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Biological cells and tissues are continuously subjected to mechanical stress and strain cues from their sur-
rounding substrate. How these forces modulate cell and tissue behavior is a major question in mechanobi-
ology. To conduct studies under controlled varying physiological strain scenarios, a new virtually-assisted
experimental system is proposed allowing for non-invasive and real-time control of complex deformation
modes within the substrates. This approach is based on the use of extremely soft magneto-active poly-
mers, which mimic the stiffness of biological materials. Thus, the system enables the untethered control
of biological substrates providing reversible mechanical changes and controlling heterogeneous patterns.
Motivated on a deep magneto-mechanical characterization across scales, a multi-physics and multi-scale
in silico framework was developed to guide the experimental stimulation setup. The versatility and vi-
ability of the system have been demonstrated through its ability to reproduce complex mechanical sce-
narios simulating local strain patterns in brain tissue during a head impact, and its capability to transmit
physiologically relevant mechanical forces to dermal fibroblasts. The proposed framework opens the way
to understanding the mechanobiological processes that occur during complex and dynamic deformation
states, e.g., in traumatic brain injury, pathological skin scarring or fibrotic heart remodeling during my-
ocardial infarction.
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1. Introduction defined mechanical stimuli for quantitative analysis. Critical limi-

tations are related to the isolation, combination and non-invasive

Tremendous research efforts are dedicated to unravelling the
effects of mechanics in biology such as alterations in functional
responses, morphological changes and the influence on migration,
growth or healing processes [1-6]. However, there are still signif-
icant limitations to evaluating biomechanical effects and applying

Abbreviations: MRE, Magnetorheological elastomer; MAP, Magneto-active poly-
mer; FEM, Finite element method.
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control of the aimed mechanical actions affecting the biological
structure of interest. Current approaches are based on polymeric
substrates for cell culture and the direct application of mechanical
loading on them [7-11]. However, this kind of system is limited to
rather simple deformation modes and rarely allows for a combina-
tion of them (neither sequentially nor simultaneously). This limi-
tation hinders the analysis and deep understanding of mechanical
scenarios where complex deformation states evolve over time. See
relevant physiological scenarios in the literature [12-15]. Among
these, closed-head impacts lead to heterogeneous strain distribu-
tions that rapidly evolve resulting in significant alterations in phys-
iological behavior [16,17]. Scarring processes (e.g., cardiac, glial, or
dermal) inducing stiffness gradients within the tissue also lead to
heterogeneous strain patterns resulting in temporal-varying inter-
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action forces between the extracellular matrix (ECM) and the cel-
lular systems [18,19]. Moreover, other relevant biological processes
such as neural crest cell migration during development are also
highly influenced by tissue stiffening and complex deformation
modes associated with a gradual organization and enrichment of
collagen fibers [20-22]. Another limitation of most of the current
mechanical-stimulation systems is that they require direct (inva-
sive) contact with the cellular substrate, hence risking to contami-
nate and introduce local damage to the matter.

More sophisticated solutions include photo-activation of
changes in material properties [23], but are limited by the low
penetration depth of visible light in the material and surrounding
medium. To overcome these issues, some authors have proposed
the use of magneto-responsive substrates [24,25]. However, these
approaches were limited to overall stiffness changes and the
control of different deformation modes was not allowed. Uslu and
coauthors have recently developed a wireless microactuator to
study mechanobiology, which is based on a hydrogel substrate
connected to a permanent magnet [26]. This has provided a novel
in vitro system but whose mechanical stimulation is constrained
to a specific deformation mode. Another recent use of magneto-
mechanical coupling is the development of soft robots, driven
by external magnetic fields, to interact with biological tissues
[27,28]. However, to the best of the authors’ knowledge, there is
no available methodology to conduct mechanobiological studies
under controlled complex and time-varying deformation scenarios.

