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Microstructured Magnetoelastic Membrane for Magnetic
Bioactuators and Soft Artificial Muscles Applications

Svetlana Ponomareva, Marie Carriere, Yanxia Hou, Robert Morel, Bernard Dieny,
and Hélène Joisten*

1. Introduction

Actuable polymer materials,[1,2] widely
investigated over the past two decades,
attract an ever-growing interest in the field
of robotics and biomechanics, both at mac-
roscopic and microscopic levels. Their abil-
ity to deform and transmit physical forces
to surrounding media enables the develop-
ment of bioinspired systems,[3] such as arti-
ficial muscles.[4,5] In addition to the most
commonly used driving mechanisms[6–8]

which include electroactive, ionic, pho-
tonic, pneumatic, and shape-memory actu-
ation, magnetically actuated polymer
composites have emerged.[9,10] Their
advantages lie in the potentially long range
and efficient remote actuation, high stability,
and low power consumption. In particular,
polydimethylsiloxane (PDMS) comprising
micro-/nanomagnets,[11] for example, in the

form of membrane,[12,13] has recently opened the way to artificial
muscle applications at macroscale[14] and soft microrobotics.[15,16]

In addition, such actuable materials enable the development
of bioreactors/bioactuators.[17] Those can be used to generate
physical forces on biological cells and tissues, aimed at stimulat-
ing cellular functions.[18,19] The importance of mechanical phe-
nomena at the cell level in biology has been underlined by crucial
findings, such as the receptors for touch enlightened by the 2021
Nobel Prize in medicine.[20] Moreover, targeted mechano-
stimulation has been explored over the past decade for potential
cancer treatments,[21,22] using in particular magnetically actuated
microdisks to destroy cancer cells,[23,24] as originally published
by Kim et al.[25] The properties of these magnetically actuated
microdisks make them particularly interesting to complement
the available micromechanical tools[26] and magnetic
metamaterials.[27–29]

In a recent study, we reported the development of a prototype
magnetoelastic membrane (MEM) composed of a PDMS/gold
bilayer (5 μm/100 nm thick) magnetically actuated thanks to
embedded magnetic microdisks of permalloy (Ni20Fe80 alloy),
1.25 μm thick, placed in a regular array. This membrane acts
as a flexible diffraction grating and its deformation under mag-
netic field has been optically characterized and modeled.[30]

However, due to the high stiffness of this membrane (resulting
from the gold Young’s modulus of 80 GPa) and to its fragility,
applications in biophysics, fluidics, and biomimicry were
limited.
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In the growing field of mechanobiology, artificial mechano-reactive systems play
an essential role in the generation of mechanical forces and control of material
deformations. Free-standing magnetic nanoparticles have been studied for the
mechanical stimulation of living cells. Magnetic composite materials are also
used to mimic muscles at macroscale. In this study, a new magnetically actuated
membrane is focused, which can be used for various applications in soft robotics
or as a bioreactor. It consists of a fewmicrons thick polydimethylsiloxane (PDMS)
membrane in which an array of magnetic microdisks is embedded. These
membranes have a large tuneable flexibility, and they are transparent, bio-
compatible, and waterproof. They are usable in biology and optics, both
potentially combined. The membrane deformations under magnetic field have
been experimentally characterized and modeled. By growing pancreatic cells on
such membranes, it has been demonstrated that insulin production from the cells
can be enhanced thanks to the mechanical stimulation of the cells provided by
the actuated membrane.
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Herein, we present a new magnetically reactive PDMS-based
membrane, which overcomes these limitations, while maintain-
ing the possibility of optically monitoring its deformation via its
diffraction patterns. Consisting of a 5 μm thick PDMS layer with-
out gold coating and embedding an array of micron-size permal-
loy disks, the membrane is transparent. Its elasticity is increased
by 4–5 orders of magnitude compared with the previous one
coated with Au. This elasticity can be tuned by playing with
the density and length of the polymer molecules, and with the
structure of the cross-linked polymer networks, resulting in a
wide range of possible elastic modulus of PDMS,[31] for instance,
460, 830, or 1720 kPa.[32,33] The enhanced mechanical deform-
ability enables larger deformation at weaker fields or with thinner
embedded magnetic microdisks. With its new properties of
transparency, biocompatibility, and waterproofness, this MEM
can be used for biomimicry. In an initial experiment, we showed
that the vibration of such a membrane, triggered via a rotating
magnetic field of a few tens of Hz, efficiently induced insulin
secretion from live pancreatic cells grown on the membrane sur-
face (Ponomareva et al.).[34]

We show here that such membrane can be used as a soft
“artificial muscle”, where the membrane changes between its
“contracted” or “resting” state, and an “extended” configuration
characterized by a larger surface and thus a slightly reduced
thickness. The deformations of these membranes are reversible
and repeatable provided the system remains in the elastic
regime,[35] as required for an artificial muscle.[36] We focus in
particular on the deformability of the membrane and on the mag-
netic forces and pressure potentially transferred to environment.

In the first part, we present the mechanical and magnetic
properties of the membrane separately, elasticity and driving
magnetic forces being independently tunable. We report then
on the characterization of the magnetic actuation of the mem-
brane by optical means. The experimental results are fitted with
by a combination of an analytical magnetomechanical model and
an optical one. The models enable to predict the performance of
similar magnetic actuators with different elasticity and dimen-
sion parameters, for potential applications in biomimicry and
bioactuation.

2. Results and Discussion

2.1. Magnetically Actuable MEM

The MEM consists of a 5 μm thick PDMS film with centimeter-
scale diameter, tunable composition (blend of two PDMS types
leading to various flexibilities, as studied by Palchesko et al.),[31]

embedding a regular array of permalloy microdisks, 60 nm in
thickness, 1.3 μm in diameter, and a pitch of 3 μm (Figure 1).
The plan of the disks is parallel to the membrane surface.
The flexibility of the membrane, described by the modulus of
elasticity (i.e., Young’s modulus E), depends here essentially
on the composition of the PDMS, given the absence of additional
continuous metallic layer. The edge-to-edge spacing between the
embedded microdisks is considered as sufficiently large to
neglect their contribution to the film elasticity.[30] The membrane
composition and elastic properties are presented and discussed

later in Section 2.1 and 2.2. Details on the fabrication process and
mechanical models are given in Section 4.1–4.3.

In a spatially nonuniform magnetic field, the embedded mag-
netic disks are subjected to magnetic forces generated by the field
and its gradient. They are thus attracted toward areas of higher
magnetic field. Hence, if the MEM is maintained by its edges on
a hollow ring support and suspended in the air or in a liquid, it
deforms from a planar state in zero field to a concave shape when
the external nonhomogeneous magnetic field is applied. The
magnetic field sources in our experimental setup are commercial
neodymium–iron–boron (NdFeB) magnets.[37] These permanent
magnets are parallelepipeds of dimensions 2a� 2b� h (along
the X-, Y-, and Z-axes), with a magnetization MMAG parallel to
the Z-axis. The magnetizations will be expressed here either
by M in units of Am�1 or by μ0M in teslas (T), where μ0 is
the vacuum permeability given by μ0= 4π� 10�7 TmA�1. The
Z components of the emitted magnetic field and the field gradi-
ent (BZ and dBZ/dZ ) generate attractive magnetic forces (FZ) on
themicrodisks. In this configuration, the membrane is deformed
mainly along the Z direction, toward the magnet, as sketched in
Figure 1a (not to scale). Figure 1b1 shows the NdFeB magnet of
macroscopic dimensions, magnetized in-plane (IP), parallel to a
long edge. The magnetic field BZ, generated on the particles,
depends in particular on the magnet dimensions, shape, and ori-
entation. For biological applications, the membrane can also con-
stitute the bottom of a container filled with a fluid.[34] In this case,
the deformation of the membrane results both from the mag-
netic field and from the fluid weight (hydrostatic pressure).
The array of permalloy microdisks was prepared by deep ultravi-
olet (DUV) photolithography. The magnetic material was depos-
ited by evaporation. This technique does not allow to deposit
magnetic layers as thick as by electrodeposition but was appro-
priate for the range of thickness that we used (60–80 nm) and
avoids the additional metal layer required for electrodeposition
which would decrease the membrane flexibility. We show here
that despite the small thickness (nanoscale range) of our evapo-
rated magnetic disks, the resulting magnetic forces can activate
very effectively the membrane, thanks to its high flexibility.

The main steps of the fabrication process are summarized in
Figure 1d, with details given later and in Section 4.1 (PDMS) and
4.4 (magnetic particles). The top–down fabrication process based
on the double resist (ma-N 2400 negative tone photoresist series
(MAN)/poly(methyl methacrylate (PMMA)) previously developed
in our cancer cells destruction studies,[23] leads to an array of per-
malloy microdisks patterned on the sacrificial PMMA resist layer.
In the previous studies, magnetic disks, at this point, were
released into fluidic solutions by dissolving the PMMA sacrificial
layer.[23] In contrast, here the magnetic particles are kept in array
on the PMMA resist, coated with PDMS. Thus, the PDMS layer,
deposited on the PMMA resist by a spin-coating method, incor-
porates the magnetic disks array (Figure 1d5). After dissolution
of the PMMA layer in acetone, a well-controlled uniform PDMS
film of nominal thickness of 5 μm, with embedded magnetic
disks at its bottom plane is obtained (Figure 1d6). At the end
of the process, membranes with centimeter-range diameters
are floating in acetone and can be collected and transferred to
various types of hollow supports.

One may note at this point that the silicon wafers, used here as
usual clean room substrates, could advantageously be replaced by
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glass wafers, given the environmental impact related to the pro-
duction of silicon and its transformation into wafers.[38]

Our MEMs were bonded at the end of PMMA hollow tubes,
using PDMS as glue, held by the circular edge over a hole of
14mm diameter, as shown in Figure 1c1. In this image, the small
bonding defect on the left reveals the PDMS film boundary,
highlighting its transparency and reflectivity. Three types of mem-
branes have been fabricated (Figure 1c): PDMS membranes with
and without magnetic particles and the previously studied gold-
colored PDMS/Au bilayer. The two first ones are optically trans-
parent and quasi-indistinguishable by the naked eyes (Figure 1c1
and c2), whereas the third one is opaque (Figure 1c3).[30]

Despite the new PDMS-based MEMs are highly transparent to
the visible light, they remain reflective and diffractive, as shown
further in the section related to optical characterization.

Once released from the substrate at the end of the process and
attached to the hollow support, the PDMS-composite membrane
embedding the magnetic disks array becomes remotely actuable.
The quantification of the deformability, the involved forces, and
the optical response through diffraction patterns, are presented
in the next sections. We focus on the membrane actuation in a

quasi-static regime, without testing its dynamic response versus
frequency.

2.2. Mechanical Properties, Limit of Elasticity Regime

An advantage of PDMS is to offer a large range of elastic
moduli depending on its composition, and therefore a wide
range of robustness and flexibility of the membrane. The
mechanical responses of the membranes were first studied on
PDMS films without embedded magnetic microdisks, that is,
on passive membranes. The disks array contribution to the
membrane elasticity is considered negligible, as mentioned
previously.

