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Bio-inspired magnetic-driven folded
diaphragm for biomimetic robot

Dezhao Lin 1, Fan Yang 1 , Di Gong 1,2 & Ruihong Li 1

Functional soft materials, exhibiting multiple types of deformation, have
shown their potential/abilities to achieve complicated biomimetic behaviors
(soft robots). Inspired by the locomotion of earthworm, which is conducted
through the contraction and stretching between body segments, this study
proposes a type of one-piece-mold folded diaphragm, consisting of the
structure of body segments with radial magnetization property, to achieve
large 3D and bi-directional deformation with inside-volume change capability
subjected to the low homogeneous magnetically driving field (40 mT).
Moreover, the appearance based on the proposed magnetic-driven folded
diaphragm is able to be easily customized to desired ones and then implanted
into different untethered soft robotic systems as soft drivers. To verify the
above points, we design the diaphragm pump providing unique properties of
lightweight, powerful output and rapid response, and the soft robot including
the bio-earthworm crawling robot and swimming robot inspired by squid to
exhibit the flexible and rapid locomotion excited by single homogeneous
magnetic fields.

Ranging frommultiscale and functional self-assemblies tomorphology
control, complex locomotion strategies, and autonomous feedback
dynamics, nature hasprovideduswith numerous fascinating examples
for biomimetic research1–4. Recently, great efforts have been made in
mimicking organic species to devise soft robotic systems with novel
functionalities and accessibility to increasingly challenging spaces5–11.
A variety of stimuli, including electric fields12,13, chemicals14, heat15,
light16, pressure17, or magnetic fields18, have been successfully used to
control morphology changes for locomotion or object manipulation
using soft active materials. Among them, magnetic fields, which can
easily and harmlessly penetrate most biological and synthetic materi-
als and offer a safe and remoting actuation method, have great
application potential for remote soft actuators and robots19. Recently,
the designs of magnetically soft actuators and robots inspired by dif-
ferent biomimetic behaviors, such as snake20, inchworm21, bird22,
jellyfish23, spermatozoid24, cilium25, beetle26, tadpole27, brittle star28,
and turtle29, continue to appear and become one of the research hot-
spots in the area of soft robots.

In order to achieve complex locomotion and deformation
required by themagnetically biomimetic soft robot, differentmethods
of manufacturing magnetic-driven soft materials, including splicing of
pieces with different magnetic properties and additive manufacturing
technology (4D printed), have been reported30–32. Apart from the
advanced magnetic property designs, the advanced magnetic stimuli,
such as the rotational magnetic field and robot-controlled electro-
magnet, have been made effort to conduct the locomotion of mag-
netically soft robots33–35. Meanwhile, many kinds of magnetic-driven
soft actuators have been reported, including the origami
structure22,30,36–38, but most of them can only achieve the changes in
shapes30, angles36, and/or lengths38, and cannot realize the relatively
large inside-volume changes with high strength, which may limit their
potential practical application as soft actuators (drivers), such as the
micro-pump. Besides, to mimic the deformation of some tissue spe-
cies, such as the heart andmuscle, their surface shouldbe expanded or
compressed during the deformation process39,40. It leads to a large
elastic resistance, and then restricts the deformation range or needs a
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powerful magnetic field, which may limit the application of the mag-
netically soft robot.

Therefore, in this study, a kind of magnetic-driven folded dia-
phragm, with a one-piece molded and simple manufacturing proce-
dure, and large, 3-D, and bi-direction deformation subjected to simple
homogeneous and related low-strength magnetic fields, is proposed.
This kind of folded diaphragm with different radial magnetization
properties is able to realize large inside-volume changes with high
strength, which is inspired by the locomotion of earthworms gener-
ated by the contraction and stretching between body segments. Based
on the extensive experimental tests, the proposed folded diaphragm
shows some distinctive features. Firstly, the folded diaphragm can
achieve large deformation under a 40mT magnetic field, which is
mainly because of the deformation with low elastic-resistance force
due to the folded arrangement. Secondly, the folded diaphragm can
generate 3D andbi-directional deformations due to the different radial
magnetization properties in each folded segment. Finally, the folded
diaphragm can be fabricated using the simple one-piece molded
method, easily customized to different shapes based on the practical
requirements, and then implanted into different untethered soft
robotic systems as soft drivers (actuators). To verify the advantage of
the proposed magnetically folded diaphragm, two different types of
typical applications (the diaphragm pumps and soft biomimetic
robots) excited by the single homogeneous magnetic field have been
designed. The diaphragm pump system can provide powerful output
and rapid response with a lightweight property. The soft biomimetic
robots, which include the bio-earthworm crawling robot and the
swimming robot inspired by squid, exhibit flexible and rapid

locomotion. Considering the outstanding advantages of the proposed
folded diaphragm mentioned above together with the essence of the
wireless magnetic control, it shows great application potential for soft
actuators and biomimetic robots.

Results
Operational principle of the magnetic-driven folded diaphragm
The locomotion of Annelida, such as earthworms, is achieved through
the contraction and stretching between body segments, as shown in
Fig. 1a. Inspired by earthworm’s motion pattern, a folded diaphragm
consisted of a couple of segments, which is a kind of composite of the
hard-magnetic particle and silicone rubber. The composite materials
are poured into the shape fabrication mold, as shown in Fig. 1b until it
is fully curing. After that, the shaped composites are placed in the
magnetization mold shown in Fig. 1c, to be magnetized to obtain dif-
ferent angles of magnetization direction in the radial direction on
different segments, which include two types (Type+ and Type–) of
diaphragms with opposite magnetization direction, as shown in
Fig. 1d, e.

