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Abstract

®

CrossMark

We report a soft actuator that generates continuous rotation of an object placed on it by

electromagnetically exciting circular travelling waves in a soft disk. The disk, that serves as the
stator, is made of a stretchable composite consisting of segments of silicone elastomer in which
hard ferromagnetic particles are embedded. Inspired by piezoelectric traveling wave rotary
actuators, the disk’s 16 sections are driven by underlying printed circuit board coils to create a
flexural traveling wave on the disk’s surface. The rotor can be any object directly placed on the
stator: the traveling wave in the stator leads by friction to the rotation of the rotor. Unlike
conventional electromagnetic motors that rely on a precisely controlled gap between stator and
rotor, a concept incompatible with soft robotics, our device exploits the contact between rotor
and stator and the associated dry friction to generate torque. Rotation speeds of over 6 rpm were

obtained for a partially rice-filled balloon, 30 cm diameter, weighing 17 g. We report detailed
speed and performance metrics when rotating plastic disks. With this rotating actuator, we
demonstrate an innovative way to transmit torques and rotations within soft structures.

Supplementary material for this article is available online

Keywords: soft robotics, soft rotary actuator, traveling waves, magnetic elastomer

1. Introduction

The field of soft robotics has been the subject of growing
academic interest in the past decade [1, 2]. However, soft
robots’ use in industrial applications remains very limited.
Traditional robots, made using rigid materials, count hundreds
of thousands of installations every year across various indus-
tries [3] while very few soft robots have found success outside
of research laboratories. Thanks to their use of rigid frames
and high torque rotating electromagnetic actuators, conven-
tional robots boast high payload capacity and high actuation

* Author to whom any correspondence should be addressed.
Original Content from this work may be used under the
BY terms of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

speed. In contrast, generating rotation using soft actuators
remains largely an unsolved research question. Not only are
soft rotating actuators performances underwhelming, but the
proposed solutions often also rely on rigid components to
transmit torque [4-6]. Yet given the central role of rotating
actuators in traditional rigid robotics, soft rotating actuators
can be expected to be enabling in the field of soft robotics.

In this paper, we report key elements of a soft rotat-
ing actuator based on a soft elastomer embedded with hard
ferromagnetic particles and actuated using magnetic fields
(B-fields). Rather than relying on rigid components such
as gearboxes and shafts, our soft actuator is inspired by
traveling wave piezoelectric actuators and relies on dry
friction to transmit torque. In essence, flexural traveling
waves are created and propagated on the actuator’s soft
surface. An object placed in contact with the actuator’s
surface is driven by the traveling waves, and spins, see
figure 1.

© 2024 The Author(s). Published by IOP Publishing Ltd
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Figure 1. (a) Schematic of the actuator spinning a balloon (photo shown in figure 14), (b) exploded view showing the actuator’s
components, (c) ‘unfolded’ view of the soft magnetic composite disk and flexible PCB coils. Left: the traveling wave propagation. Right:
applied magnetic field generated by the flexible PCBs, remanent magnetic field in the soft magnetic composite sections, and the resulting

deformation of the soft layer.

1.1. Taking inspiration from traditional actuation

Brushless electromagnetic rotating motors are highly effi-
cient [7]. However, these motors rely on a rigid and low fric-
tion bearings that must maintain the gap between stator and
rotor even when the actuator is subjected significant loads.
Maintaining such tight tolerances cannot be achieved in soft
actuators.

Rotating piezoelectric actuators differ from rotating
electro-magnetic actuators as, by design, the rotor and stator
are in contact. These actuators rely on the deformation of
piezoelectric elements (traveling wave) housed within the
stator to drive rotor motion, exploiting the stator/rotor friction.
Since piezoelectric actuators do not rely on a controlled gap
between stator and rotor, the mechanism by which they create
rotation is compatible with the use of soft materials. The most
studied piezoelectric actuator is the traveling wave piezoelec-
tric actuator [8]. Using traveling waves allow actuator rotation
in both directions. There is always partial contact between
rotor and stator, thus improving motion smoothness [8]. Such

actuators rely on piezo-ceramics materials which are hard
(Young’s modulus on the order of several GPa), brittle, and
are thus incompatible with soft robotics.

