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1. Introduction

Soft actuators can perform bending and stretching motions in a
manner similar to that by the human body. These characteristics
can be used to create robots that closely replicate human
behaviors. Their softness also allows for soft contact, and they

could thus replace conventional robots
in fields such as minimally invasive
medicine.[1–5] Silicone rubber materials
such as Ecoflex and polydimethyl siloxane
(PDMS) are used most commonly as basal
materials in soft actuators.[6–8] Hydrogels
can also be used to fabricate ultrasoft and
ultralight actuators.[9,10] A hydrogel is a
polymer material with Young’s modulus
of 103–105 Pa and with properties interme-
diate between liquids and solids. Hydrogel
actuators can perform smooth motions and
fit easily into complex shapes. Therefore,
they have found applications in biosensing
systems, cell manipulation, and biomi-
metic motion.[11–17]

In general, the motion of soft actuators
is caused by various external stimuli such
as heat, air pressure, electricity, or mag-
netic fields. Pneumatic actuators are widely

used in soft robotics and human assist devices because they can
generate large forces.[18–20] Dielectric elastomer actuators show
excellent mechanical performance, although they require operat-
ing voltages of several thousand volts.[21–23] Actuators have been
fabricated by mixing liquid ethanol into silicone; these expand as
ethanol vaporizes with increasing temperature.[24,25] In case of
hydrogel actuators, the actuators with heat, hydraulics, and mag-
netic fields as the operating principle have been proposed.[26–28]

In particular, although the local controllability is still low, a ball-
type hydrogel actuator driven by light shows high speed rolling
motion.[29] Thus, it is still important to develop a hydrogel actua-
tor that simultaneously affords a high reaction speed, large defor-
mation, and fine local controllability (i.e., operability), with
superior high-frequency response to replicate the behavior of liv-
ing muscles.

Electromagnetism is an actuating principle that satisfies the
three requirements mentioned above. Electromagnetically driven
actuators using silicone rubber have been wired with a liquid
metal inside the rubber material, and the Lorentz force generated
by the electric and magnetic force realized high-speed drive with
large deformation.[30] Their movement can also be controlled
using electricity. Liquid metal electrodes have a sufficiently
low resistance to generate a Lorentz force with a low voltage.
However, because hydrogel actuators comprise a hydrogel with
an ultrasoft and superhydrophilic surface, it is difficult to wire
them with a liquid metal on and/or inside the gel substrate.

Here, the present study proposes hydrogel actuators made of a
gel and a liquid metal in which an electromagnetic force was used
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Hydrogel actuators are ultrasoft and pliable but achieving high driving speeds
with large deformation and fine local controllability is difficult because the driving
force originates from the external air pressure or heat, and the base material is
fragile. Herein, hydrogel actuators that allow high-speed driving and large
deformation with high-frequency local controllability while maintaining softness
are fabricated based on liquid metal gel fibers as electrodes by using microfluidic
technology. The Lorentz force produced by an electric current and a magnet is
used for actuation control. An ultrafast response of 260.5 mm s�1 with high-
frequency controllability (6 Hz) and a large deformation of 172% with hydrogel
actuation are observed. As proof of concept, moving stages, micromixers, and
grippers exhibiting high speeds with high mechanical deformability while
maintaining the inherent characteristics of hydrogel phases are demonstrated.
Different hydrogels can be used with the proposed actuator architecture and
fabrication scheme, enabling different functionalities.
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to realize ultrafast drive and local controllability with superior
high frequency. In biomedical and aquatic environments,
electromagnetism-based gel actuators might lead to reduced
safety. However, electromagnetic gel actuator is one of the best
tools in terms of reaction speed and local control. By using
electromagnetism in this study, we have provided a solution to
a major problem of soft actuators. The electromagnetic force
was driven through a liquid metal gel fiber embedded in a gel
actuator by microfluidic technology. The coil shape of the gel fiber
increased the stroke, thereby resulting in a large deformation of
the gel simultaneously. As a result, an ultrafast actuator made of a
gel and a liquid metal was realized, and its moving, bending, and
expansion using electricity for control were demonstrated.

2. Results

2.1. Architecture and Fabrication of Liquid Metal Gel Fibers

Figure 1a shows the fabrication method of the liquid metal gel
fiber used in this study. A gel fiber with a core–shell structure

was fabricated by dispensing a bilayer flow consisting of sodium
alginate (AlgNa) and polyvinyl alcohol (PVA) solutions from a
syringe needle. The inner PVA solution was replaced by a liquid
metal to produce the liquid metal gel fiber. By applying an elec-
tric current to the liquid metal gel fiber in the hydrogel actuator
placed within a magnetic field, a Lorentz force was generated to
drive the gel actuator (Figure 1b). Three types of actuators that
can perform translational and rotational movements as well as
bending and expansion motions by controlling the current were
demonstrated in this study (Figure 1c). The hydrogel actuator
was fabricated by assembling the liquid metal gel fiber and an
acrylamide gel as basal substrate.

As shown in Figure 1, the gel fiber comprises two layers: outer
AlgNa gel and inner PVA solution. Figure 2a shows the relation-
ship between the flow rates of the PVA solution and the AlgNa
solution used to produce the gel fibers. When the PVA solution:
AlgNa solution flow rate ratio was more than 1.00, the amount of
PVA solution was too large and the AlgNa solution did not form a
gel. Eventually, the solution mixture was dispensed from a
needle. By contrast, when the flow rate ratio was less than

Figure 1. Schematic of ultrafast and highly deformable electromagnetic hydrogel actuators. a) Gel fiber fabrication method. Coaxially aligned nozzles and
a needle were used to fabricate gel fibers with a core–shell structure. Then, liquid metal was injected into the core to produce liquid metal gel fibers. b) The
actuator was driven by the Lorentz force generated by passing a current through the liquid metal gel fiber in a magnetic field. c) Gel actuator using liquid
metal and magnetic force. Moving, bending, and expanding motions of hydrogel actuators by using electromagnetism and characteristics of structure.
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0.05, the flow rate of the aqueous AlgNa solution was too high to
form a two-layer fiber structure with the PVA solution, resulting
in a single-layer gel fiber into which the liquid metal could not be
injected. Figure 2b shows the PVA solution:AlgNa solution flow
rate ratio and the inner diameter:outer diameter ratio of the fab-
ricated gel fiber. The inner diameter part was later replaced by
liquid metal from PVA. The inner diameter indicates the PVA
portion, and the outer diameter indicates the “PVAþ AlgNa”
portion. With increasing “PVA flow rate/AlgNa flow rate,” the
PVA flow rate (inner diameter) relative to the overall flow rate
increases as well. Therefore, the inner diameter:outer diameter
ratio increased as the PVA solution:AlgNa solution flow rate ratio
increased because the flow rate ratio of the PVA solution
increased.