The segment deformation of the proposed folded diaphragm can
be assumed as a rotation joint driven by the magnetic torque and
resisted by the elastic torque applied on the joint, as shown inFig. 1d, e.
Let us utilize the Type+ diaphragm as an example to illustrate the basic
working mode of the proposed folded diaphragm. Excited by the
axially upward magnetic field, the interaction torque between the
magnetization of segments and the external magnetic field generates
the counterclockwise torque and attempts to align the segment to
parallel with the direction of the external magnetic field, and then the

Fig. 1 | The folded diaphragm inspired by the segment structure of earthworm.
a Bio-inspired magnetic-driven folded diaphragm from an earthworm.
b Fabrication mold. c Magnetization mold of the magnetic-driven folded dia-
phragm.dMagnetization characteristics and operational principle of themagnetic-

driven folded diaphragmwith upwardmagnetization direction (Type+ diaphragm).
e Magnetization characteristics and operational principle of the magnetic-driven
folded diaphragm with downward magnetization direction (Type– diaphragm).
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segment achieves counterclockwise alignment rotation, which gen-
erates upward deformation from the point of the diaphragm with the
combination of alignment of each segment. Inversely, under the axially
downward magnetic field, the clockwise magnetic torque generates
the downward deformation, as presented in Fig. 1d. The whole defor-
mationdirection of theType–diaphragm is opposite to those of Type+
one, as shown in Fig. 1e. Therefore, under the outer contour constraint
condition, the magnetic-driven folded diaphragm can easily achieve
3D deformation driven by the homogenous magnetic field, which is
caused by the magnetic torque for each segment around the rotation
joint. The detailed operational mechanism is presented in Supple-
mentaryNote 1 and Supplementary Fig. 1. Here, it should be noted that
due to the folded arrangement, the surface area of each segment has
not been significantly changed during the deformation process, and
then only a small elastic-resistance force caused by the elastomer
extension is generated during the deformation procedure, which
provides the possibility to generate large deformation with the small
exciting magnetic field.

Mechanical properties
The deformation characteristics are one of the most important
indexes to evaluate the performance of the proposed folded dia-
phragm. Furthermore, as mentioned before, the folded diaphragm
can be customized to different shapes to meet the requirement of
practical applications. Therefore, in this section the deformation

properties of triangle, square, hexagon, and circular shapes of the
proposed folded diaphragm, as shown in Fig. 2a, are evaluated based
on the designed experimental, and compared with the normal
magnetic flat diaphragm. In this study, in order to verify the repro-
ducibility of the large deformation capability subjected to the low
magnetically driving field, three samples have been fabricated for
each type of diaphragm shown in Fig. 2a, and each sample has been
tested for three cycles. Therefore, each type of diaphragm shown in
Fig. 2a has been tested for 9 cycles total. Figure 2b clearly illustrates
the outstanding deformation properties of the proposed magnetic
folded diaphragm compared with those of the flat one, which should
overcome the large elastic-resistance force due to the extension of
the flat diaphragm, under the same magnetic field. For example, the
deformation of a circular folded diaphragm (5.568 ± 0.118mm) is
146% larger than that of a circular flat diaphragm (2.267 ± 0.114mm)
under the same magnetic field, as shown in Fig. 2c, which is mainly
because of the much small elastic-resistance force generated from
the folded diaphragm compared with that of the flat one under the
same deformation condition, as shown in Fig. 2d. The large defor-
mation property of the folded diaphragm can be observed from the
simulation result, too, as shown in Supplementary Fig. 2a, b in the
Supplementary Note 2. Here, it should be noted that the results
illustrated in Fig. 2c, d include the average value and standard
deviation of 9 testing cycles for each type of diaphragm, and the
maximum standard deviation, which is around 1.397 ± 0.323mm, is

Fig. 2 |Mechanical properties of the folded diaphragm. aCustomizable shape of
the magnetic diaphragm in triangle, square, hexagon, and circular. b comparisons
of deformation range between the folded and flat magnetic diaphragm under the
40mT magnetic field by vision. c comparisons of the displacement (average value
and standard deviation of 9 cycles measurement) in the top point between the

folded and flat magnetic diaphragm under different magnetic fields (range from
0–40 with 5mT increments). d comparisons of the elastic-resistance force of the
diaphragmcenter between the folded and flatmagnetic diaphragmunder different
displacements ranging from 0–10mm with 1mm increment (average value and
standard deviation of 9 cycles measurement).
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located in the deformation curve for the triangle folded diaphragm
subjected to 15mT magnetic fields.

Supplementary Note 3 summarizes the deformation character-
istics of the magnetic-driven folded diaphragm subjected to multiple
conditions, which include the diaphragm thickness, folded degree,
number of segments, hardness of the silicone elastomer, the weight
ratio of NdFeB particles to silicone elastomer and the magnetization
degree. The fabrication conditions are presented in Supplementary
Table 1 and the comparison results of different fabrication conditions
are shown in Supplementary Figs. 3–8.

