields to achieve several actuation
modes. These actuation modes not only can be used synergistically
to overcome the complex terrain in the stomach to reach the target
site but also can protect a therapy film and transfer it on the ulcer.

The soft robot is fabricated by incorporating magnetized NdFeB
patterns (NdFeB size: 150.0 um) into the two sides of double-sided
tape (thickness: 0.1 mm) (Fig. 7A). The larger NdFeB particles pro-
vide a stronger magnetic force to resist the adhesion of gastric mucosa
to move flexibly. We measured the areal mass density of NdFeB
microparticles (the mass of NdFeB microparticles adhered onto per
square centimeter of tape) with different average sizes of 38.0, 75.0,
and 150.0 um to be 6.837, 7.991, and 9.791 mg cm >, respectively.
The areal mass density increases with increasing NdFeB particle sizes.
At the same magnetizing condition, larger mass of NdFeB particles
will produce stronger magnetic force (see more discussion in text S2).
Meanwhile, the thicker double-sided tape also reduces the adhesion
of gastric mucosa. The soluble tape is used as a sacrificial layer to
temporarily fix the therapy patch. The therapy patch is a piece of
cellulose film contained with drugs used for the treatment of gastric
ulcers. Because of the thinner thickness of therapy patch, it can be
tightly attached to the soluble tape. However, a soluble tape with low
stickiness is easy to fall off during locomotion if it is directly taped onto
the soft robot. Thus, these regions without NdFeB particles are re-
served to tightly stick the soluble tape considering the excellent stickiness
of adhesive sticker (the front side of the soft robot in Fig. 7A).

The soft robot mainly has five kinds of deformed structures (original,
O-shaped, M-shaped, W-shaped, and semi-curled structures) (Fig. 7B).
These deformations and the actuation of the soft robots are achieved by
manually controlling a magnet. The O-shaped deformation is achieved
by rotating a magnet through one circular revolution along its hori-
zontal axis at the bottom of soft robot. The M-shaped deformation
is achieved by placing a magnet with S-pole upward to approach the
soft robot from the bottom. The W-shaped deformation is achieved
by placing a magnet with its N-pole upward while approaching the
soft robot from its bottom. The semi-curled deformation is achieved
by rotating a magnet half a revolution along its horizontal axis at the
bottom of the soft robot and then approaching the soft robot. By
using these five structures, we have achieved six actuation modes of
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Fig. 6. The circuit repairing process in a narrow and hard-to-reach space. (A) The connecting of failure point in a hard-to-reach region by the joint action of robot’s
locomotion, circuit module, and positioning module (the inset images are the internal structure of the region and the positioning principle). (B) The logical process to
judge the position of MFMLS robot by RSSI value. (C) The entering and approaching process of MFMLS robot to the failure point. (D) The process of failure point connect-
ing and coming out. (E) The real-time RSSI value recorded by the RFID reader (the red dashed box indicates that the center of the robot is below the failure point).

the soft robots on a fresh pig stomach filled with mucosa, including
curling, rolling, unfolding, climbing, turning over, and slipping (Fig. 7C,
movie S7, and fig. S18). In the curling and rolling process, the therapy
patch is wrapped in the middle of the soft robot to reduce the influ-
ence of gastric fluids. When the soft robot cannot pass the gastric
fold by rolling, it will unfold itself and then climb through the fold
by alternating W-shaped and M-shaped deformations. The therapy
patch prefers to face upward after unfolding due to the residual stress
in the O-shaped structures, which avoids direct contact between the
therapy patch and mucosa and reduces the influence of gastric fluids.
During the turning over process, the soft robot first transforms into
the partially curved structure to ensure a high success rate. In addition,
the structure of the soft robot is quickly adjusted to be a W-shaped
structure after turning over, which is also maintained during slip-
ping to keep the therapy patch away from the mucosa. As demon-
strated in Fig. 7D, the multimodal locomotion enables the successful
transfer and coating of the therapy patch on the gastric ulcer as well
as the return of the soft robot after completing the task (Fig. 7D).
Figure 7 (E and F) displays the transfer process and return process,
respectively. All these processes are divided into six stages and
achieved by the combination of different actuation modes. The de-
tailed actuation steps of every stage can be found in fig. S19.

When the soft robot reaches the gastric ulcer in the transfer pro-
cess, the soluble tape dissolves completely in the gastric mucosa to
release the therapy patch. The inset image of Fig. 7F clearly shows
that the gastric ulcer on the gastric fold is completely covered by the
therapy patch. Considering that the capsule endoscope cannot be
precisely controlled to track the locomotion of soft robot, we demon-
strate the concept of the combination of the robot and the endo-
scope by using an ultrafine wired endoscope (diameter: 3.9 mm).