2.2. XY-Axis Moving Stage

To investigate the speed that can be generated in principle, we
developed a simple structured XY-axis moving stage. Figure 3a
shows a photograph of the XY-axis moving stage. Two gel fibers
were wired in a cross shape inside the acrylamide gel. The direc-
tion of the force under both translational and rotational move-
ments was calculated using the finite element analysis
software COMSOL ver. 5.6 (Figure 3b). Figure 3b(i) shows that
placing a magnet under the gel actuator and controlling the cur-
rent flow enables omnidirectional movement of the actuator.

Furthermore, Figure 3b(ii) shows that arranging two magnets
inside out produces symmetric but opposite forces at their
boundary, thereby enabling rotational movement of the actuator.

Figure 3c shows the relationship between the time and the
amount of movement when a current is applied to the XY-axis
moving stage. The current was varied from 1 to 3 A. The amount
of movement increased with the current. A mechanics model
was developed, and the theoretical values are plotted in
Figure 3c (Supporting text 1 and Figure S1, Supporting
Information).

Figure 3d shows the results of controlling the movement
direction of the actuator. Assuming that the current flowing
along the X- and Y-axes of the device is A_X and A_Y,

respectively, the theoretical angle from the X-axis is obtained
based on the ratio of the currents, as given in Table S1,
Supporting Information, (Supporting text 2 and Figure S2,
Supporting Information). The average error between the theoret-
ical and the experimental values was 3�, and the average of the
standard deviation was 5�.

Figure 3e shows the trajectory when the actuator was moved in
three directions. When a current was passed through the actuator
in the positive Y-axis direction, negative X-axis direction, and
both positive Y-axis and negative X-axis directions, the stage
moved in the right, upward, and upward right directions, respec-
tively. When the currents flowed in both electrodes, the stage
moved upward at an angle of approximately 45�.

Figure 3f shows the situation when the actuator was rotated
clockwise and counterclockwise. The fiber positions along the
X- and Y-axes of the actuator were swapped after the 90� rotation
of the hydrogel actuator. The actuator was rotated 180� by con-
trolling the current flow so that the current flowed in the fiber
along the X-axis direction at any point.

Figure 3g shows the relationship between the time and the
rotation angle of the XY-axis moving stage. The amount of move-
ment was plotted every 1/60 s after the current was applied. Both
theoretical and experimental rotation speeds increased with the
applied current (Supporting text 3 and Figure S3, Supporting
Information).

Figure 3h shows the stage orbit when the square orbit was
controlled. The stage was controlled by changing the current
direction with a control circuit. Figure 3d shows that an error
of a few degrees existed in each direction. However, the orbit
of the actuators could be controlled automatically following
the control circuit.

2.3. Properties of Gel Fiber

Figure 4a shows the COMSOL simulation results and the exper-
imental results when the straight-shaped fiber was deformed by
Lorentz forces, and Figure 4b shows the corresponding results
when the coil-shaped fiber was deformed. These figures show
that in both the simulation and the experimental results, the

Figure 2. Design considerations for fabrication of liquid metal gel fiber. a) Relationship between flow rate of AlgNa solution and that of PVA solution.
When the PVA:AlgNa flow rate ratio was more than 1.00, the amount of PVA solution was too large for the AlgNa solution to form a gel. b) Relationship
between PVA solution:AlgNa solution flow rate ratio and inner diameter:outer diameter ratio of the gel. The inner diameter:outer diameter ratio increased
as a function of the flow rate ratio. The upper limit of the inner diameter:outer diameter ratio was 0.8.
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Figure 3. XY-axis moving and rotating stage using liquid metal gel fiber. a) Photograph of XY-axis moving and rotating stages. b) COMSOL simulations of
Lorentz force when using one magnet and two aligned magnets. Forces for translation and rotation were determined by the relationship of the directions
of the current and magnetic field. c) Relationship between time and moving distance of XY-axis moving stage. Current was varied from 1.0 to 3.0 A. Owing
to the drag force of water, tension of copper wire, and change in magnetic flux density, both theoretical and experimental velocities were dampened.
d) Relationship between experimental and theoretical values by controlling ratio of current flow in two electrodes. The movement direction in the XY plane
could be controlled by the ratio of currents along each axis. e) Actual movements of hydrogel actuator in 0�, 90�, and 45� directions. f ) Actual rotations of
hydrogel actuator in clockwise and counterclockwise directions from �180� to 180� using two arranged magnets. g) Relationship between time and
rotation angle of XY-axis moving stage. Current was varied from 0.5 to 4.0 A. h) Programmed square orbit control of hydrogel actuator performed by
periodically changing the time and direction in which the current was passed through the two fibers.
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amount of deformation in the coil-shaped fiber was larger than
that in the straight-shaped one. The deformation directions in
the straight- and coil-shaped hydrogel actuators were controlled
by the current flow. For the straight-shaped fiber, the applied
Lorentz forces follow Fleming’s left-hand rule, as shown in
Figure S4a, Supporting Information. By contrast, for the coil-
shaped fiber, the resultant force derived from the Lorentz forces
in the direction perpendicular to the main axis was applied, as
shown in Figure S4b, Supporting Information. The resultant
forces in the direction of the main axis canceled each other out.

Figure 4c shows that the coil-shaped fiber was deformed by
around two times as much as the straight-shaped fiber with a
0.5 T neodymium magnet. The deformation of both types of

fibers decreased with a 0.1 T ferrite magnet, as shown in
Figure S5, Supporting Information. The amount of deformation
depended on the strength of the magnet.

Figure 4d shows the voltage and amplitude waveforms when a
sinusoidal voltage was applied at a frequency of 1.0 Hz to vibrate
the fiber. A phase delay of 1/30 to 1/10 s existed with respect to
the input waveform.