Implementation in diaphragm pump
The large deformation property of the proposed folded diaphragm
can be utilized to design the diaphragm pump. In this study, the single
diaphragm pump consisting of a single proposed Type+ folded dia-
phragmaspresented in Fig. 1d, is developed, as shown in Fig. 3a–d. The
single diaphragm pump consists of two opposite magnetic sheets as
check valves to cover/open thepump inlet/outlet ports, andoneType+
folded diaphragmglued to the upper surface of the PLA pumpbody to
suck/push the hydraulic medium. The pump magnetization

characteristics have been shown in Fig. 3a. The double diaphragm
pump adds one Type– diaphragm glued to the bottom surface of the
PLA pump body, as shown in Fig. 3e–h. The detailed dimensions of
both pumps are provided in Supplementary Fig. 9, and their weights
are shown in Supplementary Fig. 10. Under vertical upward magnetic
field conditions, the magnetic sheet in the inlet (outlet) port bends
rightward (leftward) to open (close) the inlet (outlet) port and vice
versa. At the same time, the deformation of the folded diaphragm (s)
expands the cavity volume, and then sucks the flow (gas/water) into
the pump cavity, as shown in Fig. 3c, g. Under vertical downward
magnetic field conditions, the deformation of the folded diaphragm
compresses the cavity volume, and then pumps the flow (gas/water)
out from the pump cavity, as shown in Fig. 3d, h. The deformation
simulation result of the simplified model of the single diaphragm
pump is shown in Supplementary Fig. 2c. Compared with the con-
ventional magnetic-driven pump, which should be driven by the gra-
dient and strong magnetic field41,42, the proposed diaphragm pump
designed based on the magnetic-driven folded diaphragm can realize
the large inside-volume change with appreciable loading capability
stimulated by the homogeneous and low magnetically driving field,

Fig. 3 | Diaphragm pump based on the folded diaphragm. a Schematic diagram
of the single diaphragmpump.b–dThe pictures of a single diaphragmunder0, 40,
and –40mT magnetic fields, respectively. e Schematic diagram of the double dia-
phragm pump. f–h The pictures of double diaphragms under 0, 40, and –40mT
magnetic fields, respectively. i The pump-in and pump-out pressure properties of
the single diaphragm pump. j and k The ideal pump-in and pump-out flow rate

properties of single diaphragm pump and double diaphragm pump, respectively.
lUnidirectional fluid transfer function of the single diaphragm pump under –40 to
40mTharmonicmagnetic fieldwith 1Hz frequency.mUnidirectional fluid transfer
function of the single diaphragm pump under –20 to 20mT harmonic magnetic
field with 5Hz frequency.
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which makes it have considerably protentional application in the area
of the diaphragmpump. Besides, comparedwith the conventional soft
actuator-based pumps designed based on dielectric elastomers43,44,
the proposed magnetic-driven diaphragm pump can effectively avoid
the possible electrical connectors for application in a hydraulic
environment.

Ignoring the leakage of the check valve, the output pressure, and
flow rate can be modified by the amplitude of the applied magnetic
field, and the flow rate is also related to the frequency of the applied
magnetic field, as shown in Fig. 3i–k (the average value and standard
deviation data are shown in Fig. 3i–k, and summarized in the Supple-
mentary Tables 2–4). It can be found that under the −10 to 10mT
harmonic magnetic field with 10Hz frequency, the double diaphragm
pump can provide 178.1 ± 3.5mLmin−1

flow rate, which provides rapid
response property. The diaphragm pumpmerges the lightweight with
powerful output properties and then has large specific pressures
(~167.3 ± 6.7 kPa kg−1, the ratio of maximum pressure to the weight of
single diaphragm pump (3.01 g)) under the 40mT magnetic field and
specific flow rates (~61394 ± 748mLmin−1 kg−1, the ratio of maximum
flow rate to the weight of double diaphragm pump (2.94 g)) under –15
to 15mT harmonic magnetic field with 5Hz frequency superior to
those reported magnetic micro-pumps45. Besides, the performance of
the proposed diaphragm pump is related to the deformation proper-
ties of the proposed folded diaphragm directly, as shown in Supple-
mentary Note 3. Furthermore, the cooperation between the magnetic
diaphragm and sheets (as a check valve) makes the proposed dia-
phragm pump can be excited by single stimuli without any additional
valve device. Figure 3l, m shows the desirable functions for unidirec-
tional fluid transfer under different excitationmagnetic fields, and the
pumping process is shown in Supplementary Movie 1.

Bionic crawling robots
Inspired by the earthworm, a crawling robot is designed based on the
proposed magnetic folded diaphragm, as shown in Fig. 4. The main
structure of the proposed crawling robot consists of the following
parts: (1) The outer edge of the proposedmagnetic folded diaphragms
(Type+ and Type–) glued on the PLA basics (A and B), and then con-
nected by a PLA rod on the center of both diaphragms, as shown in
Fig. 4a–c, to achieve the contraction and stretching functions of the
earthworm’s muscle; (2) 4 wheels installed in each PLA basics to pro-
vide guiding purpose; (3) 8 identical magnetic sheets with thickness
magnetization (guiding sheets) installed in each PLA base to provide
the function of earthworm bristles. Here, it should be noted that the
series structure can be utilized to achieve the large extension range, as
shown in Fig. 4b. The cooperation of theproposeddiaphragmsand the
guiding sheet can realize the crawling function, as illustrated in Sup-
plementary Movie 2.

The main working procedures are the following: (1) without
applied external magnetic fields, all magnetic parts (diaphragms and
sheets) maintain their initial condition, as shown in Fig. 4d, g; (2)
Applied magnetic fields shown in Fig. 4e, h, the sheets in the tail part
become stiff and then restrict the movement of the tail part. At the
same time, the sheets in the head part become curled and then allow
the movement of the head part; (3) the diaphragms are extended; (4)
the cooperation of the sheets and the diaphragms allow the head part
tomove forward; (5) Applied oppositemagnetic fields, themovements
of sheets and diaphragms are also opposite, and then shrink the whole
structures, as illustrated in Fig. 4f, i; (6) the whole procedure can be
repeated under applied symmetric periodic magnetic fields, as pre-
sented in Supplementary Movie 2. The deformation simulation result
of the simplified model of the crawling robot is shown in Supple-
mentary Fig. 2d. Besides, due to the soft connecting characteristics
between each segment, the proposed crawling robot can achieve
much more flexible motion functions, such as climbs, turns, and over
the triangular slope, which is superior to other magnetic crawling

robots acted by the rotational magnetic field33, as shown in Supple-
mentary Movie 2. Meanwhile, the locomotion speed of the crawling
robot can be modified through the intensity and frequency of the
applied magnetic field, as shown in Supplementary Movie 3.