In this work, we aim at changing the paradigm by develop-
ing a novel experimental-computational framework that allows for
non-invasive and real-time control of complex deformation modes
within the cellular substrates. The system allows for instantaneous
evaluation of mechanical effects and for influencing different bio-
logical responses while recording the whole temporal event. The
non-invasive stimulation is possible thanks to the ability of certain
materials, i.e., magnetorheological elastomers (MREs), to respond
mechanically to external magnetic fields [29,30]. These MREs con-
sist of a soft polymeric matrix (i.e., PDMS) filled with micron-size
magnetic particles (i.e., carbonyl iron powder). When imposing an
external magnetic field, the particles magnetize leading to internal
forces in the form of particle interactions. These forces are trans-
mitted to the elastomeric matrix causing a mechanical deforma-
tion and/or changes in the rheological properties of the MRE (i.e.,
stiffness). Therefore, the overall response of the MRE depends on
different factors: the nature of the elastomeric matrix and mag-
netic particles, distribution of the particles within the matrix, me-
chanical boundary conditions (BCs) and external magnetic fields. A
special remark relates to the mechanical BCs, as these define the
coupled response of the composite: (i) if fixed BCs are imposed,
the sample does not deform but experiences internal stress. Thus,
if the elastomeric matrix presents a nonlinear mechanical behav-
ior, the result of the magnetic field application is a variation in
apparent material stiffness; (ii) if free BCs are imposed, the inter-
nal stresses within the MRE due to the application of the magnetic
field result in mechanical deformation (i.e., change in shape).

For the development of such a stimulation framework, we
have designed a multi-component stimulator-imaging system. It
uses the multifunctional properties of MREs to control cellu-
lar substrates’ mechanical deformation (allowing for the temporal
programming of complex deformation modes) in a non-invasive
manner. To carry out the work, we first manufactured different
MREs varying their stiffness and the intensity of their magneto-
mechanical coupling. These materials were extensively character-
ized at both macroscopic and microscopic scales, unveiling the
mechanisms that govern their behavior. Motivated on these anal-
yses, a multi-physics in silico framework was developed to act as
guidance for the experimental stimulation setup. This provides the
controlling parameters to induce desired magnetic fields on the
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MRE-cellular substrate, and the subsequent mechanical deforma-
tion to be transmitted to the biological matter. The viability and
versatility of the complete experimental-computational framework
for in vitro mechanical stimulation of cellular systems were finally
assessed by two applications taken as proof of concept. First, the
ability of the system to reproduce complex mechanical scenarios
was demonstrated by simulating a set of local strain patterns oc-
curring within the brain tissue during a head impact. Then, the
capability of the framework to transmit mechanical forces to cel-
lular systems was evaluated by subjecting primary human dermal
fibroblasts (hFBs) to magneto-mechanical loading. Differently from
previous approaches in the literature, we allow at the same time
for: non-invasive (through magnetic fields) mechanical stimulation,
real-time control of mechanical stimulation, and alternating (com-
plex) deformation modes controlling local changes in both mag-
nitude and principal strain components. The proposed framework
leads to novel studies to understand mechanobiological mecha-
nisms behind relevant processes that develop under complex and
dynamic deformation states (e.g., traumatic brain injury, patholog-
ical skin scarring, fibrotic heart remodeling during myocardial in-
farction). In addition, it opens doors for novel stimulation capabil-
ities of biological matter.

2. Materials and methods
2.1. Magneto-mechanical biological stimulation device

We developed a multi-component stimulator-imaging system to
influence in vitro biological responses by the application of remote
magnetic fields on multifunctional substrates. The whole experi-
mental setup is linked with an advanced computational framework
that guides the controlling parameters to impose mechanical defor-
mation patterns on the cellular substrate. Consequently, mechani-
cal forces are transmitted to the cellular system affecting its be-
havior.