We report the design of a soft actuator inspired by
traditional piezoelectric rotating traveling wave actuators.
Designing such an actuator requires creating a resonant struc-
ture driven by fast (3—100 Hz) but soft actuators.

1.2. Soft materials for rotary actuation

Soft active materials such as liquid crystalline elastomers [9],
shape memory alloys [10], shape memory polymers [11] or
pre-strained polymer fibers [12] are all limited to low actu-
ation speed (less than 3 Hz) due to their reliance on thermal
stimulation. Chemically induced swelling due to the motion
of ionic species such as ionic polymer-metal actuators suf-
fer from even lower actuation speed [13]. Fluidic actuation
widely used to drive soft robots. Pneumatic induced rota-
tion [14] and torsion [15], as well as hydraulic bi-directional
non-resonant traveling waves for locomotion (~2mms~')
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have been demonstrated [16]. Although frequently adopted,
fluidic actuation usually relies on external cumbersome pumps
and compressors.

Dielectric elastomer actuators (DEAs) are another widely-
used soft active materials. DEAs are characterized by their
high energy density and large actuation bandwidth. However,
rotating actuators based on DEASs typically rely on gearboxes,
shafts, and hard frames to decouple torque generation from
active element [4, 5, 17-19].

A number of soft electromagnetic actuators has also
been proposed. Some rely on miniature rigid compon-
ents [20] while others use soft analogues to wires such
as liquid metal channels [21]. However, liquid metals such
as eutectic Gallium Indium (eGaln) have a significantly
higher resistivity than copper (peopper ~ 1.68.107% Q - m;
PeGaln = 2.94.1077 Q) - m) [22].

Composites of soft elastomers and a powder of hard fer-
romagnetic particles can also be used instead of conven-
tional magnets [23-26]. Such silicone elastomer composites
simultaneously exhibit hard ferromagnetic and soft mechan-
ical properties. We shall refer to this class of materials as
soft magnetic composite in this paper. Soft magnetic elast-
omer composites have recently been investigated in various
publications such as soft medical robots [27], micro-robots
locomotion [28], and peristaltic pumping [29]. They offer
simple control [26] and rapid actuation (up to 140 Hz) [23,
25, 30]. Indeed, compared with traditional magnets embed-
ded in soft elastomers, micron-sized ferromagnetic particles
have a higher surface to volume ratio, which makes them less
likely to rotate or to break free from the soft elastomer matrix.
Small particles also allow the composite to deform continu-
ously rather than piecewise. A recently published soft rotating
electromagnetic actuators made from soft wires and soft mag-
netic composites required rigid components to ensure torque
transmission [6].

The characteristics of soft magnetic composites make these
materials promising candidates for creating soft resonant
structures. In this paper we apply key elements of the piezo-
electric traveling wave actuator theory to drive a soft magnetic
composite using time-varying magnetic fields. Stacked flex-
ible printed circuit boards (flex PCBs) are used to create local
magnetic field gradients that we can rapidly modulate. The
magnetic field gradients move the sections of the stator made
with the soft magnetic composite, generating a circular trav-
eling wave. The friction between the actuator and the object
placed on it results in the object’s rotation, see figure 1. We
report here the first demonstration of a soft bi-directional and
continuously rotating actuator operating with traveling waves,
and also the first demonstration of using soft magnetic com-
posites as a means to generate traveling waves.

2. Actuator operating principle

The actuator presented in this paper relies on flexural circular
traveling waves to transmit torque from the actuator (the stator)
to the load (the rotor). The flexural traveling waves generate

an elliptical retrograde trajectory for points at the actuator’s
surface, see figure 2. Since the trajectory is closed, there is no
overall motion of the stator. However, the actuator and the load
are in contact at the ellipse’s apex, where the stator pushes on
the rotor. As a consequence, a net motion is transmitted from
the actuator to the load as illustrated in figure 3.