As shown in Supplementary Movie 4, under the –40 to 40mT
harmonic magnetic field with 2Hz frequency derived by the solenoid
magnetic field generator, it takes about 5 s to crawl through the
150mmchannel (about 30mms−1 speed),which ismore rapid than the
other report magnetically crawling robot46. Furthermore, due to the
serially stackable characteristic of the proposed crawling robot (shown
in Fig. 4b), under the same magnetic excitation, the more stacks, the
larger contraction and stretching ranges, and then the more rapid
movement, as shown in Fig. 4h, i.

Bionic squid swimming robots
As mentioned before, the proposed diaphragms, as a driving part, can
be embedded and utilized to design different kinds of systems. In this
section, it is designed tomimic the squid’swater jet propulsion. Aswe all
know that the squid’s tentacles unfold and fold procedures are related
to the expansion and contract of the body cavity, respectively, and then
complete the water suck and jet procedures, as shown in Fig. 5a, b.
Inspired by the squid’s movement, a swimming robot based on the
proposed magnetic-driven folded diaphragm is designed, as shown in
Fig. 5c. The proposed swimming robot consists of one folded dia-
phragm to achieve the expansion and contract of the body cavity, 10
pieces of magnetic sheets with thickness direction magnetization
mimicking the squid’s tentacles to provide the restrict force in the
sucking water procedure, five pieces ofmagnetic sheets with lengthwise
magnetization mimicking the check valve function of squid’s funnel to
co-operate with the diaphragms, one jet pipe, and one shell. The mag-
netization characteristics of the above components are shown in Fig. 5d.

Appling the external magnetic field, as shown in Fig. 5e, g, the 10
pieces of magnetic sheets with thickness direction magnetization
become stiff to restrict themovement, and the diaphragmextents with
check valves in the open condition to allow the sucking water proce-
dure. The deformation simulation result based on the simplifiedmodel
of the swimming robot is shown in Supplementary Fig. 2e. The whole
procedure can be reversal under the applied opposite magnetic field,
as shown in Fig. 5f, h to complete the jet procedure. The sucking and
jetting procedures can be repeated to complete the movement of the
swimming robot under the applied period excitation signal with a
strong correlation to the excitation frequency. Figure 5e, f illustrates
the sucking of the jet procedures of the pumping structure in the
designed swimming robot, and detailed information is provided in
SupplementaryMovie 5, inwhich the−40 to40mTharmonicmagnetic
field with 2Hz frequency derived by the parallel magnetic field gen-
erator. The bionic swimming robot can achieve snorkeling, diving, and
horizontaldiving, as provided in SupplementaryMovie 6, fromwhich it
can be found that it takes about 6.2 s to cross the 150mm channel
(24mms−1 speed) under the –40 to 40mT harmonic magnetic field
with 2Hz frequency derived by the solenoid magnetic field generator.

Discussion
In this study, we propose a type of one-piece-mold folded diaphragm
with radial magnetization property, which can achieve large 3D and bi-
directional deformation with large inside-volume change capability
subjected to the low homogeneous magnetically driving field with the
easily fabricating method of one-piece mold. Based on the proposed
diaphragm, we design three types of applications: (i) For the dia-
phragm pump application, under the small magnetic field excitation,
the diaphragm pumpmerges the unique properties of lightweight and
powerful output, enabling them to have larger specific pressures
(167.3 ± 6.7 kPa kg−1) and specific flow rates (~61394 ± 748mlmin−1 kg−1)
superior to those magnetic micro-pumps together with the desirable
functions for unidirectional fluid transfer; (ii) the crawling robot
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mimicking the earthworm can achieve climbs, turns and over trian-
gular slop locomotion under single homogenous magnetic field, and
crawl through 150mm channel with 30mms−1 average speed, which
also can be improved by the stackable body segments. (iii) inspired by
the locomotion of water jet propulsion of squid, the swimming robot
can achieve snorkeling, diving, and horizontal diving with 24mms−1

speed –40 to 40mT under the harmonic magnetic field with 2Hz
frequency. Together, considering the magnetically wireless control
and single homogeneous driving magnetic field, it shows great appli-
cation potential of the soft actuator and biomimetic robot.

Methods
Material fabrication
The magnetic diaphragm proposed in this research consisted of
neodymium–iron–boron (NdFeB) magnetic microparticles (MQP-15-
7, Magnequench; average diameter: 5 μm, density: 7.61 g cm−3) and
silicone elastomer matrix (Ecoflex 00–20) with a mass ratio of 1:1
(NdFeB particles to Ecoflex 00–20). After stirring for 3min by a
stirrer, the NdFeB and elastomer mixture materials were poured into
the bottom side of themold and then placed in a vacuum cylinder for
4min in order to eliminate bubbles. Finally, after covering the top