A magneto-stimulation device was designed to fit in an incu-
bator allowing for the application of magnetic fields on the MRE
substrate along time. The device was conceived to allow for real-
time application of semi-uniform magnetic fields (reasonably uni-
form near the center area with magnitudes, ranging from 0 to
20 mT in vacuum and not compromising cell viability). The sys-
tem is externally bounded by the incubator in the microscope
(127.5 mm x 85.25 mm x 22.5 mm) and can be internally adapted
to different Petri dishes up to 35 mm in diameter. Further details
about the manufacturing of the device and its control algorithm
can be found in Supplementary Information. To impose the mag-
netic conditions, our stimulation system is comprised of four in-
dependently controllable sets of permanent magnets surrounding
the sample, with two sets aligned along each axis (Fig. 1). By mov-
ing the magnets closer or further from each other, we can vary
the resulting field over the region of interest. The two axes lie or-
thogonal to control the field in each direction, with the final field
obtained by superposition. The choice of permanent magnets in-
stead of electromagnets is based on: (1) the ease of integration
of the permanent magnets within the system, and (2) the reduc-
tion of heat sources due to resistive behavior of the electromag-
nets. As these components are within the incubator region and
close to the cellular system, we opted for permanent magnets to
avoid heat sources. The resultant mechanical deformation of the
MRE substrate will be determined by the final field and macro-
scopic particle interactions due to the presence of the magnets,
with the magnitude determined by their relative position to the
MRE sample. Overall, local mechanical deformation of the cellular
substrate can be controlled on the fly in terms of magnitude and
orientation, enabling the transmision of reversible forces to cells.
This device was coupled to a novel imaging setup especially built
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Fig. 1. Magneto-mechanical stimulation device coupled to the multidimensional imaging system. Multidimensional imaging system LEICA LAS X with an upright fluorescence
microscope (with ceramic objectives) coupled to a non-ferromagnetic incubator system. The incubator system hosts a magneto-mechanical stimulation device that actuates
on a magnetorheological elastomer (MRE) sample that serves as the substrate for the cellular system. The device is equipped with permanent magnets that are moved by
small motors controlled by a computational-experimental interface. Based on computational simulations, the controlling system computes the permanent magnets’ relative
positions to generate a given magnitude and direction of the magnetic field within the MRE. The targeted magnetic field is estimated by multi-physical computational
modelling to induce deformation patterns within the MRE substrate that are transmitted to the biological system cultured.

for this work (see Figs. 1 and S1). Thus, the whole framework al-
lows for measuring cellular dynamics by means of morphological
changes, proliferation or migration processes, among others.

The cellular dynamics are provided over time at both indi-
vidual cell and continuum scales while controlling the magneto-
mechanical interactions within the MRE substrate. While the mag-
netic fields can be straightforwardly tuned by the location of the
permanent magnets, controlling the resulting mechanical defor-
mation of the MRE is a challenging endeavor. Such a magneto-
mechanical response is determined by numerous mechanisms that
develop in parallel at both micro- and macroscales. To overcome
these difficulties and provide an efficient controlling system for
the substrate deformation, an advanced interface between the ex-
perimental components and computational models imposes the
magneto-mechanical dynamic conditions on the MRE. In this re-
gard, numerical simulations compute, in the presence of a given
MRE sample, the effective magnetic field magnitude and direc-
tion depending on the position of the permanent magnets. Then,

the subsequent deformation state within the MRE is estimated by
multi-physical computational modelling taking as input the mate-
rial substrate characteristics (see next sections for more details).
We note that the methodology developed herein can also be used
within a regular incubator, without the need for the ad-hoc mi-
croscopy system presented. Thus, the cellular system can be eval-
uated at different time points in any fluorescence upright micro-
scope.