Our PDMS-based membranes were strong and waterproof
enough to form the bottom of containers holding aqueous sol-
utions such as water or cell culture medium.[34] As non-treated
PDMS exhibits hydrophobic properties, a surface treatment by
O2 plasma was applied to render its surface hydrophilic.[39]

The PDMS membranes mechanical properties were character-
ized under hydrostatic pressure, as shown in Figure 2. Using
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Figure 1. MEM: microstructure, actuation principle, and fabrication method. a) Sketch of the PDMS membrane with the embedded array of NiFe micro-
disks, bonded on a hollow support, magnetically actuated by an NdFeB magnet. b) Images of the magnetic components: b1) NdFeB magnet[37] of
dimension (5mm� 20mm)� 20mm, magnetization μ0MMAG= 1.29 T, used as magnetic field source. b2) Scanning electronmicroscopy (SEM) images
of NiFe microdisks array (top view), 1.3 μm in diameter, 60 nm thick, pitch 3 μm, on Si substrateþ PMMA sacrificial layer, prepared to be embedded in
the PDMS layer. b3) Zoom on a particle (SEM image of a NiFe microdisk). c) Images of PDMS membranes bonded on their hollow supports: c1) PDMS
membrane—5 μm thick, 1.4 cm in diameter—with embedded NiFe microdisks array, bonded on PMMA hollow tube. c2) Similar PDMS membrane
without embedded magnetic particles. c3) For comparison: Au (100 nm thick)/PDMS (5 μm thick, 0.8 cm in diameter) membrane with embedded mag-
netic particles array, in Si hollow wafer, reproduced from publication Nanoscale,[30] with the permission of The Royal Society of Chemistry, copyright 2019.
d) MEM fabrication process using microlithography and sacrificial layer, with the schematic steps: 1) spin coating of PMMA and MAN resists on Si
substrate. 2) DUV lithography. 3) Ni80Fe20 deposition through evaporation. 4) Resist MAN lift-off yielding NiFe microdisks array on PMMA. 5) Spin
coating of PDMS on the magnetic disks array. 6) Dissolution of the PMMA sacrificial layer: releasing the MEM from its Si substrate, which is then bonded
on a hollow support.
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Figure 2. Mechanical characterization of 5 μm thick PDMS membranes, 14mm in diameter, via hydrostatic pressure. Test of three PDMS compositions
(i), (ii), and (iii) obtained by mixing S184 and S527. Mass ratios: (i) S184:S527 (1:2), (ii) S184:S527 (1:1), and (iii) S184 only, without embedded magnetic
particles. a) Pictures of the membrane deformations, bonded to the bottom section of hollow PMMA pipes, loaded with blue-stained water of volume V
from 0 to 10mL. Membrane deflections at center w0 [mm]: experimental (black color), calculated based on “Small-Nix” model (red color),[35] versus V
(ml) and water pressure P (Pa) (P= ρ·V·g/πRm2, where g= 9.81 m s�2, volume density ρ= 1000 kg m�3, and membrane radius Rm). b) Elastic modulus E
(= Young’s modulus) of S184-S527 PDMS mixtures versus S184-percentage x (%), reproduced from Palchesko et al.,[31] with permission of PLoS One,
copyright 2012, completed with color marks indicating our three compositions (i), (ii), and (iii), showing E (kPa): (i) 460, (ii) 830, and (iii) 1720 kPa,
respectively. c) The membranes (ii) and (iii), loaded with V= 10mL (P= 630 Pa); left: “Small-Nix” model half profiles, fitted to photographs; right: (ii)
comparison of half-profile curves from “Small-Nix” (non-zero slope at the edge) and “Zhang” (clamped condition of zero slope) models, from Zhang.[35]

d) Curves of experimental (“E”): dashed lines with circles and modeled (solid lines) deflections w0 versus loading pressure P (Pa) for the three PDMS
membranes (i), (ii), (iii), and Au/PDMSmembranes previously studied.[30] The curve’s colors refer to the membrane’s composition, Young’s modulus E,
diameter, thickness, and model used, as follows: i) violet: PDMS, 460 kPa, Ø14 mm, 5 μm, Small-Nix. ii) Blue: PDMS, 830 kPa, Ø14 mm, 5 μm, Small-Nix.
iii) Green: PDMS, 1720 kPa, Ø14mm, 5 μm, Small-Nix. (Au) red: Au/PDMS, 80 GPa, Ø8mm, 100 nm (Au thickness), Zhang. (Au) orange: Au/PDMS,
80 GPa, Ø14mm, 100 nm (Au thickness), Zhang. Zoom: a mark on (iii) curve at (P= 0.136 Pa; w0= 210 μm): deflection calculated below versus magnetic
forces, fitted by optical response. e) Stress–strain curves: pressure (Pa) versus strain ε (%)= 100� (L–2Rm)/2Rm. Left: strain in logarithmic scale. Right:
zoom with strain in linear scale for PDMS membranes only.
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an approach similar to that reported by D. Kim et al.,[40] water was
dropped on PDMS membranes. The resulting membrane defor-
mation was then quantified.

In our experimental device, membranes of fixed thickness
(5 μm) and three different PDMS compositions were glued to
the bottom section of PMMA pipes (see Figure 2). To character-
ize their deformability, the pipes were loaded with controlled vol-
umes of blue-stained water exerting a loading pressure on the
membrane and inducing a membrane deformation, as shown
in Figure 2a. The membranes were composed, as proposed by
Palchesko et al.,[31] of blends of two commercial PDMS: the elas-
tomer Sylgard 184 (S184) (the stiffest), and the gel Sylgard 527
(S527) (the most flexible and soft), in various proportions. Such
PDMS mixtures exhibit Young’s moduli ranging from a few kPa
to about 2MPa, depending on the mass ratio of the two compo-
nents, as shown in Figure 2b (reproduced from Palchesko
et al.[31] and annotated). After testing PDMS of different elasticity
by mixing S184 and S527, we focused on three compositions cor-
responding to S184 percentages x of: i) 33%, ii) 50%, and
iii) 100% having expected Young’s moduli E of i) 460 kPa,
ii) 830 kPa, and iii) 1720 kPa, respectively, as shown in Figure 2b.
These E values were corroborated by the simulation of the mem-
brane profiles described later. For comparison, these membranes
present a range of elasticity similar to those of some living tis-
sues, such as muscle, skin, bladder, and cornea, as presented in
the review by Guimarães et al.[41] This makes these membranes
suitable for interacting with cells or tissues, for mimicking cer-
tain active biological behavior or for bioelectronics functions.[42]

For each water volume, the relative deformations of the three
membranes (i), (ii), and (iii) can be observed in Figure 2a,c, in
agreement with their relative flexibilities. The membrane made
of the highest content of S527 exhibits the largest deformations.
In contrast, the membrane made of 100% S184 is the least flexi-
ble and therefore the less deformed. Experimentally measured
and analytically modeled values of the maximal deflections w0

(mm) (i.e., transverse displacement of the membrane center)
are plotted versus water-loading pressure P (Pa), corresponding
to water volume from 0.5 to 10mL in Figure 2d. We added the
deflections curves of the significantly stiffer PDMS/Au bilayers,
8mm diameter,[30] and 14mm diameter for comparison with the
experimental PDMS membranes (i), (ii), and (iii). Zoomed
curves also focus on pressures and deformations range achieved
through the magnetic actuation, detailed in the next section. The
quite good agreement of the modeled deflections w0 with the
experimental measurements confirms the Young’s moduli

values of the PDMS blends used in the various membranes
and the choice of the analytical models, described here later.

Two different analytical expressions modeling the deflection
of a clamped circular plate have been used here. They both
use a simplified form of the nonlinear von Karman equations
of high-order derivatives, as developed by Zhang.[35] Considering
the two classical bending and stretching behaviors of a membrane
submitted to a loading pressure (see Boudaoud et al.),[43] a transi-
tion occurs from a bending-dominant to a stretching-dominant
mode in particular when the load increases.[35] This results from
the intrinsic modifications of the polymer fibers structure, displace-
ment, or elongation, in response to the applied forces and the
increasing deformations.[44] Although both modes coexist in a cou-
pled way such as in vesicle membrane[45] or in MEM with incorpo-
rated magnetic nanoparticles,[46] various approximate expressions
aim at describing the predominant mode based on the main gov-
erning (bending or stretching) energy.[35] Our assumptions and
choice of models were based here on the experimentally observed
membrane shape, physically related to the amplitude of the loading
pressure.

The first expression, named “Small-Nix’s”model,[47] describing
a “stretching-dominant” behavior of the membrane,[35] has been
used for modeling the hydrostatic pressure experiment. The sec-
ond expression, called here the “Zhang’s” model, was used for
modeling the “bending-dominant” behavior of the membrane
submitted to lower loading pressure such as magnetic forces in
this study, and potentially the zone of “bending-stretching” tran-
sition.[35] As our PDMS-based membranes were carefully depos-
ited on their experimental support without stretching nor
compression, they were modeled without any initial IP tension.

In both models, the membrane profiles (2D cross sections)
were described by the out-of-plane (OOP) displacement w(r),
as a function of the radial distance r from the membrane center
and the maximum deflection w0, as follows:[35]

wðrÞ ¼ w0 � 1� r2

R2
m

� �i
(1)

with Rm being the membrane radius (0≤ r≤ Rm) and the Small-
Nix’s and Zhang’s equations expressing w0 being given in
Section 4.2. Two boundary conditions can describe the deformed
membrane:[35] 1) The “clamped condition of zero slope,” for
which the membrane remains tangent to its initial plane at its
circular edge, which is the case of our MEMs magnetically actu-
ated, modeled by Zhang’s expression with i= 2 in Equation (1)
(bending behavior). 2) The “non-zero slope as clamped

Strain [%] Strain [%] 

ZOOM
(iii)

(i)
(ii)

(iii) 460 kPa +
Hyperelastic
460 kPa

830 kPa
1720 kPa
80 GPa PDMS/Au
100 nm Ø8 mm
80 GPa PDMS/Au
100 nm Ø14 mm

(e)

0.0
0.2
0.4
0.6
0.8
1.0
1.2

0.0 0.2 0. .604(P
re

ss
ur

e)
 S

tre
ss

 [P
a]

0

700

0.001 0.01 0.1 1 10 100 1000
]aP[

ssertS)erusserP(

(i)
(ii)

(Au)

Figure 2. Continued.
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condition” with i= 1, imposed by Small-Nix’s model (spherical
shape, stretching behavior), in which the membrane exhibits a
positive slope at its circular edge, as observed in our water-weight
experiments shown in Figure 2a,c.

As highlighted in Figure 2c, the Small-Nix’s model perfectly
matches the experimental profile of the PDMS membranes sub-
mitted to the hydrostatic pressure, in contrast to the “Zhang’s
model” with the zero-slope condition. However, both models
yield quasi-identical deflections w0 at the membrane center.
The maximal deflections w0, calculated from the Small-Nix’s
solution for the hydrostatic pressure on the circular membranes
(i), (ii), and (iii), and from the Zhang’s solution for the PDMS/Au
membranes,[35] are in good agreement with the experimental
measurements, as plotted in Figure 2d versus the transverse-
loading pressure PZ, for various membrane characteristics.
However, the experimental deflections of the most flexible
PDMS membrane (i) exhibit a sharp rise for pressures above
300 kPa, as shown by the violet dashed curve in Figure 2d. This
regime of large deflection is typical of hyperelasticity.[48,49] A limit
was reached, with a breaking point for a volume of water
V= 10mL (P= 637 Pa), Figure 2a showing the deformation about
1min before the rupture of the (i) membrane. In contrast, smaller
volumes of water (less than 10mL) led to hyperelastic stretching
without rupture. In this case, the membrane (i) returned to its
original shape once unloaded (as visually observed). However,
we did not study the potential hysteresis with loading–unloading
curves,[50] as this hyperelastic regime was out of the magnetic actu-
ation regime that we used.

In both cases, as modeled by Small-Nix’s or Zhang’s expres-
sions[35] and observed experimentally, the membranes exhibited
an elastic behavior as they returned to their initial planar shape at
zero magnetic field or by suppressing the hydrostatic pressure.