Fig. 4 | Crawling robot inspired by the earthworm. a Schematic diagram of the
single-section crawling robot. b Schematic diagram of the double-section crawling
robot. c Components’ magnetization characteristics. d–f Movement patterns of

single-section crawling robot under 0, 40, and –40mT magnetic fields, respec-
tively. g–i Movement patterns of double-section crawling robot under 0, 40, and
–40mT magnetic fields, respectively.
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side of the mold, the mixture materials were kept in the mold for
180min until fully cured, and then the diaphragm with folded
structure was fabricated. The fabricating process was shown in
Supplementary Fig. 11a. Due to different requirements of the actua-
tor shape, the diaphragms (folded and flat) with different shapes
(triangle, square, hexagon, and circular) were fabricated (as shown in
Supplementary Fig. 11a), which were used to verify the outstanding

deformation property of the magnetically folded diaphragm com-
pared with the flat diaphragm (their dimensions are shown in Sup-
plementary Fig. 12). In this study, 14 types of prototypes (three
samples for each prototype) with different diaphragm thickness,
folded degree, number of segments, hardness of the silicone elas-
tomer, the weight ratio of NdFeB particles to silicone elastomer and
the magnetization degree, as summarized in Supplementary Table 1,

Fig. 5 | Swimming robot inspired by squid. a The water-filling process of squid’s
mantle cavity. b The squid’s water jet propulsion. c Schematic diagram of a bionic
squid swimming robot. d Magnetization characteristics of the magnetic folded
diaphragm, bionic tentacles, and check valves. e Picture of cavity water fillingwater

of bionic squid swimming robot (40 mT). f Picture of water jet of bionic squid
swimming robot (–40mT). g Sucking and h Water jetting schematic diagram of
swimming process of swimming robot under the harmonic magnetic field.
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were fabricated and tested to investigate the deformation and
elastic-resistance force properties of the proposed folded dia-
phragms. Here, it should be noted that each sample (3 samples for
each prototype) was tested 3 times, and then total of 9 tests for each
type of prototype, as summarized in Fig. 2 and Supplementary
Figs. 3–8, to verify the reproducibility of the deformation properties.

Diaphragm magnetization
The magnetization process aimed to generate radial magnetization
direction around the diaphragm center. The magnetization molds for
four types of shapes of the diaphragm were shown in Supplementary
Fig. 11b. The first step was to fix the outer edge of the diaphragm in the
upper part of the mold, and then each surface of the diaphragm was
propped at an angle to the direction of magnetization through the
lower part of the mold. After that, the diaphragm with the mold was
placed on the magnetizer (Shenzhen Shengfengyuan Automation
Equipment Co. Ltd., SFY-2070) and performed by a 3 or –3 T pulse
magnetic field (vertical direction), as shown in Supplementary Fig. 11c.
Finally, the radial magnetization was generated as shown in Fig. 1d, e.
Supplementary Movie 7 showed the magnetization process of the
folded diaphragm.

Deformation characteristics experiment
To illustrate the outstanding deformation property of the proposed
magnetic folded diaphragm in the small magnetic field, compared
with the magnetic flat diaphragm, the deformation properties of
folded and flat diaphragms with the samemagnetization process and
bottom area were recorded by the camera, and the test platform was
shown in Supplementary Fig. 13. An electromagnet (Dexing Magnet
Tech. Co. Ltd., DXSBX-90) was utilized to generate the required test
signals with a Gauss magnetometer (Dexing Magnet Tech. Co. Ltd.,
DX-103, range: ±200mT, 1% FS) to monitor the magnetic field. The
magnetic intensity ranged from 0 to 40 mT with 5mT increments
and the direction of the magnetic field was vertical. A digital camera
(Canon EOS M6MK2) was used to record the deformation properties
of diaphragm samples under different magnetic field conditions, and
the displacement of the diaphragm in the top point was identified
through image recognition technology. The front-view photos of the
diaphragms were shown in Supplementary Fig. 14. In order to verify
the reproducibility of the deformation property subjected to the low
magnetically driving field, each sample was tested three cycles. The
results and standard deviations are shown in Fig. 2c and Supple-
mentary Figs. 3–8.

Elastic-resistance force test
In order to compare the elastic-resistance force between the proposed
folded and flat magnetic diaphragms, an elastic-resistance force test
platform was designed based on the TA ElectroForce system (Elec-
troForce 3200 series, TA Instruments, BOSE) together with a 22N load
cell (0.2%FS), which couldprovide the gram-force load’s test, as shown
in Supplementary Fig. 15. The displacement data wasmeasured by the
integrating displacement sensor (range: ±7.5mm, 0.03% FS). The flat
and proposed folded diaphragms with different shapes were bound in
the PLAouter frame through the glue and then installed in the load cell
through the PLAbasic. Anon-magnetic press-headwith 2mmdiameter
end rounding was installed in the top actuator. The press head forced
the center of the diaphragm from 0 to 10mmwith a 1mm increment,
and the force and displacement data were recorded by the TA 3200
ElectroForce controller. Each sample was tested in three cycles. The
test results are shown in Fig. 2d.

Performance test of diaphragm pump
The single diaphragm pump consisted of one Type+ folded dia-
phragm, two magnetic sheets, two PLA channels, and one PLA pump
body, and its dimensions were shown in Supplementary Fig. 9a. The

magnetic sheets were attached to the inside and outside walls of the
pumpbody, respectively, which could cover the pump inlet and outlet.
After that, the folded diaphragm and PLA channels were glued to the
pump body. Compared with the single diaphragm pump, the double
diaphragmpumpaddedoneType– folded diaphragm in the bottomof
the pump body, as presented in Supplementary Fig. 9b. Their weights
were measured by the electronic balance (JE302, Shanghai Puchun
Measuring Instruments Co., range: 300 ±0.1 g), and the results are
shown in Supplementary Fig. 10.

