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Abstract
Integrated printing of magnetic soft robots with complex structures using recyclable materials to achieve sustainability of the
soft robots remains a persistent challenge. Here, we propose a kind of ferromagnetic fibers that can be used to print soft robots
with complex structures. These ferromagnetic fibers are recyclable and can make soft robots sustainable. The ferromagnetic
fibers based on thermoplastic polyurethane (TPU)/NdFeB hybrid particles are extruded by an extruder. We use a desktop
three-dimensional (3D) printer to demonstrate the feasibility of printing two-dimensional (2D) and complex 3D soft robots.
These printed soft robots can be recycled and reprinted into new robots once their tasks are completed. Moreover, these robots
show almost no difference in actuation capability compared to prior versions and have new functions. Successful applications
include lifting, grasping, and moving objects, and these functions can be operated untethered wirelessly. In addition, the
locomotion of the magnetic soft robot in a human stomach model shows the prospect of medical applications. Overall, these
fully recyclable ferromagnetic fibers pave the way for printing and reprinting sustainable soft robots while also effectively
reducing e-waste and robotics waste materials, which is important for resource conservation and environmental protection.
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Introduction

Robots are employed in many fields, including manufactur-
ing, medical devices, agriculture, education, and consumer
products, due to their high productivity, safety, and con-
venience. However, the rising usage of robots also brings
material waste and unsustainable disposal techniques [1]. In
2019 alone, electronics generated 53.6 million metric tons
of unrecycled waste, a number that is expected to grow by
nearly 2 million per year [2]. Consequently, environmental
issues related to e-waste and robotic waste materials have
attracted increasing attention worldwide [3, 4]. Therefore, it
is crucial to use sustainable materials while creating robots
[5], and recyclable robotics materials [6, 7] offer a promising
alternative.

Single-composite materials typically offer good recy-
cling potential [8]. However, employing a single-composite
material to create a traditional rigid robot [9–11] may
be impractical. In contrast, the recent emergence of soft
robots [12–21]—and particularly magnetic soft robots
[22–26]—suggests a new possibility. Typically, magnetic
soft robots aremade of a singlemagnetic compositematerial,
often consisting of Ecoflex or polydimethylsiloxane (PDMS)
mixed with ferromagnetic particles. These have significant
application prospects for medical treatments [27–29]. These
robots can be deformed in many ways, and their movements
can be actuated by magnetic fields. However, Ecoflex- or
PDMS-based soft robots cannot be directly recycled or repro-
cessed at the end of their life bymelting themdown into a raw

material capable of being used for a new product. Instead,
they require additional processing stages (i.e., depolymer-
ization, polymerization, and re-manufacturing) and may
be disposed of as waste, posing a potential environmen-
tal hazard [30–32]. In addition, most magnetic soft robots
are made using casting methods [33–35], which results in
relatively simple and primarily two-dimensional (2D) struc-
tures, thereby restricting their use for complex use cases.
Some robots can also be printed using the direct ink writ-
ing (DIW) method [36–40]; here, the printed structure is
primarily two-dimensional, with only a few robots having
a simple three-dimensional (3D) structure. However, this
kind of printing requires an additional nozzle to print sup-
port molds [41]. Thus, after the printing is complete, it is
necessary to remove the mold; however, it is challenging to
print complex 3D structures due to the ink is extremely easy
to collapse. Therefore, integrated printing of magnetic soft
robots with complex structures using recyclable materials to
achieve sustainability of the soft robots remains a persistent
challenge.