Classically, the elastic stress in the polymer membrane balan-
ces the static-loading pressure at equilibrium. The strain ε was
defined by ε= (L-2Rm)/2Rm, as presented by D. Kim et al.,[40] for
circular PDMS membranes of microscale thicknesses. The
strain’s expression versus the deflection w0 can be seen in
Section 4.3, for membranes of circular arc shapes (i= 1 in
Equation (1)). As another representation of the membranes
deformability, stress–strain curves are plotted in Figure 2e.
Herein, the pressure P= P[ε(w0)] was calculated i) from the
Small-Nix’s model in the elastic regime, ii) from experimental
results of the hyperelastic behavior for the most flexible
PDMS composition, and iii) for the Au/PDMS membranes
approximated here only as circular arc. The logarithmic scale
enables the comparison with the stiffest Au/PDMS membranes.
The zoomed curves again focus on the range of magnitude used
in the magnetic actuation experiments with our setup. The
obtained stress–strain curves reproduce the first stages of
J-shaped curves, previously observed in some earlier studies.[44,51]

To summarize this part, these preliminary hydrostatic pres-
sure tests validated the control of the membranes elasticity
and deformations, with a choice of Young’s moduli based on
the mixture of the two PDMS S184 and S527 achieving a
trade-off between flexibility and robustness.

In the following part, we consider and evaluate the magnetic
actuation of the PDMS-based MEMs. As the applied magnetic
forces are lower than those exerted in the hydrostatic pressure
experiments, the membrane deforms in an elastic regime

without reaching hyperelasticity. We mention that in the follow-
ing magnetic experiments, the particles always remained well
blocked within the PDMS, the radius of curvature of the mem-
brane being always orders of magnitude larger than the diameter
of the microdisks.

2.3. Magnetic Actuation

Magnetic fields with nonzero field gradient produced by a per-
manent magnet were used to induce forces on the magnetic
microdisks embedded in the membrane. Let us note that mag-
netic torques,[52,53] although more effective to actuate dispersed
particles than field gradients, could not significantly contribute to
the membrane deformation given the clamped edge, which pre-
vents the membrane global rotation. Due to the relative dimen-
sions of magnet and membrane, both centered on the Z-axis,
field and field gradient and thus magnetic forces are mainly par-
allel to the Z-axis, when the magnet is sufficiently close. The
membrane deforms essentially OOP. Residual magnetic forces
in the X- or Y-directions, negligible in first approximation, are
ineffective IP on a clamped membrane exhibiting small deflec-
tions. Moreover, they compensate each other in average due to
the symmetry of the device around the Z-axis.[30] Therefore, we
expressed the magnetic field, the magnetization of particles, and
magnetic forces through their z-components only, respectively,
BZ, μ0MZ, and FZ, as shown in Figure 3. As defined previously
for the hydrostatic pressure experiments, the membrane profile
can thus be characterized by the deflection w(r) along the Z-axis,
in response to the loading pressure resulting from the OOPmag-
netic forces FZ.

In our experimental work, the MEMs were subjected to exter-
nal magnetic fields generated by NdFeB permanent magnets of
two different strengths μ0MMAG= 1.29 or 1.36 T, respectively, in
the optical setup and in the bioreactor used to stimulate pancre-
atic cells described later and in more details in another study.[34]

Their magnetization MMAG, considered uniform, is parallel to
the Z-axis. The magnets are parallelepipeds of dimensions
(2a� 2b)� h parallel to the X-, Y-, and Z-axes (5mm� 20mm)
� 20mm in both experimental cases. They generate close to the
poles, a field up to þ/�μ0MMAG/2 at most. The magnetic field
BZ(X, Y, Z ) was measured and analytically modeled using the
magnetostatic charges approach (uniform magnetic charge den-
sities�MMAG on magnet faces perpendicular to the Z-axis). This
allowed the determination of field and field gradient ∂BZ

∂Z ðX ,Y ,ZÞ
required in the magnetic force calculation, as detailed in
Section 4.5 and 4.6.

As shown in Figure 3a, experimental and modeled field and
field gradient from the NdFeB magnet along the Z-axis are in
good agreement. A potential way to enhance the field gradient
and thus the magnetic forces exerted on microdisks at short
range is shown in Figure 3a. It consists of using smaller magnets
for instance of dimensions scaled down by a factor of 10, that is,
(0.5mm� 2mm)� 2mm, taken as an example in the force cal-
culations later. Motorized magnets, such as spinning plates com-
prising embedded magnets—as previously developed and shown
in the biological Section 2.5—,[34] rotating Halbach cylinders,[21]

or macro- and micro-electromagnets with soft magnetic cores,[54]

could then constitute sources of variable magnetic fields. They
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Figure 3. Magnetic forces exerted by parallelepiped magnets on magnetic micro- and nanoparticles. Analytic calculations comparing NdFeB magnets of
three sizes: I (5 mm� 20mm)� 20mm, II (0.5 mm� 2mm)� 2mm, III (10 μm� 10 μm)� 20 μm, of magnetization MMAG parallel to the Z-axis,
μ0MMAG= 1.29 T, on three types of magnetic particles. a) Magnetic field BZ and gradient dBZ/dZ versus Z (distance to magnet face) along the Z-axis,
generated by the NdFeB magnets I and II; measured and modeled for the magnet I, adapted from publication Nanoscale,[30] with the permission of The
Royal Society of Chemistry, copyright 2019; model added for the magnet II. With magnet I: BZ= 352mT and dBZ/dZ=�108 Tm�1 at Z= 1.9 mm on the
Z-axis. With magnet II, near the pole at Z= 190 μm, a similar field BZ= 349mT, and a larger gradient dBZ/dZ of �1072 Tm�1; BZ= 19mT and
dBZ/dZ=�21 Tm�1 only, at a similar distance Z= 1.9 mm. b) Experimental and modeled hysteresis loop of NiFe microdisks of diameter Ø
1.3 μm, thickness hd 60 nm, and Ms= 800 kAm�1: OOP magnetization μ0MZ versus applied magnetic field BZ and modeled OOP differential suscepti-
bility χ= d(μ0MZ)/dBZ. c) Calculated magnetic forces FZ (semi-log) exerted on a single magnetic particle on the Z-axis versus Z= distance of the point-
like particle to the magnet face; magnetic field BZ generated by the NdFeB macromagnets I and II of centimillimetric dimensions and the NdFeB micro-
magnet III of micrometric dimensions; BZ calculated at the center of the particles (Zþ hd/2), for three particles sizes and two compositions. Light blue
curves: NiFe microdisk, Ms= 800 kAm�1, Ø 1.3 μm, and hd 60 nm; dark blue curves: larger NiFe microdisk, Ms= 800 kA m�1, Ø 3 μm, and
hd 1.25 μm;[30] and green curves: magnetite SPION, Ø 10.4 nm, Ms= 318 kAm�1, similar to SPIONs from Cursaru et al.[61]. d) Force FZ (linear scale)
by magnet I on a NiFe disk (Ø 1.3 μm, hd 60 nm) along the Z-axis; arrow showing the magnet-to-membrane distance Z� 2mm, that is, adjusted distance
Z� 1.9 mm (Z= 1.88mm), yielding FZ= 3.40 pN at (X, Y )= (0,0), and an average force of 1.22 pN on the membrane surface, as used in optics below.
e) Mapping of the magnetic forces FZ (X,Y,Z ) versus (X,Y ) on ¼ membrane, with magnet I placed at Z= 2 mm. From (a–e), the NdFeB magnet I of
1.29 T, with (2a� 2b)� h= (20 mm� 5mm)� 20mm, located at Z� 1.9 mm (Z= 1.88mm) from the membrane plane, generates
BZ (0,0,Z)= 352mT and dBZ/dZ=�108 Tm�1; inducing the magnetization μ0MZ= 0.497 T in a (Ø1.3 μm, 60 nm thick) NiFe disk, with χ= 1.17; yield-
ing the force FZ(0,0,Z )= 3.40 pN; and from forces mapping, an average force FZav= 1.22 pN on the membrane (diameter 14mm; embedded disks array,
with a 2D pitch of 3 μm).
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can generate fields of frequency sufficiently low (a few tens of
Hz) for the membrane to dynamically deformed according to
the field variations.

The permalloy microdisks embedded in the present PDMS-
based membrane are similar to those used in some of our earlier
studies.[23,25,55] Due to their circular shape, size, and aspect ratio,
these disks exhibit an IP magnetic vortex configuration
(Guslienko et al.).[56] At zero field, this configuration corresponds
to a curling of the IP magnetization around a small central core
which has an OOP magnetization. The OOP applied magnetic
field BZ induces a tilting of the IP magnetization toward the
Z-direction and an enlargement of the OOP core. The experi-
mental measurement of the average OOP magnetization MZ

as a function of the applied field intensity BZ, by vibrating sample
magnetometer (VSM), is shown in Figure 3b. A large magnetic
field BZ of around 1 T would be required to reach the OOP mag-
netic saturation of these vortex disks, their aspect ratio
(thickness/radius) conferring a strong IP shape anisotropy. As
reported previously,[30] a phenomenological model with “tanh”
function (see Section 4.4) can fit the experimental hysteresis
loop, whereas its derivative fits the OOP differential magnetic
susceptibility, as shown in Figure 3b.

The magnetic microdisks (of small volume Vd) are considered
as quasi-point particles in regard to the macroscale dimensions
of the NdFeBmagnet. They are characterized by their location (X,
Y, Z ) in the membrane and their average magnetization M(X, Y,
Z )—or magnetic moment m=Vd·M—which depends on the
local magnetic field B(X,Y,Z ) produced by the NdFeB magnet,
as presented previously and shown in Figure 3b. The magnetic
force F exerted on a small particle of moment m in an external
field B is classically derived from the magnetic potential energy
Um=�m ⋅ B of the particle. The differential form is expressed
as: �dUm =m · dBþ B · dm, the field B and thus the moment
m=m(B) being spatially variable. However, only the first term
m · dB represents the work of the magnetic force F, transmitting
a global mechanical force on the disk. For a small displacement
dr of the disk, F · dr=m ⋅ dB. The magnetic torque is here
neglected, as discussed previously. In contrast, the second term
B · dm is the energy variation representing the work of internal
forces on the spins (local magnetizations within the particle)—
for instance rotating in the microdisk toward the Z-axis—
without any global mechanical effect on the particle, as detailed
by Brown (Ch.4, §2).[57] Thus, based on the NdFeB magnet and
permalloy particles description, the magnetic force FZ exerted on
a disk has been expressed, as previously by, for example, Fletcher
et al.,[58] Schaller et al.,[59] and Yuan et al.,[60] as follows

FZðX ,Y ,ZÞ ¼ Vd ⋅MZðX ,Y ,ZÞ ⋅
dBZðX ,Y ,ZÞ

dz
(2)

The expressions of the field and field gradient are shown in
Section 4.5 and the force is shown in Section 4.6.

The analytical simulation of magnetic forces was carried out
for three types of magnetic particles, combined to three dimen-
sions of NdFeB magnets, as shown in Figure 3c. We theoretically
evaluated the order of magnitude of forces exerted on three types
of particles: 1) the thin NiFe microdisks (1.3 μm in diameter,
thickness hd= 60 nm), embedded in the present membrane;
2) the larger NiFe disks;[30] and 3) classical spherical magnetite

superparamagnetic iron oxide nanoparticles (SPIONs).[61] Three
assumptions were also made on the NdFeB magnet used for the
actuation: I) a macroscale magnet from the experimental setup,
II) a 1/10 scaled-down magnet, and III) a microscale magnet, for
comparison.

