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Enhancing the Performance of Soft Actuators with Magnetic

Patterns

Svenja Hermann,* Pauline Butaud,* Jean-Frangois Manceau,* Gaél Chevallier,*

and Christophe Espanet*

This study presents a concept for a straightforward method to enhance the
actuation performances of magneto-active elastomer membranes. The
concept is based on a characteristic magnetization pattern and offers a
solution to two major difficulties in the actuation of thin and mechanically soft
magnetic actuators: the localization of actuation forces and the
self-demagnetization. After the magnetization process, the membrane
presents two regions with an oppositely oriented out-of-plane magnetization.
The magnetized regions are separated by a transition zone which is called
magnetic pole transition. Experimental investigations reveal a high magnetic
flux density near the pole transition—even in the center of bidirectionally
magnetized membranes—whereas the magnetic flux density of a uniformly
magnetized membrane decreases toward the center. In additional
experiments, membranes with both magnetization patterns are actuated by
stiff permanent magnets. The resulting out-of-plane displacement of the
bidirectionally magnetized membrane exceeds the displacement of the
unidirectionally magnetized membrane by far. The investigations demonstrate
that this enhancement stems from the presence of the magnetic pole
transition. All experiments are reproduced using magnetic and
magneto-mechanical numerical models; a good accordance between the

years. The size of the devices decreases
and, as a result, the actuators’ size also
decreases. Furthermore, actuators be-
come multifunctional, i.e., capable of
self-monitoring their status and giving
feedback about it. In order to fulfill
the new tasks, an increasing number
of actuators contain so-called smart
materials—actuated directly by physi-
cal stimuli—as basic building blocks.
The use of magnetic stimuli stands
out for the actuation speed and the
possibility of untethered actuation. In
the context of integrated magnetic ac-
tuators, an intensively studied type of
smart material is the magneto-active
elastomer (MAE). The high number of
MAE-based concepts in the fields of
soft robotics!* and microfluidics,**!
for example, shows the interest of
the community in this material.

MAEs are composite materials con-
sisting of magnetic particles which are

results is achieved.

1. Introduction

With the increasing use of embedded devices and wearable hap-
tics in everyday life, soft actuators have received more and more
attention from the engineering community during the last few

embedded in an elastomer matrix. The
composite is particularly suitable for use
in soft actuators as it combines unusual
material properties: it reacts to magnetic
stimuli and has a low mechanical stiffness. Due to the low stiff-
ness, magnetically induced forces are of the same order of mag-
nitude as the elastic forces in MAEs enabling a deformation of an
MAE in magnetic fields. MAEs can be divided into two groups ac-
cording to their magnetic behavior. Magnetically soft S-MAEs!”]
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are magnetized only in the presence of an externally applied mag-
netic field. Magnetically hard H-MAEs®) are permanently mag-
netized even in the absence of an external magnetic field. Inter-
actions between an applied magnetic field and the particles gen-
erate mechanical loadings in the form of body forces and torques
in the MAE. The forces pull the composite in the direction of the
positive field gradient while the torques tend to align the magne-
tization with the direction of the external field.[*1%] In the absence
of the magnetically induced loading, the elastic forces elastomer
matrix restores the initial state of an MAE structure.

A magnetic actuation offers the possibility to obtain distributed
loading with varying directions and intensities throughout the
MAE. Several studies consider the control of the local magnetic
loading as a key factor for the development of advanced actu-
ation mechanisms and efficient miniature MAE actuators.!!"1!]
One strategy to achieve local loading is the use of the field gra-
dient that naturally occurs with increasing distance from perma-
nent magnets!!213] or electromagnets,!'*1°] for example. The local
control of an applied magnetic field, however, can involve com-
plex and space-consuming experimental setups.!'”] This is why
a large number of studies have recently focused on the design
of MAE structures or on programming them('® to achieve a dis-
tributed load.

Another strategy to achieve local loading is based on mag-
netic torques for the actuation. In S-MAEs, torques are generated
when the distribution of the magnetic particles—and, thus, the
magnetic properties—is anisotropic, as, for example, in a trans-
versely isotropic microstructure. When the particles are aligned
in chains(!1% or filaments of magnetic composites with different
orientations!?’ are comprised in the S-MAE, the preferred direc-
tion of magnetization is along the chains of filaments. Magnetic
torques occur when this direction is not aligned with the direc-
tion of the applied magnetic field. A deformation of correspond-
ing S-MAEs can be achieved by uniform magnetic fields which
is unfeasible for S-MAE with randomly dispersed particles.[?}2?]