A custom LabVIEW program (Version 2014, 32-bit), a data acqui-
sition board (Model PCI-6229, National Instruments), a linear power
amplifier (AE Techron 7224), and an electromagnet (Dexing Magnet
Tech. Co. Ltd., DXSBX-80) were used to generate the harmonic mag-
netic field and record themeasurement data for the performance tests
of the proposed diaphragm pumps. The pressure and flow rate test
platforms were shown in Supplementary Fig. 16.

For the pressure test, two manometers (XGZP6847A Pressure sen-
sor modules, CFSensor, range: –5 to 5 kPa, 1% FS), which measured the
pump-in and pump-out pressures, were installed in the inlet and outlet
pipes (4mm internal diameter), as shown in Supplementary Fig. 16a. To
avoid stress relaxation effect of the elastomer, the pressure performance
of diaphragm pump was evaluated under the harmonic magnetic field
(1Hz frequency with amplitudes (5, 10, 15, 20, 30, 40mT) and vertical
direction), and the maximum pump-in and pump-out pressures under
different magnetic field amplitude conditions were shown in Fig. 3i.

For the ideal flow rate test, the magnetic sheets to achieve check
valve function were removed and the outlet port was closed. Two
single directional flow rate sensors (SIARGO FS4001-500-CV-A,
range:0–500mLmin−1, 1% FS), connected to the inlet port of the pump
through the rubber tube (4mm internal diameter), were used to
measure the instantaneous inlet and outlet flow rate, as shown in
Supplementary Fig. 16b, and then the ideal cumulative flow rate was
calculated based on harmonic magnetic field input with 10 s duration.
In this test, the harmonic magnetic field (vertical direction) was per-
formed in single and double diaphragmpumpswith six amplitude sets
(5, 10, 15, 20, 30, 40mT) subjected to four frequency sets (1, 2, 5,
10Hz). The ideal flow rate for each magnetic field condition was per-
formed three times. The results are shown in Fig. 3j, k.

The last test was the unidirectional fluid transfer function. Two
water accumulators (instead by the 2mL syringe body) were installed
in the inlet and outlet ports, and the water was filled with half of the
cavity (about 1mL). A single diaphragm pump was performed in a –40
to 40mT harmonic magnetic field with 1 Hz frequency (vertical
direction), and the result was shown in Fig. 3l and Supplementary
Movie 1. The double diaphragm pumpwas performed in –20 to 20mT
harmonic magnetic field with 5Hz frequency (vertical direction), and
the result is shown in Fig. 3m.

Test of bionic crawling robot
The single section of the bionic crawling robot (total length: 21.6mm,
body diameter: 22mm) consisted of two-folded diaphragms (different
magnetizations, their size was shown in Supplementary Fig. 12d), 16
pieces of magnetic sheets with thickness direction magnetization
(their dimensions were identical to the magnetic sheets used in dia-
phragm pump, as shown in Supplementary Fig. 9), eight wheels
(diameter: 7 × 3mm, thickness: 2mm), one head body and one tail
body (diameter: 22 × 18mm, height: 8mm). Eight magnetic sheets
were glued to the head body, and their magnetization direction was
opposite to the robot’s head. Eight magnetic sheets were glued to the
tail body, and their magnetization direction was positive to the robot’s
head. The head and tail bodies were equipped with four nylon wheels,
respectively, in order to provide support and release the crawling
resistance. After gluing the diaphragms, the head and tail parts were
connected by the PLA connector. Compared with the single section of
the bionic crawling robot, the double sections of the bionic crawling
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robot (total length: 27mm, body diameter: 22mm) added one Type+
and one Type– folded diaphragms, connected by the PLA ring through
the glue. For the first series experiment, four types of channels were
utilized to show the ability of horizontal crawling, climbing, turning, and
over the triangular slope, and the results are shown in Supplementary
Movie 2. Here, the electromagnet generated –40 to 40mT harmonic
homogeneous magnetic field with horizontal direction, which was
generated by the magnetic field generator utilized in the performance
test of the diaphragm pump. The second series experiment illustrated
the effect of different harmonic magnetic fields on the locomotion
properties of the crawling robot. The applied harmonic magnetic fields
were 1Hz–±40mT, 2Hz–±40mT, 4Hz–±40mT, 8Hz–±40mT,
1Hz–±30mT, and 1Hz-±20mT, respectively, with the horizontal direc-
tion. The results are shown in Supplementary Movie 3. For the third
series experiment, the crawling robot showed the long-distance crawl-
ing ability in the pipe channel (length: 150mm, internal diameter:
30mm, external diameter: 34mm) driven by the solenoid magnetic
field generator (65mm external diameter, 35mm internal diameter,
140mm length, 1mmwire diameter, 1500 turns), and the frequency and
amplitude of the harmonic magnetic field were 2Hz and ±40mT,
respectively. The test results are shown in Supplementary Movie 4.

