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Magnetoactive elastomer
This work reported a high performance flexible magnetically controllable actuator based on magnetoac-
tive elastomer (MAE) and poly (vinylidene fluoride) (PVDF) composite film. The magnetic-mechanic-
electric coupling properties of the actuator were systematically investigated by cyclical wrinkle, magnetic
bending, and stretching test. The induced charge under a magnetic bending can reach as large as 158 pC
even at small magnetic field of 100 mT with the bending angle up to almost 90� within 0.6 s. Moreover, a
new model was proposed to theoretically reveal the intrinsic correspondence. The model matches well
with the experimental results. Based on this kind of actuator, a magnetically controllable tentacle is
developed, which could grasp, transport, and release object by switching the supplied current. Due to
the real-time deformation feedback characteristics, this kind of actuators can find wide applications in
actively controllable engineering, artificial robotics, and biomedicine.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Intelligent soft active materials are of enticing prospect for the
realization of specific functionalities beyond traditional materials
[1]. Diverse types of stimulation principles, including electric fields
[2], heat [3], chemicals [4], and magnetic fields [5], have been
extensively explored for the potential applications. The mechanic
and electric properties of the intelligent soft active materials, such
as materials shape, stiffness, and resistance, can be altered by
external stimulations [6]. Such active materials have been widely
employed in various highly functional devices such as micropumps
[7], sensors [8], inductors [9], actuators [10], and some other
microfluidic [11] or bioengineering [12] systems. All the actuation
methods have their own outstanding advantages for the realization
of active control in different conditions. Among diverse stimulation
principles, the magnetic actuation results in a particularly enticing
alternative for controlling the intelligent devices in a direct and
simple way with long distance controllability and fast response
ability [13].

Magnetoactive elastomer (MAE) is a new class of smart materi-
als with magnetic particles, such as carbonyl iron particles, dis-
persed in soft elastomer matrix [14]. This kind of materials is an
ideal candidate for magnetic manipulation [15]. The embedding
magnetic particles in soft elastomer can be arranged to form
desired chain-like structures during the vulcanization process
[16,17]. The mechanical properties of MAE, such as stiffness and
damping, can be reversibly altered by the external magnetic field
[18]. Thus, the MAE has a wide range of applications relating to
tunable vibration absorbers [18], isolators [19], inductors [9], sen-
sors [20], pumping devices [7], etc. Unfortunately, the traditional
MAE is unsuitable for actuators due to the poor flexibility. To
improve the performance of MAE in specific environments espe-
cially required high flexibility, a new thin film of MAE with high
magnetic sensitivity, low stiffness, and high flexibility has been
developed. The high saturated magnetization of magnetic particles
endows the MAE film with an exceptional functionality for quick
response to the external magnetic field [21,22]. The low stiffness
of MAE film enables the capability of intense deformation under
small force induced by magnetic field [23]. Therefore, the MAE film
is particularly enticing for creating multifunctional actuators in
complex environments [24,25]. In previous studies, an anisotropic
elastomer film with chains of magnetic nanoparticles aligned in
selected directions was fabricated [17]. The selective and direc-
tional actuation was eventually realized under uniform magnetic
fields or field gradients. Alternatively, a flowerlike soft platform
driven by magnetic field was prepared by three-dimensional laser
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printing [26]. The platform can grasp and transport a cargo to tar-
geted area in the air and a variety of liquids.

However, in previous works, the deformation of the actuators
remains unknown in actuation process [17,26]. The deformation
is very important for information feedback and further active con-
trol. Thus, the in situ detection of the deformation is required for
intelligent magnetically controllable actuators. Fortunately, poly
(vinylidene fluoride) (PVDF) happens to be an exceptional compo-
nent to realize the real-time measurement of deformations due to
its excellent piezoelectricity and flexoelectricity [27–29]. A large
number of charges are generated on the surface of PVDF when suf-
fering from stretching, compressing, and bending deformation. The
induced charge can be used to evaluate the relevant force and
deformation [30]. Recently, a particular high flexoelectric coeffi-
cient of the order 10�8 C/m in PVDF polymer was reported with
excellent linearity between electric current and deflection [31].
Moreover, the ultrathin PVDF film exhibits high mechanical
strength, excellent flexibility, and good stability, which are very
important for the final practical applications. Therefore, the PVDF
is a perfect supplement to MAE film for the realization of deforma-
tion measurement and active control. The combination of MAE and
PVDF film shows promising prospects in artificial robotics and
intelligent control. To our knowledge, the MAE/PVDF hybrid actu-
ator with both magnetic actuation and real-time deformation
detecting has not been reported.