2.2. Imaging setup

The imaging setup was built with the support of Leica (Le-
ica Microsystems, Wetzlar, Germany) and Okolab (Okolab S.R.L.,
Pozzuoli, Italy) companies to fulfil the following set of require-
ments: temporary control of temperature, CO, and humidity con-
ditions during long times (> 3 days), tracking of cellular sys-
tems cultured on opaque substrates, minimization of components
with medium/high magnetic permeability and non-invasive con-
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trol of the magnitude and direction of magnetic fields within the
cellular region. The final solution consists of a multidimensional
imaging system LEICA LAS X with an upright fluorescence micro-
scope (with ceramic, i.e., non-ferromagnetic, objectives) coupled to
a non-ferromagnetic incubator (Fig. S1).

2.3. Magnetorheological elastomers preparation and functionalization

The selected MRE is composed of a soft elastomeric matrix
and soft-magnetic particles. The carrier matrix, supplied in two
phases, is Dowsil CY52-276 (DowsSil, Midland, MI, USA) (PDMS).
To reach the desired crosslinking degrees (stiffness and viscoelastic
response), both phases were combined at multiple mixing ratios of
6:5, 1:1, 9:10 and 5:6, from the weakest to the strongest crosslink-
ing, respectively. In addition, the magnetic fillers, soft SQ carbonyl
iron powder (CIP) (BASF, Germany) with mean diameter 3.9-5 um
and soft-magnetization, were added to the raw mixture before the
curing process. The particle’s volume fractions (¢) of 0.15 and 0.3
were chosen to get different intensities of the magnetic interac-
tions between the particles and mechanical stiffening. The geom-
etry of the samples tested on the rheometer consists of cylinders
with 20 mm diameter and 1 mm height. This geometry is chosen
to ensure homogeneous fields during the rheological tests. For the
nanoindenter, cylinders of 20 mm diameter and 4 mm height were
used to replicate the testing conditions imposed in the cellular as-
says, and to limit the mechanical constraint due to the adhesion
between the MRE sample and the base of the petri dish.

After fabrication, the MRE was sterilized with 70 % ethanol
and then rinsed with water, followed by UV sterilization for
20 min. After sterilization, MREs were incubated in bovine colla-
gen type I (Gibco (tm), FisherScientific, USA) solution diluted in
PBS (0.5 mg/ml) under UV light. After 2 h, the surface of the MREs
was hydrophilic, indicating a correct coating of the substrate.

2.4. Macroscopic characterization

A TA HR-20 rheometer with Magneto-Rheology Accessory from
Waters TA Q600 (TA instrument, New Castle, DE, USA) was used
to determine the structural response of the MRE under two defor-
mations modes: axial compression and rotational shear. Dynamic
mechanical analysis tests assessed the visco-elastic response as a
function of harmonic excitation frequencies (0.01, quasi-static, to
10 Hz). At the same time, perpendicular magnetic fields of 0, 50,
100 and 200 mT were externally applied to the samples. See Sup-
plementary Information Text for further detail.

2.5. Microscopic characterization

Micron-sized indentations were conducted with a Chiaro
nanoindentation system (Optics11 Life, Netherlands) equipped with
a 50 pm radius and 0.25 N/m stiffness spherical tip. Monotonous
indentation measurements were performed with a final indenta-
tion depth of 10 um and a rate of 1 pm s~!. The Hertz contact
model allowed to obtain the Young’s modulus, E from the load-
ing branch of the load-indentation curves. Relaxation tests started
with an indentation at 20 pm s~! and continued for 60 s with
a constant-indentation step. Further detail about the microscopic
characterization is reported in Supplementary Information Text.

2.6. Digital Image correlation analysis and postprocessing algorithms

The upper side was treated by applying a white speckle with
an airbrush over the grey MRE. A CCD camera was set perpen-
dicular to the surface so that geometric distortion of the imaging
system is negligible. After acquiring the images, the NCorr open-
source software package, implemented in MATLAB [31], was used
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to compute the displacement fields and derive the Euler-Almansi
strain fields. A postprocessing algorithm corrected the translational
and rotational rigid body motion of the sample during image ac-
quisition. The resulting curves are plotted on the Frobenius norm
of the strain field. See Supplementary Information Text for further
detail.