2.1 Generating travelling waves

Traveling waves are commonly generated in piezo-electric
actuators by assembling several piezo-transducers into a ring.
The traveling wave is created by driving the piezo-transducers
to create two out of plane flexural standing waves of the
same frequency, the combination of which is a traveling wave
whose motion depends on the phase difference between the
two stading waves. The standing waves frequency is determ-
ined by the stator dimensions and by the materials used. The
actuator operates at resonance to maximize amplitude. To cre-
ate two standing waves with the same frequency but with dis-
tinct phase, the ring is divided into several parts, two of which
are driven. Both driven parts are actuated with a sinusoidal
signal, but with a phase shift, shown in figure 4. This is shown
in equation (1) in which the traveling wave is the superpos-
ition of two standing waves. N is the mode number, w the
angular frequency, \ the wavelength and A the peak wave
amplitude [31, 32],

u; (6,1) = A |cos (nf) cos (wt) + cos (n@ + g) cos (wH- g)}
u (6,1) = Acos (nf — wt). ()

To generate a traveling wave, the two standing waves must
be created independently. The magnetic composite layer is
separated into four sections: two of them being driven to cre-
ate standing waves, and two non-driven sections separating
the driven sections. The length of these non-driven sections
must be equal to odd multiples of the quarter wavelength. For
example, one section’s length could be 3\ /4 while the other
would be \/4 as shown in figure 2.

The actuator’s operating resonant frequency depends on the
speed of flexural waves in the stator’s material, on the ring’s
perimeter length, and the targeted resonant mode. When a
steady state is reached, it is well established [32—34] that points
at the stator’s surface describe an elliptical retrograde motion,
represented in a profile view in figure 3 and equation (2). It
is this motion, coupled with friction between stator and rotor,
that drives the actuator load’s rotation. A point at the stator’s
surface following an ellipse is described by the following para-
metric equations [34]:

x(t) = A,cos (wt)
y (1) = Aysin (wr) 2)

in which x, y, Ay, and A, respectively represent the ellipse’s
horizontal motion, vertical motion, horizontal displacement
amplitude, and vertical displacement amplitude,

dx

=5 —A wsin (wr) . (3

Vh
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Figure 2. (a) Schematic representation of the overall stator and rotor assembly. The PMMA plate used for characterisation in section 4 is
used as a rotor example here. (b) Both stator and rotating flat disk are unwrapped. The electrical drive circuit, flex PCB coils, soft magnets,
magnetic fields, and associated deformations of the soft magnetic composite layer are shown, along the stator.
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Figure 3. Idealized soft magnetic composite deformation due to a right-left traveling wave. Red dotted arrows represent various parts in
motion. A frame of the device as captured by the high speed camera is shown in (a). The white dot on the stator’s surface describes an
elliptical trajectory. The impact of the traveling wave is described from (b) to (f) by quarter periods increments.

Assuming no slip, v, = dx/dr is the horizontal velocity, as
such expected maximum absolute rotation velocity is attained
atwt=—7 /2 mod .

2.2. Traveling waves in a soft magnetic composite actuator

Although our actuator design is inspired from traditional trav-
eling wave piezo-electric rotating actuators, there are major
design differences. First, the materials used for the stator’s

upper part are about 4 orders of magnitude softer than their tra-
ditional counterparts (Epzt ~ 64 GPa ; Ecomposite = 1.76 MPa).
Second, piezo-electric transducers rely on electric fields
applied between surface electrodes, while electromagnetic
actuation allows operation with the soft magnetic composite
layer both curved and not in contact with the coils. Third, the
use of soft materials means that, for a given resonant mode,
the driving frequency used will be significantly lower than in
a traditional piezoelectric actuator.
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Figure 4. (a) The traveling wave is generated due to the interaction
of the standing waves ‘A’ and ‘B’. (b) The standing waves’ phase
difference. (c) The rotor horizontal velocity depends on the phase
difference.

Figure 5. Finite element modeling (COMSOL, Multiphysics, Solid
Mechanics module): eigenfrequency simulation. This figure
illustrates the 8th mode flexural wave. See supplementary data
figure 7 for more information.