The wide range of magnetic forces and their decay rates, cal-
culated on a single particle versus particle-to-magnet distance, is
shown in Figure 3c. For instance, on the (60 nm thick, Ø1.3 μm)
microdisk, at a short distance Z= 5 μm, the OOP force FZ varies
from 7.9 pN (magnet I), 78 pN (magnet II), to 0.86 nN (micro-
magnet III). Despite the relatively strong magnetic field and field
gradient, combined with significant particle magnetization, the
magnetic forces on each particle are still weak (e.g., pN) due
to their small volume Vd (e.g., 1.3 μm diameter, thickness hd
of 60 nm: Vd� 8� 10�20 m3). For instance, in the optical experi-
ments, the use of the experimental macromagnet I (5mm� 20
mm)� 20mm at a distance Z� 1.9 mm, results in an applied
magnetic field BZ = 352mT and a field gradient |dBZ/dZ|=
108 Tm�1, leading to the OOP magnetization μ0.MZ= 0.497 T
in a NiFe microdisk (Figure 3b). The corresponding magnetic
force on the microdisk is FZ= (8� 10�20) · (0.497) · μ0�1 ·
(108) � 3.4 pN. The sum of the forces on all the embedded par-
ticles induces the deformation of the membrane (1.7� 107 par-
ticles overall).

We chose the relatively stiff PDMS composition of modulus
E= 1720 kPa (S184) in our experimental setup, with 60 nm thick
microdisks and macroscale NdFeB magnet separated by a rea-
sonable macroscale distance (Z� 2mm), for testing and model-
ing the 14mm diameter membrane actuation and optical
responses. Magnetic forces involved in this optical experiment
(on a single particle) have been plotted, in a linear scale, along
the Z-axis (Figure 3d), andmapped on a quarter membrane at the
distance Z� 2mm (Figure 3e). Considering the whole mem-
brane with embedded magnetic microdisks as a 2D array, the
force varies from one magnetic particle to another, according
to the expression FZ(X, Y, Z) of the analytical model (Equation (2)),
which allows its mapping over the membrane surface. However,
the “clamped circular plate” analytical models described previously
(Zhang),[35] assume a uniform transverse pressure. Therefore, in
the following, we made the assumption that the magnetic force
distributed on the membrane is uniform, given by the average
of the mapped forces. This assumption, valid in particular when
themagnet covers the whole membrane surface—which is not the
case here, as shown in Figure 3e, remains acceptable if the mem-
brane is rigid enough to mechanically average its deformation, as
in our PDMS S184 membrane. In other cases, numerical simu-
lations would be required.

The resulting effective uniform pressure exerted by the mag-
net on the membrane was then expressed as PZ = FZav/(pitch�
pitch), considering the pitch of the square array of embedded
microdisks. Owing to the relative dimensions of the membrane
and magnet and due to the relatively small magnetic forces, the
membrane remains flat near its circular edge, in contrast to the
shape given by the hydrostatic pressure experiment previously
described. The clamped plate Zhang’s model, with the zero-slope
condition (i= 2 in Equation (1) and Section 4.2), is thus appro-
priate to simulate the membrane profile and to calculate its
deflexion w0 versus the magnetic pressure PZ.
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In our experimental andmodeled example, the NdFeBmagnet
placed at Z= 1.9 mm from the membrane plane, generated a
force FZ = 3.4 pN on the Z-axis at (X,Y )= (0,0). The averaged
force FZav, resulted in FZav= 1.22 pN, as outlined at the end
of Figure 3 legend. This led to the calculated pressure
PZ= FZav/(pitch� pitch)= 0.136 Pa. From Zhang’s model,
applied on the membrane of Young’s modulus E= 1720 kPa,
Poisson’s ratio ν= 0.49, 5 μm thick, this magnetic transverse-
loading pressure PZ induces a deflexion w0= 210 μm at the
membrane center.

At this stage, the Young’s modulus E was estimated from the
PDMS composition (Figure 2b)—corroborated by the good
agreement between the hydrostatic pressure experiment and
the membrane deformation model. We calculated the pressure
PZ exerted by the magnetic force on this membrane from the
magnetic data and the magnet-to-membrane distance. The
resulting 210 μm deflection of the membrane was calculated
by applying the mechanical model, for this modulus E and pres-
sure PZ, without direct experimental measurement. We will

show that this calculated deflection is experimentally validated
by the optical experiment presented hereafter.

Our optical experiment and model were then tested to corrob-
orate and assess the mechanical result, as done previously.[30]

This optical method was first used on the previous opaque
and reflective gold/PDMS bilayer, using the laser beam in reflec-
tion only, to quantify the membrane deformation.[30] The PDMS
MEM, although highly transparent, was found to be sufficiently
reflective for this optical approach.

2.4. Deformation and Optical Response of the MEM

Two optical properties of the PDMS-based membrane can be put
forward. First, quasi-transparent in the range of visible light, the
membrane retains its high transparency despite the presence of
the embedded array of magnetic particles. Second, the invisible
embedded particles array constitutes an efficient optical diffrac-
tion grating in reflexion for the laser beam. We show later that

IR

T

Cells

B(t)

t
N
S

Concave Planar

F

B = 0 B 0

(b)(a)

F

PDMS + 
NiFe microdisks

00

R

n

n

wn

n-1wn-1

OX

w(r)

Xn

Xn-1

d

d
0

X0

B

C

A
D

E

T

R

T

I
OZ

dn-1

dn

Figure 4. Optical response of the PDMS-based MEM, as a deformable diffraction grating. a) Sketch of the membrane illuminated by a laser beam (I
incident, R reflected, and T transmitted), magnetically actuated and deformed by a magnet or electromagnet. The figure illustrates a potential concomitant
use in biology with living cells submitted to the membrane vibrations.[34] Photo of a released MEM (Ø 14mm) held on an annular support, ready to be
used in the optical experiment. b) Scheme of the membrane and laser beam cross section, used in the optical model, reproduced and recolored from
Joisten et al.,[30] with permission of Nanoscale, © The Royal Society of Chemistry 2019; θ0= incident angle of the laser beam on the planar membrane;
directions θ of the light observation: θ= θR in reflection, θT in transmission; d= pitch of the particles array in the planar membrane; A, B: particles of
transverse deflections wn, wn�1 respectively; dn�1= length AB in the concave membrane; and αn= local angle between the tilted segment AB and OX.
c) Optical experiment þ model. c1). Photograph of the transparent MEM maintained on a support, illuminated by a laser beam in zero magnetic field,
showing the incident (I) and transmitted (T) beam spots, and the diffracted light in reflection (R) on an obliquely oriented screen. c2) Photograph of the
diffraction pattern in reflexion, the illuminated membrane being deformed by the applied magnetic field B generated by the NdFeB magnet at the distance
Z= 1.9 mm; imaged on the backside of the screen-oriented quasi-parallel to the membrane plane. c3) Light intensity profile of the diffraction pattern in
reflection (imaged in c2). Experimental curve (black color): average cross section from diffraction pattern, by image analysis via ImageJ software. Modeled
curve (green color): profile calculated through the analytical optical model, with a membrane deflection w0= 210 μm as input parameter, resulting from
magnetic forces and elastic plate deformation calculated previously. Experiment and models parameters: PDMS-based membrane (S184) of Young
modulus E= 1720 kPa (III), Poisson’s ratio ν= 0.49, diameter of 14mm, and thickness of 5 μm. With NiFe microdisks of Ø 1.3 μm, 60 nm thick,
as square array of 2D pitch 3 μm� 3 μm. NdFeB magnet of μ0MMAG= 1.29 T, dimensions (5 mm� 20mm)� 20mm. Distance between the membrane
initial plane and the magnet face Z= 1.9 mm (BZ� 0.352 T, dBZ/dZ��108 Tm�1 on the Z-axis). Microdisks magnetizationMZ from the “TANH”model
with K= 1.55. Calculated transverse-loading pressure PZ= 0.136 Pa. From “clamped plate” Zhang’s model: deflection w0= 210 μm and membrane
concave profile with i= 2. In optics: Thorlabs laser CPS532-C2, wavelength λ= 532 nm; beam diameter 3.5mm; and effective laser beam diameter
Deff= 2.746mm (fitted with experiment). Diffracting particle diameter: a= 1.3 μm. Pitch on OX (grating): d= 3 μm. Membrane radius Rm= 7mm.
Ntotal, N, and nmin defined in Section 4.7. Ntotal= 2Rm/d= 4667 particles; incidence angle: θ0= π/30 rd, close to normal incidence; off-centered laser beam:
the first enlightened particle nmin= 1000. Number of particles enlightened on OX (average) N= 920. Input in the optical model: w0= 210 μm. Distance
membrane-to-screen D= 15 cm. The light intensity curve is calculated versus X on 5000 points, with an X increment of 0.02mm. c4) Comparison of the
diffraction patterns in transmission and reflection, modeled for the same membrane deformation; red color curves: response of the planar membrane
(w0= 0 μm); green color: response of the deformed membrane; left: transmission, w0=�210 μm, θ0= π–π/30: quasi-superposed diffraction peaks; right:
reflection, w0=þ 210 μm, θ0= π/30: shift and broadening of the interference peaks for the deformed membrane (as shown in c3).
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these diffracting optical properties, shown in Figure 4, enable the
characterization of the membrane deformation quantitatively
interpreted by our optical interference and diffraction model.

A laser beam of wavelength λ= 532 nm, as sketched in
Figure 4a, illuminates the membrane suspended on its annular
support. The figure illustrates a potential use of the optical
control associated with living cells stimulation, in biology.[34]

As previously studied on the more rigid Au/PDMS systems,[30]

the optical response of the new membrane has been studied
through the diffraction patterns in reflection only, as the trans-
mitted beam remains quasi-insensitive to the membrane
deformation.

The incident laser beam is horizontal in the XZ plane, directed
toward the membrane with an incident angle θ0 between its direc-
tion and the Z-axis, as sketched in Figure 4b on the membrane
profile. The membrane is modeled as a unidimensional curved
optical grating lying in the XZ plane. As is well-known, the diffrac-
tion patterns from a planar optical grating, corresponding to the
flat membrane in zero field, are similar in transmission and reflec-
tion, the brightest peak (0th order of interference) corresponding
to the observation angles θT= θ0 and θR= θ0, respectively.

In contrast, when the membrane becomes curved, the paral-
lelism of the transmitted rays is preserved, whereas the reflected
rays are oriented in multiple directions depending on the local
incidence angles influenced by the concavity of the membrane.
Thus, all the transmitted rays remain parallel to each other, in the
fixed direction of the laser beam (angle θ0 with the Z-axis),

whether the membrane is flat or deformed, whereas the reflected
rays are parallel to each other only when the membrane is flat.
On the curved membrane, the direction of the reflected rays dif-
fers from one particle to another, with a reflection angle equal to
the effective incidence angles θ0þ αn, where αn is the local angu-
lar tilt of the membrane from the X-axis (Figure 4b). Thus, the
brightest peak in reflection, which was observed at θR= θ0 for a
planar membrane, gets shifted differently by each particle in a
curved membrane, resulting in a shift and large broadening
of each interference peak of the reflected diffraction pattern.
In addition, the diffraction pattern then depends on the location
of the illuminated area.

Our analytical optical model (Section 4.7 and Joisten et al.[30])
calculates the interference and diffraction light intensity in reflec-
tion, taking into account the shape of the magnetically deformed
membrane. The differences of optical paths between the light
rays reflected on adjacent disks on the deformed membrane pro-
file (Figure 4b) are expressed in reflection (path (BD-CA)n) and
transmission (path (BE-CA)n) for planar membrane (Equation (15)
and (16)) and concave membrane (Equation (17–20)).