Here, we propose a class of ferromagnetic fibers (Fig. 1a)
that are printable and recyclable, and can, therefore, be
used to fabricate sustainable untethered soft robots. These
ferromagnetic fibers, which are based on thermoplastic
polyurethane (TPU)/NdFeB hybrid particles, are extruded
via a single-screwextruder. Theyhave a diameter of 1.75mm,
making them suitable for commercial desktop fused deposi-
tion modeling (FDM) 3D printers. We analyzed the effect of
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Fig. 1 Recyclable ferromagnetic
fibers for sustainable robots.
a Ferromagnetic fibers are
printable and soft. Scanning
electron microscope images
show the cross-sections of the
ferromagnetic fibers. b The
processes by which
ferromagnetic fibers and soft
robots are manufactured. A
single-screw extruder was used
to extrude the ferromagnetic
fiber. c The ferromagnetic fiber,
printer, and robot form a circular
system. d Detailed circular
process. e A soft robot when
crawling. f A soft robot when
rolling

the TPU/NdFeB hybrid particle doping ratio on the diam-
eter and density of formed ferromagnetic fibers, as well as
their printability, mechanical performance, and recyclability.
We then assessed the impact of ferromagnetic fibers on 3D-
printed soft robots and verified their recyclability. In addition,
an FDM3D printer was used to demonstrate the feasibility of
printing 2D and complex 3D soft robots with ferromagnetic
fibers, and a magnetic field was applied to remotely actuate
robot deformations. Finally, once the soft robots had accom-
plished their tasks, we demonstrated the sustainability of the
ferromagnetic fiber-based soft robot paradigm by reprint-
ing new robots designed for new applications. We believe
that the use of fully recyclable ferromagnetic fibers provides
an effective way to print and reprint sustainable soft robots.
Moreover, we note that this method is simple to use and can
be easily commercialized.

Results

Recyclable ferromagnetic fibers for sustainable
robots

The diameter of the ferromagnetic fiber is standard since it
is made to be suitable for commercial desktop 3D printers.
The matrix materials for ferromagnetic fibers were chosen
from three TPU particles with different harness, whose main
parameters are shown in Table S1 (Supplementary Informa-
tion). Themain parameters of theNdFeBparticles used as the
magnetic filler for ferromagnetic fibers are shown in Table
S2 (Supplementary Information). The fabrication process
of ferromagnetic fibers is shown in Fig. 1b and Movie S1
(Supplementary Information). First, the TPU particles and
NdFeB particles were dried at 60 °C for 8 h. Then, TPU
particles and NdFeB particles at a certain mass ratio were
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heated to 70 °C and put into a blender for thorough mix-
ing. Next, the TPU/NdFeB particle mixture was put into a
single-screw extruder to extrude ferromagnetic fibers. By set-
ting the appropriate temperature, extrusion speed, and pulling
speed in the single-screw extruder, ferromagnetic fibers with
a diameter of about 1.75 mm were obtained, which can be
used in commercial desktop FDM 3D printers. Finally, the
ferromagnetic fibers were used to create magnetic soft robots
using an FDM 3D printer (Fig. 1b and Movie S2 in Supple-
mentary Information).

Interestingly, soft robots printed with ferromagnetic fibers
are fully recyclable, and the ferromagnetic fiber itself is also
recyclable. This is made possible by a circular relationship
between ferromagnetic fibers, the robot printer, and the robot
(Fig. 1c). In this circular system, the printer creates the robot
by printing ferromagnetic fibers. Once the robot is no longer
needed, it can be recycled back into ferromagnetic fibers to
begin a new cycle. An example is shown in Fig. 1d; here,
Robot 1 is manufactured using ferromagnetic fibers, and
once it completes its task, it is recycled back into ferromag-
netic fibers. These fibers are then used to create Robot 2,
which—after fulfilling some other task—can be recycled into
ferromagnetic fibers once more. Furthermore, the structure
and design of magnetic soft robots are highly dependent on
their specific task, function, and application. These robots
can have diverse shapes and functionalities and can be actu-
ated by an external magnetic field. For example, Figs. 1e
and 1f and Movie S3 (Supplementary Information) show the
untethered motions of two sustainable soft robots, including
crawling and rolling motions.