Herein, a high performance magnetically sensitive, controllable,
and flexible actuator with the combination of MAE and PVDF film
was fabricated by using spin coating and tape casting technologies.
The magnetic-mechanic-electric coupling properties were system-
atically studied by cyclical wrinkle, magnetic bending, and mag-
netic stretching experiments. The pure bending effect could be
calculated by subtracting the magnetic stretching effect from the
magnetic bending result. A nearly linear relationship between
induced charge and bending angle was experimentally presented.
A novel model was proposed to study the substantial bending
angle dependency of induced charge. Moreover, an enticing mag-
netically controllable tentacle was subsequently fabricated. The
tentacle can grasp, transport, and release the ABS plastic in air.
Meanwhile, the deformation of the tentacle can be real-time mea-
sured. This class of magnetically controllable and flexible actuators
has promising prospect for realizing artificial intelligent actuation
in complex environments.
2. Experimental

2.1. Materials

The polydimethylsiloxane (PDMS) precursor and curing agent
(Sylgard 184) were obtained from Dow Corning. According to the
specification from Dow corning, the average numeral molecular
weight of PDMS (10:1 ratio) is 27,000. The PDMS was used as the
matrix of magnetoactive elastomer (MAE) and packaging material
in actuator fabrication process. The carbonyl iron (CI) particles pro-
vided by BASF in Germany was used as the magnetic filler in MAE.
The average size of CI particles is 7 lm. The Poly (vinylidene fluo-
ride) (PVDF) pellets (average Mw ¼ 530;000) were purchased from
Sigma-Aldrich. The N-methyl pyrrolidone (NMP) used as the sol-
vent of PVDF was provided by Aladdin chemical Co., Ltd.

2.2. Fabrication of MAE/PVDF based multilayer actuator

Pure PDMS mixture was prepared by mixing 5 g PDMS precur-
sor and 0.5 g curing agent together. The mixture was sufficiently
blended by stirring for 10 min and sonicating for 10 min. Then,
the mixture was degassed in a vacuum container under 0.2 bar
absolute pressure for 20 min to remove the trapped bubbles. The
PDMS film was obtained by pouring the final mixture onto a silicon
wafer, spin-coated at 1000 rpm for 60 s and cured at 100 �C for
10 min. The PDMS film was remained on the surface of silicon
wafer for the following preparation (Fig. 1). Subsequently, 5.5 g
CI particles and 0.5 g PDMS curing agent were added into 5 g PDMS
precursor. The mixture was stirred using mechanical stirring and
sonicated for 10 min, respectively. Then, the trapped bubbles were
removed by degassing the mixture in a vacuum container under
0.2 bar absolute pressure for 20 min. After that, the mixture was
poured on the surface of above PDMS film. Then, the MAE mixture
was spin coated at 1000 rpm for 60 s and cured at 100 �C for
10 min. Then, the MAE-PDMS bilayer was obtained with strong
combination between MAE and PDMS film. The resulting MAE-
PDMS bilayer film was released from the silicon wafer by manual
peeling (Fig. 1).

The PVDF solution was prepared by dissolving 6 g PVDF pellets
in 60 mL NMP at 60 �C for 2 h. The solution was degassed in a vac-
uum container under 0.2 bar absolute pressure for 20 min to
remove the trapped bubbles. Then, the solution was poured onto
a clean, smooth, and horizontal glass plate fixed at the centre of
the oven. Finally, the solution was evaporated at 90 �C for 12 h
and annealed at 120 �C for 8 h to obtain the PVDF film. Then, the
PVDF film was overgilded on both sides by using magnetron sput-
tering. Two wires were connected to each gold electrode of PVDF
film by using conductive adhesives. Then, the PVDF filmwas placed
on the top surface of MAE-PDMS bilayer close to the PDMS. A thin
PDMS liquid layer was brushed on the surface of PVDF film to pack-
age the PVDF film and MAE-PDMS bilayer together. After curing at
60 �C for 48 h, the multilayer was obtained. The actuator was
obtained by cutting the multilayer into a specific shape (Fig. 1).