Test of bionic swimming robot
The bionic swimming robot (total length: 59mm, body diameter:
22mm) consisted of one Type+ folded diaphragm (its size was shown
in Supplementary Fig. 12d), 10pieces ofmagnetic sheetswith thickness
direction magnetization, five pieces of magnetic sheets with length-
wise magnetization (their dimensions were similar to the magnetic
sheets used in diaphragm pumps, as shown in Supplementary Fig. 9),
one jet pipe (diameter: 4 × 2mm, length: 10mm), one PLA headshell
(Conical, bottom diameter: 20mm, height: 40mm, thickness: 1mm),
and one PLA cavity body (external diameter: 22mm, height: 10mm), as
shown in Fig. 5 and Supplementary Fig. 2e. These components were
assembled by glue. The water jet phenomenon and bionic tentacles’
motions of the swimming robot without the headshell were shown in
Fig. 4e, f, and Supplementary Movie 5. For this experiment, the har-
monic magnetic field was generated by the magnetic field generator
utilized in the performance test of the diaphragm pump. The fre-
quency and amplitude of the harmonic magnetic field were 1 Hz and
±40mT, respectively, and the direction was vertical direction. Besides,
a solenoid magnetic field generator (65mm external diameter, 35mm
internal diameter, 140mm length, 1mmwirediameter, 1500 turns)was
utilized to provide the long swimming channel (length: 150mm,
internal diameter: 30mm, external diameter: 34mm) and –40~40mT
harmonic magnetic field subjected to 2Hz frequency, which was dri-
ven by a power amplifier (AE Techron 7224) and monitored by a
gaussmeter. The direction of the magnetic field was vertical in the
snorkeling and diving tests, and it is horizontal in the horizontal diving
test. The snorkeling, diving, and horizontal diving of the bionic
swimming robot were shown in Supplementary Movie 6.

Data availability
All data supporting the findings of this study are available within the
article and the Supplementary Information file, or available from the
corresponding authors upon request. The data generated in this study
are provided in the Source Data file. Source data are provided with
this paper.

Code availability
Codes are available from the corresponding author upon request.

References
1. Palagi, S. & Fischer, P. Bioinspired microrobots. Nat. Rev. Mater. 3,

113–124 (2018).

2. Ricotti, L. et al. Biohybrid actuators for robotics: a review of devices
actuated by living cells. Sci. Robot. 2, eaaq0495 (2017).

3. Kim, S., Laschi, C. & Trimmer, B. Soft robotics: a bioinspired evo-
lution in robotics. Trends Biotechnol. 31, 287–294 (2013).

4. Li, M., Pal, A., Aghakhani, A., Pena-Francesch, A. & Sitti, M. Soft
actuators for real-world applications. Nat. Rev. Mater. 7,
235–249 (2022).

5. Dong, Y. et al. Untethered small-scale magnetic soft robot with
programmable magnetization and integrated multifunctional
modules. Sci. Adv. 8, eabn8932 (2022).

6. Peng, L. et al. Slug-inspiredmagnetic softmillirobot fully integrated
with triboelectric nanogenerator for on-board sensing and self-
powered charging. Nano Energy 99, 107367 (2022).

7. Ling, Y. et al. Bioinspired elastomer composites with programmed
mechanical and electrical anisotropies. Nat. Commun. 13,
1–11 (2022).

8. Zhang, Y. et al. Inchworm inspired multimodal soft robots with
crawling, climbing, and transitioning locomotion. IEEE Trans. Robot.
38, 1806–1819 (2021).

9. Zhang, J., Liu, Q., Zhou, J. & Song, A. Crab-inspired compliant leg
design method for adaptive locomotion of a multi-legged robot.
Bioinspir. Biomim. 17, 025001 (2022).

10. Niu, H. et al. Magworm: a biomimeticmagnet embeddedworm-like
soft robot. Soft Robot. 8, 507–518 (2021).

11. Kellaris, N. et al. Spider‐inspired electrohydraulic actuators for fast.
soft-actuated joints. Adv. Sci. 8, 2100916 (2021).

12. Carpi, F., Kornbluh, R., Sommer-Larsen, P. & Alici, G. Electroactive
polymer actuators as artificial muscles: are they ready for bioin-
spired applications? Bioinspir. Biomim. 6, 045006 (2011).

13. Tang, W. et al. Customizing a self-healing soft pump for robot. Nat.
Commun. 12, 1–11 (2021).

14. Webster-Wood, V. A., Akkus, O., Gurkan, U. A., Chiel, H. J. & Quinn,
R. D. Organismal engineering: toward a robotic taxonomic key for
devices using organic materials. Sci. Robot. 2, eaap9281 (2017).

15. Liu, C., Dong, E., Xu, M., Alici, G. & Yang, J. Locomotion analysis and
optimization of actinomorphic robots with soft arms actuated by
shape memory alloy wires. Int. J. Adv. Robot. Syst. 15,
1729881418787943 (2018).

16. Li, C. et al. Fast and programmable locomotion of hydrogel–metal
hybrids under light and magnetic fields. Sci. Robot. 5,
eabb9822 (2020).

17. Ke, X. et al. Stiffness preprogrammable soft bending pneumatic
actuators for high-efficient, conformal operation. Soft Robot. 9,
613–624 (2022).

18. Kim, Y. & Zhao, X. Magnetic soft materials and robots. Chem. Rev.
122, 5317–5364 (2022).

19. Zhou, H., Mayorga-Martinez, C. C., Pané, S., Zhang, L. & Pumera, M.
Magnetically driven micro and nanorobots. Chem. Rev. 121,
4999–5041 (2021).

20. Kim, S. H., Hashi, S. & Ishiyama, K. Magnetic actuation based snake-
like mechanism and locomotion driven by rotating magnetic field.
IEEE Trans. Magn. 47, 3244–3247 (2011).

21. Joyee, E. B. & Pan, Y. A fully three-dimensional printed inchworm-
inspired soft robot with magnetic actuation. Soft Robot. 6,
333–345 (2019).

22. Cui, J. et al. Nanomagnetic encoding of shape-morphing micro-
machines. Nature 575, 164–168 (2019).

23. Ren, Z., Hu, W., Dong, X. & Sitti, M. Multi-functional soft-bodied
jellyfish-like swimming. Nat. Commun. 10, 1–12 (2019).

24. Huang, H. W., Sakar, M. S., Petruska, A. J., Pané, S. & Nelson, B. J.
Soft micromachines with programmable motility and morphology.
Nat. Commun. 7, 1–10 (2016).