Similarly, Figure 4e shows the amplitude response curve
when a sine wave was applied. The frequency at the time of maxi-
mum amplitude, shown on the horizontal axis of Figure 4e, is
normalized as 1. The horizontal axis in Figure S6, Supporting
Information, shows the absolute value of the frequency. From
Figure 4e and S6, Supporting Information, the resonance

Figure 4. Physical and electromagnetic properties of straight- and coil-type liquid metal gel fiber. a) Deformation of straight-shaped gel fiber in experiment
and COMSOL simulation. b) Deformation of coil-shaped gel fiber in experiment and COMSOL simulation. c) Relationship between deformation amount
of gel fibers with neodymiummagnet and current flow in liquid metal gel fiber. Deformation for both fiber types increased with the current. d) Voltage and
amplitude waveforms when a sinusoidal voltage was applied at a frequency of 1.0 Hz to vibrate the fiber. e) Frequency response curve when a sine wave
was applied. f ) Demonstration of mixing of two inks by coil-shaped gel fiber when voltage was applied at 1 and 10 Hz.
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frequency was 37.7 rad s�1 (6.0 Hz) and the maximum amplitude
magnification was 1.73. Figure 4f shows the amplitude at fre-
quencies of 1.0 and 10.0 Hz. Yellow and blue inks were mixed
using the coil-shaped fibers with vibrations at 1 and 10Hz
(Figure 4f, Movie S1, Supporting Information). At 10.0 Hz,
the green region became larger, indicating that the two inks were
well mixed. Young’s modulus of the gel fiber could be altered by
varying the AlgNa(aq) concentration, as shown in Figure S7,
Supporting Information.

2.4. Bending and Ring Grippers

As shown in Figure 5a, bending grippers were fabricated using
both the straight- and the coil-shaped fibers. For both grippers,
when a current was applied, a force was generated in the direc-
tion in which the gripper closed (Movie S2, Supporting
Information). Figure 5b shows the relationship between the cur-
rent applied to the bending gripper and the angle of the gripping
part. For both grippers, the angle decreased with increasing

Figure 5. Hydrogel bending and expansion-shrinkage grippers using liquid metal. a) Photographs of bending grippers with straight- and coil-shaped gel
fiber. b) Relationship between current and angles of grippers using straight- and coil-type fibers. Grippers closed with the applied current. Bending gripper
using coil-type fiber closedmore efficiently. c) Photographs of ring grippers with straight- and coil-shaped gel fiber. d) Expansion rates of ring grippers with
straight- and coil-shaped gel fibers. Gripper expanded with increasing current. e) Repeatability test (up to 15 cycles) of ring gripper with coil-type fiber for
currents of 1.0–3.0 A. f ) Demonstration of grabbing, moving, and releasing gel objects using ring gripper.

www.advancedsciencenews.com www.advintellsyst.com

Adv. Intell. Syst. 2022, 2100212 2100212 (6 of 11) © 2022 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advintellsyst.com


current because of the Lorentz forces. The gripper with coil-
shaped fibers closed more than did that with the straight-shaped
fiber. This was because the straight fiber was deformed by the
expansion and contraction of the material itself, whereas the coil
fiber was deformed by the change in pitch (Figure S8, Supporting
Information).

Figure 5c and Movie S3, Supporting Information, show the
expansion and contraction of the ring gripper. Figure 5d shows
the relationship between the current applied to the ring gripper
and the enlargement ratio. The enlargement ratio Rx was calcu-
lated as

Rx ¼
dx
d0

(1)

Here, dx and d0 are the diameters of the gripper after and
before the current was applied, respectively. The coil-shaped
gripper expanded with increasing current, whereas the
straight-shaped gripper did not expand at all regardless of the
current.

Figure 5e and S9, Supporting Information, show a repeatabil-
ity test of the functionality of the ring gripper. The magnitude of
deformation depended on the applied current, as shown in
Figure 5d. When a current of 1 A was applied, the deformability
was maintained over more than 100 cycles, as shown in
Figure S9, Supporting Information. However, the hydrogel mate-
rial deformed plastically upon repeating large deformations
under a high applied current exceeding 2 A.

Figure 5f and Movie S4, Supporting Information, show that
the ultrasoft ring gripper could be used to perform hydrogel
block transportation. Neodymium magnets were placed at
three locations so that expansion by current flow could be
performed at those locations. First, the gripper grasped a blue
hydrogel object at location (i) and then moved and
released it at location (ii). Next, the same gripper grasped a
red hydrogel object at location (i) and then moved and
released it at location (iii). To show that the same gripper
can be used for multiple operations, the gel of the object
was divided into red and blue colors. The gripper could success-
fully grasp and move the soft, slippery hydrogel material
multiple times.

3. Discussion

As shown in Figure 3b, the XY-axis moving stage can be moved
and rotated by generating forces in the translation and rotation
directions. In general, the direction of magnetic force lines
became perpendicular to the magnet toward the center.
Therefore, a stronger magnetic force can be generated near
the center. COMSOL numerical calculation results showed that
a larger Lorentz force was generated in the central part of the
device during movement. Further, the Lorentz force increased
toward the outside of the actuator during rotation because two
magnets were arranged.

As shown in Figure 3c, the movement of the XY-axis moving
stage increased with respect to the current. A dynamics model
was set up as shown in Supporting text 1 and Figure S1,
Supporting Information. The theoretical and experimental values

were compared. The equation of motion for the stage moving
through water is expressed as follows

mẍ ¼ Fg � FD � Fk (2)

Here, Fg is the Lorentz force; FD is the drag force of water
acting on the stage; and Fk is the damping force due to changes
in tension and magnetic flux density. The expression of each
parameter can be substituted into this equation to obtain

mẍ ¼ BIL� CDA ⋅
1
2
ρv2 � kx (3)

The solution of this differential equation was obtained by the
fourth-order Runge–Kutta method and plotted as a theoretical
value in Figure 3c. The Lorentz force was generated in the move-
ment direction. The acceleration decreased with time because the
drag force of water and damping force due to tension occurred in
the direction opposite to the movement direction. Therefore, as
shown in Figure 3c, because the drag force was proportional to
the square of the velocity, the acceleration decreased as the veloc-
ity increased and converged to the terminal velocity.

