',\' frontiers

1In Robotics and Al

ORIGINAL RESEARCH
published: 08 February 2019
doi: 10.3389/frobt.2019.00001

OPEN ACCESS

Edited by:
Thrishantha Nanayakkara,
Imperial College London,
United Kingdom

Reviewed by:
Priyanshu Agarwal,
University of Texas at Austin,
United States
Virgilio Mattoli,
Fondazione Istituto Italiano di
Technologia, Italy

*Correspondence:
Shingo Maeda
maeshin@shibaura-it.ac.jp

Specialty section:
This article was submitted to
Soft Robotics,
a section of the journal
Frontiers in Robotics and Al

Received: 30 June 2018
Accepted: 11 January 2019
Published: 08 February 2019

Citation:

Minaminosono A, Shigemune H,
Okuno Y, Katsumata T, Hosoya N and
Maeda S (2019) A Deformable Motor
Driven by Dielectric Elastomer
Actuators and Flexible Mechanisms.
Front. Robot. Al 6:1.

doi: 10.3389/frobt.2019.00001

Check for
updates

A Deformable Motor Driven by
Dielectric Elastomer Actuators and
Flexible Mechanisms

Ayato Minaminosono !, Hiroki Shigemune 2, Yuto Okuno !, Tsubasa Katsumata ?,
Naoki Hosoya * and Shingo Maeda *

1 Department of Mechanical Engineering, Shibaura Institutef @echnology, Tokyo, Japan? Department of Applied Physics,
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Soft robots with dynamic motion could be used in a variety of pplications involving the
handling of fragile materials. Rotational motors are oftensed as actuators to provide
functions for robots (e.qg., vibration, locomotion, and sution). To broaden the applications
of soft robots, it will be necessary to develop a rotational mtor that does not prevent
robots from undergoing deformation. In this study, we develped a deformable motor
based on dielectric elastomer actuators (DEAS) that is ligNveight, consumes little energy;,
and does not generate a magnetic eld. We tested the new motorin two experiments.
First, we showed that internal stress changes in the DEAs wertransmitted to the
mechanism that rotates the motor. Second, we demonstrated hat the deformable motor
rotated even when it was deformed by an external force. In pécular, the rotational
performance did not decrease when an external force was apfgd to deform the motor
into an elliptical shape. Our motor opens the door to applicéons of rotational motion to
soft robots.

Keywords: dielectric elastomer actuator, internal stress, rotational performance, symmetry, strain, deformable

INTRODUCTION

Traditional robots are generally made of hard materials,dmit robots, which are made of rubber,
gels, or paper, can provide dynamic motion, and innate safesgdan the properties of their
constituent materials\laeda et al., 2015, 2016; Hosoya et al., 2016a; Shigemuneeig, 201)7
The advantages of soft robots will promote the development ohdmrobot coexistence. For
example, in contrast to hard robots, soft robots can handl@yrkinds of materials: hard or soft,
fragile or robust, and thick or thinguzumori et al., 1992; Shintake et al., 2015b; Galloway, et al
2016; Okuno et al., 20),8vhich is di cult for hard robots.

Rotational motion has been applied in robotiosnderson et al., 20)0In traditional robots,
magnetic motors are normally used to produce rotational motim previous works, researchers
have developed motors driven by soft actuatétsribluh et al., 1998; Anderson et al., 2010, 2011,
O'Brien et al., 2010; Hwang and Higuchi, 2014; Ainla et &11,72 Ainla et al. developed a motor
based on a pneumatic actuator that functions by feeding @o a exible structure Diesel and
Brock, 2013; Cacucciolo et al., 2DJAlthough the pneumatic actuator has the potential to produce
a large force, an additional pump is needed to feed the aisioguthe whole system required to
drive the motor via the pneumatic actuator to be large and lgeav other studies, Hwang et al.
developed a rotational motor based on shape memory alloys (3NBASAS can recover their shape
by increasing their temperaturé/{inetaa et al., 2002SMAs are capable of generating large strokes
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FIGURE 1 | Concept of a deformable motor. The motor consists of exible
materials and deformable mechanisms. 0kV| 2| 3LV
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FIGURE 2 | Three-dimensional models and images of the mechanisms in &

deformable motor. (A) Pressure determined by Equation (1)B) Activation of a
and forces. However, SMAs consume a lot of energy andpea when a voltage is applied.