2.7. Constitutive formulation of the continuum media

The magneto-mechanical problem is formulated on the defor-
mation gradient tensor F and three magnetic variables, that ex-
pressed in the spatial configuration read as: the magnetic field h,
magnetization m, and magnetic induction b. These variables can be
alternatively expressed in the material configuration, respectively,
as:

H=h-F
M=m-F (4)

B = det (F)b-FT
Moreover, these variables are related in the bulk as:
B = det (F)uoC~ ' (H+ M) (5)

where o is the vacuum magnetic permeability.

The constitutive formulation for the MRE was defined within a
thermodynamically consistent framework deriving the stress and
magnetic components from a total energetic potential as:

"IJ(E H) = \pmech (F) + Wmax (F, H) + “Ijmag (F7 H) (6)

where Wioch, Wmax and Wnag are, respectively, the mechanical
(Gent model formulation), the Maxwell and the magnetization en-
ergetic contributions, that were defined as:

—“T]’"ln[l - %] if det(F) =1

\Ijmech (F) = X
+00 otherwise
Winax (F, H) = —%F*T H-FT.H (7)

S

2
Winag (F, H) = — o I:r;lglog(cosh[n)sx/ F-TH . FTHD]

where , mg and x are the shear modulus, the magnetic satura-
tion, and the magnetic susceptibility of the MRE, respectively. The
parameter J;; defines a stretching threshold associated with the ex-
tensibility limit of the material.

Therefore, similarly to the calculation of the stress tensors from
thermodynamic principles in hyperelasticity, the mechanical and
magnetic constitutive equations can be derived from the total en-
ergy potential as:

_OYEH)
P=""%F M

oy (F, H)

where P is the first Piola-Kirchhoff stress tensor. Note that a La-
grange multiplier (p) appears in the definition of the stress to
impose incompressibility condition within the MRE according to
Eq. (7). It is worth mentioning that the magnetic problem al-
lows for taking any magnetic variable as the independent one.
Namely, the choice will be determined by the specific applica-
tion. These constitutive equations, along with the corresponding
governing equations, provide the computational framework for the
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Fig. 2. Finite element mesh of the magneto-mechanical stimulation setup used in the computational simulation. A detail of the discretized domain including the MRE
substrate, the four magnets and the surrounding air. The meshing of the MRE subdomain is refined to enhance the accuracy in the MRE substrate, whereas a courser
meshing strategy is chosen for the magnets and further air. Note that to facilitate the visualization, the mesh of the air is presented by means of a two-dimensional clip in

the middle plane.

magneto-mechanical problem. The main governing equations are
the mechanical balance and magnetostatics Maxwell’s equations:

Vo-P+fo=0
Vo -B=0 9)

V()XH =0

where V; is the material gradient and f, are the external mechan-
ical body forces.

Moreover, the magnets were mechanically defined as quasi-
rigid solids, i.e., stiffness of various orders of magnitude higher
than the MRE. The constitutive definition of their magnetic be-
havior was defined by a constant magnetization M equal to their
residual magnetization. Then, from the magnetic field H, the mag-
netic flux density vector B can be computed using Eq. (5). For
the description of the surrounding air, null magnetization M was
defined along with vacuum magnetic permeability. The mechani-
cal response of the surrounding air was defined as a compressible
material with very low stiffness so that no mechanical constraints
were imposed on the MRE sample [32-34].