As shown in Figure 3d, when the stage was moving in the
upper right 45� direction, the error was particularly large, and
the standard deviation was approximately�8�. When it was mov-
ing in an oblique direction, current had to be applied to the two
axes simultaneously. If even a slight deviation occurred, a rota-
tional movement would occur owing to the force imbalance.
Therefore, the error was considered to become larger than in
the other cases.

The theoretical values of the rotation motion were also calcu-
lated from the equations of motion (Supporitng text 3 and
Figure S3, Supporting Information). For rotation motion, the
forces generated on the stage were the torques, Ng, Nk and
ND due to the Lorentz force, tension of the copper wire, and vis-
cous resistance of air, respectively. Thus, the equation of motion
was given as

Jθ̈ ¼ Ng � ND � Nk (4)

If the torque due to the viscosity force, ND is omitted, θ can be
given as

θ ¼ BIR
2k

� cos 2

ffiffiffiffiffiffiffi
2k
mR

r
t þ 1

 !
(5)

The rotational speed at each time was calculated by substitut-
ing each parameter into Equation (5). For 0–0.03 s, the rotational
angle increased exponentially with time. After 0.03 s, the slope
and speed became constant. As the amount of rotation increased,
the effect of the tension of the copper wire increased. The force
might act in a direction that prevents rotation, resulting in a
decrease in speed.

The XY-axis moving stage was driven by a Lorentz force by
applying a current to the gel and an external magnetic force.
Actuators can be driven by the magnetic gel and an external mag-
net or by the magnetic gel and an external coil.[31,32] When using
a magnetic gel and external magnet, the degree of freedom of
movement was limited because the magnetic gel has only one
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direction of magnetic force. When using an external coil, the
nonuniform direction of the magnetic field made control diffi-
cult. In this study, the movement of the hydrogel actuator was
controlled by the ratio of the current flows in two electrodes.
As a result, the degree of freedom of the hydrogel movement
could be improved and controlled easily. Thus, the direction
of movement and rotation can be controlled and the speed
can be adjusted instantaneously according to the current value.
It is also possible to repeat the programmed motion as shown in
Figure 3h. In this respect, the actuator is excellent for local con-
trol. However, our device required a large current for actuation.
Therefore, a future study will aim to decrease the current
required to generate the force.

We modeled the actuator by the second order lag element
(Supporting text 4 and Figure S10, Supporting Information).
We defined Md as the magnification factor of the displacement
amplitude, which is given by

Md ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffin

1� ð ωωn
Þ2
o
2 þ ð2ζ ω

ωn
Þ2

r (6)

In a second-order lag element, the natural angular frequency,
ωn and the damped natural angular frequency, ωd are as follows

ωn ¼
ffiffiffiffi
k
m

r
(7)

ωd ¼ ωn

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ς2

p
(8)

where ζ and m are the damping ratio and weight, respectively.
When ω is equivalent to, ωd Md becomes maximum. We define
the maximum Md as Mdmax. Here, ζ is represented as a function
of, Mdmax which is given from Equation (6) and Equation (8) as
follows

ς ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
3
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4
9
� 1
3Mdmax

2

svuut (9)

By substituting the experimentally obtained Mdmax of 1.73 in
Equation (9), ζ is estimated to be 0.30. As shown in Figure 4e, the
theoretical curve was obtained for a ζ value of 0.30. In this case,
ζ < 1 and therefore, the damping state is classified as insuffi-
cient damping, and the vibrations can be expected to occur even
when free vibration is performed. The weight of the actuator m,
which was 0.52 g, was measured using an electric balance. From
Equation (7) and (8), we estimated the equivalent linear spring
constant k of 0.81 Nm�1 using the following expression

k ¼ mωd
2

1� ζ2
(10)

As shown in Figure 4e, the damping ratio was 0.30; this was
classified as insufficient damping. The coil comprising the gel
fiber vibrated even under free vibration, and the gel fiber was
elastic. The damping ratio of the rubber material was approxi-
mately 0–0.3.[33] The damping ratio of the gel fiber was almost
the same. Therefore, the coil-type gel fiber was ultrasoft and
had the elasticity of rubber. When using this fiber in the actuator,

its elasticity can be utilized as a driving force; this makes it a
highly versatile material.

As shown in Figure S7, Supporting Information, Young’s
modulus decreased with the AlgNa concentration. Gel fibers
could be produced with AlgNa concentrations of 3–6%. At con-
centrations below 3%, the gel became liquid and did not harden
sufficiently. Further, at concentrations exceeding 6%, the viscos-
ity of the AlgNa solution became too high, making stable coil
formation difficult. Young’s modulus of the hydrogel was related
to the magnitude of deformation (expansion). Therefore, depend-
ing on the application, the concentration must be adjusted when
forming coils.

The maximum generative force Fmax was simulated by
COMSOL in Figure 4b as 0.010 N under a current I of 2 A, length
L of 30mm, and a neodymium magnetic plate with 0.5 T of sur-
face magnetic flux density. We also roughly estimated Fmax by the
principal formula of Lorentz force given by

Fmax � I ⋅ Ba ⋅ L ¼ 0.011 N (11)

The result based on the formula was almost the same as the
one obtained using COMSOL. Here, Ba is the magnetic flux den-
sity, where the center of the actuator was arranged. Ba was exper-
imentally obtained as 0.176 T using a gauss meter. Table 1 shows
the quantitative evaluation of the fabricated actuator when we
modeled it as the second delay system.

The ratio of the generative force to the weight of the actuator
was also an important factor. The generative force of the pro-
posed actuator was roughly twice that of the weight of the actua-
tor (i.e., the generative force was 0.01 N (1 gw) with the weight of
the moving part being 0.5 g). We plan to discuss the improve-
ment in the ratio of the generative force including multiple con-
nections of actuators in future studies, and also discuss the
insulation coating and the improvement in durability.

As shown in Figure 5b and S8, Supporting Information, the
coil-type fiber could bend by 15�–20� more compared to
the straight-type fiber. Based on this result, the five pitches in
the deformed part were related to the bending in the coil shape.
In other words, one pitch in the coil might generate a bending
effect of approximately 3�–4�. By realizing a structure with more
pitches of bending-related parts, fast and more flexible bending
could be achieved.