25. Gu,H. et al.Magnetic cilia carpetswithprogrammablemetachronal
waves. Nat. Commun. 11, 1–10 (2020).

Article https://doi.org/10.1038/s41467-023-35905-6

Nature Communications |          (2023) 14:163 9



26. Al Khatib, E. et al. Magnetically actuated simple millirobots for
complex navigation and modular assembly. IEEE Robot. Autom.
Lett. 5, 2958–2965 (2020).

27. Magdanz, V. et al. IRONSperm: sperm-templated soft magnetic
microrobots. Sci. Adv. 6, eaba5855 (2020).

28. Tang, J., Yin, Q., Qiao, Y. &Wang, T. Shapemorphing of hydrogels in
alternating magnetic field. ACS Appl. Mater. Int. 11,
21194–21200 (2019).

29. Zhang, Y. et al. 4D printing of magnetoactive soft materials for on-
demand magnetic actuation transformation. ACS Appl. Mater. Int.
13, 4174–4184 (2021).

30. Xu, T., Zhang, J., Salehizadeh, M., Onaizah, O. & Diller, E. Millimeter-
scale flexible robots with programmable three-dimensional mag-
netization and motions. Sci. Robot. 4, eaav4494 (2019).

31. Qi, S. et al. 3D printed shape-programmable magneto-active soft
matter for biomimetic applications. Compos. Sci. Technol. 188,
107973 (2020).

32. Zhang, C. et al. 3D printing of functional magnetic materials: from
design to applications. Adv. Funct. Mater. 31, 2102777 (2021).

33. Hu, W., Lum, G. Z., Mastrangeli, M. & Sitti, M. Small-scale soft-
bodied robot with multimodal locomotion. Nature 554,
81–85 (2018).

34. Ghosh, A. et al. Helical nanomachines as mobile viscometers. Adv.
Funct. Mater. 28, 1705687 (2018).

35. Won, S., Kim, S., Park, J. E., Jeon, J. & Wie, J. J. On-demand orbital
maneuver of multiple soft robots via hierarchical magnetomotility.
Nat. Commun. 10, 1–8 (2019).

36. Yi, S. et al. High-throughput fabrication of soft magneto-origami
machines. Nat. Commun. 13, 4177 (2022).

37. Yeow, B. S. et al. Magnetically steerable serial and parallel struc-
tures by mold-free origami templating and domain setting. Adv.
Mater. Technol. 7, 2101140 (2022).

38. Schmauch, M. M., Mishra, S. R., Evans, B. A., Velev, O. D. & Tracy, J.
B. Chained ironmicroparticles for directionally controlled actuation
of soft robots. ACS Appl. Mater. Int. 9, 11895–11901 (2017).

39. Boczkowska, A. & Awietjan, S. Microstructure and properties of
magnetorheological elastomers. In Advanced Elastomers—Tech-
nology, Properties and Applications (ed. Boczkowska, A.) Ch. 6
(InTechOpen, 2012).

40. Lin, D. et al. Magnetoactive soft drivers with radial-chain iron
microparticles. ACS Appl. Mater. Int. 13, 34935–34941 (2021).

41. Fuhrer, R., Schumacher, C. M., Zeltner, M. & Stark, W. J. Soft iron/
silicon composite tubes for magnetic peristaltic pumping:
frequency-dependent pressureandvolumeflow.Adv. Funct.Mater.
23, 3845–3849 (2013).

42. Cao, X., Xuan, S., Hu, T. & Gong, X. 3D printing-assistantmethod for
magneto-active pulse pump: experiment, simulation, and defor-
mation theory. Appl. Phys. Lett. 117, 241901 (2020).

43. Shoji, E. Fabrication of a diaphragmmicropump systemutilizing the
ionomer-based polymer actuator. Sens. Actuat. B-Chem. 237,
660–665 (2016).

44. Ghazali, F. A., Mah, C. K., AbuZaiter, A., Chee, P. S. & Mohamed, M.
S. Soft dielectric elastomer actuator micropump. Sens. Actuat.
A-Phys. 263, 276–284 (2017).

45. Mohith, S., Karanth, P. N. & Kulkarni, S. M. Recent trends in
mechanical micropumps and their applications: a review. Mecha-
tronics 60, 34–55 (2019).

46. Eshaghi,M., Ghasemi,M. &Khorshidi, K. Design,manufacturing and
applications of small-scale magnetic soft robots. Extrem. Mech.
Lett. 44, 101268 (2021).

Acknowledgements
F.Y. acknowledges the support from the National Natural Science
Foundation of China (Grant numbers 61733006 and U1813201).

Author contributions
D.L., F.Y., and D.G. conceived the idea and led research efforts. D.L.,
D.G., and R.L. performed the experiments. D.L. and F.Y. wrote the
manuscript with the assistance of other co-authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-35905-6.

Correspondence and requests formaterials shouldbeaddressed to Fan
Yang.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this
work. Peer reviewer reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-35905-6

Nature Communications |          (2023) 14:163 10

https://doi.org/10.1038/s41467-023-35905-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Bio-inspired magnetic-driven folded diaphragm�for biomimetic robot
	Results
	Operational principle of the magnetic-driven folded diaphragm
	Mechanical properties
	Implementation in diaphragm pump
	Bionic crawling robots
	Bionic squid swimming robots

	Discussion
	Methods
	Material fabrication
	Diaphragm magnetization
	Deformation characteristics experiment
	Elastic-resistance force test
	Performance test of diaphragm pump
	Test of bionic crawling robot
	Test of bionic swimming robot

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