2.8. Computational model

The simulations explicitly model the magneto-mechanical prob-
lem and replicate the experimental testing conditions of the stim-
ulation device when actuating within the imaging system. To this
end, we defined a finite element (FE) model that considers the
cylindrical MRE sample, the four permanent magnets and the sur-
rounding air. Thus, we accounted for magneto-mechanical coupling
within the MRE due to magnetic field lines going through it. We
also take into account macroscopic interactions between the MRE
and the magnets. The domains representing the different phases
are discretized in FE meshes of quadratic tetrahedral elements
(Fig. 2). An adaptive meshing strategy has been used to provide
finer element size in the MRE sample. After spatial convergence
analysis, the full mesh comprises 32112 elements: 12171 for the

MRE, 395 for each permanent magnet and 18361 for the surround-
ing air. For the incompressibility condition associated with the La-
grangian multiplier in Eq. (8), the discretization is reduced to the
points corresponding to the tetrahedral elements’ centers. The nu-
merical implementation of the problem consists in the integration
of the equilibrium equations (Eq. (9)) along with a penalty term for
incompressibility. The problem was implemented in the python Fi-
nite Elements module FEniCS by symbolically indicating the weak
form of those equations. The non-linear problem was solved mono-
lithically with a Newton-Raphson procedure.

The multi-physics problem requires the definition of certain
boundary conditions. In this regard, the permanent magnets were
fixed (all mechanical degrees of freedom) in the target position
according to the experimental condition simulated. In addition,
the base of the MRE sample was mechanically fixed reproducing
the experimental conditions, i.e., the MRE sample sticked to the
Petri dish. To overcome convergence difficulties associated with the
highly nonlinear nature of the coupled problem, the permanent
magnetization of the magnets was imposed in the form of a tem-
poral ramp until reaching the real value. Finally, the boundary of
the air phase was also mechanically fixed. Note that the outer do-
main boundary is sufficiently remote from the volume occupied by
the MRE and magnets such that the magnetic field perturbations
caused by the latter practically vanish at the air boundary. As the
Maxwell stress contribution is present in all domains, it was ne-
glected in the implementation following previous works [33-35].

The permanent magnets were defined as rigid solids by con-
straining the displacement of all their nodes, and their residual
magnetization ((g|/M| = 1.1 T is defined constant) was calibrated
from experiments using a Wuntronic, KOSHAVA5-USB Tesla/Gauss
Meter. This calibration was validated by un-coupled magnetic FE
modelling, simulating cases without MRE sample and comparing
computational values of the field B with experimental measure-
ments at different positions. The material parameters that describe
the magnetic behavior of the MRE (ms and x) correspond to ho-
mogenized variables that account for both the elastomeric matrix
and the magnetic particles. These were estimated from the homog-
enization approach, where only mechanical and magnetic variables
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with clear physical meaning were taken. The mechanical parame-
ters (i and Ji,) were directly taken from experimental characteri-
zation data. The model parameters used are collected in Table S1.
The surrounding air is modelled as a very low stiffness material so
that its contribution to the mechanical balance is negligible, but it
plays a role in the magnetic problems as reported in some works
[33-35]. Other alternatives to deal with higher MRE deformations
would require the use of multipoint constraints or more sophisti-
cated approaches [36-38]. To prevent excessive element distortion
of the air in the regions in contact with the MRE and enhance the
convergence of the model, the auxiliary energy density approach
reported by Dorn et al. [39,41] was implemented. To this end, a
weighting function was directly applied to the energy function on
such subdomain to balance its stiffness. This modification is suit-
able when the air is modelled as a mesh that becomes coarser at
larger distances from the magnetic body.

Further details about the full-field homogenization model can
be found in Supplementary Information Text.

2.9. Cell culture

Human dermal fibroblasts were cultured before their use at
37 °C in a humidified 5 % CO2 incubator in DMEM (Gibco, Fisher
Scientific, USA) supplemented with 10 % FBS (Sigma-Aldrich, USA)
and 1 % Antibiotic/antimycotic (Gibco, Fisher Scientific, USA). Once
ready to be cultured on the MRE, they were seeded at low den-
sity (7-103 cells/cm?) to allow for visualization of individual cell
morphology and polarity changes rather than cell monolayer be-
havior. The cells seeded on top of the opaque MRE were imaged
with an upright fluorescence microscope and kept in a humidified
incubation chamber at 37 °C and 5 % CO,. Details about the via-
bility study and cell number and morphology assessment can be
found in Supplementary Information Text.