have slow response times. Anderson et al. developed &
rotational motor based on dielectric elastomer actuat@EAS)
(Anderson et al., 20)0DEAs consist of elastomers sandwiched

between compliant electrodes. Applying a voltage to theexible electrodes are composed of conductive material suc
electrodes generates electrostatic forces, which produtege as carbon powder, carbon grease, rubber, or hydrogels. Upon
displacementRelrine et al., 2000; Madden et al., 2004; Hosoyapplication of a voltage, electric charges accumulate on the
et al., 2015 The advantages of DEAs include: (1) simplestretchable electrodes and generate a Coulomb force betwee
and lightweight structures, (2) compatibility with low engrg them. The Coulomb force compresses the dielectric elastomer
consumption, (3) generation of large actuation strokes, g)d and the elastomer stretches in a perpendicular direction due
fast response timeP(ante and Dubowsky, 20p7In addition, ~to the incompressibility of the elastomer. Due to its elastic
DEAs can be driven under deformation. Anderson et al. proposethe elastomer returns to its original shape when the electric
amechanism for converting the expansion of DEA into rotatibn charges are removed from the electrodes. Equation 1 describ
motion by building a crank mechanism. They showed that theequivalent electrostatic Maxwell stré8¢N/m?) induced by the
performance (torque per weight) in a motor based on DEAs wasompression force/issler and Mazza, 2007

higher than that of the traditional magnetic motors. Althglu

the idea of DEA motors is unique, their motion and behavior

are same as those of solid motors. Motors that can deform PD","oE2D""o
and operate in a deformed state of them would enable the

development of novel soft machines that could function in devi where", is the relative dielectric constant of the elastonigiis

range of environments. the permittivity of free space'¢ D 8.854 10 2F/m), Eis the
Herein, we propose a deformable motor based on DEASEIectric eld (V/m),V is applied voltage (V), anziis the thickness

Due to thled exibility of thﬁ frqme ar:jd fDEA’dogr deform?;)le of the elastomer (m)Figure 2B and Video S3illustrates the
motor could rotate even when it was deformed by externa OrC o peration of a DEA.

(Figure 1, Video SJ). To create the new motor, we employed the

mechanism proposed by Anderson et al. together with a exiblqggtation and Deformation of the Motor

frame (<ofod et.al.,.ZOO(.S;.Shlntake et aI.., 20LFurthermore, Figure 3A depicts the design for the deformable motor, which is
we succeeded in visualizing the dynamic stress changesof mposed of the thin frame, central parts, a crank mechanism,
deformable motor, and then used a high-speed polarizationz 4 four DEAs. We employed a thin frame to achieve
imaging camera to obtain proof that the stress changes Qfetormation by application of an external force. The centratpa
the I,DEA I.ed to rotatlonal. motion. Moreover, we revea!ed thenave four joints and are connected to the four fulcrums of the
relationship between rotational performance and the stafithe  f3me in such a manner that the shaft is positioned at the center
deformable motor. of the motor.

We classi ed previous motors for use with soft materials into

: 1)

N <
N

MECHANISM two classes, based on the type of activation in the shaftethos
o which the shaft of the motor moves around in a circle'Brien
DEA Activation et al., 2010; Anderson et al., 20;1and those in which the shaft

Figure 2A shows the structure of the DEA, which consists ofspins in the upright stateiornbluh et al., 1998; Anderson et al.,
exible electrodes that sandwich a dielectric elastomene T 2010. We employed the latter type of actuation; the shaft of
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Bearing 1 Bearing 2 Shaft

Central parts
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FIGURE 3 | Mechanisms of the deformable motor.(A) Crank mechanism consists of bearing 1, bearing 2, eccentribody, and shaft. DEAs are xed by a thin frame
and hub-ring. (B) Rotational mechanism of the deformable motor. The crank mas under the force generated by the DEA(C) The crank mechanism is activated
when the four DEAs are stretched in order.

our deformable motor spins in the upright state. Anderson etal Figure 4shows the activation of the deformable motor. When

described a method for rotating the shaft by combining thede  the frame deforms as shown Figure 4A, eight joints work to

mechanism with a DEAAnderson et al., 20)0We used their arrange the shaft at the center of the mot&igure 4B shows

proposed mechanism to convert the expansion of the DEA intahe rotational motion without the external force (Originsiate).

rotational motion. Figure 4C shows the rotational motion of the motor when
Here, we explain the mechanism underlying rotation of thean external force is applied from the top and bottom sides

deformable motor. The crank mechanism is composed of bearin@eformed state). In the gure, an arrow has been placed at the