In H-MAE, a non-uniform magnetization (magnetization pat-
tern) can be used to generate magnetic torques for the actuation.
Magnetization patterns can be obtained, for example, by expos-
ing an MAE to a unidirectional, strong magnetic field while it
is maintained in a deformed shape.[?>?! After the magnetiza-
tion, the specimen recovers its initial shape by elastic forces and
shows multiple directions of magnetization. When immersed
into a unidirectional magnetic field, the specimen deforms such
that it resembles the deformed configuration due to the mag-
netic torques. It is also possible to align the direction of mag-
netization of pre-magnetized particles during 3D printing pro-
cesses with external fields.[?*?”] Printing the magnetization pat-
terns, however, reduces the permanent magnetization by ~35%
compared to a magnetization after polymerization.l**) Magnetic
patterns can also be generated by the external magnetic field dur-
ing the magnetization.[28]

H-MAEs with magnetization patterns have been used
to demonstrate shape memory effects in uniform external
fields(2*2%] and to achieve different types of movement of soft
robots.[?#?’l The actuation of the aforementioned structures,
however, requires only weak actuation forces as the structures
were able to move almost freely. Mechanically constrained actu-
ators like membranes, are mainly actuated at the center while
the outer contour is fastened, require higher actuation forces.
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In order to generate high actuation forces at the center of the
membrane, rigid permanent magnets can be embedded in sili-
cone matrices. Compared to this approach, H-MAEs can achieve
higher displacements with less stress concentration.[2%30]

This study is a proof-of-concept study introducing a method
to enhance the magnetic actuation capacity of H-MAE mem-
branes. The concept relies on a magnetization pattern that re-
duces the self-demagnetization of the membrane and localizes
the magneto-mechanical loading. To prove the concept, we com-
pare an H-MAE membrane with the enhanced magnetization
pattern to a membrane with a commonly used unidirectional
magnetization. In the first step, the leakage flux density field of
the two types of magnetized membranes is analyzed based on
experimental measurements and numerical simulations. The re-
sults demonstrate the influence of the magnetic pattern on the
self-demagnetization of the membrane in the air. To the best of
our knowledge, this effect has not been considered in studies on
thin H-MAE structures until now, even though it is an important
factor for the actuation capacity. In the second step, the differently
magnetized membranes are actuated with permanent magnets
and the experiments are reproduced numerically. A comparison
of the membranes’ displacements highlights the advantage of a
non-uniform magnetization for the actuation of H-MAE mem-
branes.

2. Results and Discussion

2.1. Design of H-MAE Membranes with Magnetic Pattern

In order to demonstrate the force localization experimentally, two
MAE membranes are prepared. NdFeB particles are mixed with
a viscous silicone matrix such that a volume fraction of 36.2%
is reached. A composite sheet of A4 size with a thickness of
1.5 mm is realized through molding and two membranes with a
diameter of 24 mm are cut out using a circular die. SEM images
show that the particles are randomly dispersed in the MAE and
the quasi-static elastic modulus of the material is approximately
6 MPa. The magneto-active elastomer has a remanent flux den-
sity (B,) of 300 mT. The coercive force H, is comparatively high
(940 kA m™') which means that the materials is difficult to de-
magnetize. More information about the raw materials and the
synthesis of the MAE can be obtained in the Experimental Sec-
tion of this study and Section S1 (Supporting Information).

The magnetic pattern presented in this study consists of two
anti-parallel out-of-plane directions of magnetization as shown
in Figure 2a. A transition zone with a width of 1 mm, called mag-
netic pole transition in the following, separates the two magne-
tized zones. In order to generate the magnetic pattern, a magneti-
zation tool developed by the company Moving Magnet Technolo-
gies has been used. It generates a strong magnetic field which
saturates the NdFeB particles in the membrane, and once the ex-
ternal field is switched off the particles remain magnetized due
to their high coercive force. The magnetization device directs the
magnetic field in two opposite directions in two neighboring re-
gions (cf. Supporting Information) and thus generates the bidi-
rectional pattern. A similar bidirectional magnetization can be
achieved by placing a folded membrane in a unidirectional mag-
netic field (cf. ref. [31] for examples of folded MAE structures).
The advantage of the magnetization tool is the constant width of
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Figure 1. lllustration of the magnetization patterns. Top view on magnetic paper fixated onto the magnetized membrane (left) and perspective view
of the membrane (right). The magnetization vector +Me; is represented in purple and the conceptual magnetic poles are highlighted in red and blue
respectively for the membranes with a) bidirectional and b) unidirectional magnetization.