2.3. Characterization

The microstructure of the multilayer was observed by using a
scanning electron microscope (Philips, Model XL-30 ESEM-FEG,
The Netherlands). The accelerating voltage was 20 kV. The hystere-
sis loop of CI particle and MAE film were tested by HyMDC (Hys-
teresis Measurement of Soft and Hard Magnetic Materials). X-ray
diffraction (XRD) and Fourier Transform infrared spectroscopy
(FTIR) were used to characterize the content of MAE and the phase
structure of PVDF (Fig. S1).

2.4. The magnetic-mechanic-electric coupling properties analysis

The Young’s modulus of MAE, PVDF, and multilayer was inves-
tigated under uniaxial stretching by using Material Testing Sys-
tems (MTS) (MTS criterion 43, MTS System Co., America)
(Fig. S2). A custom measurement system consisted of charge
amplifier (DH5863, DONGHUA Corp., China) (set value: 3.00 pC/
unit, 30 mV/unit) and dynamic signal analyzer (SignalCalc ACE,
Data Physics Corp., America) was designed to measure the charge
induced by the deformation of actuator (Fig. S3). The magnetic-
mechanic-electric coupling properties of actuator were investi-
gated by instron Universal Testing Systems (E3000K8953, Instron
System Co., America) and a self-designed cantilever beam mea-
surement system. The external magnetic field was generated by a
large electromagnet.
3. Results and discussion

3.1. Characterization of MAE, PVDF, and multilayer film

SEM micrographs of the MAE, PDMS, PVDF, and multilayer film
are shown in Fig. 2. The CI particles are spread randomly in PDMS



Fig. 1. Schematic illustrations of actuator preparation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 2. SEM image of (a) MAE film, (b) PDMS film, (c) PVDF film, and (d) multilayer film. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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matrix with strong combination to the PDMS base polymer
(Fig. 2a). The PDMS and PVDF film are neat and homogeneous
(Fig. 2b and c). The order of the films in multilayer film is MAE/
PDMS/Au/PVDF/Au/PDMS (Fig. 2d). The Au film is difficult to iden-
tify due to the ultrathin thickness of 100 nm. The average thickness
of MAE, PDMS, and PVDF film are nearly 80 lm, 80 lm, and 30 lm,
respectively. No air or crack is found between two nearby layers
and the combination shows high bond strength. The hysteresis
loop of CI particles and MAE film are shown in Fig. 3a. The CI par-
ticles and MAE film could be saturated at a small magnetic field
strength of 300 kA/m. The saturation magnetization of CI particles
and MAE film are 236 emu/g and 118 emu/g, respectively. The
magnetization curve is essentially coincident with the demagneti-
zation one. No magnetic hysteresis and remanence are presented.
Thus, the MAE film is a soft magnetic material and sensitive to
magnetic field. The FTIR spectrum of PDMS and MAE shows that
the MAE film contains PDMS (Fig. 3b). As a semicrystalline poly-
mer, a-phase, b-phase, and c-phase exist in PVDF [32]. The FTIR
and XRD technology were applied to study the crystal structure
of pure PVDF film. The FTIR spectrum of pure PVDF film is shown
in Fig. 3c. The strong absorption peak at 763 cm�1 is assigned to
the characteristic peaks of the a-phase. Peak at 840 cm�1 is the
common characteristic of b-phase [33]. Meanwhile, the crys-
tallinity of the pure PVDF film is evaluated by XRD (Fig. 3d) [34].
The peaks at 2h = 17.6� (1 0 0) and 18.6� (2 0 2) correspond to a-
phase, while the peak at 2h = 20.6� (1 1 0) is the characteristic b-
phase for PVDF. The FTIR spectrum and XRD pattern results
demonstrate that the a-phase and b-phase coexist in the PVDF
film. The relative fractions of a-phase and b-phase are 44.5% and
55.5%, respectively.

Then, the Young’smoduli ofMAE, PVDF, andmultilayer filmwere
studied by MTS (Fig. 4a). For 50 wt% MAE film, the tensile stress is
linearwith the applied strain. TheMAEfilmexhibits elasticitybefore
the failure at strain of 48% (Fig. 4b). In small strain level, the tensile