As shown in Figure 5c–e, under a Lorentz force, the ring grip-
per could perform a significantly large expansion owing to its coil
shape. Then, it returned to its original shape owing to the elas-
ticity of the fiber. Therefore, the force required to grip the object
depended on Young’s modulus of the ring gripper.

Soft actuators with a fast deformation velocity and large expan-
sion coefficient while maintaining a high-frequency local control-
lability were fabricated in this study. Figure 6 shows the
deformation speed of the device from its original shape with fine
local controllability. Soft actuators mainly use heat, air pressure,
light, and electric current as driving principles. In terms of actua-
tors that use heat as the driving principle, the drive speed of the
actuator becomes significantly slower because ethanol requires
considerable time to evaporate and deform the substrate with
increasing temperature.[24,25] Actuators that use air pressure
as the driving principle have been fabricated using silicone rub-
ber and a robust hydrogel. These can deform through expansion,
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contraction, and bending upon injecting air.[18–20] A pneumati-
cally actuated soft actuator made of a hydrogel has a velocity
of approximately 0.5–1mm s�1. This is lower than the velocity
achieved in our study.[34,35] However, as a hydrogel actuator, it
can generate enough force and is robust. In actuators that use
light as the driving principle, deformation was produced through
the photoisomerization of the material. An actuator was fabri-
cated by combining a light-responsive liquid crystal network
(LCN) film with a silicone rubber material such as PDMS.[36]

Although light irradiation can be performed at high speed, the
deformation speed was comparable to that of pneumatic actua-
tors because the driving speed was determined by the time
required for the structural change of the LCN. In addition, the
ball-type hydrogel actuator driven by light showed rolling motion
at 1.6 m s�1.[29] However, it might be difficult to achieve fine local
control and to add additional functionality other than rolling and
jumping such as grasping. In Figure 6, the ball-type hydrogel
actuator was excluded. From the deformation speed results in
Figure 6, when using electricity as the driving principle, the actu-
ator can be driven at high speed when using a material as hard as
silicone rubber. For achieving high-speed drive with electricity, a
material with the hardness of silicone rubber has been used often
as the substrate material of the actuator.[30,37–40] In particular, as
in the present study, ultrafast drive-in hydrogel actuators can

be realized when using electric current and neodymium
magnets.[29]

Conventional gel actuators basically operate by using the swell-
ing of the gel. For thermoresponsive gels such as PNIPAM that
swell because of heat, the amount of expansion (i.e., expansion
rate) relative to contraction is approximately 30–40%.[26] In the
case of connecting electrodes and when using the movement
of ions inside the gel, the swelling inside the gel changed with
ion movements, causing bending deformation. The basic opera-
tion of the actuator was bending motion. The bending force was
generated by an expansion force by fixing a part of the gel or a
bilayered structure. In this case, the amount of expansion was
approximately 20% at most.[41,42] Some gel actuators can perform
bending motion through hydrodynamic pressure produced by
injecting water into the gel. However, although such actuators
can bend and deform at high speed, they can hardly expand
or contract.[27] Our proposed electromagnetic gel actuator with
a ring gripper based on a coil-type gel fiber enabled a large expan-
sion motion by using the expanding/contracting structure of the
coil. As shown in Figure 5d, the developed ring gripper achieved
a magnification ratio of 1.72 times at a current of 3 A. This mag-
nification was equivalent to that of a soft actuator made of a rub-
ber material. In conclusion, a gel actuator that can deform
sufficiently at high speed was developed successfully in this
study.

4. Conclusion

This study proposed a hydrogel actuator that achieves ultrafast
drive and a large deformation using a Lorentz force. Gel fibers
were wired inside an acrylamide gel, and an XY-axis stage that
could move and rotate upon applying a current to different fibers
was fabricated. Continuous trajectory control was realized by
using a program to control the circuit. Vibration experiments
using a coil-shaped gel fiber were conducted. An amplitude factor
of 1.73 was achieved at a resonance frequency of 6 Hz (angular
frequency: 37.7 rad s�1), confirming the fast response of the sys-
tem. A bending gripper using the fiber showed a deformation
speed of 117.29mm s�1 (angular frequency: 5.24 rad s�1).
Finally, an electrically controlled ring gripper with a coil-shaped
gel fiber achieved large deformation and could be used to trans-
port gel pieces. Because the bending gripper can achieve ultrasoft
contact, it can be applied in fields that require the handling of
delicate objects such as human tissues, cells, and fragile foods

Table 1. Quantitative evaluation of the coil-type gel fiber actuator when modeled as a second-order lag element.

Physical quantity Symbol Value Unit Obtaining method

Weight m 0.52 g Measured by an electric balance

Damped natural angular frequency ωd 37.7 rad s�1 Obtained from Figure S6, Supporting Information

Damped natural frequency fd 6.0 Hz Obtained from Figure S6, Supporting Information

Damping ratio ζ 0.30 Calculated from Equation (9)

Quality factor Q 1.67 Calculated from approximation of 1/(2ζ)

Maximum generative force (I¼ 2 A) Fmax 0.010 N Simulation result using COMSOL

Linear spring constant k 0.81 Nm�1 Calculated from Equation (10)

Figure 6. Comparison of elastic compliance and deformation speed with
previous studies.
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in the future. Further, because its expansion and contraction can
be controlled, it can be applied to balloon catheters that are less
damaging to blood vessels. The loss of water due to the heat dis-
sipated by flow of current is a major problem for hydrogel actua-
tors. However, when the actuator is used in water or any other
liquid, as in this study, it reabsorbs water from the surrounding
environment once the current is turned off, thus the actuator can
be used repeatedly. We plan to investigate the improvement in
the generative force by multiple connection, fabrication methods
of the insulation coating, and the improvement in durability to
expand the application of the proposed method in future work.