the pole transition; the transition zone is slightly larger at the out-
side of the folded membrane than at the inside. We compare the
membrane with bidirectional magnetization to a membrane with
a commonly studied unidirectional magnetization (cf. Figure 2b).
During the magnetization, this membrane is exposed to a strong
unidirectional magnetic field in a coil.

The magnetization of the MAEs is verified prior to the exper-
iments with the help of a magnetic paper that is placed on top
of the membranes. The paper allows to visualize the intensity of
the magnetic flux density (B) generated by the membrane: the
lighter the color the higher the intensity. Figure 1a,b shows that
the intensity of B is high near the outer edge of both, the uni-
directionally and the bidirectionally magnetized membrane re-
spectively. In addition, a high flux density is also observed in the
region of the pole transition of the bidirectionally magnetized
membrane Figure 1b. The reason for the uneven distribution is
the demagnetization field inside the membrane that reduces its
capacity to generate magnetic fields in regions where the mag-
netic flux cannot form closed loop easily (Supporting Informa-
tion). The magnetic paper shows that the pole transition allows
the membrane to concentrate the magnetic flux in regions of the
membrane other than its outer edges.

2.2. Magnetic Flux Density Distribution

To analyze the magnetic flux density emitted by the differently
magnetized membranes, the magnetic flux density is measured
with a Hall sensor. The sensor is displaced at a distance of 1.4
mm above the membranes and in a measurement plane of 30 x
30 mm in steps of 1 mm (Figure 2a). A description of the ex-
perimental setup used for this purpose can be found in the
Experimental Section of this study and Section S2 (Supporting
Information).

The experimental results of the flux density component per-
pendicular to the membrane surface (B;) in the measurement
area are presented in Figure 2c. The measurement results con-
firm the results obtained with the magnetic paper. The flux den-
sity is highest near the edges of both membranes and around
the pole transition of the bidirectionally magnetized membrane.
The reason is the self-demagnetization (cf. ref. [32] for example)
which is stronger in the centers of uniformly magnetized regions
than near the outer edges. In addition, the use of the Hall sensor
allows to quantify the intensity and determine the orientation of
the magnetic flux density component B;.

For the unidirectionally magnetized membrane, the magnetic
flux density is distributed axisymmetrically due to the uniform
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magnetization and the geometry of the membrane: starting from
the center of the membrane, B, increases with the radius toward
the outer edge. On the contrary, the flux density in the center
of the bidirectionally magnetized membrane is determined by
the magnetic pole transition. The intensity of the flux density
is lowest in the center of each of the two magnetized regions
and increases the closer one gets toward the edges. The highest
flux density is measured in the regions where the pole transition
meets the edge of the membrane.

Concerning the orientation of Bj, the inversion of the latter
near the outer bounds and the pole transition is clearly visible
for both membranes. An illustration of the orientation is given by
the dots in Figure 2d. They represent the values of B, obtained
in the direction ¢, for a fixed x,, indicated by the same dots in
Figure 2c. Compared to the unidirectionally magnetized mem-
brane, the pole transition allows to achieve a higher intensity of
B,. Furthermore, the flux density is slightly higher near the pole
transition than near the outer edge of the bidirectionally magne-
tized membrane. Another characteristic is the high field gradient
near the pole transition, where the direction of the magnetic flux
is inverted over a short distance.

The experimental results are confirmed by a numerical bound-
ary element (BE) model as shown in Figure 2d. The membrane
has been modeled in the “Magnetic Fields No Currents” module
of Comsol Multiphysics. A linear magnetic material model with
the parameters described earlier in the article has been used. The
bidirectionally magnetized membrane was separated into two in-
versely magnetized parts and a non-magnetized part for the pole
transition. For the evaluation, the out-of-plane component of the
magnetic flux density was calculated at the same distance and
with the same discretization as in the experiment. The results
show that the magnetic behavior of the membranes is well ap-
proximated with the chosen modeling assumptions. More infor-
mation about the experimental setup can be found in the Ex-
perimental Section of the present study and in the Supporting
Information.