1, bearing 2, the eccentric body, and the shaft. When one afenter of the motor to clarify the direction of rotation. Natly,

the four DEAs is expanded, the eccentric body moves arounthe motor works while under deformation.

the shaft as shown ifrigure 3B Because the eccentric body

and the shaft are integrated, the movement of the eccem"?ABRlCATION

body rotates the shaft. We can then generate rotational omoti

by activating the four DEAs in orderFigure 3G Video S§. Deformable Motor

Bearing 1 keeps the shaft at the center of the motor byfo prepare DEAs, we used VHB Y-4905J (VHB Y-4905J; 3M,

connecting with the thin frame through the central parts show Maplewood, MN, USA) as the elastomer and multi-walled

in Figure 3A. By changing the eccentricity of the eccentric bodycarbon nanotubes (MWNTs) (multi-walled carbon nanotube

we can adjust the maximum torque and rotational speed of thg24769; Sigma-Aldrich, Saint Louis, MO, USA) as the electrode.

motor. According to Equation 1, the relative dielectric constant of
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FIGURE 4 | The deformable mechanism and images of the motor under defonation. (A) The deformable mechanism consists of the thin frame and ceral parts. (B)
Time-series imagines of a rotating deformable motor. The ntor rotates without deforming the frame.(C) Motor rotating within a deformed frame.

the elastomer a ects the extension of the DEA. The dielectri¢Dreamer; Flashforge, Jinhua, China) and an ABS resin (ABS
constant of VHB Y-4905J is 4.8, and the strain of a DEA madé00 g; FlashForge) to fabricate the frame of the motor and the
with VHB Y-4905J is 300% f£nderson et al., 20)0In addition,  parts for placement of the rotational shaft at the center. Beea
the extension of a DEA made with 300% pre-strained VHB iABS resin is ductile, the frame is not likely to be broken by
larger than that of a silicon DEAHelrine et al., 2000We applied deformation Perez et al., 20)4

300% pre-strain to the elastomer because pre-straining nibkes

elastomer softer{elrine et al., 20Qpand employed MWNTs as Controller

electrodes because DEAs made with MWNTs have high worko drive the deformable motor, we developed a circuit to
density Hughes and Spinks, 20Q05The MWNTs were applied control the four DEAs. DEAs have the advantage of high energy
to the elastomer by brushingfigemune et al., 20).8To reduce e ciency per unit weight. When the circuit that controls the
friction and weight, for the crank mechanism we selected alDEAs becomes large, the system loses this e ciency. Hence,
eccentric body, bearings, and a rotating shaft that werer@lls we developed a compact control circuit to maintain the energy
scale. We employed an eccentric body with a diameter of 10 mm ciency advantage. We designed a controller that drovefthe

and a 1-mm gap from center of the circle, as showkigure 3B DEAs with one DC/DC converterFigure 5 shows the system
The diameters of the rotating shaft and the inner diametethef  of the controller and how the controller is connected to the
Bearing 2 were both 3 mm. We used a three-dimensional printedeformable motor. The controller consists of a microcomputer
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FIGURE 5 | System for connecting the controller to the deformable moto(A) system diagram of the controller and the waveform of the vadige outputted from the
Plugs 1-4.(B) Signal of the controller and the response of the DEA to the sital. As time passes, the area strain in one cycle gradually abilizes.
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(Nucleo-f 401 re), a DC/DC converter (EMCO Q 101-5), an
power MOSFETs (IXTH 02N 450 HV). The microcomputer| A
outputs signals to each DEA (plugs 1-4). The DC/DC converte
is required to generate the high voltage that drives the DEA.
Previous studies demonstrated that EMCO Q 101-5 work
acceptably on robots made with DEASV(hgert et al., 2006;
Ahmadi et al., 2012; Shintake et al., 201 9¥e set the maximum
output to 3 kV because electrical breakdown within the DEAs
occurred above this voltage. The power MOSFETs can switch
the voltage up to 4.5 kV. We used the same power supply to Base
provide energy to both the microcomputer and the DC/DC
converter.