Characterization of ferromagnetic fibers

A single-screw extruder (Fig. S1 in Supplementary Infor-
mation) comprising a main machine, water cooler, pulling
machine, and reeling machine was used to extrude ferromag-
netic fibers. The single-screw extruder operates as shown in
Movie S1 (Supplementary Information) and/or as described
in Sect. “Methods”. Briefly, a TPU/NdFeB particle mixture
was first fed into the extruder from a hopper, where high
temperatures caused it to form into a mixed molten state
within the barrel of the screw section. This material was then
extruded by the main machine of the extrusion die, pulled
by the pulling machine, cooled in a water cooler tank, and
then molded into uniform, continuous ferromagnetic fibers
by the reeling machine. Using several experiments, we deter-
mined the ideal extruder parameter set Sect. “Methods” for
a 90-A-TPU-based matrix. Overall, we came to the conclu-
sion that the extruder’s temperature control I level should
be set to about 205 °C, temperature control II level should
be set to about 200 °C, the extrusion speed should be set to
about 9.5 r/min, and the pulling speed should be set at about
30 r/min, which can stabilize the extrusion of fibers with a

diameter of about 1.75 mm. Scanning electron microscope
images (Fig. 1a)show the cross-sections of the ferromag-
netic fibers. Figure S2 (Supplementary Information) shows
energy-dispersive X-ray spectroscopy characterization of a
cross-section.

Since the diameter of the ferromagnetic fiber affects print-
ing, we analyzed its diameter. Accordingly, the diameters of
ferromagnetic fibers made from TPU/NdFeB with different
TPU hardness and magnetic powder (i.e., NdFeB) content
levels were measured using Vernier calipers. Each spool of
ferromagnetic fibers was tested 20 times at intervals of 0.5m.
As shown in Fig. 2a, the mean value of these 20 tests was
taken to represent the diameter of the ferromagnetic fibers
analyzed (Fig. 2a). Further analysis of measurement data
revealed that, when all other extruder parameters (i.e., extru-
sion temperature, extrusion speed, and pulling speed) were
held constant, the diameter of ferromagnetic fibers decreased
with increasing TPU hardness, but decreased with increas-
ing NdFeB content. These effects were due to the fact that
increasing TPUhardness causes a notable decrease in viscos-
ity; moreover, adding NdFeB powder reduced the viscosity
of the mixed material when the hardness of TPU was held
constant. In such a case, the front of the extrusion mold will
melt more fluidly and be easier to stretch under constant trac-
tion force of the pulling machine due to the reduced viscosity
of the mixed material. In addition, it was discovered that as
the NdFeB content increased to >30% (mass fraction) dur-
ing the preparation process, the uniformity and smoothness
of the resulting fibers significantly declined. This was caused
by greater NdFeB content being correlated with greater dis-
persal in sampled ferromagnetic fiber diameter, i.e., lower
uniformity.

Figure 2b shows the density of TPU/NdFeB-based fer-
romagnetic fibers with different TPU hardness and NdFeB
content. These results show that ferromagnetic fiber den-
sity increased as NdFeB content increased. In addition, TPU
hardness had little effect on the density of the ferromagnetic
fibers when the extrusion temperature, extrusion speed, and
pulling speed of the extruder were held constant. This is due
to the fact that NdFeB has a far higher density than TPU;
hence, when extruding a fiber, the mass per unit length of the
fiber increases much more with increasing NdFeB content
than with increasing TPU content.

Ferromagnetic fibers are highly suitable for commercial
desktop FDM 3D printers. Printing ferromagnetic fibers
requires printing at temperatures just above the melting point
and at low printing speeds so that they can be fully cooled.
Shapes can be formed when the fibers showed high viscosity,
ease of stretching, and softness at high temperatures. It was
found that about 50 °C for the printing platform, about 205 °C
for the printing temperature, about 15 mm/s for the printing
speed, 0.2 mm for the layer height, 100% infill density, and
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Fig. 2 Characterization of
ferromagnetic fibers. a Diameter
of ferromagnetic fibers with
different NdFeB content and
thermoplastic polyurethane
(TPU) hardness levels (data are
expressed as mean±standard
deviation, n=9). b Density of
ferromagnetic fibers with
different NdFeB contents and
TPU hardness levels. c Nozzle
plugging rate and qualified rate at
different NdFeB content levels.
d Stress–strain curves of
ferromagnetic fibers with
different NdFeB content levels.
Three samples were prepared for
each test. e Recycling of
ferromagnetic fibers.
f Stress–strain curves of recycled
ferromagnetic fibers at different
cycles

0.4 mm for the nozzle diameter were ideal parameters for
printing ferromagnetic fibers (90 A).