In common membrane actuators, the membrane is fixed on
the outer boundary and the central region is actuated. In this
case, a bidirectional magnetization profile is advantageous for
the actuation for several reasons. The central region shows a
high intensity and a high gradient of the flux density which is
favorable for a magnetic loading. Furthermore, the demagnetiza-
tion field in the membrane center can be reduced by a magnetic
pole transition as the magnetic flux can form closed loops easily
around the transitions. The self-demagnetization gets stronger
with the aspect ratio of the membrane, thin membranes, there-
fore, demagnetize easily in non-magnetic environments. Pole
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Figure 2. Evaluation of the magnetic flux density generated by the magnetized membranes. a) Schematic illustration of the experimental setup used
to measure the out-of-plane component of the magnetic flux density B; = Bes (left) and scanning the area of the Hall sensor in the top view (center)
and side view (right). b) Illustration of the magnetic flux density generated by the magnetized membranes with unidirectional (top) and bidirectional
(bottom) magnetization. c) Measurement results of the magnetic flux density in the e; direction obtained in the e; — e, plane for the membranes with
unidirectional (top) and bidirectional (bottom) magnetization. d) Comparison of the magnetic flux density in the e; direction obtained from simulations
and experimental tests at the locations marked with black dots in (c) for a unidirectional (top) and bidirectional (bottom) magnetization pattern.

transitions will allow to manufacture thin membranes with
regions that stay magnetized in non-magnetic environments.
The manufacturing of MAEs with multiple magnetic poles is,
therefore, a relatively easy means to advance the miniaturization
of magnetized MAE membranes.

2.3. Magneto-Mechanical Actuation

To compare their actuation capacities, both membranes are actu-
ated with permanent magnets. During the experiments, the outer
region of a membrane is fixed while a central region with a radius
of 20 mm is left free to deform. This configuration represents
common boundary conditions for a membrane actuator. Two me-
chanically stiff permanent magnets with a diameter of 25 mm
and a thickness of 1 mm are used for the actuation. The perma-

Adv. Mater. Technol. 2024, 2302142 2302142 (4 of 8)

nent magnets have a residual flux density of 1.3 T; they were mag-
netized in a similar way to the membranes: unidirectionally and
bidirectionally (cf. Section S3, Supporting Information).

Figure 3a depicts the actuation and the displacement mea-
surement. In the setup, a magnet is positioned under the
membrane so that the regions with opposing magnetization
face each other to achieve repulsive interactions. It can be
moved with respect to the membrane in two orthogonal in-plane
directions and its distance toward the membrane can be varied
in the third orthogonal direction. The setup allows a minimum
air gap of 1.4 mm between magnets and membranes. At this
distance, the magnet can generate a maximum flux density of
150 mT (out-of-plane direction) in the air. When the membrane
is deformed by the interactions with the magnet, a surface scan
with a numerical microscope allows to capture the deformed
configuration from the top. The transverse displacement of

© 2024 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 3. Evaluation of the membrane displacement generated by magnetic interactions between the magnetized membranes and stiff permanent
magnets. a) Schematic representation of the measurement setup used to measure the out-of-plane component of the membrane displacement u; =
ues. b) Measurement results for u; (bottom) obtained for the membrane with unidirectional (left) and bidirectional (right) magnetization patterns
respectively. The corresponding magnetization patterns are illustrated above the measurement results.

the membrane (u;) is calculated from the difference of the
surface scans in the deformed and the initial states of the
membrane. More information about the experimental setup and
the post-processing of the data to obtain u, can be found in the
Experimental Section of this study and Section S3 (Supporting
Information).

In the first test, the axis of the magnet and the membrane were
aligned and the air gap was set to the minimum. The membrane
displacement was measured on the entire surface and the results
are shown in Figure 3b. The displacements of the bidirectionally
magnetized membrane exceed the displacement of the unidirec-
tionally magnetized membrane by a large extend. The test results
for the membrane with bidirectional magnetization indicate that
the actuation takes place mainly around the magnetic pole transi-
tion. The displacement is symmetrically identical with respect to
the transition zone (central dashed lines in Figure 3b), and also
perpendicular to this direction.

a)