We measured the output voltage produced from the
controller. IN and OUT of the controller inFigure 5A were
connected to each DEA in the motor shown iRigure 5B
Physically, the controller and the DEAs were connected by
copper tape. To provide high voltage, we clamped the coppg
tape with clips from the controller. The right &igure 5Ashows
waveforms of the voltage outputted from the four plugs (Plug
1-4). To measure the voltage, we directly connected plugseof t
controller to an oscilloscope. We used the following condisip
output voltage of 2 kV, frequency of 0.833 Hz, and a duty ratig
with a rectangular pulse wave of 25%. The waveforms show
transient characteristics, which are attributed to therthal
resistance of the power MOSFET. Each of the four output
converged to 2 kV, and we con rmed that the controller could
output and control the voltage to drive the DEA. The right panel
of Figure 5Bshows that the behavior of the DEA reached a stead

state after 4 s. The maximum area strains of the DEAs coefloll | FIGURE 6 | Experimental setup for measurement of internal stresgA) Green
by the system were 114%. light penetrates the deformable motor, and birefringencenformation is
transmitted to the camera.(B) Placement of the experimental instrument. The
light and lens of the camera are in a straight lingC) Analysis area is 40

High-speed polarization-
imaging camera

=

Deformable
motor

[2)

Green
LED

Analyzed area

40 mm.
EXPERIMENTS

Visuglizgtion of the Internal Stress The experimental setup was as follows: three camera and
Distribution motor were 60 cm apart, whereas the motor and the light were

To determine whether the deformable motor could be driven30cm apart Figure 6B). The center of the measurement area
by the DEAs, we visualized the spatio-temporal changes efas 20cm above the xed base. The high-speed polarization-
stress distribution inside the DEA while driving the defable imaging camera had a speed of 125 fps, an exposure time of 5,
motor. Previous studies showed that the motors rotate undeand a visualization area of 40 40 mm. Figure 6C shows the
force from the DEAs, and proved that the mechanism workssisualization area. The light source was a green LED (operati
in a simulated environment. However, those reports nevewavelength: 480-540 nm; bandwidth of band-pass Iter: 520
conrmed the application of the force to the motor in an 10nm; power of incident light: 2.5 W/R). The driving voltage
actual environmentFigure 6shows the experimental setup usedof the DEA was 2.3 kV, the driving frequency was 15 Hz with
to visualize the internal stress distribution in the DEA.rFo a rectangular wave, and the duty ratio was 25%. The phase
this experiment, we used a high-speed polarization-imagindi erence of the driving frequency among the four DEAs was
camera and an LED lighHgure 6A). This camera is capable of p/2, and the four DEAs functioned in order.
measuring the birefringence phase di erence (birefringgrafe Figure 7 visualizes the spatio-temporal change of the stress
transparent materiald{osoya et al., 2016b,c, 201%a,b inside the DEA via the high-speed polarization-imaging camera
We used the birefringence of DEA as a parameter to indicat&he stress inside the DEA increased with the driving voltdge
the condition of a material's stress and structure. Duringaddition, high stress occurred at the center part and the lotzump
measurement of a thin Im with a uniform thickness, the between the DEA and the hub-ring. The stress at the center was
material's birefringence changes due to internal stresshs a compressive stress in the vertical direction of the DEA (z-
as the pre-strain and coulomb force of the DEA. Thereforeaxis direction inFigure 7). We assume that this stress a ects the
birefringence is correlated with relative stress. For gxapphase rotational motion of the deformable motor. On the other hand
di erence is large in areas with large stress. we presume that the stress at the boundary between the DEA and
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FIGURE 7 | Visualization of internal stress distribution. The inteahstress distribution changes upon application of a voltag to the DEA.

hub-ring compressed in the negative direction of the Y axss, aone turn of the screw decreased the radius by 0.5 Figure 8A

shown in the visualized phase of 2.02&gy(ire 7). andVideo Sdillustrate the original staté-igure 8BandVideo S5
Furthermore, we could determine the rotational performanceshow a one-directional statBigures 8Cand D show a vertical-

of the deformable motor from this experiment. We con rmed directional state, and a horizontal-directional statepestively.

high internal stress in almost all of the area afted.25s from Equation (2) derives the radial strairof the frame:

activation of the DEA. In other words, the motor required a

minimum of 0.25 s to move the crank by the DEA when 2.3 kV ir 05

was applied. It takes 1 s to rotate the motor with the four DEAs. D—D-=" nC— ,

We then presumed that the deformable motor rotates at 60 rpm rr 360

under the fastest condition. Eventually, we designed arobnt

program for the deformable motor with a maximum speed ofyherer[mm] is the radial displacementis the number of screw
60 rpm. rotations, and [ ] is the rotation angle, which is added to the