The experimental setup and diffraction patterns are shown in
Figure 4c. The transparent membrane (in zero magnetic field)
and laser source, with incident, transmitted spots, and diffraction
pattern in reflection on the screen, are shown in Figure 4c1.
The light beam is indicated by a white dotted line. Upon appli-
cation of the field, the diffraction pattern is strongly modified,
with a broadening of the diffraction peaks resulting from the
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Figure 4. Continued.
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curvature of the membrane, as shown in Figure 4c2, viewed from
the screen backside. Assuming the previously calculated central
deflection of the membrane w0� 210 μm, the modeled light pro-
file in reflection exhibits a good correlation with the experimental
diffraction pattern, as shown in Figure 4c3, with parameters
given in the caption of Figure 4. The diffraction pattern in trans-
mission is likewise modeled and compared with the one in
reflection, for the same incident laser beam on the same
deformed membrane (w0= 210 μm) (see Experimental Section).
When the membrane is deformed, as shown in Figure 4c4, the
modeled transmission pattern remains quasi unchanged (left),
whereas the interference peaks are shifted and significantly
broadened in reflection (right), in agreement with the experimen-
tal observations (see Figure 4c3), and qualitatively interpreted
previously. This results from the fact that in reflection (small
angles approximation in Equation (17)), the optical path
ðBD� CAÞn can be approximated by ðBD� CAÞn �
dn�1 ⋅ ðθ � θ0 � 2αnÞ which depends on αn, αn representing
the local tilt of the membrane. In contrast, in transmission, the opti-
cal path ðBE � CAÞn � dn�1 ⋅ ðθ � θ0Þ is independent of αn.
Nevertheless, in transmission, a slight shift and widening of
the transmission diffraction peaks is observed (see the second dif-
fraction order peak in Figure 4c4 (left)) due to the displacement of
the magnetic microparticles as the membrane deforms. This is
modeled in Figure 4c4. This effect is however negligible, com-
pared to the one produced by the variation of the incidence angles
in reflection in Figure 4c4 (right).

At this stage, a combination of the magnetomechanical and
optical approaches can be realized, allowing us to evaluate the
magnetic actuation of the PDMS-based membrane through its
optical response. The membrane was thus characterized as a
two-dimensional active diffraction grating, magnetically driven.

Different experimental and theoretical configurations of
membrane actuation were then compared. Various assumptions
were made on the magnetoelastic properties of the membrane,
magnets, and membranes dimensions. The resulting magnetic
forces, loading pressures, and elastic deformations are then sum-
marized in Table 1, including the data from hydrostatic pressure
experiments.

2.5. Applications in Biomimicry, Artificial Muscle, and
Mechanical Stimulation of Cells

Our results (Table 1) show the range of deformations that the
PDMS-based MEM can reach. In particular, the experimental
14mm diameter membrane (5 μm thick), submitted to the pres-
sure of 0.136 Pa—from 60 nm thick microdisks array, at
Z= 1.9mm from the macroscale magnet I—exhibits a deflection
of 210 μm at its center, corroborated by the quantitative analysis of
the diffraction pattern (Figure 4). In comparison with the stiffer
Au/PDMS bilayer of our previous work,[30] the deflection is increased
by a factor of about 10, for a driving pressure about 10 times smaller,
as a result of the reduced Young’s modulus of the PDMSmembrane
(1720 kPa) and its larger membrane diameter.

Magnetoelastic PDMS-based membranes with embedded
magnetic particles have already been described in literature.
However, they are generally made of thicker polymer elements
(e.g., 1 mm,[10] 167,[13] and 35 μm,[12]) and loaded with a higher

density of magnetic particles. These particles are mostly made of
hard magnetic materials (e.g., NdFeB or SmFeN powders),[11,13]

dispersed as powder, embedded in the thick PDMS layers requir-
ing larger forces to be actuated. We also reported on our thin
(5 μm/100 nm) PDMS/Au membrane, driven by an array of thick
(1.25 μm) electrodeposited magnetic particles.[30] However, this
previous Au/PDMS bilayer exhibited a rather high stiffness due
to the continuous gold layer which was required for the electrode-
position of the magnetic particles.[30]

Piconewton range of forces (a few pN to hundreds pN) gener-
ated by one magnetic microdisk, coincide with the range of bio-
logical muscles fiber forces, measured by Kishino and Yanagida
for a single actin filament,[62] or given by Mirvakili and Hunter
for myosin molecules sets.[5] Summed over the disks array with
about 1.7� 107 magnetic microdisks within our 14mm diameter
membrane, a resulting global force of tens of micronewton is
exerted on the membrane surface. This is comparable with
the light-induced micronewton forces from contracting gels actu-
ating millimetric PDMS structures (Nitta et al.).[63,64] The loading
pressures resulting from our magnetic actuation (0.1–6 Pa), how-
ever, turn out to be about four orders of magnitudes lower than
pressures involved in natural muscle fibers at microscale, such as
pressures of about 30 nN μm�2, that is, 30 kPa from sarcomeres
isolated from skeletal muscles.[65]

The pressure exerted from the magnetic actuation on the
MEMs could be significantly increased by using magnetic
sources of smaller dimensions and shorter range, such as
micro- (electro-) magnets, periodically distributed in 2D arrays,
as proposed by Cugat et al.,[54] and illustrated by forces from
(10 μm� 10 μm)� 20 μm micromagnets in Figure 3. Thicker
magnetic microdisks would likewise increase the magnetic driv-
ing force, proportionnally to the magnetic volume.

In contrast, despite the low loading pressure obtained through
our macroscale magnets, the PDMS membrane has already
proven effective for acting on cells and tissues. Our biological
study (Ponomareva et al.),[34] on insulin secretion stimulation,
is shown in Figure 5. In particular, as shown in Figure 5a–f,
we interestingly showed that both the dispersed magnetic micro-
disks and the MEM can lead to an enhancement of the insulin
secretion, when they are actuated by the varying magnetic field.
However, due to their micro-/nanoscale dimensions, the mag-
netic particles, if dispersed among the pancreatic cells, can get
internalized by the living cells, as illustrated by the sketch and
the transmission electron microscopy (TEM) images in
Figure 5a–c.[34] This invasive phenomenon, whereas appropriate
for cancer cells destruction,[66] may cause adverse effects when
trying to stimulate cellular functions. The advantage of the MEM
used here as a bioactuator is to provide a mechanical stimulation
of the cells while preventing the endocytosis of the magnetic par-
ticles, as shown in Figure 5d–f.

The deformations of the membranes shown in Table 1 are cal-
culated from initial states which are flat, in zero transverse pres-
sure and zero stress (in particular in zero magnetic field and
without water). However, the pancreatic cells were seeded here
at 1.2� 105 cells per MEM, in 0.4mL of culture medium.[34] This
“water” volume of 0.4 mL (i.e., a pressure of 25.49 Pa) yields an
initial static membrane deflection of 1842 μm (calculated by
Small-Nix’s model) or 1877 μm (calculated by Zhang’s model).
Thus, the applied magnetic field generates an additional pressure
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on the membrane which is predeformed by the culture medium.
The magnitudes of magnetic pressures were calculated for this
biological experiment (insulin release enhancement), with the
magnet-to-disk distance Z= 1mm, that is, 0.270 or 1.03 Pa
for magnetic forces applied on NiFe disks of thicknesses 60
or 200 nm, respectively, as given in Table 1. We have then esti-
mated the deflection variations Δw0 due to the sole magnetic

forces, thus the amplitudes of vibrations which effectively stim-
ulate the pancreatic cells, while taking into account the initial vol-
ume of culture medium (0.4 mL). The total pressures yield Δw0

of only 7 μm or 25 μm, for the two NiFe disks thicknesses tested
(60 or 200 nm respectively), as shown in Figure 5g,h. This vibra-
tion amplitudes of 7 or 25 μmhave been sufficient to enhance the
insulin release for cells grown on the MEMs.

Table 1. PDMS-based membrane deflections due to hydrostatic pressure or magnetic actuation versus loading pressures and membrane characteristics.

Membrane stress from hydrostatic pressure Membrane deflections w0 [μm] [PDMS (5 μm);
or Au (100 nm)]a)

membrane
Ø [mm]

V [ml] PZ [Pa]b) PDMS
460 kPa

PDMS
830 kPa

PDMS
1720 kPa

Au
80 Gpa

Exp.c) Small-Nixd) Small-Nixd) Small-Nixd) Zhange)

Ø 14 10 637 Pa 13 000c) 5390 4420f ) 3470f ) 378

Ø 14 9 573.3 Pa 12 000c) 5200 4270f ) 3350f ) 365

Ø 14 8 509.6 Pa 10 000c) 5000 4110f ) 3220f ) 351

Ø 14 7 445.9 Pa 8500c) 4780 3930f ) 3080f ) 336

Ø 14 6 382.2 Pa 6000c) 4540 3730f ) 2930f ) 319

Ø 14 5 318.5 Pa 4500c) 4280f ) 3510f ) 2750f ) 300

Ø 14 4 254.8 Pa 4000c) 3970f ) 3260f ) 2560f ) 279

Ø 14 3 191.1 Pa 3750c) 3610f ) 2960f ) 2320f ) 253

Ø 14 2 127.4 Pa 3000c) 3150f ) 2590f ) 2030f ) 221

Ø 14 1 63.7 Pa 2500c) 2500f ) 2050f ) 1610f ) 176

Ø 14 0.5 31.85 Pa 2000c) 1980f ) 1630f ) 1280f ) 139

Magnetic actuation: magnet on 1 microdiskg) Magnetic actuation: on membraneg) Membrane deflections w0 (μm) [PDMS (5 μm);
or Au(100 nm)]a)

magnet
μ0MMAG

[T]

magnet
to disk
Z [μm]

disk Ø
[μm]

disk
thickness
hd [nm]

K (Tanh
model)

FZ
(Z,0,0) on
1 disk [pN]

membrane
Ø [mm]

array
pitch

[μm � μm]

FZav
[pN]

PZ
[Pa]b)

PDMS
460 kPa

PDMS
830 kPa

PDMS
1720 kPa

Au
80 Gpa

Zhange) Zhange) Zhange) Zhange)

1.36h) 1000h) Ø 1.3h) 200h) K= 1.9 23.5 pN Ø 14h) 3� 3h) 9.3 pN 1.03 Pa 645h) 529 415 44

1.36 2000 Ø 1.3 200 K= 1.9 13,6 pN Ø 14 3� 3 4.9 pN 0.548 Pa 521 429 336 36

1.36h) 1000h) Ø 1.3h) 60h) K= 1.55 6.18 pN Ø 14h) 3� 3h) 2.43 pN 0.270 Pa 412h) 338 265 28

1.36 2000 Ø 1.3 60 K= 1.55 3.47 pN Ø 14 3� 3 1.25 pN 0.139 Pa 330 271 213 23

1.29 3410 Ø 3 1250 K= 2.85 240 pN Ø 14 5� 5 97.2 pN 3.89 Pa 1003 824 646 70

1.29 6080 Ø 3 1250 K= 2.85 58.9 pN Ø 14 5� 5 30.0 pN 1.20 Pa 678 557 436 47

1.29 3410 Ø 3 1250 K= 2.85 240 pN Ø 8 5� 5 160 pN 6.41 562 462 362 39

1.29i) 3410i) Ø 3i) 1250i) K= 2.85 240 pN Ø 8i) hexag.i,j) 6.0 Pa 38 i,k)

1.29 6080 Ø 3 1250 K= 2.85 58.9 pN Ø 8 5� 5 45.5 pN 1.82 Pa 369 303 238 25

1.29i) 6080i) Ø 3i) 1250i) K= 2.85 58.9 pN Ø 8i) hexag.i,j) 1.5 Pa 23.8i,k)