The deformed shape of the membranes is confirmed with nu-
merical finite element (FE) models implemented in Comsol Mul-
tiphysics. In the following, we refer to the model of the bidirec-
tionally magnetized membrane. The magnet and the membrane
are modeled with symmetry boundary conditions that allow to
represent only half of the geometries. The additional boundary
conditions correspond to the experimental configuration. The
magnetic and the mechanical governing equations are assumed
linear. The magneto-mechanical coupling is established on the
surface of the membrane by the help of the Maxwell stress ten-
sor (cf. Section S4, Supporting Information). Figure 4 shows dis-
placement field #1;, normalized with respect to the maximum am-
plitude, which was obtained for the bidirectionally magnetized
membrane. The localization of the displacement in proximity of
the pole transition is clearly visible.

To confirm the role of the transition zone in the actuation
capacities of the bidirectionally magnetized membrane, the

[-]

G,
0.8
0.6
0.4
©2 02
T—) e; 0.0

b)

Figure 4. Normalized out-of-plane displacement field 43 = u; /max(u;) of the bidirectionally magnetized membrane obtained from a numerical simula-
tion with a FE model. a) FE model of the membrane and the stiff permanent magnet (sectional view) where {i; is highlighted in color and the membrane
is shown in the deformed state; the pink line illustrates the locations on which the out-of-plane displacement is qualitatively evaluated (cf. Figure 5).
b) Top view on the normalized displacement field at the membrane top surface.
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Figure 5. Comparison of the membrane’s out-of-plane displacement u; obtained from experiments and numerical simulations for the bidirectional
magnetization pattern. The actuation magnet was misaligned in different spatial directions with respect to the membrane for the tests: misalignment
of the magnetic pole transitions in a) negative e, direction and b) positive e; direction, c) misalignment in positive e, direction—the magnetic pole
transitions of magnet and membrane keep facing each other—and d) misalignment in positive e; direction corresponding to an increase in the air gap.

magnet was moved in two in-plane directions with respect to
the membrane. For this test, the displacement measurement
was performed in a reduced area of + 0.5mm around x, = 0 in
the direction e, (cf. Section S3, Supporting Information). The
magnet was moved along the axis perpendicular to the pole
transition in two directions at first. Figure 5a,b show that the
membrane displacement decreases significantly with a misalign-
ment of the pole transitions. Furthermore, the displacements
become non-symmetric as the magnetic configuration is no
longer symmetric due to the misalignment.

On the contrary, similar variations of the magnet position in
the direction of the pole transition have no influence on the defor-
mation of the membrane as shown in Figure 5c. This conclusion
is limited to the position interval of the tests since a further dis-
placement of the magnet would ultimately lead to configurations
in which the magnet is no longer facing the membrane. When
the distance between the magnet and the membrane increases,
the magnetic actuation fields decrease and the deformation de-
creases as a consequence. This effect is shown in a test with an
increasing air gap (Figure 5d).

The experimental tests show that the forces are concentrated
around the region near the pole transition. The results are con-
firmed by numerical simulations of the experiment as shown in
Figure 5a—d. Using the previously described numerical imple-
mentation, the magnet was positioned similarly to the experi-
mental configuration and the results were obtained on the edge
represented by the pink line in Figure 4a.

Using the elastic properties of the H-MAE allows a precise pre-
diction of the displacements for small air gaps and symmetric ar-
rangements of membrane and magnet. The simulations become
less precise for configurations where the local magnetic quanti-
ties are more difficult to determine, i.e., a strong misalignment of
the pole transitions and big air gaps. The role of the pole transi-
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tion in the actuation mechanism of the membrane is hence con-
firmed experimentally and by numerical simulations.

Force localization offers two main advantages. From a mag-
netic point of view, the self-demagnetization of magnetized H-
MAE is reduced near the pole transition, therefore even struc-
tures with a high aspect ratio remain magnetized. Additionally,
the pole transition generates a strong local field gradient which
offers the possibility to localize the magneto-mechanical loading,
a characteristic which is increasingly sought in the field of soft
magnetic actuators.