2.10. Imaging analysis of cell orientation

Fibroblast alignment depending on the sensed deformation field
was analyzed using the Orientation] plug-in for Image ] [40]. The
orientation of the cells was characterized after 2 and 24 h of
magneto-mechanical stimulations (i.e., control, static and dynamic
stimulation scenarios) and compared to their original orientation
before imposing the magnetic field to the MAP substrate. The ori-
entation distribution was obtained for regions located at the cen-
ter of the MAP (2) and at lateral regions subjected to high (1)
and low (3) deformation fields, respectively. For each region, the
distribution was calculated by normalizing and averaging distri-
butions from three biological replicas. Polar histograms compar-
ing the dimensionless average orientation for different stimulation
conditions were computed. Orientation] was also used to perform
visual representations of cell orientation by plotting the local ori-
entation of the cells as a hue spectrum over binary images of the
segmented cells.

3. Results
3.1. Magneto-active substrates and multifunctional response

A critical component of the stimulation system is the MRE used
as cellular substrate. This material mechanically responds to ex-
ternal magnetic stimuli and transmits the resulting forces to the
cellular system cultured on its surface. To manufacture these com-
posites, we selected an extremely soft elastomeric matrix (ultra-
soft PDMS) and soft magnetic particles made of carbonyl iron pow-
der (CIP) with a mean diameter of 5 um (see Methods for details).
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The surface in contact with the cultured cellular system is treated
with a collagen coating to enhance biocompatibility (see Fig. 3A).
In addition, to tune the multifunctional behavior of the MREs,
we characterized their magneto-mechanical response accounting
for twelve different combinations of elastomeric mixing ratio (i.e.,
matrix stiffness) and particles’ volume fraction. Note that, a pri-
ori, softer elastomeric matrices and higher particles’ content lead
to higher magnetorheological effects (i.e., mechanical deformation
under magnetic fields and/or stiffness changes) [42]. However, we
have observed non-obvious (unexpected) responses with changes
in these parameters due to the complex multi-physical nature of
the MRE system (see the compressive response in Fig. 3B.1).

The problem addressed in this work requires a material char-
acterization at two different scales: macroscopic and microscopic.
The magnetic problem must be solved macroscopically as it de-
pends on the nature (i.e., permanent magnet, coil) and location
of the magnetic sources as well as on the nature (i.e., material
properties, geometry) and location of the MRE. The macroscopic
response of the MRE is thus governed by a strong structural com-
ponent, i.e., local magneto-mechanical responses are governed by
the structural/macroscopic coupling in the MRE [33,42]]. To eval-
uate such a macrostructural response, we performed experiments
in a magneto-mechanical rheometer. These experiments allowed
testing the MREs under uniaxial compression and shear deforma-
tion modes in a wide range of magnetic field conditions. More-
over, the cellular system (cultured on the MRE) consists of indi-
viduals with a characteristic length in the range of microns. There-
fore, the stiffness and forces/deformations transmitted to the cells
are related to local (micron-size) responses. The microstructural re-
sponse was evaluated by conducting nanoindentation tests at dif-
ferent rate conditions.