Next, ferromagnetic fibers with NdFeB contents of 10%,
20%, 30%, and 40% (mass fraction) were printed using high
hardness (90 A) TPU. These fibers were able to maintain a
straight orientation when heated and extruded, and we found
that NdFeB content had little impact on the wire drawing pat-
tern. Moreover, Fig. 2c shows that the nozzle plugging rate
of the mixed material with an NdFeB content of 40% (mass
fraction) was too high and is, therefore, unsuitable for actual
printing. Figure 2c shows that qualified rates after 50 sam-
pleswithNdFeB contents of 10%, 20%, 30%, and 40% (mass
fraction) were printed. Figure S3 (Supplementary Informa-
tion) shows unqualified samples with an NdFeB content of
40% (mass fraction). Thus, it is clear that the ideal NdFeB
content for 3D printing ranges from 10% to 30% (mass frac-
tion).

Tensile tests were then carried out to analyze the effect
of doping NdFeB content on the mechanical performance
of ferromagnetic fibers. To do so, standard tensile samples
with a thickness of 1 mmwith NdFeB contents of 10%, 20%,
30%, and 40% (mass fraction)were printed using 90-A-TPU-
based ferromagnetic fibers. The resulting stress–strain curves

(Fig. 2d) from tensile tests demonstrated that the amount of
NdFeB had a significant impact on the mechanical perfor-
mance of different ferromagnetic fibers.Moreover, increased
NdFeB content was found to weaken the elastic deformation
properties of fibers, while low TPU content caused samples
to have poor mechanical performance when the NdFeB con-
tent reached 40% (mass fraction).

Figure 2e shows the recycling process of the ferromag-
netic fiber material. It is possible to re-melt and re-extrude
ferromagnetic fibers for extrusionmolding since TPU readily
melts and has a good re-molding ability. Accordingly, we cut
ferromagnetic fibers into slivers using a dicing cutter; these
slivers were then added to an extruder and re-extruded to re-
form ferromagnetic fibers. The mechanical performance of
standard samples printed from recycled ferromagnetic fibers
showed an almost identical mechanical performance as orig-
inal fibers. Moreover, this continued to be true even after five
recycling cycles (Fig. 2f), thereby demonstrating that the pro-
posed fibers are highly recyclable and can be used to create
sustainable soft robots.
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Fig. 3 Characterization of magnetic soft robots. a Deformation of 3D-
printed soft robots. b Deformation of robots with different NdFeB
contents. c Deformation of robots with varying fiber hardness. dDefor-
mation of robots with varying robots thickness. eDeformation of robots

in differentmagnetic field sizes and directions. f Recycling performance
of 3D-printed robots. Data are expressed as mean±standard deviation
(n=9)

Printable and recyclable magnetic soft robots

Next, we evaluated the use of fibers in creating printable soft
robots. Here, soft robots were created using a desktop FDM
3D printer, and a magnetization machine was then used to
complete robot magnetization by magnetizing NdFeB parti-
cles within the printed material. This magnetization causes
the robot to experience magnetic moments when placed in a
magnetic field, thereby causing pre-programmable deforma-
tion.Next, to optimize the FDM3Dprinting of ferromagnetic
fibers, we improved the nozzle of the printer and installed

a thin tube with an inner diameter of 1.85 mm between the
drivemechanism and the heating block. In general, soft robot
deformation is influenced by the properties of the ferromag-
netic fibers. Thus, to determine the impact of NdFeB content
on robot deformation when a magnetic field was applied,
four soft robots withNdFeB contents of 10%, 20%, 30%, and
40% (mass fraction) were printed using ferromagnetic fibers.
Each of these robots had dimensions of 10 mm×50 mm and
a thickness of 0.5 mm. Figure 3a shows the deformation of
3D-printed soft robots in an 80-mTmagnetic field. We found
that higher percentages of NdFeB particles were associated