. . rotational times.
Mechanical Characteristics of the We investigated the relationship between the radial strain
Deformable Motor and the maximum torque. Additionally, we examined the radial
Setup strain and the maximum rotational speed when the motor was
To elucidate the performance of the deformable motor, waleformed. We set the two radial strains of the horizontal-
measured its mechanical characteristics. We designed thierm directional and vertical-directional states to the samé&ean
to be capable of deformation into various shapes. Here, werder to de ne the type of the deformed states.
de ned three deformed states to compare the mechanical Figure illustrates an experimental setup used to measure the
characteristics of each state. To quantify the deformative torque of the deformable motors. The motor shaft was placed in
added four sets of long screws, vertical spacers, and patis wihe vertical orientation relative to the ground, and the aivas
two joints.Figure 8shows each state deformed by the additionaplaced parallel to the ground. We suspended a weight from the
parts. Turning a screw clockwise places pressure on one poitip of the wire to apply torque on the shaft. The lendtticm] of
of the frame, and the radius [mm] from the shaft changes as the wire from the pulley to the mass was 30 cm. The weight of the
shown inFigure 8A. The pitch of the screw was 0.5 mm. Thus,mass included the weight of the wire.

)
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Frame

Original state

Vertical-directional state Horizontal-directional state

FIGURE 8 | Experimental setup.(A) Original state without deformation(B) The one-directional state deforms the motor from one direéon. (C) The vertical-directional
state deforms the motor from one horizontal and one verticalirection. (D) The horizontal-directional state deforms the motor from tw horizontal directions.

Deformable motor Wire Pulley

FIGURE 9 | Experimental device for measuring torque. To reduce integfence from gravity, the shaft of the motor is placed in a veidal orientation relative to the
ground.
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Equation (3) derives the torque [MN m] of the deformable

motor:

wherer [m] is the radius of the shaff; [mN] is the external force,
w; g isthe weight of the wirew, [g] is the weight of the mass,
g is the gravitational acceleratiog © 9.81 m/$), andk is the

TDrFDr.wiCwy/g  xw DKL, )

Results and Discussion
Figure 10Ashows the relationship between the radial strain and
the torque in the three deformed statdsble 1shows the torque
generated by the motor at each deformed state when the radial
strain was 0, 0.09, and 0.15. We conducted the experimeng twic
Table 1shows the average, maximum, and the minimum values
of the torque in the two replicates. The torque of the origirtate
was 0.031 mN m. The one-directional state had a torque 0f0.00
mN m when the radial strain was 0.15. The vertical-direcéibn
state had a torque of 0.004 mN m when the radial strain was 0.09
When the radial strain was over 0.1 in the vertical-directib
state, the motor could not rotate. The torque of the horizalnt
directional state was 0.021 mN m when the radial strain wis.0.
As shown inFigure 10A the torque of the horizontal-directional
state did not change signi cantly when a large strain was agplie
We observed a signi cant decrease in the torque in the vaktic
directional state. Thus, the nature of the deformed statectse
the torque of the motor.

Figure 10Bshows the relationship between radial strain and
the rotational speed in the three deformed stafiehle 2shows
the rotational speed generated by the motor in each deformed
state when the radial strain was 0, 0.09, and 0.15. We also
conducted this experiment twicdable 2 includes the average,
maximum, and minimum values of the rotational speed in the
two attempts. The rotational speed of the original state was 19
rpm. When the radial strain was 0.15, the one-directionatesta
had the rotational speed of 9.93 rpm, half the speed of the algin
state. The vertical-directional state had a torque of 4.4 vgmen
the radial strain was 0.09. The rotational speed of the hotele
directional state was 16.2 rpm when the radial strain was.0.15
As shown inFigure 10B the rotational speed did not change
signi cantly when a large strain was applied in the horizontal-
directional state. In the three deformed states with a stoé0.09,
the vertical-directional state exhibited the worst perfamce,
as in the torque experiment. Thus, rotational speed behaved
similarly to torque.

Figure 10Cshows the relationship between rotational speed
and torque. At a strain of 0.08 rotational performance desega
in the following order: original, horizontal-directionalpne-
directional, and vertical-directional. In other words, wevealed
that the elliptical shape of the motor prevented its rotational
performance from dramatically decreasing in the three defed
states. This property, i.e., that torque decreased as ratdtio
speed increased, matched the features of the magnetic motor.