Results on MAE membrane actuation can be found in the lit-
erature, however, they are difficult to compare because important
actuation parameters—Ilisted in the following—are often very dif-
ferent among the various studies:

1. Raw material parameters: particle type (magnetically hard or
soft) and elastomer stiffness

2. Structural parameters: particle content (trade-off between
membrane stiffness and response to magnetic stimuli), parti-
cle distribution (isotropic or anisotropic), membrane geome-
try (i.e., bending stiffness), and mechanical boundary condi-
tions

3. Magnetic parameters: actuation mean (magnet or coil), mag-
netic field intensity, magnetic field distribution (e.g., flux
guidance by a magnetic circuit), and the size of the air gap

Table 1 shows a summary of different studies on MAE mem-
brane actuators. The mere comparison of the out-of-plane dis-
placement u, does not take into account the fact that the MAEs
have different elastic moduli and geometries, i.e., different bend-
ing stiffnesses, different particle contents and different magnetic
parameters. These examples illustrate the difficulties of a com-
parison of different study cases. In order to make a meaningful
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Table 1. Comparison of membrane actuation results obtained in the present study and from the literature. u; — out-of-plane displacement, A— membrane
surface, t — membrane thickness, E, — elastic modulus of elastomer matrix, E;4¢ — elastic modulus of MAE composite.

Reference Uz [mm] At ~'[mm] E, [MPa] Envae [MPa] particles vol[%] mass|[%)] air gap [mm]
Present study 0.6 301.9 1.4 3] 6.84 [33] NdFeB 36.2 80 1.4
129 0.009 215.6 0.75 - NdFeB 6 - 3.0
134] 12) 143.6 - 0.55-0.85 NdFeB - 75-85 1.0
[35] 0.253 8.0 1.0 - Fe,0, 125 - N/A
136] 3 1413.7 0.0013 - 0.035 [5] - “Iron” - 20 7.0

% ho indication about particle content for this result.

comparison between different cases, it is necessary to compare
them under the same conditions. Regarding the present study,
we can state that a bidirectional magnetization will greatly im-
prove the actuation capacity of an H-MAE membrane.

3. Conclusion

In the present study, we introduce and prove a concept that en-
hances the magnetic properties and improves the actuation ca-
pacity of thin H-MAE membranes. The basis of the enhanced
membrane’s properties is the magnetization pattern consisting
of three regions: two large regions which are inversely mag-
netized in the out-of-plane direction and a narrow region—the
magnetic pole transition—separating the magnetized regions. Ex-
perimental investigations show that the magnitude of the mag-
netic flux density is almost doubled in the central region of the
membrane compared to a commonly used unidirectional mag-
netization. The pattern reduces the self-demagnetization of the
MAE membrane and, thus, enhances the capability of the mem-
brane to respond to magnetic stimuli. Furthermore, the actuation
capacity in the central region of the membrane is strongly in-
creased, as experimental tests and numerical simulations show.
The deformation of a membrane with a bidirectional magnetiza-
tion pattern exceeds the displacement of a unidirectionally mag-
netized membrane to a large extent. We show that the improved
actuation performance is due to the localization of the actuation
forces around the magnetic pole transition.

In conclusion, this study demonstrates the potential magnetic
patterns to localize the magnetic forces where they are needed
for the actuation of a MAE membrane. Being able to place the
pole transitions at locations where the actuation forces are re-
quired makes the membrane actuator more efficient and offers
more freedom in the actuator design. Furthermore, the same
base MAE material can be used for different actuator designs by
simply changing the magnetization pattern to adapt the actua-
tion conditions. In addition, the pattern enables H-MAEs with a
high aspect ratio to stay magnetized which is an important as-
pect for the miniaturization of membrane actuators. The pre-
sented magnetization patterns can be reproduced without diffi-
culty since the flexibility of the membrane allows the magnetiza-
tion in a deformed configuration. We also show that the magnetic
and magneto-mechanical the behavior of the MAE membrane
can be reproduced with numerical models. Using the models
will accelerate a further optimization of the actuation since dif-
ferent raw materials and geometries as well as specific actuation
scenarios can be assessed in parametric studies with little effort.
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The development of patterns are similar to the ones presented
in this study and, therefore, likely to advance the development of
H-MAE actuators in the fields of microfluidics or soft robotics,
for example.