Fig. 3. (a) Hysteresis loop of carbon iron particles and 50 wt% MAE film. (b) FTIR spectra of PDMS and MAE film. (c) FTIR spectrum of pure PVDF film. (d) XRD pattern of pure
PVDF film. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. (a) Experimental setup of uniaxial tensile measurements using MTS. Stress-strain curves of (b) 50 wt% MAE film, (c) pure PVDF film, and (d) multilayer. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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stress of pure PVDF and multilayer are nearly linear when the
applied strain is within 2%. Then, the samples go through a plastic
state before finally failure appeared at nearly 5% strain
(Fig. 4c and 4 d). The maximum tensile strength of MAE, PVDF, and
multilayer film within elastic range are 0.30 MPa, 26.9 MPa, and
2.61 MPa, respectively. The elastic strain of MAE film can reach as
large as 48%, while the elastic strain of PVDF and multilayer film
are nearly 2%. Thus, the calculated Young’s moduli of MAE, PVDF,
and multilayer film are 0.63 MPa, 1.35 GPa, and 130 MPa, respec-
tively. The experimental results demonstrate that the PVDF
enhances the stiffness of multilayer compared with MAE, and the
resulting multilayer shows high mechanic strength.
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3.2. The magnetic-mechanic-electric coupling properties of actuator

As MAE film can be forced to move, the PVDF film will follow
the deformation of the MAE film to stretch or bend. The PVDF is
an excellent piezoelectric and flexoelectric material (Fig.5a) [31].
When stretching the PVDF, the distance between two nearby CH2

or CF2 dipoles will be enlarged. Then, the change of dipoles will
induce positive and negative charges on the two sides of PVDF film,
respectively (Fig.5b). When bending the PVDF, the distance
between dipoles along the outer surface will increase, while the
dipoles along the inner surface will be closer (Fig.5c). In this case,
the negative charges will be produced on the outer surface and the
positive charges will be induced on the inner surface. Meanwhile,
the induced positive and negative charges have the equal magni-
tude. Moreover, the characterization of induced charge on one side
of PVDF is sufficient to investigate the properties of PVDF. Thus,
only one channel of induced charge is presented in the following
tests.
3.2.1. The cyclic wrinkle experiment
For further study, we fabricated an actuator by using the multi-

layer film. The length and width of the actuator are 40 mm and
20 mm, while the length and width of PVDF film within the actua-
tor are 36 mm and 17 mm. A cyclic wrinkle experiment was firstly
carried out to investigate the mechanic-electric properties of the
actuator using instron (Fig. 6a). The actuator was straight at the
initial condition with the gap between two chucks set as 22 mm.
Then, the actuator was forced to wrinkle coincide with the dis-
placement of instron chuck. A triangular wave was chosen as the
input control stimulus. The displacement was set as 2 mm,
4 mm, 6 mm, and 8 mm, and the velocity was 500 mm/min,
1000 mm/min, 1500 mm/min, 2000 mm/min, and 2500 mm/min.
At 2 mm and 500 mm/min, the induced charge roughly changes
from �19.6 pC to 19.8 pC and the peak-to-peak (P-P) charge is
39.4 pC (Fig. 6b). No hysteresis is found between displacement
and induced charge, which means that the actuator can quickly
response to imposed displacement. To study the displacement-
dependent properties, the velocity was fixed at 500 mm/min and
the displacement varied from 2 mm to 8 mm (Fig. 6c). The induced
P-P charge increases with displacement due to the high deforma-
Fig. 5. (a) Schematic illustration of the actuator and PVDF molecular chain.
Schematic illustration of the (b) stretched and (c) bent actuator as well as the
induced charge along the PVDF molecular chain. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)
tion sensitivity (Fig. 6c). The velocity-dependent properties were
also investigated with the variation of velocity from 500 mm/min
to 2500 mm/min at the displacement of 8 mm. The induced P-P
charges at different velocities are almost the same (Fig. 6d). Thus,
the actuator is insensitive to motivating velocities. The repeatabil-
ity property of the actuator was investigated by cyclic wrinkle
experiment using MTS (Fig. 7). The input signal was set as triangu-
lar wave. The cycle frequency and displacement were 1 Hz and
2 mm, respectively. The repeatability of the actuator is excellent
after 1000 cycles. The result indicates that this kind of actuator
can be used in practical applications.