3. Actuator design

As shown in figure 1, the actuator is composed of three
elements: i) a base made of 3D printed polyethylene
terephthalate glycol (PETG), ii) a stack of nine flex PCBs

and iii) the soft magnetic composite layer. The flex PCBs
are stacked to create 16 individually addressable flat elec-
tromagnetic coils. Similarly, the soft magnetic composite
layer consists of 16 magnetic sections linked by a soft non-
ferromagnetic polymer.

We choose to divide the soft magnetic composite layer
into 16 equal sections as a trade-off between competing
parameters with the goal of maximizing rotating perform-
ance. First, the volume of soft magnetic composite decreases
with higher number of sections due to the increase of non-
magnetic elastomer used to mechanically link the sections.
This favors lower section count. Second, as explained in
section 2, a number of sections in the soft magnetic com-
posite layer must not be driven. The length of the non-
driven section is a multiple of %, the resonant frequency
wavelength. Since higher resonant frequencies lead to smal-
ler wavelength, using higher resonant modes allow to minim-
ize the non-driven soft magnetic composite sections. Creating
higher frequency resonant modes requires a higher number
of sections to control. Third, the soft magnetic composite
must also sustain at least three complete flexural waves as
it ensures load stability by providing it with three contact
points at any time [33]. Therefore, we chose to divide the
soft magnetic composite layer into 16 sections. As shown in
figures 2 and 5, this results in the soft magnetic composite layer
being able to sustain a traveling wave that is four wavelength
long.

Both the flex PCBs and the soft magnetic composite layer
have an external diameter of 60 mm. The flex PCBs are moun-
ted on the base with double-sided polyimide tape, while the
soft magnetic composite layer is placed on top of the flex
PCBs. The soft magnetic composite layer is kept aligned with
the flex PCB coils thanks to the base. When placed on the base,
the soft magnetic composite layer is subjected to a small radial
stress, which leads to the magnetic composite layer slight
upward curve, away from the base (see figure 1).

3.1. Soft magnetic composite layer design

The soft magnetic composite layer is 2.5 mm thick, weighs
16.6 g and is composed of 16 soft magnetic composite sections
of 15 mm radial length (see figure 6(a). Each soft magnetic
composite section is vertically aligned with a flex PCB elec-
tromagnetic coil of similar area. Creating traveling waves
requires dividing the soft magnetic composite layer into two
regions separated by regions in which no deformation is
imposed. By not energizing the coils beneath a number of soft
magnetic composite sections we can create these gap regions.
Since we do not modify the soft magnetic composite layer,
wave propagation is unaffected. We designed the gaps to be
equal to A\/4 and 3A/4 arc lengths. We elected to use 1 and
3 inactive electromagnetic coils to create the gap regions (see
figure 4). The 16 soft magnetic composite sections are linked
to each other to alternate in magnetization direction. This was
done to focus the magnetic field gradient close to the actuator,
and therefore maximize the impact of the close-by flex PCB
coils.
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Figure 6. Top view of (a) the soft magnetic composite layer and (b)
a single layer flexible PCB.

3.2. Soft magnetic composite manufacture

The soft magnetic composite is prepared by mixing a
silicone elastomer (Dragon skin 10NV, Smooth-On) with
high coercivity ferromagnetic particles (MQA-39-15-80 M,
Magnequench) using a planetary mixer (Thinky Are-250) for
30s at 2000 rpm. The particles were chosen for their strong
remanence (B, = 1.317T), and the elastomer selected for
its softness and relative low viscosity. Zhao et al [26, 27] had
maximized the energy density of soft composites following:

M?H? 2.5v

where G = Gy exp <1—135V ) (@]

where W denotes the work produced by a soft magnetic com-
posite section under a uniform magnetic field, producing a
force F and deformed by ¢ from its original position, such as
W = §F [27]. M is the composite magnetization, H the applied
magnetic field, G the composite shear modulus using the
Mooney model, and V the particle volume loading. Although
this model assumes spherical particles, it is a good approx-
imation that allows maximizing a section’s work according to
particles loading. Following this model, the optimal particle
fraction by volume is close to 30%. This set of equation can
be understood intuitively as representing the actuator trade-off
between strong magnetization and low shear modulus due to
high particle loading. Assuming an incompressible compos-
ite material (3G =~ E), and using the reported base elastomer
Young’s modulus (Epsiony = 0.5 MPa [35]), we can estim-
ate the soft magnetic composite Young’s modulus such as
EComposite”>1.76 MPa [27].