5. Experimental Section

Fabrication of Gel Fiber: The fabrication of gel springs with a core–shell
structure was based on the microfluidic method according to the proce-
dures established in the literature.[26] Figure 1a shows the method for fab-
ricating the gel fiber. Two types of gel fibers were fabricated: a straight
shape (Figure 4a) and a coil shape (Figure 4b). Gel fibers with a core–shell
structure were fabricated using microfluidic technology as follows. First,
AlgNa was mixed into pure water. AlgNa(aq) was extruded from a micro-
fluidic device consisting of coaxially aligned nozzles and a needle into the
CaCl2(aq) bath. A double nozzle was prepared using a 3D printer
(AGIRISTA-3200, KEYENCE), and a syringe needle (NN-1838S,
TERUMO) with an inner diameter of 0.82 μm was attached to the nozzle.
To produce the core–shell structure, PVA aqueous solution (Arabic
Yamato Standard, YAMATO Co., Ltd.) was injected from the inner part
and AlgNa aqueous solution was injected from the outer part. The coil
with a hydrogel having a core–shell structure was fabricated using micro-
fluidic technology according to a previously reported procedure.[43] An
inclined nozzle was used to form a coil structure using the hydrogel.
The inclination of the needle tip causes a difference in flow velocity
between the interior and exterior of the needle. Therefore, there was an
imbalance in the gel extrusion resulting in gel wrapping around the needle,
creating a coil shape. The injection speed was adjusted to form straight-
and coil-type liquid metal gel fibers, as shown in Figure 2. The injection
speeds of PVA(aq) and AlgNa(aq) into 0.15 M CaCl2(aq) were 0.06 and
0.20mLmin�1, respectively. Young’s modulus was measured by varying
the density of AlgNa(aq) as 3%, 4%, 5%, and 6% (Figure S7, Supporting
Information). The fabricated fibers were collected and assembled to fabri-
cate three types of actuators: an XY-axis moving and rotating stage, a
bending gripper, and a ring gripper. Liquid metal was injected into the
core part by a syringe to replace PVA(aq) in the core part.

Fabrication Method of XY-Axis Moving and Rotating Stage: Figure S11a,
Supporting Information, shows the fabrication process of the XY-axis mov-
ing and rotating stage. Two straight gel fibers were placed in a cross shape
on a mold made of an acrylic plastic (Figure S11a(i), Supporting
Information). Aqueous acrylamide comprising 25mL of pure water,
2.2 g of acrylamide, 0.025 g of N,N 0-methylenebis acrylamide (BIS),
60 μL of tetramethylethylenediamine (TEMED), and 0.01 g of ammonium
persulfate (APS) in 25mL of water was poured into the mold and sealed
with a glass cover to prevent air from invading the hydrogel
(Figure S11a(ii), Supporting Information). After 10min, the gel stage
was peeled off the mold.

Fabrication Method of Bending Gripper: Figure S11b, Supporting
Information, shows the fabrication method of the bending gripper.
One side of the bending gripper was fixed by a magnetic force to magnetic
particles inside the hydrogel. As a result, the magnetic particles were
embedded into one side of the gripper mold (Figure S11b(i),
Supporting Information). Straight- and coil-shaped fibers were placed
on an acrylic plate mold and inserted into the mold (Figure S11b(ii),
Supporting Information). Then, a liquid gel composed of 25mL of pure
water, 2.2 g of acrylamide, 0.025 g of BIS, 60 μL of TEMED, and 0.01 g of
APS was poured into the mold and cured. The cured gel gripper was peeled
from the mold.

Fabrication Method of Ring Gripper: Figure S11c, Supporting
Information, shows the fabrication method of the ring gripper. Only
the handling part of the gripper needed to be cured. This part was fabri-
cated using a photopolymerization method. An aqueous gel composed of
pure water, acrylamide, BIS, and lithium phenyl(2,4,6-trimethylbenzoyl)
phosphinate was filled in a plastic case, and the fabricated gel fiber
was inserted into the bath. A photomask for curing the handling part
of the gripper was placed on the case, and UV light was irradiated from
the top for 1min to complete the fabrication process.

Moving Method of Gel Actuator: Figure 1b shows the operation method
of the gel actuator. When an electric current is passed through the gel fiber,
a Lorentz force is generated by the magnetic force under the actuators. The
Lorentz force is calculated as

F ¼ I ⋅ B ⋅ L (12)

Here, F is the Lorentz force; I is the current value; B is the magnetic flux
density; and L is the fiber length. The direction of the force was determined
by the directions of the current and the magnetic field. The actuator could
be controlled in any direction by changing the amount and direction of
current flow. The strength of the Lorentz force could be changed by varying
the current and strength of the magnetic field. The theoretical value of the
relationship between the moving or rotation speeds and the current in
Figure 3c,g is described in Supporting texts 1 and 3 and Figure S1 and
S3, Supporting Information.

Control of XY-Axis Moving Stage: The XY-axis moving stage was
controlled by a circuit that could adjust the amount and direction of cur-
rent flow (Figure S12, Supporting Information). Square orbit control of the
device was performed by periodically changing the time and direction in
which the current was passed through the two fibers. Figure S12,
Supporting Information, shows the control method of the XY-axis moving
stage. To control the stage in a square orbit, it is necessary to apply a
reversible drive current to each gel fiber at arbitrary times and in arbitrary
directions independently. For this purpose, a current drive circuit using
metal–oxide–semiconductor field-emission transistor relays and a system
that switches the relays using signals from an Arduino microcontroller
were developed. Figure S12a, Supporting Information, shows the current
drive circuit for one of the two fibers. When relays A1 and A2 were closed,
Current A flowed in one direction. When relays B1 and B2 were closed,
Current B flowed in the opposite direction. The switching time was deter-
mined by a computer. Figure S12b, Supporting Information, shows the
output waveform of the microcontroller. The currents can be controlled
by applying voltages to the relays. The same circuit was connected to
another fiber. Therefore, the current can be applied to each fiber indepen-
dently and reversibly.

Fiber Deformation Analysis using COMSOL: The Lorentz force and
amount of deformation of the gel fiber by the force were calculated using
COMSOL. The analyzed fiber had a diameter of 1 mm and Young’s mod-
ulus of 0.79MPa, which is the same as that of a gel fiber with an AlgNa
concentration of 5%. In addition, the magnetic flux density of the neodym-
iummagnet and ferrite magnet was 0.5 and 0.1 T, respectively. The dimen-
sions were set to be the same as the actually measured parameters of the
gel fiber. The amount of deformation was calculated by changing the cur-
rent in the simulation.