3.2.2. The magnetic bending experiment
As a new kind of smart magnetically controllable material, the

magnetic response properties play a critical role in practical appli-
cations. Thus, the magnetic response properties of the actuator
need to be systematically explored. Herein, a magnetic bending
experiment was firstly carried out to investigate the magnetic-
mechanic-electric coupling properties of the actuator. The actuator
was fixed in a gap between two large electromagnets. The current
of the two electromagnets remained off at initial state. The actua-
tor nearly kept in a horizontal state perpendicular to the magnetic
field. When turning on the current and imposing a given magnetic
field, the actuator bent rapidly to almost 90� (Fig. 8a). After switch-
ing off the current, the actuator sprang back to initial state. The
bending induced charge at 100 mT, 200 mT, 300 mT, and 400 mT
are 167 pC, 175 pC, 184 pC, and 196 pC, respectively (Fig. 8b).
The bending induced charge meets an increment with magnetic
field. Under different magnetic fields, the bending time is nearly
the same value of 0.55 s (Fig. 8c). The bending induced current
could be calculated by dividing the charge by time. The bending
induced current increases with magnetic field (Fig. 8d).

3.2.3. The magnetic stretching experiment
As discussed above, the external magnetic field can bend and

stretch the actuator. Magnetic bending and stretching effect are
both existed in magnetic bending experiment. Moreover, the mag-
netically induced force is very important for practical applications
and should be accurately measured. To obtain the pure bending
response properties of the actuator, a magnetic stretching experi-
ment was carried out to eliminate the magnetic stretching effect
from magnetic bending experiment. Meanwhile, a custom can-
tilever beam was employed to measure the stretching force of
the actuator at external magnetic field in magnetic stretching
experiment (Figs. 9a and S4). The length, width, and depth of the
cantilever beam are 63 mm, 30 mm, and 0.8 mm, respectively.
The actuator was fixed at the end of the cantilever beam perpen-
dicular to it. The actuator, as well as cantilever beam, was placed
in the gap between two electromagnets. The actuator was parallel
to the magnetic field. The stretching induced charge at 100 mT,
200 mT, 300 mT, and 400 mT are 8.54 pC, 17.7 pC, 26.2 pC, and
34.6 pC, respectively (Fig. 9b). The stretching induced charge is
nearly linear with the magnetic field, but the stretching induced
charge is far less than bending results. Meanwhile, the stretching
time almost keeps constant for different magnetic field (Fig. 9c).
The stretching time is nearly the same as bending time. An incre-
ment is also found between the stretching induced current and
magnetic field (Fig. 9d). Furthermore, the deflections of the can-
tilever beam at different magnetic fields were measured by digital
image processing. The deflection significantly increases with mag-
netic field, which implies a positive correlation between the mag-
netically induced force and magnetic field.

3.2.4. The weighting experiment
In order to acquire the magnetically induced force, a weighting

experiment was set up to measure the bending stiffness of can-



Fig. 6. (a) Experimental setup of cyclic wrinkle measurement of the actuator using instron. (b) Induced charge at the displacement of 2 mm and velocity of 500 mm/min. (c)
Induced charge at a velocity of 500 mm/min and displacement varied from 2 mm to 8 mm. Inset: calculated peak-to-peak charge. (d) Induced charge at the displacement of
8 mm and velocity varied from 500 mm/min to 2500 mm/min. Inset: calculated peak-to-peak charge. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 7. The repeatability property of the actuator. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)
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tilever beam (Figs. 10a and S5). The deflection is very small and lin-
ear to the applied force (Fig.10b). Based on small strain assump-
tion, the stiffness of cantilever beam can be calculated. Then, the
magnetically induced force in magnetic stretching experiment
can be obtained. The force, deflection and induced charge in mag-
netic stretching experiment are plotted in Fig.10c. These three
parameters are positively correlated and increase with magnetic
field. The magnetically induced force in the bending experiment
is equal to that in stretching test due to the present of the same
magnetic field. Finally, the magnetically induced force of bending
experiment is calculated.

As discussed above, the pure bending effect can be calculated by
subtracting the stretching effect from bending effect. The calcu-
lated results demonstrate that the induced charge of pure bending
is almost kept as a constant at different magnetic fields (Fig.10d).
For pure bending test, the average induced charge at different mag-
netic fields is 158 pC.