W x

3.3. Soft magnetic composite layer assembly

Several groups have described how to manufacture soft mag-
netic composite samples with continuously varying magnetiz-
ation. The most common method is to apply a strong unidirec-
tional magnetic field on a bent or folded sample [36]. Although
a folding approach can yield a multi-polar soft magnetic
composite layer using a continuous soft magnetic composite

) H=2000kA/m

d)

Figure 7. Manufacturing process. (a) Composite compression
molding, (b) composite curing between magnets, (c) pulse
magnetization, (d) unmolding of the separate sections, (e) molding
and joining the sections together.

sample, we found that given the required number of folds such
an approach led to magnetic poles of uneven boundary and
subjected the soft magnetic composite sample to high mech-
anical stresses prior and during magnetization. Instead, we
decided to assemble and combine several separate soft mag-
netic composite sections into a single composite structure such
as in [29]. To do so, the soft magnetic composite compos-
ite was first poured and compression molded into 16 separate
2.5 mm thick sections. The sections are designed based on a
single ring with internal and external radii respectively of 15
and 30 mm, and that is divided into 16 equal sections separ-
ated by 2mm gaps. Once filled, the molds were secured for
24 h between large N45 NdFeB permanent magnets (S-70-35-
N, Supermagnete) held by aluminum framing and creating a
pseudo-uniform magnetic field of at least 200 mT (see supple-
mentary figure 4). This procedure led to an increase in mag-
netic remanence of about 42.2% compared with non-exposed
soft magnetic composite sections (see supplementary figure 1
and table 1). This has been shown to be due to the hard fer-
romagnetic filler moving into column-like structures aligned
with strong magnetic fields prior to the elastomer curing [37,
38]. The locked molds were then placed in an impulse mag-
netizer (IM-K-010020-A, Magnet-Physik) and exposed to 3
pulses of 2000 kA m~!. Finally, in order to assemble the 16
separate sections into a single soft moving ring, the sections
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were placed in a new 3D printed mold (MK3S+-, Prusa) and
the same base elastomer (Dragon Skin 10 NV, Smooth On)
was poured and fills the gaps according to the design detailed
in section 3.1. We found this manufacturing approach, detailed
in figure 7, beneficial in several ways. First, it led to high man-
ufacturing yields. Second, we observed high repeatability in
the sections’ measured magnetic field. Third, this method can
scale up as long as individual soft magnetic composite sections
are large enough to be manipulated.

4. Experimental results

4.1. Setup description

We used a digital oscilloscope and frequency generator
(Analog discovery pro 3450, Digilent) both to generate the
command signals and to measure the electromagnetic coils’
voltage. The command signals were sent to two power ampli-
fiers (DC453B-B, Analog Devices) operating in non-inverting
mode with a gain of 2 (see supplementary figure 2). The
power amplifiers are supplied using a £18 V, 5 A power supply
(Agilent Technologies N6700B, equipped with two N6751A
modules). The soft rotor deformations are recorded using a
high speed camera (VEO-E 310 L, Phantom) equipped with a
20 mm focal length spacer and a 55 mm telecentric lens (TEC-
55, Computar), as shown in figure 8. The camera is oper-
ated at 4000 frames per seconds and using a 256256 pixels
frame (figure 9 and SI video). The flex PCBs are 200 um
thick double sided and with 55 um thick copper traces. A
single coil made using a stack of 9 flex PCBs has a resist-
ance Reojistack == 5.51€2, with an average single double sided
coil resistance R.o; ~ 0.61( for a total of 108 turns. Each coil
stack is wired in series with an adjacent coil stack, and all coil
stacks for a single phase are wired in parallel. Accounting for
the resistance of all the coils for a single phase as well as the
connections to the power amplifiers Rphase ~ 5.5€2. Three dif-
ferent flex PCBs were designed, allowing each of them to be
stacked and soldered, reducing the need for wires and allowing
some degree of modularity when building the electromagnetic
coils (see supplementary figure 5). Each flex PCB soldered
weighs about 1.75 g, yielding a total of about 15.75 g for a
stack of nine flex PCBs as used in our setup.