123



932 Bio-Design and Manufacturing (2024) 7:926–937

with bettermagnetic actuation performance aswell as a larger
degree of soft robot deformation in response to the magnetic
field (Figs. 3a and 3b). The hardness of the ferromagnetic
fibers also affected the deformation of soft robots. We tested
soft robots printed on fibers with substrates of 70 A, 80 A,
and 90 A TPU hardness, and found that the smaller the fiber
hardness, the larger the robot deformation (Fig. 3c). In addi-
tion, we investigated how the thickness of the robot affected
its ability to deform. As thickness increased, the robot stiff-
ened and lost its capacity to deform; thus, we concluded
that the thinner the robot, the larger the potential degree of
robot deformation (Fig. 3d). Figure 3e shows robot defor-
mations in different magnetic field strength and directions.
Robot deformation increased with increasing magnetic field
strength according to changes in the direction of themagnetic
field.

The aforementioned soft robots are recyclable due to the
high degree of recyclability of the ferromagnetic fiber mate-
rial. Thus, once their tasks have been completed, these robots
can be recycled by cutting them into slivers and re-extruding
them into new fibers using an extruder. Robot deformation
after five cycles of cycling is shown in Fig. 3f. Here, we
observe that the robots exhibit deformationperformances that
are similar to those of the original robot in each new cycle.
This demonstrates the ability of the soft robot to recover
motion and deformation quickly even after several cycles of
recycling.

To demonstrate that ferromagnetic fibers can be used for
the direct printing of various magnetic soft robots, 2D soft
robots with different magnetization patterns and different
shapes were printed. These printed robots can perform vari-
ous deformations in a magnetic field within 0.5 s after being
magnetized by pre-deformation in a magnetizer (Figs. 4a–4f
and Movie S4 in Supplementary Information). The 2D soft
robots can be used to design biomimetic robots, large defor-
mation displays, and moving objects in magnetic fields. This
technique for shaping and controlling soft robots allows them
to quickly change from a simple 2D planar structure to a
complex 3D shape that is fully reversible and untethered.
In addition, magnetic domain programming techniques can
achieve complexity, selectivity, and flexibility in controlling
soft robot deformation. Finally, soft robots can achieve shape
programmability via demagnetization and re-magnetization
using different magnetization profiles.

Our fiber-to-robot approach can be further extended to
complex 3D soft robots. The high printability of fiber-based
materials makes it very simple to print 3D structures. Differ-
ent 3D soft robots programmed with magnetic domains are
capable of exhibiting complex shape changeswhen subjected
to an applied magnetic field, including collapse, elongation,
contraction, and aggregation (Figs. 4g–4j and Movie S5 in
Supplementary Information), thereby demonstrating that fer-
romagnetic fibers offer a viable pathway for printing complex

and sustainable 3D soft robots that can be used for metama-
terial design and object manipulation.

Applications of sustainable soft robots

Robots controlled by magnetic fields can be operated wire-
lessly, while 3D printing enables the creation of personalized
robots; combining these technologies further allows for var-
ious functions. For example, a lattice-shaped soft robot can
be used as a miniature lifting frame due to its ability to con-
tract in the vertical direction under a magnetic field. Here,
we show how a lattice-shaped soft robot can lift and lower a
small bead (Fig. 5a andMovie S6 in Supplementary Informa-
tion). Here, the weight of the small bead is about 0.3 g.When
a magnetic field is applied, the robot lowers the height of the
small bead by 3 mm within 0.5 s. When the magnetic field is
removed, the robot quickly extends upward to restore its orig-
inal shape, and the small bead returns to its original location.
In addition, we printed a magnetic soft gripper; this con-
sisted of a 2D soft gripper that can be transformed into a 3D
soft gripper when a magnetic field is applied (Fig. 5b). This
property allows it to grasp and release a variety of objects.
Figure 5c depicts the gripper’s maximal horizontal diame-
ter during magnetic field manipulation, which reflects the
gripper’s degree of actuation. The gripper nearly completely
lacks deformation when the magnetic field strength is less
than 40 mT, which is defined as a non-driven region. In con-
trast, the gripper’s diameter steadily reduces asmagnetic field
intensity rises to between 40 and 65 mT, indicating that the
degree of gripper drive gradually increased, which is defined
as a partly-driven region.Thegripper is fully actuated andhad
a 26.82 mm diameter when the magnetic field intensity was
greater than 65 mT. Figure 5d andMovie S7 (Supplementary
Information) show the gripper’s process used for grasping a
ball. After conducting several experiments, we found that
the gripper can grip balls with diameters ranging from 8 to
34 mm, and the gripper’s maximum load capacity is 2.25 g,
i.e., 2.4 times its ownweight. In addition, the flexibility of the
gripper allows the gripper to adapt to different object shapes
without causing damage to objects (Fig. 5e and Movie S7
in Supplementary Information), thereby demonstrating the
wide application prospects of the gripper.