3.2.5. The theoretical analysis
In practical applications, the deformation of the actuator should

be real-time measured in terms of intelligent control. Thus, it is
necessary to investigate the relationship between induced charge
and deformation to achieve real-time measurement. Previous
works have studied the relationship between induced charge and
deflection [31]. The existing models are almost based on small
strain assumption and the formulas are always complex. Based
on the previous works, we proposed a new model to study the
deformation-dependent properties of the actuator (Fig.11a). The
bending angle was chosen as a variable to replace the common
deflection. The total induced charge Q is related to the electric
polarization P as follows [31]:

Q ¼
Z

PdA ð1Þ

where A is the electrode area. The electric polarization P is given by
[31]

P ¼ l @ex
@z

ð2Þ

In this equation, l denotes the flexoelectric coefficient. ex is the
strain along the length x direction and z is the direction along the
depth of the actuator. Based on the thin plate theory [27], ex can be
expressed as:

ex ¼ z
@2wðxÞ
@x2

ð3Þ

where wðxÞ is the deflection of the actuator. For a small bending
angle, the deflection wðxÞ can be written as

wðxÞ ¼ R� R cos h ð4Þ



Fig. 9. (a) Schematic illustration of magnetic stretching experiment and (b) the corresponding results. (c) The stretching time of the actuator at different magnetic field. (d)
The stretching induced current of the actuator at different magnetic field. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 8. (a) Photograph of the actuator at initial and bending state. (b) The induced charge curve in magnetic bending experiment. Inset: partially enlarged drawing of the peak
charge. (c) The bending time of the actuator at different magnetic field. (d) The bending induced current of the actuator at different magnetic field. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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where R is the radius of curvature of the bending deformation. h is
the bending angle corresponding to length x. Length x can be
obtained by

x ¼ R sin h; h ! 0 ð5Þ
By substituting (2), (3), (4), (5) in (1), we can derive
Q ¼
Z

PdA ¼
Z L

0
Pbdx ¼ l bL

R
¼ l bRh

R
¼ lbh ð6Þ
where b and L are the width and length of actuator respectively. As
shown in Eq. (6), the induced charge Q is linear to the width b and
bending angle h. The flexoelectric coefficient l is the inherent



Fig. 10. (a) Schematic illustration of weight bending experiment. (b) The relationship between force and deflection. (c) Deflection, force, and induced charge of the actuator in
magnetic stretching experiment. (d) The induced charge in magnetic stretching, magnetic bending and calculated pure bending experiment. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. (a) Schematic illustrations of proposed bending model. Schematic illustra-
tion of the bending angle in (b) wrinkle experiment and (c) magnetic bending
experiment. (d) Comparison of the induced charge in wrinkle experiment, calcu-
lated pure magnetic bending experiment and modeling results. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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property of PVDF film. Meanwhile, the model is suitable for large
range of bending deformation due to the absence of curvature R.
The wrinkle experiment can be simplified to the model in
Fig.11b. The bending angle h pointed out in the model can be writ-
ten as

h ¼ cos�1 ðL� dÞ=2
L=2

� �
¼ cos�1 L� d

L

� �
ð7Þ

where d is the displacement in wrinkle experiment. According to
the superposition property of charge, the final bending angle of
wrinkle experiment is

hfinal ¼ 2h� h ¼ h ð8Þ
The parameters for each displacement have been calculated

according to the wrinkle experimental measurements. When the
displacements are 2 mm, 4 mm, 6 mm, and 8 mm, the correspond-
ing bending angles are 0.43 rad, 0.61 rad, 0.76 rad, and 0.88 rad,
respectively. The magnetic bending experiment can be simplified
to the model in Fig. 11c. The actual bending angle is nearly
1.57 rad for different magnetic field according to image processing.

The results of wrinkle experiment, calculated pure bending test,
and model are illustrated in Fig. 11d. The measured charge indeed
shows a nearly linear relationship with the bending angle. The
slope of the curves is obtained from the bending angle-charge
curve and the flexoelectric coefficient l is calculated using Eq.
(6). The value of flexoelectric coefficient l is 6:32� 10�9 C=m. Even
though the experimental results are slightly smaller than the
model due to the simplification of the actual conditions, the wrin-
kle and pure bending results fit the model very well. Therefore, the
model is accurate and can be used in large range of deformation.
Thus, this model is suitable for calculating the bending angle of
actuator in complicated conditions.