4.2. Characterizing the actuator

To measure the actuator characteristics we cut polymethyl-
methacrylate (PMMA) plates of various thicknesses into disks.
Using rigid disks allowed us to ensure even weight distribution
during rotation as well as consistent contact dynamics with the
stator across samples. The disks were cut using a CO2 laser
(Speedy 300, Trotec) with an external diameter of 60 mm to
match the stator’s, and with a center hole of 3 mm. The disks’
edges were marked with white-on-black 1 mm diameter circu-
lar markers to optically track the disks position during opera-
tion. The disks were placed on top of the soft magnetic com-
posite layer and constrained by a smooth axle going through
the disk’s center.

Shaft PMMA rotor

Magnetic
composite

Coils

~

TP e——

High speed

camera

3D printed base

Figure 8. Schematic drawing and photo of the experimental setup,
side view.

4.2.1. Rotation speed.  We study the impact of the stand-
ing waves’ phase difference on the rotation speed using the
aforementioned rigid PMMA rotors. The goal of this experi-
ment was twofold: i) find and measure the maximum exper-
imental rotation velocity and ii), determine how the rotation
velocity as a function of phase corresponds with the model of
a traveling wave actuator. To do so, PMMA rotors of various
thicknesses were placed on top of the soft magnetic compos-
ite rotor (see figure 11). A Python script is used to control the
signal generator, start a high speed camera recording, capture
the electromagnetic coils’ voltage and change the phase differ-
ence between the two standing wave driving signals. The driv-
ing signals from the signal generator were set at 70 Hz and
2.5V of amplitude. The resonant frequency was determined
experimentally.

The driving signals supply the electromagnetic coils for one
second, while the rotor and stator positions are captured for
about 1.2 s using the high speed camera at 4000 frames per
second. After each movie, the phase difference is increased by
a 10° step. The experiment is run five times for each PMMA
rotor. The rotor displacement is later computed with a Python
script comparing the location of the six innermost rotor mark-
ers in consecutive frames, and then averaging to a single rotor
displacement. Knowing the rotor markers’ position in each
video frame, marker size, and camera frame rate we obtain the
rotor’s change in position for each frame (i.e. the instantaneous
velocity). The cumulative sum of the rotor position changes
for each frame yields the rotor’s displacement over time (see
figure 10). As this data is reasonably linear, it can be fitted with
a straight line, the slope of which is the rotor average velocity.
The average velocity and average velocity standard deviation
are then calculated by comparing each of the five data series
for each PMMA rotor.

Using this method, the average rotation velocity can be
measured in various conditions. The weight of the rotor can
be changed, as well as the phase difference between the two
standing waves. Although varying the standing waves phase
difference has little practical use, it is nevertheless very help-
ful to verify the actuator behavior as we can compare expec-
ted (figure 4) to measured rotor rotation velocity as a function
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Figure 9. (a) Measurement of the marker position on the soft magnetic composite stator (not the dots on the rotor) during a full period
during the actuator operation at 70 Hz, 120° phase difference, and with the 3 mm thick PMMA rotor, starting at 7o = 0.49625 s. (b)—(f) High
speed images corresponding to quarter period intervals. In frame (a) each quarter period interval corresponds to a single color and the
point’s transparency increase linearly within the time interval. The pictures are tagged with the stator marker consecutive positions,
reflecting the graph (a) markers. The rotor outer markers are highlighted in red to emphasize the rotor motion.
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Figure 10. Cumulative rotating of 3 mm PMMA rotor in degrees
during one second of actuation. The cumulative rotation depends on
the driving signals’ phase difference and is presented at key (0°,
90°, 180° and 270°) and intermediary (40° and 220°) values. The
driving signal frequency is 70 Hz. The data has been averaged over
five experiments. Error bars represent one standard deviation.

of standing waves’ phase difference (figure 11). Varying the
rotor’s mass is important to measure the actuator response to
objects of various masses.