Dong et al., Sci. Adv. 8, eabn8932 (2022) 22 June 2022

The pig stomach is expanded by blowing the air to form the real 3D
structures (Fig. 7G). Under the vision of the endoscope, we have
also realized the discovery of gastric ulcer and the tracking of the
soft robot (Fig. 7H). The therapy patch is also successfully placed on
the surface of the gastric ulcer. With innovations in capsule endos-
copy for real-time visualization and tracking, we believe that there
are further opportunities to improve the application of magnetic soft
robots for minimally invasive treatments and therapy.

DISCUSSION

Constructing magnetically driven intelligent soft robots with pro-
grammable shape morphing, multimodal locomotion, and multiple
functions has the potential to enable advanced applications of soft
robots in a wide variety of science and engineering fields. Programming
discrete and continuous magnetization and introducing functional
modules to soft robots are crucial. Although some efforts have been
devoted to developing multifunctional soft robots, the open challenges
of limited magnetization assembly, demanding operation, extra con-
necting steps, and easy delamination have restricted their further
innovation.

We directly and seamlessly incorporate magnetized patterns com-
posed of NdFeB microparticles into a network of adhesive sticker to
fabricate soft robots with programmable magnetization profiles
(uniform and nonuniform) with 2D or 3D geometries. These soft
robots with different thicknesses exhibit dexterous structural changes.
In addition, some regions without magnetic response are selectively
reserved for introducing functional modules. We have integrated
various functional modules with different material properties and forms
(particles, papers, films, foams, circuit, and electronic components)
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into soft robots to explore their multimodal motions and applica-
tions in environmental sensing (temperature and UV light) and de-
tection (pH and oil spilling), positioning, circuit repair, and gastric
ulcer coating. All these assembly processes (NdFeB patterns and
functional modules) are simple, requiring no extra connecting step.
Meanwhile, all functional modules do not spontaneously delaminate
unless they are forcefully peeled off for replacement. The proposed
strategy simplifies the fabrication of multifunctional soft robots and
provides more freedom in prescribing magnetization profiles and
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expands the range of possibilities for function integration. We be-
lieve that it will inspire and enable more intelligent soft robots with
specialized functions, improved environmental adaptability, and fast
iterative feedback.

In this work, we exhibit the concept of functional integration by
using some basic modules. For realizing further intelligence of soft
robots, a broad range of electronic components and wireless systems
with high performance may afford many possibilities in functional
integration (50, 51, 57). Potential electronic components include
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silicon infrared LED, complementary metal-oxide semiconductor
transistors, UV sensors, temperature sensors, and microsupercapacitors;
these wireless systems include energy receiver coils, inductor coils,
near-field communication, RFID, and so on. We anticipate that several
electronic components and wireless systems can be rationally de-
signed and assembled onto the magnetically actuated soft robots to
work synergistically for multifunctional applications, autonomous
behaviors, or specific tasks. A fully autonomous system-engineered
miniaturized robot may be developed in the future (58). Some modules
that cannot be given stickiness have difficulty integrating onto the
soft robots. For example, hydrogel-based materials, as important
materials for biomedical applications, are hard to be directly inte-
grated onto the soft robots. Meanwhile, the overall architecture of
the functional soft robots fabricated using our proposed approach is
modular but can be challenging to downscale when smaller soft robots
are needed for biomedical applications in lumens of human body,
such as urogenital system, gastrointestinal tract, auditory meatus,
nasal cavity, etc. Since the fabrication accuracy of NdFeB patterns is
about 50 um, the size of the assembled soft robots will not be less
than 100 um when only two patterns are assembled. The introduction
of on-chip fabrication technology and rolled-up technology may be
a good choice to solve the problem (57). The downscaled size of soft
robots also brings new challenges of precise modular integration and
cutting contour of soft robots. Current or new technologies need to
be explored to overcome these challenges.

In addition, when several identical robots are in the same mag-
netic field, it is not possible to individually operate more than one
robot at a time. However, soft robots with different magnetization
profiles and geometries may exhibit different deformations and loco-
motion behaviors in response to the same magnetic field. Rational
design in magnetization profiles and geometries is needed for soft
robots to perform their functions individually. The programmability
of magnetization profiles within soft robots may provide them with
more possibilities in terms of their deformation modes and corre-
sponding applications. However, the magnetization profiles of soft
robots fabricated using our proposed approach are fixed, which have
limited their functions. This could potentially be solved by locally
changing the physical properties of adhesive stickers and further
rearranging the magnetization profiles.

MATERIALS AND METHODS

The fabrication of NdFeB patterns

First, wax pattern that is complementary to the NdFeB patterns is
printed onto the PEI tape. The wax pattern can be recognized as a
mask. Next, NdFeB microparticles with different average sizes of
38.0,75.0, and 150.0 pm are added onto the PEI tape. After pressing,
a part of NdFeB microparticles stick onto the region of PEI tape
without wax, and the free NdFeB microparticles are easy to remove.
Then, the PEI tape with NdFeB microparticles is soaked into the
ethyl acetate solution for 5 min. After slightly shaking, the wax pat-
tern will drop off from the PEI tape, and the NdFeB patterns will
form on the PEI tape.