In general, soft robots made from PDMS or Ecoflex sub-
strates coupled with a magnetic powder cannot be reshaped
once they have been created, which limits their further use.
Here, we propose a different model using fibers and robots
that are fully recyclable, allowing them to be repurposed
using extruders and printers after completing tasks. For
example, lattice-shaped soft robots and soft grippers can be
chopped into slivers by a dicing cutter and then further pro-
cessed into fibers by an extruder. New soft robots with new
shapes, new patterns of re-programmablemagnetization, and
new functionalities can then be fabricated by printers, thereby
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Fig. 4 Various 3D-printed
magnetic soft robots.
a–f Deformation of a 2D soft
robot under applied magnetic
fields. g–j Deformation of a 3D
soft robot under applied magnetic
fields. The magnetic field is about
80 mT. All scale bars are 10 mm

offering potential use cases beyond the fixed shapes and
functionalities of conventional soft robots with highly tar-
geted applications. The new robot can deform within 0.5 s,
as illustrated in Fig. 5f and Movie S8 (Supplementary Infor-
mation), and its actuation ability is nearly identical to the
old robot. Furthermore, the ability of the new robot to carry
objects (about 0.1 g) in a magnetic field and move quickly
(Fig. 5f and Movie S8 in Supplementary Information) sug-
gests that magnetic soft robots may one day carry and release
medications in the medical field. Moreover, the high degree
of recyclability may be important for resource conservation
and environmental protection. To further exhibit the applica-
tion prospects of this approach for medical applications, we
printed a soft microrobot (size: 17 mm×17 mm×0.2 mm).
This robot can be wirelessly controlled using an external
magnetic field and can move about 15 cm in 14 s in a human
stomach model (Fig. 5g and Movie S9 in Supplementary
Information).

Discussion

In this study, we suggested using ferromagnetic fibers to print
soft robots using FDM 3D printers. We used TPU/NdFeB
hybrid particles to produce ferromagnetic fibers that were
highly recyclable and sustainable. Once these ferromagnetic
fibers were created, their printability, mechanical perfor-
mance, and recycling performance were verified via a series
of experiments. Ferromagnetic fibers can be produced using
an extruder, a tried-and-true industrial technology that is suit-
able for commercial desktop 3D printers. Moreover, 2D- and
3D-printed soft robots, unlike magnetic soft robots that use
cross-linked PDMSorEcoflex as a basematerial [30–32, 41],
can be directly recycled in one cycle [42] and reprinted into
new robots once their tasks are completed. We experimen-
tally verified that the new robots show almost no differences
in actuation ability related to unrecycled robots, and were
able to adopt new functions to be utilized in new application
scenarios, thereby demonstrating a high degree of sustain-
ability. In addition, we chose to use FDM printing, which
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Fig. 5 Applications of
sustainable soft robots. a A
lattice-shaped soft robot is used
to lift and lower a small bead.
b A magnetic soft gripper can
create a grasping motion in
response to the application of a
magnetic field. c The gripper’s
maximal horizontal diameter
during magnetic field
manipulation. d The gripper’s
process for grasping a ball. e The
gripper is used to grasp different
object shapes. f Lattice-shaped
soft robots and soft grippers are
processed and reprinted to create
a new robot. The new robot can
move objects in a magnetic field.
g The locomotion of a magnetic
soft robot in a human stomach
model. All scale bars are 10 mm