Magnetically sensitive and flexible tentacle: grasping control-
lable and deformation real-time measurable

For artificial intelligent robotics, fast response is recommended
for unpredictable conditions. Meanwhile, Real-time measurement
is required to obtain the instantaneous status of the actuators,
which is helpful to the information feedback and further active
control. In this section, a magnetically sensitive and flexible
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tentacle was manufactured by making full use of the existing actu-
ator (Fig. 12a). The MAE film was cut into cross-shaped antenna
(the size of each arm is 22 mm � 10 mm) with a copper stick fixed
at the centre area. Then, four pieces of gold-plated PVDF films con-
nected to conducting wires were separately packaged on the upper
surface of antenna with PDMS. Thus, the compression happens
only between MAE film and object. The conducting wire was con-
nected to the upper surface of PVDF film. The length and width of
the PVDF film are 22 mm and 5 mm. After that, the tentacle was
obtained. The mass of the tentacle is 0.25 g. The tentacle was sys-
tematically studied with the custom control and measuring system
(Fig. 12b). We firstly use a permanent magnet for demonstration
(Fig. S6). In order to investigate the intelligent control property,
an electromagnet was used to produce magnetic field. As demon-
strated in Fig. 12c, the tentacle keeps unfolded initially on the
top face of the ABS plastic. When turning on the current, the elec-
Fig. 12. (a) Photograph of cross-shaped MAE, PVDF, stick, and assembled tentacle.
(b) Photograph of the custom control and measurement system. (c) Demonstration
of the magnetic sensing tentacle used to grasp and release ABS plastic by switching
the current. (d) Induced charge on four arms of tentacle when grasping and
releasing the ABS plastic. (e) The calculated and real bending angle of tentacle when
grasping ABS plastic. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
tromagnet can produce magnetic field and control the tentacle to
grasp ABS plastic. The maximum magnetic field is only 100 mT.
By keeping the current on and lifting the tentacle, the ABS plastic
will be transported to the airspace above the electromagnet. The
transportation distance of the tentacle was set as 10 mm. The
real-time deformation of the tentacle was also measured when
grasping and releasing the ABS plastic. As shown in Fig. 12d, the
induced charge of the four arms increases rapidly when grasping
the ABS plastic coincide with the deformation of tentacle arms.
The time for deformation is as short as 0.5 s. The obtained negative
charge is generated on the stretching side of bent PVDF film when
grasping an object. The equivalent stretching induced charge can
be calculated using equivalent model demonstrated in the Eq.
(S1). Then, the pure bending induced charge of the tentacle can
be obtained. Making full use of the proposed model, the bending
angle of the arms of tentacle can be calculated (Fig. 12e). Although
minor errors exist between the real bending angle and calculated
bending angle, the calculated bending angle is consistent with
the real one. Furthermore, the tentacle can grasp objects more than
3 times the weight of their own. Meanwhile, the energy density of
the tentacle is estimated as FBd=2m, where FB is the force, d is the
displacement, and m is the mass of the tentacle [35]. The energy
density of the tentacle when grasping ABS plastic is 0.15 J/kg.

Thus, the tentacle can be used to grasp, transport, and release
objects by switching the current. The deformation of the tentacle
can be real-time measured with a quick feedback to control center
for further active control. A computer controlled the whole process
including current supply and real-time deformation measurement.
This novel composite, which combines the outstanding properties
of MAE film, such as magnetic sensitivity and controllability, with
the flexoelectric advantages of PVDF, has wide application pro-
spects in intelligent control devices.
4. Conclusions

In this work, a magnetically sensitive and controllable actuator
consists of MAE and PVDF film was fabricated. The magnetic-
mechanic-electric coupling properties of the actuator were sys-
tematically investigated. The actuator demonstrated high
mechanic strength, good magnetic sensitivity, and excellent flexo-
electricity. The induced charge shows excellent repeatability and
increases with bending angle. The actuator exhibits excellent
repeatability property. Magnetic bending and stretching tests were
implemented to study the bending and stretching effect of the
actuator at the present of magnetic field. The magnetically induced
force, deflection, and charge were comprehensively studied. The
pure bending effect was obtained by subtracting the stretching
effect from bending effect. Based on the above experimental
results, a linear dependence between induced charge and bending
angle is demonstrated with a new proposed model. The model is in
good agreement with the experimental results. Therefore, the
novel model is accurate and can be used to measure the real-
time deformation of the actuator. This new kind of artificial actua-
tor has a quick response to magnetic field and can give feedback to
the computer for further active control. Moreover, an actuator
based magnetically sensitive tentacle was fabricated, which can
be used to grasp, transport, and release objects in complex envi-
ronments. Meanwhile, the deformation of the tentacle was real-
time measured. The acquired information can be used to further
control the external magnetic field. Therefore, this universal pro-
gramming of tentacle preparation can enable engineers and scien-
tists to design magnetically controllable and flexible actuators.
This kind of actuators can find wide applications in engineering,
artificial robotics, and biomedicine.
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