1.29l) 1880l) Ø 1.3l) 60l) K= 1.55 3.40 pN Ø 14l) 3� 3l) 1.22 pN 0.136 Pa 328 269 211k,l) 23

a)With membranes composed of either: PDMS (5 μm thick) [i) S184:S527 (1:2), E= 460 kPa; ii) S184:S527 (1:1), E= 830 kPa; iii) S184 only, E= 1720 kPa], or bilayer PDMS/
Au: PDMS S184 (5 μm thick)/Au (100 nm thick) E= 80 GPa. Poisson’s ratio ν: νPDMS= 0.49; νAU= 0.42. b)PZ= calculated transverse-loading pressure on membrane, either
from water weight or from magnetic forces with PZ= FZav/pitch� pitch c)Deflection w0 experimentally measured from hydrostatic pressure experiments (Figure 2), showing
hyperelasticity for PZ > 380 Pa. d)Deflection w0 calculated by Small-Nix’s model. e)Deflection w0 calculated by Zhang’s model. f )Small-Nix’s elastic model in good agreement
with water-weight experiment (Figure 2). g)Z= distance between a disk and the magnet face, along the Z-axis; FZ (Z,0,0)= calculated magnetic force on one disk on the Z-axis;
and FZav= FZ average on the disks embedded within the membrane, that is, sum of FZ on disks/number of disks. h)Our biological experiment (insulin release enhancement) in
the study by Ponomareva et al., 2022 (comparison of two thicknesses 60 nm and 200 nm). i)Our optical experiment (particles as hexagonal array) in the study by Joisten et al.,
2019, in good agreement with magnetoelastic-optical model. j)Exp.= experiment; hexag.= hexagonal; Ref.= reference. k)Zhang’s elastic model, with magnetic and optical
models, in good agreement with optical experiment. l)Our optical experiment (presented here, Figure 3d and 4), in good agreement with magnetoelastic-optical model.
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The PDMS material was also chosen for its durability.[31]

Within the elastic limit (below the hyperelasticity threshold,
shown in Figure 2), the membrane deformations were repro-
ducible when adding or removing water volumes. In the biolog-
ical experiment, membranes with seeded cells were placed 48 h
in the incubator before the magnetic actuation, with no leakage
of culture medium or visible aging.[34] Membranes of types (ii)
and (iii)—shown in Figure 2a—were kept intact for 7–10 days
with water volumes of 1–6mL. The durability under hydrostatic
pressure is at least a few days (2–7). Then, the periodic vibra-
tions produced by the magnetic excitation were stable over time,
yielding reproducible effects on the cells. At the frequency of
40Hz for 30min, the number of 72 000 cycles indicates a mini-
mum value of the cyclic endurance (within the elastic limit shown

in Figure 2d,e). However, this endurance may actually be much
longer.

The membranes can be used as transparent substrates of tun-
able bending for cells growth, their transverse deflections being
about 1–10 times larger than typical size of biological cells
(20 μm). In these biological applications, the PDMS optical trans-
parency enables the cells cultured on the membrane to be
observed in transmission optical microscopy, potentially com-
bined with an optical monitoring of the membrane deformation
through the diffraction patterns in reflection. The membrane can
be viewed here as a mobile substrate for cell culture, partially
mimicking the mechanical behavior and continuous movements
of the living environments. Cells grown on the MEM, stimulated
by the membrane deformations, may thus be subjected to forces
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Figure 5. Application of the MEM used as soft bioactuator in mechanobiology (a to f ): reproduced and adapted from Ponomareva et al.,[34] with per-
mission from the Royal Society of Chemistry @ 2022; effects of the magnetomechanical forces generated by the permalloy microdisks (in vitro), stimu-
lating INS-1 E pancreatic cells (a commercial cell line, originating from rat Langerhans islets and obtained from ECACC, as described in Section 4.8)
(in vitro): 1) by dispersed NiFe microdisks in the fluidic culture medium (50 μgmL�1) and 2) by the PDMS MEM with embedded NiFe microdisks.
a) Sketch of dispersed magnetic disks vibrating on cells (not to scale). b,c) TEM images showing the cellular internalization of such NiFe disks;[34]

n.: cell nucleus; c.: cell cytoplasm; arrow: NiFe disk. b) Exposed to B(t) at 20 Hz and c) exposed to B(t) at 40 Hz. d) Experimental rotating magnetic
source from Platform Kinetics,[34] comprising 24 NdFeB magnets oriented up and down, μ0Ms= 1.36 T, dimensions in Table 1. e) Sketch of the com-
posite membrane on which the pancreatic cells are grown, actuated by the rotating field (not to scale). f ) Effect of the rotating magnetic field B(t) at 10 Hz
on the insulin release for cells grown on the MEMs, exposed versus control, statistical significance: *p< 0.05. g) Deformations of the PDMS membrane
used in pancreatic cell stimulations (Young’s modulus E= 460 kPa, 14mm in diameter, 5 μm thick); curve of the deflection w0 versus the transverse-
loading pressure P calculated by Small-Nix’s model, completed with three colored marks indicating three loading pressures: (1. red) 25.49 Pa, from 0.4 mL
of culture medium (water-weight) only; (2. blue) 25.49 Pa þ 0.270 Pa (from 0.4 mL of water þmagnetic forces on 60 nm thick NiFe microdisks array; (3.
green) 25.49 Pa þ 1.03 Pa (from 0.4 mL of culture mediumþmagnetic forces on 200 nm thick NiFe microdisks array, experimental parameters being
listed in Table 1, note 8. h) Zoomed curve exhibiting the membrane deflections of 7 and 25 μm (above the 1842 μmdeflection due to the culture medium),
resulting frommagnetic forces on 60 and 200 nm thick disks respectively. From Small-Nix’s model: 1842, 1849, and 1867 μm. From Zhang’s model: 1877,
1884, and 1902 μm; Δw0 (due to magnetic forces) of �7 and 25 μm for both models.
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and strains similar to those they would be exposed to in the body,
in particular from muscles tissues.

These actuable membranes may also find applications in
optics,[30,67,68] for instance, in the process of accommodation
in the natural vision: the mechanism of cornea deformations,
induced by the ciliary muscles contraction,[69] could be partially
reproduced by an actuation of this transparent MEM mimicking
the natural lens or cornea. A bioinspired lens of magnetically
controlled focus could potentially emerge, to be compared with
the “muscle-like electroactive elastomers” developed by Carpi
et al.,[68] or adaptive lenses analyzed by Ren and Wu,[67] with
the advantage of a remote actuation.

There is a growing interest in flexible substrates with optically
controlled deformation for biological and medical sciences, as
well as in astronomy (e.g., mirrors), electronics, as previously
summarized.[30] Here, nanostructured magnetic disks array
offers contactless actuation, whereas various other actuation
principles require contact, such as pneumatic actuation for
deformable PDMS-based diffraction gratings, shown in Song
et al.’s review,[70] or voltage for piezoelectric actuators (Bonora
et al.),[71] or mechanical traction for PDMS-based grating with
nanostructured gold stripes of Hamouda et al.[72]

3. Conclusion

The objective of this study was to develop and characterize a new
MEM consisting of a PDMS membrane comprising an array of
magnetic nanodisks and demonstrate its potential as a magnetic
actuator, both for biology and soft artificial muscles applications.
We first quantified the membrane deformability under hydro-
static pressure. The large membrane deformations produced
by hydrostatic pressure allowed us to quantify the membrane
deformations, test its robustness, and determine the breakdown
pressures. Analytical bending–stretching models were developed
to interpret these experiments. The deformation under magnetic
forces was then investigated. To more accurately characterize the
membrane deformation, an optical approach was then used
based on the observation of the diffraction patterns produced
in reflection by the array of micromagnets embedded in the
membrane. An optical model was developed to interpret the dif-
fraction patterns from the curved membrane and thereby quan-
tify the membrane deformation. Thus, our analytical models
enable the quantification of static forces and pressures exerted
on the membrane and its resulting deformation. These models
should also be relevant in the case of low-frequency vibrations
(quasi-static mode) used in mechanobiology. In particular, the
forces and deformations involved in our study on the stimulation
of insulin secretion, using rotating fields of 10–40Hz
(Ponomareva et al.),[34] were calculated. They are comparable
to forces acting at cell level in living tissues. This membrane,
remotely operated, could thus imitate a moving or vibrating cel-
lular environment.

In summary, this magnetoelastic biocompatible and transpar-
ent membrane can be used to act on its environment in a con-
trolled way by remotely applied magnetic field. Potential
applications include bioinspired systems such as soft artificial
muscles or magnetic actuator for living cells stimulation.

4. Experimental Section

4.1. Fabrication Process of the Magnetoelastic Membrane: Preparation of
PDMS materials of various compositions leading to the membranes (i),
(ii), and (iii). The three PDMS compositions (i), (ii), and (iii) were prepared
by mixing two types of PDMS:[31,33] Sylgard 184 (S184) silicon elastomer
and Sylgard 527 (S527) dielectric gel, both from Dow Corning, each of them
prepared as recommended by the manufacturer.[33,73]

S184 was prepared by mixing prepolymer base and cross-linking in 10:1
mass proportion (S184).[32,73]

S527 was prepared by mixing part A and part B in 1:1 mass proportion
(S527).

Each mixture was manually stirred for 5 min and then degassed for
45min.

The mixture of the two PDMS was then spin coated on the substrate
(see step 5 in Figure 1d), at the speed of 5000 rpm during 100 s, resulting
in the PDMS thickness of 5 μm. The spin-coater plate was heated at 100 °C
to cure the PDMS layer at the curing temperature of 100 °C during a curing
time of 15 min.[73]

4.2. Mechanical Models of the Membrane Deformation:
Parameters in the Following Zhang’s and Small-Nix’s Models: The

mechanical properties of the PDMS-based membranes, and PDMS/Au
bilayer membranes, were calculated using the following parameters: the
transverse-loading pressure PZ, Young’s modulus E, Poisson’s ratio ν,
membrane thickness hm, membrane radius Rm, and membrane (or
“plate”) bending stiffness DS

where DS= (E� hm
3)/(12� (1� ν2)).

The water pressure (Figure 2) Pw ¼ ðρw � ½Vml � 10�6� � gÞ=½π � R2
m�,

used as “transverse loading pressure”, is an input in the elastic plate
model[35] which calculates the membrane deflections w0, for each
Young modulus E. The membrane radius Rm = 7mm, water volume
Vml (varying from 0 to 10mL), water density ρw� 1000 kgm�3, and gravi-
tational constant g= 9.81 m s�2 are given parameters.

Our three PDMS membranes (i), (ii), and (iii) shown in Figure 2,
resulted from mixtures with proportions x% of S184 and (100� x)% of
S527, such as (i) x= 33%, (ii) x= 50%, and (iii) x= 100%. 1) PDMS:
E= 460 kPa (i); or 830 kPa (ii); or 1.72MPa (iii); ν= 0.49; hPDMS= 5 μm;
and Rm= 7mm. 2) Gold: E= 80GPa; ν= 0.42; hAU= 100 nm; and
Rm = 4mm used in Joisten et al.[30] and here for comparison. In Joisten
et al.,[30] the 100 nm thick gold layer governed the bilayer PDMS/Au elasticity.

Small-Nix’s Model: This model simulates the hydrostatic pressure
experiment on the PDMS-based membranes, as follows: the deformed
membrane has a spherical shape given in Equation (1), [wðrÞ ¼ w0 ⋅
ð1� r2=R2

mÞi] with i= 1 and the maximal deflection w0 being the
solution of the expression[35]

ð7� vÞ
6

� w3
0

h2m
¼ PZ � R4

m

ð24� DS � ð1þ vÞÞ (3)

Small-Nix’s model imposes one limit condition: the “non-zero slope as
clamped condition”, as i= 1 in Equation (1), appropriate for the stretching
behavior of sufficiently flexible membranes, with sufficient load.