Vibration of Gel Fiber: The coil-shaped gel fiber was vibrated using a
function generator (AFG1062). A sine wave with a voltage of 5 V was
applied to produce vibrations. Because this vibration system received a
periodic external force, a forced vibration response occurred. The fre-
quency response curve when a sine wave was applied was calculated from
the equation of motion and compared with the experimental values.

Control of Grippers: Blue and red hydrogel-based objects were prepared
to demonstrate transportation using a ring gripper. These objects were
prepared by injecting liquid acrylamide into an acrylic mold fabricated
by a cutting machine and then curing it. The objects were cylindrical, with
a diameter of 10mm and a height of 3 mm. The gripper was connected to
the power supply with a copper wire. Two-color gels were placed from the
desired left side to the desired upper right or lower right, respectively. The
current at the time of expansion was set to 3.0 A.
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Supporting text 1. Theory of movement of moving stages. 

 

 

Fig. S1. Mechanical model of XY-axis moving stage. 

 

Figure S1 shows the mechanical model of the XY-axis moving stage. The parameters are defined as 

follows: 

 : weight of stage 

 : velocity of stage 

 : diameter of stage 

 : projected area of stage along movement direction 

  : Lorentz force 

 : magnetic flux density 



 : current 

 : length of wire fixed to stage (in oblique case, projection onto plane perpendicular to velocity vector) 

  : drag force acting on stage from surrounding fluid (water) 

 : viscosity coefficient of fluid 

 : density of fluid 

  : damping terms due to changes in tension and magnetic flux density 

  : drag coefficient 

  : Reynolds number 

Based on Figure S1, the equation of motion is 

              (13) 

Here, the force acting on the moving stage is defined as 

        (14) 
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       (16) 

The moving stage is under tension from the copper wire. Further, the strength of the magnetic field 

weakens as it moves away from the center of the magnet. Therefore, the damping force is defined as 

     . 

Because the drag coefficient is         , it is obtained as [1] 
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From the above, the equation of motion can be transformed as 
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Based on Eq. (19), the parameters a, b, and c can be obtained as follows: 
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Here,   is assumed to be monotonic with respect to time  .   and   are assumed to be in one-to-one 

correspondence.   is treated as an independent variable. 
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Here, 
  

  
 is defined as 
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Eq. (24) gives 
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Further,      is assumed as 
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The equations of motion can be altered as 
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Here,      is assumed as 
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From Eq. (29), the following equations of motion can be obtained: 
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The initial conditions of      and      can be defined as 

 

                 

                

Therefore,      is given as 
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To find     , Eq. (43) needs to be solved, which involves integration. 

Her, an approximate solution to      is found through numerical calculations using Wolfram Alpha with 

the fourth-order Runge-Kutta method. 

 

[1] Allen, T. 1981, Particle Size Measurement, Chapman & Hall, 3rd edition. 

  



Supporting text 2. Theory of angle calculation of XY-axis moving stage. 

The movement direction of the XY-axis moving stage was determined by the vector sum of the Lorentz 

forces generated along the two axes. The current values of the fibers along the X- and Y-axes were 

defined as    and   , respectively. The angle of movement from the X-axis changed according to the 

ratio   :  , as shown in Table S1. Figure S2 shows the method for calculating the angle. When the 

magnetic flux density is   and the fiber length is  , Lorentz forces of      and      are generated along 

the X- and Y-axes, respectively. By combining the two Lorentz force vectors, the angle   from the X-axis 

in the movement direction is calculated as 

       
    

    
      

  
  

 
(44) 

 

Table S1. Current ratio and angle from X-axis. 

  :   0:1 1:2 1:1 2:1 1:0 

Theoretical angle from x-axis:   [°] 0 26.6 45 63.4 90 

 

 

Figure S2. Calculation method of movement direction of XY-axis moving stage. Two Lorentz forces 

     and      are generated along the X- and Y-axes, respectively, when currents    and    are input 

along the X- and Y-axes, respectively. The two Lorentz force vectors are combined to calculate the angle 

of the moving direction from the X-axis. 



  



Supporting text 3. Theory of rotation of moving stages 

 

Figure S3. Mechanical model of rotation of moving stage from top view 

Figure S3 shows the mechanical model of the rotation of the moving stage. The parameters are defined 

as follows: 

 : moment of inertia 

 : angular velocity of stage 

 : velocity of stage 

 : radius of stage 

 : length of gel fiber 

      : Lorentz force acting on wire    

  : torque due to Lorentz force (moment of force) 

 : magnetic flux density (constant) 

 : current (constant) 

      : viscous force acting from fluid on circular ring of radius r to r + ∆r of stage 

 : viscosity coefficient of fluid (air) 

  : tension of wiring (for one wire) 

  : torque due to tension of wiring (for four wires) 



The equation of motion for rotation is as follows. The resistance torque due to the tension of the wires 

is negligible and is assumed to be zero. 

              (45) 

The Lorentz force acting on the wiring    is 

             (46) 

The sum of the resistive torques due to the Lorentz force acting on the wiring    of the stage can be 

expressed as 
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The velocity at the position of the radius   of the stage is 

 
         (48) 

The viscous force acting on a circular ring of radius   to      of the stage is 
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Substituting Eq. (41) into Eq. (42) gives the viscous force acting on the circular ring of radius   to      

of the stage as 

          
   

 
       (50) 

As a result, the total viscous torque due to the viscous force of the entire stage is 

             
 

 

   
 

 
        

 

 

 
 

 
 
 

 
     (51) 

The wiring tension    in each wire is defined as 

        (52) 

The total viscous torque due to the viscous force of the entire stage is 

                (53) 

From     , Eqs. (47) and (53) are substituted into Eq. (45). The equation of motion for rotation is 

           
 

 
 
 

 
          (54) 



The viscous force of air,  
 

 
 

 

 
    , is negligible because it is relatively small and is approximated to be 

zero. 