4. Experimental Section

Raw Materials and Magnets: The H-MAE of this study was composed
of a magnetically hard powder and a silicone matrix. The matrix consists
of the elastomer MED-4014 was provided by NuSil. It was a two-part sil-
icone that cured with heat via platin-catalyzed addition-cure chemistry.
The ratio of the mixture of the two parts, A and B, was 1:1. In the un-
cured state, the consistency of the two parts could be compared to mod-
eling clay. The cured silicone had a specific gravity of 1.08 (ASTM D792), a
shore hardness of 15 (Durometer type A, ASTM D2240) and was transpar-
ent. The magnetic powder MQFP-14-12 consisted of NdFeB particles and
was provided by Magnequench in a non-magnetized state. The average
PSD50 value of the powder lies was 5.5 pm which means that the diame-
ter of 50% of the particles was inferior or equal to this value. The powder
was obtained by jet milling and the shape of the particles was irregular.
The particles were magnetically isotropic, the residual flux density of the
material measured 805 + 20 mT and the internal coercive field strength
H, measured 965 + 55 kA m~'. The mass density of the material was
7620 kg m~'. Details about the elaboration process of the H-MAE can
be found in ref. [33]. The magnets, used in this study, were made from
the magnetically hard material BMN-42SH. Specimens with a diameter of
25 mm were cut out from sheets with a thickness of 1 mm by electroero-
sion. The magnets were magnetically anisotropic and their residual flux
density in the out-of-plane direction measured 1.3 T.

Magnetic Measurements: The test bench that was used for the mea-
surement of the magnetic flux density was developed by the company
MMT (cf. Section S3, Supporting Information). It consisted of a support
part for the placement of the specimens and a triaxial magnetic Hall probe
provided by the company Senis AG. The relative position of the probe and
a specimen could be varied in three orthogonal directions. The probe was
positioned by two-step motors, arranged in orthogonal directions, and the
specimen was positioned by a third-step motor in the remaining spatial di-
rection. In the present study, the sensing element had a distance of 1.2 mm
toward the specimen surface during the measurements. The air gap was
composed of the distance of the sensing element toward the surface of
the sensor housing (1.0 mm, Z-axis of the probe) and the air gap between
the housing and specimen surface (0.2 mm).

Magneto-Mechanical Measurements:  The test bench used for the anal-
ysis of the membrane displacement consisted of two parts: the first part
allows to vary the relative position of the rigid magnet with respect to the
membrane in a magnetically neutral environment. The second part con-
sisted of an optical measurement system, that recorded the out—of—plane
displacement of the membrane, caused by magneto-mechanical interac-
tions with the magnet. The membrane was fixed on an aluminum plate,
which was supported by two pillars, made of acrylic glass. The aluminum
plate had a circular opening with a diameter of 20 mm in the middle. This
was the region, where the membrane was left free to deform. It was fixed
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in the outer region (for d > 20 mm) to the aluminum plate with the ad-
hesive Super Glue-3 from Loctite. The pole transition of specimens with
bidirectional magnetization was aligned with the e, — direction of the ex-
perimental setup. All specimens were positioned on separate aluminum
plates with a thickness of 1.2 mm.

The magnet was fixed on a supporting positioning part by the adhe-
sive Super Glue-3. The position of the magnet was adjusted by the three
connected micro-translation stages, type M-105 from Physik Instrumente
(P1), each having a linear travel range of 18 mm and a minimum gradua-
tion step of 0.01 mm.

For the observation of the membrane displacement in the out-of-plane
direction, a numerical microscope from Bruker alicona was used. The mi-
croscope was able to determine the absolute 3D coordinates of points on
a surface that itself was displaced in the working area. To scan the surface
of an object, the latter was moved in the orthogonal directions e, and e,
by two linear stages while the microscope lens was displaced in the per-
pendicular e; — direction. To prevent a movement of the membrane with
respect to the linear tables, the base plate of the mechanical part of the
experimental setup was fixed to the upper linear tables with the help of
screws. The enlarger lens with a magnification of 5x of the numerical mi-
croscope was used, a measurement resolution of 15 um was chosen for
the directions e; and e, and a resolution of 10 um in the direction e;. The
lighting properties specified for the optical measurement were the bright-
ness and the contrast which were set to 127us and 0.51 in the software,
respectively. Furthermore, a polarization filter has been used to improve
the lighting of the relative mat MAE surface.

During this experiment, two types of measurements were performed.
For a first time, a scan of the entire surface was carried out, but only once
for each specimen due to the acquisition time (2 h) and the size of the
output files. In subsequent analysis, only a part of the surface was scanned.
A reduced scan was conducted in a volume including the full diameter of
the membrane in direction e, and a range of + 2 mm in the direction e,.
More details about the experimental setup and the data processing can be
found in Section S3 (Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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