Zhang’s Model: This model simulates the magnetic actuation of the
PDMS-based MEMs (i), (ii), and (iii), and the previous PDMS/Au
bilayers,[30] as follows: the membrane deformation is given in Equation (1),
[wðrÞ ¼ w0 ⋅ ð1� r2=R2

mÞi� with i= 2 and the maximal deflection w0 being
the solution of the expression:[35]

w0 þð0.4118þ 0.25 v� 0.16088 v2Þ � ðw3
0=h

2
mÞ ¼ ðPZ �R4

mÞ=ð64�DSÞ
(4)

We chose i= 2 in Equation (1) for the magnetic actuation, as the defor-
mations remain “small”, that is, the “clamped condition of zero slope”, for
which the membrane remains tangent to its initial plane at its circular
edge. (Zhang’s model enabling two potential limit conditions, zero (i= 2)
and non-zero (i= 1) slope, respectively, for the bending state and the
bending–stretching transition.)[35]
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4.3. Strain: In the strain expression ε= (L� 2Rm)/2Rm, the length L of the
circular arc modeling the deformed membrane profile is expressed as a func-
tion of themembrane radius Rm and its central deflectionw0. The deflexionw0

derives either from the Small-Nix model calculation or from the experimental
data in case of hyperelasticity. The circular arc forming the membrane profile
is on a circle of radius R, defined by the following geometrical relations:

R2 ¼ R2
m þ ðR� w0Þ2; with if Rm> w0, L= 2.R.θ, and tgθ= Rm/

(R� w0), leading to the circular arc length L ¼ R2
mþw2

0
w0

� �
⋅ tan�1 2⋅Rm ⋅w0

R2
m�w2

0

� �
,

leading to the strain ε expressed as

8>>>>>>>><
>>>>>>>>:

ε ¼ �1þ R2
m þ w2

0

2 ⋅ Rm ⋅ w0

� �
⋅ tan�1 2 ⋅ Rm ⋅ w0

R2
m � w2

0

� �
, for Rm > w0:

ε ¼ �1þ R2
m þ w2

0

2 ⋅ Rm ⋅ w0

� �
⋅ π � tan�1 2 ⋅ Rm ⋅ w0

w2
0 � R2

m

� �� �
, for Rm < w0

ε ¼ �1þ π

2
, for Rm ¼ w0

(5)

4.4. Magnetic Microdisks:
Patterning Process and Magnetic Material Deposition: The array of per-

malloy microdisks was fabricated by optical (DUV) lithography and mag-
netic material deposition (Figure 1d), in the 1000 class clean room PTA
(Upstream Technological Platform),[74] as follows: i) a MAN resist layer
(Photoresist Series ma-N 2400, using ma-N 2403 here) was spin coated
onto the sacrificial PMMA layer, for the DUV lithography step; ii) a lithog-
raphy process was used to open an array of cylindrical wells in the MAN
resist layer (diameters of 1.3 μm); and iii) the permalloy material (Ni80Fe20)
was deposited by evaporation at a rate of 0.25 nm s�1 (thickness of 60 nm).
This process consisted of heating a material target by electron bombard-
ment in a vacuum chamber so that the material evaporates and recon-
denses on the substrate. The advantage of evaporation over other
deposition techniques (e.g., such as sputtering) was that the deposition

was more directional, which made it easier to fill the wells of a MAN resist;
iv) the lift-off of the MAN resist, using a solvent (ethanol or isopropanol)
that did not dissolve the PMMA layer. At this stage, the magnetic micro-
disks were arranged in an array on the PMMA layer, ready to receive the
PDMS layer. After the deposition of the 5 μm thick PDMS layer, the sacrifi-
cial PMMA layer was dissolved with acetone, releasing the PDMS mem-
brane with the embedded magnetic particles from the Si substrate.

Saturation Magnetization of the NiFe Microdisks: With the particles still
attached to the PMMA layer, on the Si substrate, the global magnetic prop-
erties of the magnetic microdisks arrays were measured by VSM. The
resulting OOP hysteresis loops (Figure 3b), confirmed the expected value
of the saturation magnetization, MS� 800 kA m�1, that is, μ0MS � 1 T,
(μ0= 4π�10�7), typical of NiFe films. The OOP saturation field of the
magnetic microdisks BZSAT is here �1 T (Figure 3b), whereas the IP satu-
ration field of such NiFe disks would be only �20mT.[55]

Model of the Magnetic NiFe Microdisks and SPIONs Magnetization: The
phenomenological model with “tanh” function can fit the experimental
hysteresis loop, as previously shown for NiFe particles of diameter
3 μm and thickness 1.25 μm in Joisten et al.,[30] based on the expression

μ0MZ ¼ μ0MS � tanhðK � BZÞÞ (6)

where μ0MS= 1 T and the phenomenological constant K= 1.55
(Figure 3b); or 1.90; or 2.85,[30] or 11, respectively, for NiFe disks of (diam-
eter, thickness): (1.3 μm, 60 nm); (1.3 μm, 200 nm); or (3 μm, 1.25 μm); or
(1 μm, 4 μm). The OOP differential magnetic susceptibility is derived from
Equation (6) as follows: dðμ0MZÞ=dðBZÞ ¼ K=cosh2ðK � BZÞ and shown
in Figure 3b, used in the magnetic force model below, for BZ! 0. The
SPIONs magnetization is expressed by a Langevin model as

μ0MZ ¼ μ0MS � cothðk � BZÞ �
1

k ⋅ BZ

� �
(7)

where μ0MS= 0.4 T and k= 68.
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Figure 6. Magnet characteristics and typical magnetic forces. a) Magnetic field generated by a magnet as a function of its aspect ratio. Parallelepiped
magnets of cross section (2a� 2b)= (20mm� 5mm), varying the magnet length h parallel to the Z-axis. Curves of normalized BZ/μ0MMAG on the Z-
axis, [X,Y= 0,0] versus the aspect ratio h/Req, where the equivalent radius Req is defined by the section π� Req

2= 2a� 2b. The two arrows indicate the
experimental magnet location (ratio 3.55); i) orange curve: BZ/μ0MMAG calculated inside the magnet at the center (Z=�h/2); ii) red curve: outside near
the magnet face (Z! 0), showing the maximum field available on the OZ axis in air. b) Magnetic field, field gradient, and forces on a particle (Ø 1.3 μm;
60 nm thick), modeled along the transverse X-axis, for Z= 1 μm (close to the magnet face) and Z= 1.9 mm (as used in the optical experiment). With the
experimental NdFeB magnet of μ0MMAG= 1.29 T, dimensions (20mm� 5mm)� 20mm, aspect ratio h/Req= 3.55, BZMAX(0,0,Z! 0)� 0.622 T, close
to the maximum 0.5� 1.29 T.
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Permalloy microdisks and SPIONs shown in Figure 3c are characterized
by: 1) the present NiFe microdisks, μ0MS= 1 T, diameter 1.3 μm, and thick-
ness 60 nm; 2) larger NiFe microdisks studied in Joisten et al.,[30]

μ0MS= 1 T, diameter 3 μm, and thickness 1.25 μm; 3) spherical magnetite
SPIONs, similar to those studied in Cursaru et al.,[61] μ0MS= 0.4 T (average
magnetization here for one particle) and diameter 10.4 nm.

4.5. Source of Magnetic Field:
NdFeB Magnets: Our permanent magnets, commercial magnets from

Supermagnete,[37] were composed of NdFeB, with a protective Nickel-
plated coating (Ni–Cu–Ni). These magnets were parallelepipeds of
20mm� 20mm� 5mm, similar to the “Q-20-20-05-N” of the
Supermagnete catalog. However, the direction of their magnetization
MMAG was custom made by Supermagnete, adapted to our experimental
setup: MMAG was oriented along one of the long sides of the magnet
(20 mm), thus defining the Z-axis direction. Magnet characteristics are
shown in Figure 6. The aspect-ratio dependence is shown in
Figure 6a, with h being the height along the direction of the magnetization
MMAG and Req being the equivalent radius of the magnet cross section.
Two close magnetization amplitudes (from magnets of grades N42 to
N45)[37] were used: μ0MMAG= 1.29 T or 1.36 T, due to their respective
origins: i) from Supermagnete for the optical experiment[37] and ii) pro-
vided by Platform Kinetics for the biological application,[75] respectively.

Model of the Generated Magnetic Field and Field Gradient: The magnetic
field on the Z-axis BZ and the component dBZ/dZ of the magnetic field
gradient was expressed using the classical electrostatic-like field model,
previously restricted to BZ(X,0,Z ) in Joisten et al.,[30] extended here to
BZ(X,Y,Z ). By the integration of

~BðX ,Y ,ZÞ ¼ μ0MMAG

4π
:

"ZZ ðX � xÞdxdyffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X � xð Þ2 þ ðY � yÞ2 þ Z2

p� �
3 :
~i

þ
ZZ ðY � yÞdxdyffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðX � xÞ2 þ ðY � yÞ2 þ Z2
p� �

3 :
~j

þ
ZZ

Z:dxdyffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðX � xÞ2 þ ðY � yÞ2 þ Z2

p� �
3 :
~k

#

Generated by the parallelepiped magnet of dimensions (2a� 2b)� h
and magnetization MMAG, BZ is expressed as a sum of two fields of oppo-
site directions at the point (X,Y,Z ), as follows[30]

BZðX ,Y ,ZÞ ¼ ½bZðX ,Y ,ZÞ � bZðX, Y , ðZ þ hÞÞ� (8)

where bZðX, Y ,ZÞ and bZðX ,Y , ðZ þ hÞÞ are generated, respectively,
by the nearest and farest charged magnet faces, separated by the magnet
length h along the Z-axis parallel to the magnetization direction. After inte-
gration, each field bZ is expressed as the sum of four terms in tan�1, with
the magnet dimensions and the position coordinates, such as

bZðX , Y ,ZÞ ¼
μ0MMAG

4π

� �

�
2
4tan�1 ðX þ aÞ ⋅ ðY þ bÞ

Z ⋅ ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðX þ aÞ2 þ ðY þ bÞ2 þ Z2

p
Þ

 !

� tan�1 ðX � aÞ ⋅ ðY þ bÞ
Z ⋅ ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðX � aÞ2 þ ðY þ bÞ2 þ Z2

p
Þ

 !

� tan�1 ðX þ aÞ ⋅ ðY � bÞ
Z ⋅ ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðX þ aÞ2 þ ðY � bÞ2 þ Z2

p
Þ

 !

þ tan�1 ðX � aÞ ⋅ ðY � bÞ
Z ⋅ ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðX � aÞ2 þ ðY � bÞ2 þ Z2

p
Þ

 !35

(9)

The magnetic field gradient ∂BZ
∂Z ðX ,Y ,ZÞ ¼ ∂bZðX, Y ,ZÞ

∂Z � ∂bZ ðX, Y , ðZþhÞÞ
∂Z

h i
,

is extensively written by derivation of Equation s (8,9), as follows

∂BZ

∂Z
ðX ,Y ,ZÞ ¼ ∂bZðX ,Y ,ZÞ

∂Z
� ∂bZðX, Y , ðZ þ hÞÞ

∂Z

� �
(10)

Setting the intermediate function f Zðx, y,ZÞ ¼ ∂
∂Z tan�1 x⋅y

Z⋅ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2þy2þZ2

p
Þ

� �� �
resulting in: f Zðx, y,ZÞ ¼ ð�1Þ⋅x⋅y⋅ðx2þy2þ2⋅Z2Þ

ðx2þZ2Þ⋅ðy2þZ2Þ⋅ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2þy2þZ2

p
Þ

The component ∂BZ
∂Z ðX ,Y ,ZÞ can be analytically written, as follows

∂bZðX,Y ,ZÞ
∂Z

� ∂bZðX,Y , ðZ þ hÞÞ
∂Z

¼ μ0MMAG

4π

� �
� ½½ f ZððX þ aÞ, ðY þ bÞ,ZÞ

� f ððX � aÞ, ðY þ bÞ,ZÞ � f ððX þ aÞ, ðY � bÞ,ZÞ
þ f ððX � aÞ, ðY � bÞ,ZÞ� � ½ f ZððX þ aÞ, ðY þ bÞ, ðZ þ hÞÞ
� f ððX � aÞ, ðY þ bÞ, ðZ þ hÞÞ � f ððX þ aÞ, ðY � bÞ, ðZ þ hÞÞ
þ f ððX � aÞ, ðY � bÞ, ðZ þ hÞÞ��

(11)

Likewise partially written, as follows: (12)

∂bZðX,Y ,ZÞ
∂Z

¼ μ0MMAG

4π

� �
� ð�1Þ

�
"

ðX þ aÞ � ðY þ bÞ � ½ðX þ aÞ2 þ ðY þ bÞ2 þ 2� Z2�
½ðX þ aÞ2 þ Z2� � ½ðY þ bÞ2 þ Z2� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðX þ aÞ2 þ ðY þ bÞ2 þ Z2�

p
� ðX � aÞ � ðY þ bÞ � ½ðX � aÞ2 þ ðY þ bÞ2 þ 2� Z2�
½ðX � aÞ2 þ Z2� � ½ðY þ bÞ2 þ Z2� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðX � aÞ2 þ ðY þ bÞ2 þ Z2�

p
� ðX þ aÞ � ðY � bÞ � ½ðX þ aÞ2 þ ðY � bÞ2 þ 2� Z2�
½ðX þ aÞ2 þ Z2� � ½ðY � bÞ2 þ Z2� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðX þ aÞ2 þ ðY � bÞ2 þ Z2�

p
þ ðX � aÞ � ðY � bÞ � ½ðX � aÞ2 þ ðY � bÞ2 þ 2� Z2�
½ðX � aÞ2 þ Z2� � ½ðY � bÞ2 þ Z2� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðX � aÞ2 þ ðY � bÞ2 þ Z2�

p
#

(12)

The magnets used in optical (here and previously)[30] and biological[34]

experiments were composed of NdFeB, of two types N40 and N42, with
respective magnetization μ0MMAG= 1.29 T and 1.36 T. The latter (N42)
was the one used in the instrumentation developed by Platform
Kinetics Limited (Dr Thomas Oliver Myers), Leeds, UK[75] Both of dimen-
sions (2a� 2b)� h= (5 mm� 20mm)� 20mm.

In the working space (outside the magnet, near the poles), the perma-
nent magnet of magnetization MMAG generates a magnetic field BZ—
proportional to the magnetization μ0MMAG—at most equal to
�(0.5� μ0MMAG) along the Z-axis. The field BZ tends to μ0MMAG in
the magnet center (not accessible). These field maxima, reached only if
the magnet is sufficiently long, depend on the aspect ratio of the magnet,
as shown in Figure 6a. The present experimental magnets—NdFeB with
μ0MMAG of about 1.3 T—are dimensioned with a length h of 20 mm and a
cross-sectional area (2a� 2b) of (20mm� 5 mm), leading to a maximum
field BZ of about 0.62 T in the working space near the poles (Z≤ 1 μm) (BZ
in Figure 3a and 6b). A length h of 50mm would enable a maximum of
�0.65 T. The transverse variation of the field, along the X-axis, reveals edge
effects, close to the magnet face (see Z= 1 μm in Figure 6b).

4.6. Magnetic Force FZ Exerted on a Magnetic Particle: The analytical
model of the magnetic forces is given in Equation (2). In short, FZ is

expressed as FZðX ,Y ,ZÞ ¼ Vd � MZ � dBZ
dz

� �
, where the field

BZ= μ0HZ is applied by the magnet on a microdisk of magnetization
MZ =MZ(BZ), located at the distance Z from the magnet face, Vd being
the magnetic disk volume, and HZ being “the magnetic field intensity” in
Am�1. If BZ! 0, MZ= χ(0)·HZ, with χ(0) being the initial OOP suscepti-
bility (slope of the hysteresis loop in BZ= 0), in Figure 3b. In particular, the
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force FZ can be expressed in the two boundary conditions on the applied
magnetic field BZ, as follows

FZ ! Vd ⋅ χð0Þ ⋅ μ�1
0 ⋅ BZ ⋅

dBZ

dz
, for BZ ! 0, and

FZ ¼ Vd ⋅MSAT ⋅
dBZ

dz
, for BZ ≥ BSAT

(13)

Here, BSAT being the field above which the magnetic particle is
saturated.

With: i) OOP magnetization MZ in Equations (6) or (7); ii) OOP differ-
ential magnetic susceptibility χ= dMZ/dBZ; iii) field BZ expressed in
Equation (8) and (9); and iv) gradient dBZ/dZ expressed in
Equation (10) and (11). Figure 6b shows the order of magnitude of the
forces at two distances from the magnet (Z= 1 μm and Z= 1.9 mm),
in piconewton, along the transverse X-axis, based on the field and field
gradient. Edge effects are highlighted for Z= 1 μm, close to the magnet.

4.7. Optical Model: The MEM—as deformable diffraction grating—is
locally illuminated by the laser beam, as sketched in Figure 7.

Our analytical optical model, previously described in Joisten et al.,[30] cal-
culated the diffraction pattern in reflection, and its evolution when the mem-
brane was deformed by the applied magnetic field. To complement Joisten
et al.,[30] the difference between diffraction patterns in transmission and
reflection had been analyzed in depth and modeled. In short, based on
the scheme in Figure 4b, each microdisk (of indice n on the X-axis) presents
a transverse displacement wn (along the Z-axis), the membrane shape being
modeled by Equation (1) with i= 2 and r= Xn� Rm, leading to

wn ¼ wðXn � RmÞ ¼ w0 ⋅ ½1� ððXn � RmÞ2=R2
mÞ�2 (14)

The concave membrane profile is locally defined by the tilted straight
line segment AB, its angle αn with the X-axis, and its length AB= dn�1:
tan αn ¼ ðwn � wn�1Þ=d and cosαn ¼ d=dn�1 (Figure 4b).

The light intensity distribution, in the diffraction patterns, results from
the sum of the light waves at the detection points, in the observation direc-
tions θ, with θ= θT in transmission or θ= θR in reflection (Figure 4b). The
resulting intensity is based on the phase differences of the waves transmit-
ted or reflected by neighboring particles of the grating, that is, on the optical

path differences between two adjacent light rays, (BD–CA)n in reflection and
(BE–CA)n in transmission, as expressed later in Equation (15) and (16)
(planar membrane) and Equation (17–20) (concave membrane).

Optical Path Differences, from Two Neighboring Particles, Reflection and
Transmission (Figure 4b): θ0 being the incident angle on the planar mem-
brane and θ being the direction of observation, for a reflected or a trans-
mitted beam, the optical path differences between two rays from two
neighboring particles A and B (Figure 4b) of the planar or concave grating,
are expressed as follows:

Planar membrane

in reflection∶BD� CA ¼ d ⋅ ðsin θ � sin θ0Þ (15)

in transmission∶BE � CA ¼ d ⋅ ðsin θ � sin θ0Þ (16)

Concave membrane, in reflection

ðBD� CAÞn ¼ dn�1 ⋅ ðsinðθ � αnÞ � sinðθ0 þ αnÞÞ, developed as (17)

ðBD� CAÞn ¼ d ⋅ ðsin θ � sin θ0Þ � ðwn � wn�1Þ ⋅ ðcos θ þ cos θ0Þ (18)

Concave membrane, in transmission

ðBE � CAÞn ¼ dn�1 ⋅ ðsinðθ þ αnÞ � sinðθ0 þ αnÞÞ, developed as (19)

ðBE � CAÞn ¼ d ⋅ ðsin θ � sin θ0Þ þ ðwn � wn�1Þ ⋅ ðcos θ � cos θ0Þ (20)

Modeling the Transmitted Light Distribution from the Reflection
Expression: Equation (18) (reflection) is transformed into Equation (20)
(transmission), by replacing the incident angle θ0 by π- θ0 and the maximal
deflection w0 by -w0, that is, replacing ðwn � wn�1Þ by �ðwn � wn�1Þ.

Analytical Expression of the Light Distribution in Reflection (usable for
Transmission): The path difference between two adjacent light rays
reflected on the particles n� 1 and n (Figure 4b), is expressed in
Equation (18), taking into account the local concavity of the membrane.

From the direction of observation θ, the light distribution U(θ) (wave-
number k= 2π/λ) is reflected on N particles, and summed up as:[30]

UðθÞ ¼ Uð0ÞðθÞ ⋅
h
1þPnminþðN�1Þ

n¼1þnmin
e�ik⋅ðBD�CAÞn

i
, resulting in
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Figure 7. Sketch of the vertical MEM (flat in zero magnetic field) and horizontal incident laser beam (green color) showing particle numbers used for
summing the light distribution reflected on N particles. a) Top view. b) Front view. Modeling the optical diffraction pattern from Figure 4: Rm= 7mm;
pitch= 3 μm; and effective diameter Deff= 2.746mm. Ntotal= 2Rm/pitch= 4667 particles; nmin= 1000 particles (nmin� pitch= 3mm); N= 920 par-
ticles (N� pitch= 2.76mm); and Ntotal –N� nmin= 2747 particles (Ntotal –N� nmin)� pitch= 8.24mm). (The laser enlightening N= 920 particles
would have been centered if nmin= (Ntotal�N)/2= 1873.).
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UðθÞ ¼ Uð0ÞðθÞ ⋅
XnminþðN�1Þ

n¼nmin

e�ik ½n ⋅d ⋅ðsin θ�sin θ0Þ�wn ⋅ðcos θþcos θ0Þ� (21)

where, as sketched in Figure 7, the particles on the membrane
diameter (on the X-axis), being either inside or outside the laser beam,
are numbered as follows: Ntotal= total number of particles on the
membrane diameter (along OX); Ntotal= 2Rm/d; and N= number of
particles enlightened by the laser beam on the X-axis. To calculate N,
we considered both the incident angle θ0 and an effective laser beam
diameter Deff with an intensity profile supposed uniform, Deff slightly
smaller than the laser diameter of 3.5 mm and Gaussian intensity
profile, such as: N= (Deff/cosθ0)� (1/d), where the pitch d= 3 μm. In
the present experiment θ0= π/30 rd; cosθ0� 0.995 (close to normal
incidence); Deff� 2.746mm; nmin= the first particle enlightened by
the laser beam, on the membrane diameter (X-axis). If
nmin< 0.5� (Ntotal–N), the laser beam center is on the left side of
membrane center. Ntotal, nmin, and N fitting the experimental diffraction
profile are shown in the caption of Figure 7. The interference-diffraction
pattern is then represented by the light intensity: IðθÞ ¼ ½UðθÞ ⋅ UðθÞ�,
modulated by I(0)(θ)= (U(0)(θ))2, that is, the Fraunhofer diffraction on
the particles of diameter a

Ið0ÞðθÞ ¼ ðsincðk ⋅ a ⋅ p=2ÞÞ2, with p= sinθ� sinθ0,
[76] and θ= atan(x/D),

to express the light intensity versus x along the X-axis on the screen (at the
membrane-to-screen distance D). This modeled light intensity is plotted in
Figure 4c3,c4 (green and red color curves).

4.8. Membrane Used as Bioreactor: The study of insulin release from
INS-1 E β-islet pancreatic cells, induced via the mechanical stimulation
of the cells, cells being subjected to the treatments 48 h after seeding,[34]

was previously described in Ponomareva et al.[34] In particular, the cell
culture, the insulin secretion stimulation protocol, the cell viability and
apoptosis assessment, and the characterization of the insulin secretion
by cells grown on magnetoelastic membranes, compared with cells stim-
ulated by dispersed particles, were thoroughly detailed and discussed in
Ponomareva et al.[34]

The used cells were INS-1 E pancreatic cells,[34] originating from rat
(Rattus Norvegicus) Langerhans islets. Therefore, there was no ethical issue
with their use.

This commercial cell line was obtained from European Collection of
Authenticated Cell Cultures (ECACC), operated by Public Health England.
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