The fabrication of magnetized NdFeB patterns

According to the deformation requirement of soft robots actuated
by magnetic fields, the 2D planar shapes and 3D structures of soft
robots are first divided into individual NdFeB patterns. Next, these
NdFeB patterns are fabricated and magnetized by a magnetizer
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(MA 2030, Shenzhen Jiuju Industrial Equipment Co. Ltd.) to acquire
the programmable magnetization. For the uniform magnetization
(in-plane and out-of-plane magnetization), the NdFeB/PEI film with
the same NdFeB patterns is directly adhered onto a glass slide or
template along its long edge (relying on the stickiness of the PEI tape)
and then fixed onto the magnetizer. By adjusting the height and inter-
section angle between NdFeB patterns and inductor coil, the uniform
magnetization is acquired after magnetizing. The height and inter-
section angle determine the strength and direction of the magnetic
field within NdFeB patterns. For nonuniform magnetization, the
NdFeB/PEI film with the same or single NdFeB patterns is adhered
onto the 3D-printed template along its curved structure to complete
the magnetization.

The fabrication of programmable magnetic soft robots

The programmable magnetic soft robots can be fabricated with mass
production and high reproducibility by using roll-to-roll technology.
The magnetized NdFeB patterns with different magnetization pro-
files are first fixed onto the PEI tape and then wrapped onto different
rollers according to the shape and the position of individual magnetiza-
tion profiles of soft robots. After that, one of the fabricated rollers is
installed onto the homemade roll-to-roll device to achieve the transfer
of magnetized NdFeB patterns into the specific position of the double-
sided tape. By repeating the process, magnetized NdFeB patterns can
be assembled one by one into the same double-sided tape to form
the corresponding programmable soft robots.

The programmable magnetic soft robots can also be fabricated
manually. The planar shapes of these soft robots are first designed
by drawing software and then printed onto an A4 paper. Next, a
piece of double-sided tape is taped onto the printed planar shapes.
After that, magnetized NdFeB patterns with different magnetization
profiles are assembled onto the double-sided tape one by one. The
printed planar shapes are used to ensure assembly accuracy. In this
process, NdFeB patterns should be tightly pressed and scratched to
ensure successful transfer of NdFeB microparticles into the net-
work of double-sided tape. Last, the assembled magnetic soft robots
are acquired by cutting along the outline of planar shapes and then
peeling off form the A4 paper.

Simulations of deformations

The deformation of the magnetic soft robot under static magnetic
field was conducted using a UEL in ABAQUS. The simulations in-
clude the following parameters: the shear modulus 1, the strength of
external magnetic field B, and the remanence M of the material. We
divide the whole structure into magnetic regions and nonmagnetic
regions according to the distribution of the magnetic modules. The
shear moduli for the magnetic and nonmagnetic sections are 156
and 126 kPa, respectively. We characterized the modulus using a
Tinius Olsen H5KS material testing system. The materials in the
simulation are assumed to be incompressible and fit the neo-Hookean
material model. The remanences of the magnetic region and non-
magnetic region are set to be 73.7 and 0 kA/m, respectively. Considering
the possible asymmetry of Cauchy stress induced by magnetic body
torques, customized eight-noded brick elements are used to handle
the nine components of the Cauchy stress tensor.

The fabrication of functional modules
The temperature sensing modules and UV light sensing modules
are fabricated by incorporating commercially available temperature
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sensing power and UV light sensing powder into the self-adhesive
network of double-sided tape with the thickness of 30 um and then
cutting into the many rectangular or pentagonal shapes. The power
is easily incorporated into the network and onto the surface of double-
sided tape. The pH sensing modules are fabricated by spraying a layer
of self-adhesive onto the pH testing paper and then cutting it into a
lot of small rectangular shapes.

The oil sensing modules (PDMS foam) are fabricated by emul-
sion method. Ten grams of PDMS prepolymer is first thoroughly mixed
with a curing agent with a weight ratio of 10:1. Next, 12 g of paraffin
oil is added into the mixture under vigorous stirring. Then, 75 g of
distilled water is added dropwise under continuous stirring for 30 min
to form PDMS-water emulsion. The emulsion is then poured into
spaced glass pieces and heated at 70°C for 2 hours to conduct
polymerization. The polymerized PDMS foam is released from the
spaced glass pieces and then washed by ethanol to remove paraffin
oil. The clean PDMS foam is acquired after heating at 70°C for 6 hours
to remove remaining ethanol. Last, the PDMS foam is cut into small
round pieces and sprayed a layer of self-adhesive.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn8932
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