When loaded with 2, 3, and 4 mm thick PMMA rotors, the
rotation velocity continuously varies with the driving signal
phase difference. From close to O rotation per minute (rpm)
at 0° and 180° , the rotation velocity reaches maxima close
the predicted values of 90° and 270° . This pseudo-sinusoidal
behavior is well in line with expectations from the no-slip aver-
age rotation velocity presented in equation (3) and figure 4.
The small standard deviation and smoothness of the graphs
in figure 11 indicate good actuation repeatability and con-
trol. Slight variations are probably due to differences in res-
istance between the coils due to electrical connections. As
expected, the lighter 2 mm thick PMMA rotor reaches the
highest average rotation velocity. However, the 4 mm thick
PMMA plate reaches a higher average rotation velocity than
the 3 mm thick plate. We think this is due to a change in con-
tact dynamics and improved magnetic response as the soft
magnetic composite layer is closer to the electromagnetic

coils. Performance degrades significantly with higher thick-
ness plates. When using 5 mm and 6 mm thick PMMA plates,
not only does the maximum average rotation velocity decrease
and the standard deviation increase, but also the rotation con-
trol is impaired with nearly no observed clockwise rotation for
the 6 mm thick plate. We suspect that this is due to the curved
soft magnetic composite layer collapsing under the PMMA
rotor weight, touching both the electromagnetic coils and the
rotor, and thus changing in resonance frequency.

4.2.2. Torque, mechanical power & efficiency. ~ Using rigid
PMMA rotors and measuring their rotations allows us to
estimate the torque produced by the actuator. To do so, we
use [, the rotor’s moment of inertia, a the rotor’s angular
acceleration and 7 the rotor’s experienced torque: 7 =1l.a
(see figure 12). For a given dataset, we select the data series
for which the overall clockwise and counterclockwise velo-
city was highest. A Savitzky-Golay filter (15 points, 3rd
order polynomial) is applied on the data series’ instantan-
eous velocity prior to deriving to get the acceleration. The
torque data series is then computed following the above men-
tioned relationship. In theory, after the stator resonance is
established, continuous stator-rotor contact produces constant
torque. However, in real conditions the stator-rotor contact
varies, leading to acceleration and deceleration within the
actuator’s resonant time period (1/70Hz). Consequently, to
estimate the actuator’s torque we used the average of the
rotor’s torque envelope (see supplementary figure 6). By using
PMMA plates of various weights, we measured the actuator’s
angular velocity w and torque 7 as a function of the nor-
mal force applied on the stator, as shown in figure 12. The
maximum rotation velocity and torque are obtained by aver-
aging the maximum clockwise and counterclockwise results
of all five series of phase difference sweep experiment, for
each of the different PMMA rotor. As expected, and exclud-
ing the heaviest load (m5), there is an inverse trend between
actuator’s torque and rotation velocity as the rotor mass
increases.

The mechanical power and efficiency can also be estim-
ated from the same data series using Py, = 7.w and for the
efficiency v = Pecn/Pin- Pin 18 the electrical power used by
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Figure 11. The average rotation velocity in rpm for various PMMA rotors as a function of the driving signals phase difference. The rotors
ml, m2, m3, m4 and m5 respectively weigh 7.51 g (2 mm thickness), 10.14 g (3 mm thickness), 12.17 g (4 mm thickness), 17.60 g (5 mm
thickness), 19.00 g (6 mm thickness). Error bars indicate a standard deviation, and the dashed grey line corresponds to the expected
sinusoidal rotation velocity for a given PMMA rotor measured maximum rotation velocity.

the actuator and calculated as follows P;, = fms /Reoii- The  and results from figure 12. Since input power is not var-
mean actuator mechanical power and efficiency are presen- ied, overall actuator efficiency is maximum at for medium
ted in figure 13. The results are in line with expectations loads.
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Figure 13. Actuator mean and standard deviation mechanical power
and efficiency as a function of the PMMA rotor mass.