The performance of the deformable motor was strongly
a ected by the friction on the bearing in the crank mechanism.
When the force acts on the crank, the rotational performante o
the motor decreases because the friction on the bearingasss.
The direction of the force applied to the crank represents
the summation of the external force vectors. In the vertical
directional state, a large force acts on the crank in the towe
right direction, as shown irrigure 11B The force is smaller in
the one-directional state than in the vertical-directibrsate,
as shown inFigure 11A On the other hand, the force does
not act on the horizontal-directional state because thecdor

weight per wire length D 0.0024 g/cm ). We neglected the vectors applied to the frame cancel, as showrFigure 11C
friction of the pulley.

Eventually, the friction of the bearing becomes the smilhethe
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TABLE 1 | Torque experiment.

Strain 0 [mMN m] Strain 0.09 [MN m] Strain 0.15 [MN m]
(Original state)

AVE MAX MIN AVE MAX MIN AVE MAX MIN
One-directional 0.031 0.036 0.026 0.021 0.021 0.021 0.009 Q014 0.004
Vertical 0.004 0.009 0.000 - - -
Horizontal 0.026 0.029 0.021 0.021 0.026 0.014

TABLE 2 | Rotational speed experiment.

Strain 0 [rpm] Strain 0.09 [rpm] Strain 0.15 [rpm]
(Original state)

AVE MAX MIN AVE MAX MIN AVE MAX MIN
One-directional 19.0 21.4 16.7 14.3 15.0 13.6 9.9 115 8.3
Vertical 4.4 8.8 0.0 - - -
Horizontal 16.2 18.8 13.6 17.0 21.4 12.5

FIGURE 11 | Diagram showing the force applied to the crank(A) In the original state, the force applied to the crank is smal(B) In the vertical-directional state, the
force applied to the crank is large(C) In the horizontal-directional state, the forces applied tohte crank cancel.

horizontal-directional state. Hence, the horizontalelitional horizontal-directional state because of the symmetrical
state demonstrates the best performance in the three defbrmealeformation.
states. These results demonstrate that the symmetricithef
frame aects the rotational performance of the deformable
motor. CONCLUSION

Although the motor in the horizontal-directional state
maintains the symmetricity, the rotational performancedsier We developed a deformable motor that can rotate its shaft
than that of the original state. We conjectured that a deaeatn under deformation due to the exibility of its frame and
in the displacement of the DEAs degraded the performance ddEAs. By visualizing the internal stress distribution, we
the motor. In the area of the frame that deforms toward theobserved the force generated by the DEA. The results releale
center of the motor, the pre-strain of the DEA close to the areghat the DEAs in the motor drove the crank mechanism
becomes small. As the pre-strain of the DEA decreases, thiicelato rotate the deformable motor. We also conducted an
modulus of the DEA elastomer increaséz(rine et al., 2000 experiment to clarify the relationship between the rotatbn
and the displacement of the DEA decreases. This decremepérformance and deformations of the motor. When the
in the displacement caused the performance of the motor taleformation of the motor was small, the rotational speed
be lower in the horizontal-directional state than in theginal and torque were almost same as those of the undeformed
state. motor (strain, 0.07). Moreover, in the horizontal-direatial

Eventually, because the eects of the friction of thestate, a large deformation (strain 0.15) did not cause a
crank or the displacement of the DEAs were small, thesigni cant decline in rotational speed or torque. A deforni@b
motor rotated in the all deformed states when the radialmotor with one layer of DEA yielded 2% of the torque
strain was <0.07. The motor worked acceptably in theof a traditional electromagnetic motor (RE-280RA; Mabuchi
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Motor, Chiba, Japan; deformable motor: 0.03 mN m; traditionaFUNDING

electromagnetic motor: 1.47 mN m). We deduced that the

performance of the deformable motor could be improved byWe thank the Japan Society for the Promotion of Science
stacking the DEAs. Theoretically, a motor using 48 layers dPr their support under Grants-in-Aid for Scientic Research

DEAs (thickness: 1.5mm) would generate 48 times as mudiograms [Grants-in-Aid for Scientic Research (B), Project

torque. We believe that stacking DEA layers has the potentidf0. JP16H04306, and No. JP16H04291, Grants-in-Aid for
to increase torque without making the motor enormous.Challenging Exploratory Research, Project No. JP16K14201, an

In regard to energy e Ciency per Weight, our deformable No. JP17K18858, and Grants-in-Aid for Research ACthlty start

motor generated 0.30 mN m/W g, whereas the traditionatp JP18H05895].

electromagnetic motor and one with DEAg\{derson et al.,

2010 generated 0.023 and 2.91 mN m/W g, respectivelyACKNOWLEDGMENTS
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