The equation of motion for rotation can be simplified as 

         (55) 

In this equation, a and b are defined as 

   
   

 
 (56) 

   
     

 
 (57) 

   in the homogeneous equation         is 

                    (58) 

The special solution    and general solutions   are defined as 

    
 

 
 

   

  
 (59) 
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  is derived by defining the initial conditions as 

              (61) 

       gives 

 

      
 

 
 

   
 

 
 

 

(62) 

 

Differentiating   gives 

 

                          

            

    

 

(63) 



 

The angle   and angular velocity    are defined as 

   
 

 
            (64) 
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(66) 

The moment of inertia   of the disk is 

   
 

 
    (67) 

             

 

 

        
  

 
 

 

 
    

From the above, Eq. (65) becomes 

   
   

  
       

  

  
     (68) 

The rotation angle at each elapsed time was calculated by substituting Eq. (68). 

  



 

Figure S4. Simulation images of Lorentz force vectors in straight- and coil-type fibers as obtained using 

COMSOL. a. Deformation of a straight-type gel fiber with a current of 2.0 A. The Lorentz force is 

generated in one direction. b. Deformation of a coil-type gel fiber with a current of 2.0 A. The Lorentz 

force is generated in various directions. However the direction is the same as that of the straight-type 

gel fiber when the vectors are combined.  

  



 

Figure S5. Relationship between current and amount of deformation of gel fiber using ferrite magnet. 

The amount of deformation increased with the current. The amount of deformation of the coil-type 

fiber was larger than that of the straight-type fiber. The amount of deformation with ferrite magnets 

was smaller than that with neodymium magnets owing to the smaller magnetic force. 

  



 

Figure S6. Relationship between Magnification factor of displacement amplitude and frequency. 
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Figure S7. Relationship between AlgNa concentration and Young’s modulus of gel fiber. Young’s 

modulus of the gel fiber increased as a function of the AlgNa concentration. 

  



 

Figure S8. Difference in bending method between straight-shaped fiber and coil-shaped fiber. a. In the 

straight-type fiber, bending deformation is caused by the expansion of the fiber. b. In the coil-type fiber, 

bending deformation is caused by changes in the pitch of the coil. 

  



 

Figure S9. Repeatability test of a ring gripper at currents of 1 and 2 A. 

  



Supporting text 4. Vibration theory of gel fiber using a mechanical model. 

The vibration of the coil-type gel fiber, as shown in Figure 4e, is described theoretically when the 

actuator was modelled by a second order lag element, as follows: 

 

Figure S10. Vibration model. 

As shown in Figure S10, a vibrating system with a spring and a damper attached to an object of mass   

is assumed The spring has a restoring force with spring constant  , and the damper has a damping force 

proportional to the velocity (damping coefficient:  ). The displacement under a dynamic external force is 

    , and the external force acting on the object is     . The equation of motion is 

                (69) 

To obtain the vibration response when a cyclic external force acts on a one-degree-of-freedom vibration 

system, the cyclic force is assumed as 

             (70) 

   and   are the amplitude and angular frequency of the periodic force, respectively, and   is the time. 

Substituting the above equation into Eq. (62) gives the following differential equation: 

                   (71) 

    
 

 
 

  
 

  
 

(72) 



        

   
  
 

 

Using Eq. (72) and reformulating Eq. (71) gives 

            
       

       (73) 

where    represents the corresponding static displacement when an external force of     
  acts 

statically. Here, the steady-state response of Eq. (66) is calculated. Because the periodic external force 

term includes      , it is predicted that       synchronized with the excitation force will also be part 

of the solution. In addition, the differential equation includes the first-order derivative of  . Therefore, 

in addition to      ,       must also be part of the solution. The solution of the equation is 

                (74) 

Here, C and S are unknowns. Transforming Eq. (67) gives 

             (75) 

Here, A is the amplitude and   is the phase angle. A comparison of Eq. (75) with Eq. (74) gives 

        and        . This, in turn, gives 

         

            =     =                      
(76) 

Eq. (74) is substituted into Eq. (73). Then, by comparing the vibration components for each term of 

      and      , the following equations for C and S are obtained: 

    
 

  

 
 

      
 

  

      

    
 

  

       
 

  

 
 

     

(77) 

By calculating the above equation and substituting C and S into Eq. (74), the steady-state response 

under a forced vibration is obtained as 

  
  

    
 
  

 
 

 
 

    
 
  

 
 
     

 

  

 
 

         
 

  

       
(78) 

In a vibrating system subjected to periodic external forces, a forced vibration response is generated. 

Recalculating the oscillatory solution in Eq. (82) into the expression in Eq. (79) gives 

                             (79) 



In Eq. (79), Md is 

   
 

     
 
  

 
 

 
 

    
 
  

 
 

 

 
  
  

 

(80) 

   is the ratio of the response amplitude    to the static deformation   , which is called the 

magnification factor of the displacement amplitude. This magnification factor was used as the 

theoretical value and compared with the experimental value while varying ζ. The resonance frequency 

obtained from the experiment was substituted for   . Figure 4e is obtained by varying the frequency of 

    from 0 to 100 Hz. 

  



 

Figure S11. Fabrication methods of gel actuator. a. Fabrication method of XY-axis moving stage. Two gel 

fibers were placed on top of a mold cut from an acrylic sheet, and liquid gel was poured into the fibers 

(i). After the gel had cured (ii), it was peeled off from the mold (iii). b. Fabrication method of bending 

gripper. The gel fibers were placed on top of a mold and magnetic particles were inserted in one side of 

the mold (i). The liquid gel was poured into the mold, and after the gel cured (ii), it was peeled off from 

the mold (iii). c. Fabrication method of ring gripper. A liquid gel containing a photopolymerization curing 

agent was filled in a container, and a ring-shaped gel fiber was placed in the container (i). A photomask 

was prepared, and visible light was irradiated from above to cure a portion of the gel (ii–iii). 



 

Figure S12. Circuit and system to control XY-axis moving stage. a. Circuit diagram of connecting to gel 

fiber. Current A flows in one direction when relays A1 and A2 are closed. By contrast, Current B flows in 

the opposite direction when relays B1 and B2 are closed. This system enables a reversible current flow 

to the fiber. A computer program was written in the Arduino microcontroller to switch the relays at any 

desired time. b. Output waveform of Arduino microcontroller. The output time and timing can be 

adjusted using this microcontroller. 

  



Movie S1. Demonstration of liquids mixing using vibration of gel fibers. 

 

Movie S2. Movement of bending gripper. 

 

Movie S3. Movement of ring gripper. 

 

Movie S4. Demonstration of ring gripper capturing and releasing a gel. 
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