4.3. Rotating a soft load

An inflatable rubber balloon was used as a demonstration
of the actuator capabilities. We used a balloon as they are
indisputably soft, can stretch to various diameters and can
be weighed down using different non-ferromagnetic fillers.
We inflated our balloon to reach a maximum diameter of
61 cm, and added 15.2 g of rice (total balloon mass: 17 g).
Adding rice was helpful to increase the balloon’s mass as
well as lower it is center of mass, thus ensuring the balloon
does not fly away and stays centered on the soft magnetic
composite stator. As can be seen in the SI movie, the bal-
loon rotation velocity averaged at 3.5 and 6.2 rpm respect-
ively for when using driving signals 90° and 270° out of
phase. The actuator performance with a balloon are compar-
able but superior to the performance reached with the m4
labeled PMMA rotor (see figure 11). This is likely due to the
increased stator/balloon contact surface and contact surface
friction.

10 cm
—

Figure 14. Actuator loaded with a balloon partially filled with rice.

5. Discussion

The work presented in this paper showed the ability of soft
magnetic composite materials to create traveling waves, thus
leading to rotational actuation. This approach has some lim-
itations as it requires the soft magnetic composite material
to be initially curved away from the stiffer electromagnetic
coils, yet also close enough to deform according to the mag-
netic fields. In-plane piezoelectric traveling wave actuators
also exist, and soft magnetic composite implementations could
be explored in the future. Indeed, in such a design the soft
magnetic composite would not move away from the electro-
magnetic coils but contract and expand in plane [23], thus
ensuring optimal exposure to the magnetic fields at all times.
Alternatively, curvature in the soft magnetic composite layer
could also be created by producing stronger repelling elec-
tromagnetic fields, either using asymmetric driving signals or
permanent magnets and composites. Piezoelectric traveling
wave actuators also usually employ a tooth-like” contact sur-
face between stator and rotor. Such a structure is as relevant
here as it is in traditional actuators and may improve our actu-
ator performance, but would rely on a different manufactur-
ing process when joining the separate soft magnetic compos-
ite sections. Future work may also address the flat electromag-
netic coil design as an optimized design would permit a reli-
able efficiency comparison between this design and other soft
actuators designs.
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6. Conclusion

In this work we generated traveling waves in a soft circu-
lar magnetic elastomer structure. We successfully used these
waves to spin a balloon and PMMA disks. The use of rigid
PMMA rotors allowed us to determine the actuator’s torque
and rotation velocity using loads of various masses. The
actuator attained a maximum average rotation velocity of to
49rpm (ml = 7.51 g) and a maximum average torque of to
2.6 mN-m (m4 = 17.6 g) (figure 12). The actuator also reached
a maximum average mechanical power of 0.8 mW using the
4 mm PMMA plate (m3 = 12.17 g) with an efficiency of about
0.17% (figure 13). Our soft actuator can be used to spin soft
objects, as we demonstrated by rotating a 17 g balloon at up to
6.2 rpm (figure 14).

Since our actuator’s torque transmission mechanism relies
on friction, it does not necessitate an additional rigid trans-
mission mechanism [4, 18, 19]. At equivalent rotation speed,
our actuator roughly provides ten times the torque with a dia-
meter four times smaller than the soft DEA actuator presen-
ted in [19]. Other presented actuators can feature significantly
higher rotation speeds [4, 6, 18], but also rely larger form
factor as well as rigid elements.

Our work proposes an innovative way to transmit torques
and rotations within soft structures. Core to this work was
the idea that continuous rotation in soft structures must adopt
friction-based actuation rather than try to mitigate it. This is
the first work successfully reporting the generation of travel-
ing waves in a soft bi-directional rotating actuator, as well as
the first use of soft magnetic composites to produce the trav-
eling waves.
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