has notable benefits over DIW [36–39], including simplic-
ity, convenience of use, low/no particle deposition, and FDM
printing can be used to print complicated structures, and low
cost. Using this approach, we were able to readily print soft
robots of diverse structures, including complex3Dstructures.
These untethered soft robots were able to operate wirelessly
and adopt a wide range of uses including lifting, gripping,

and moving objects. In addition, we demonstrated locomo-
tion of a magnetic soft robot in a human stomach model to
show the promise of this application formedical applications.
Finally, combining 3D printing with machine vision [43–45]
is another important future research direction. Overall, our
fully recyclable ferromagnetic fibers described here permit-
ted the printing and reprinting of sustainable soft robots
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while also significantly reducing material waste, suggesting
an important new sustainability strategy for soft robotics.

Methods

Materials and fabrication

The matrix materials used to produce ferromagnetic fibers
were chosen from three TPU particles with different har-
nesses (i.e., 70 A, 80 A, and 90 A, China Dongguan
Guangyuan Plastic Co., Ltd.), whose main parameters are
shown in Table S1 (Supplementary Information). The main
parameters of theNdFeB particles (38µm in diameter, China
Guangdong Guangzhou New Nord Co., Ltd.) used as the
magnetic filler for the ferromagnetic fibers are shown inTable
S2 (Supplementary Information). A single-screw extruder
(Wellzoommodel C) that comprises a main machine, a water
cooler, a pulling machine, and a reeling machine was used
to extrude ferromagnetic fibers. This apparatus is shown in
Fig. S1 and Movie S1 (Supplementary Information).

Criteria for the selection of extruder parameters

At low temperatures, the TPU particles did not melt suf-
ficiently in the extruder, resulting in difficulties in fiber
extrusion. However, when the extruder’s temperature was
too high, TPU particles softened excessively, which caused
TPU to adhere to the extrusion mold and fail to plasti-
cize. This, in turn, prevents the formation of fibers of a
fixed diameter size. After multiple temperature adjustment
experiments, we found that the temperature control I param-
eter should be set to about 205 °C and temperature control
II to about 200 °C. These temperatures not only provided
sufficient heat for themelting andmixing ofTPU/NdFeBpar-
ticles, but also ensured adequate reshaping performance of all
materials.

Next, we optimized the extrusion speed, pulling speed,
and other fiber production parameters. When the extrusion
speed remained constant, an increase in pulling speed would
lead to a decrease in fiber diameter. However, if the extru-
sion speed was high, the extruded fiber would accumulate
in the water cooler tank due to the lack of pulling force and
could not form a fiber. If the pulling speed was too high, it
would cause the extruded fiber to become excessively fine or
cause breaks. When the pulling speed remained constant, an
increase in extrusion speed would lead to an increase in fiber
diameter. We found that pulling materials at a speed slightly
lower than the extrusion speed was effective; this could pre-
vent necking or expansion of materials. In addition, when the
extrusion speed was high, the consistency of fiber extrusion
was inadequate and operation was difficult; however, when

the extrusion speed was too low, the efficiency of fiber fab-
rication was too low. Thus, taking all of these factors into
consideration, we chose to set the extrusion speed to about
9.5 r/min and the pulling speed to about 30 r/min, and this
was able to stabilize the extrusion of fibers with a diameter
of about 1.75 mm.

Magnetization of soft robots

A mold was used to keep soft robots in place during pre-
deformation. Next, a magnetizing machine was used to
magnetize the robot. When the robot was to be recycled,
it was demagnetized at a temperature of about 100 °C before
being sliced into pieces.

Actuation of soft robots

Themagnetic field generator consisted of three perpendicular
Helmholtz coils, each made of AWG22 (0.67-mm-diameter
enameled copper wire) wound on an aluminum alloy sheet
coil holder. This device was able to generate magnetic fields
in three directions (i.e., along the x, y, and z axes) and could
be used to remotely actuate magnetic soft robots.

Supplementary Information The online version contains supplemen-
tarymaterial available at https://doi.org/10.1007/s42242-024-00303-4.
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