A summary with the most relevant results is provided in Fig. 3B
and 3C, respectively, and the entire set of results, in Figs. S2-S7
and Tables S2-54. In this regard, when subjected to an axial mag-
netic field, the MREs experienced a significant increase in stiffness
that is stronger in compression than in shear loading. This effect
is explained by the application of the magnetic field along the ax-
ial direction during compression loading, leading to the structural
(macroscopic) response of the MRE to govern its behavior. Under
shear loading, the magnetic fields play a lower role on the MRE’s
mechanical performance. Although a direct relationship between
elastomeric mixing ratio and stiffness (under null magnetic fields)
is observed in the former tests, the magneto-mechanical response
under uniaxial compression loading presents complex dependen-
cies. However, under shear loading, the effect of the mixing ratio
is consistent for all the different magneto-mechanical conditions
[43]. As the mechanical forces between the MRE and the biological
matter will be mainly transmitted in tangential terms, these latter
tests (shear) provide a more representative data set for this work
[44]. Such experiments showed a magnetorheological effect (i.e.,
increase in stiffness) of up to 1.7 times for 50 mT and 9.3 times for
200 mT. Note that this stiffening refers to a macrostructural effect
and does not imply microstructural stiffening of the elastomeric
matrix. The nanoindentation tests provided a local stiffness ranging
from 4.1 to 14.6 kPa depending on the mixing ratio, and a charac-
teristic relaxation time in the order of ~0.5-1.0 s, see Table S3.

Another important fact is that the collagen coating was found
to play a negligible role in material stiffness at both macro and
microstructural responses. This fact indicates that the coating does
not significantly affect the transmitted forces from the MRE to the
biological matter. The relaxation times of MREs with higher par-
ticles’ content, at the macroscopic scale, were measured report-
ing a significant increase up to ~10 s (see Table S2 for further
detail).
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Fig. 3. Manufacturing and mechanical characterization of MRE samples. (A) Scheme of the experimental manufacturing methodology divided into four stages: (A.1) mixing;
(A.2) degassing; (A.3) curing; (A.4) die-cut. (B) Magneto-mechanical characterization at the macroscale by using a rheometer equipped with a magnetic device: (B.1) under
uniaxial compression loading, storage Young's modulus depending on the mixing ratio used for the polymeric matric of the MRE and on the magnetic field applied; (B.2)
under shear loading, storage shear modulus depending on the mixing ratio used for the polymeric matric of the MRE and on the magnetic field applied. These tests
were performed under quasi-static conditions and for a magnetic particles’ volume ratio of 30%. (C) Magneto-mechanical characterization at the microscale by using a
nanoindentation equipment: (C.1) Young’s modulus depending on the mixing ratio used for the polymeric matric of the MRE; (C.2) load versus time relaxation curves
depending on the mixing ratio used for the polymeric matrix of the MRE. Note that the microscopic measurements were taken on the polymeric phase and the values
measured did not show significant changes when varying the particles’ content or applying external magnetic fields.

3.2. Mechanical forces within the cellular substrate due to magnetic tion under an external magnetic field), but a slight increase in
stimulation microstructural stiffness (i.e., stiffening of the elastomeric phase)
due to low strain-hardening (low nonlinear response). Note that,

From the results provided in Fig. 3, we inferred a promising for the proposed biomechanical stimulation framework, these fea-
magnetostrictive response of the MREs (i.e., mechanical deforma- tures must be evaluated at a microscale level (i.e., cell characteris-
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tic length) [45]. To assess the micro-magnetorheological effect, we
coupled the nanoindentation system to the magnetic-stimulation
device presented in Fig. 1. This allows for measuring changes in
stiffness due to the application of an external magnetic field. The
nanoindentation results within the central region showed negligi-
ble stiffness changes due to the external magnetic fields (as ex-
pected owing to the low strain-hardening of the elastomeric ma-
trix), Fig. 3C.

If such a device is used under free mechanical BCs, we can eval-
uate the mechanical deformation of the MRE due to the applied
magnetic field. These experiments showed significant mechanical
deformations within the MRE, see Fig. 4. Digital image correlation
(DIC) was used to compute local deformation values on the top
MRE surface. The plots shown in Fig. 4C, Figs. S8 and S9 present
the magnitude of the local deformations according to the legend,
and principal strain lines to indicate the effective force direction
that the cells sense. In this regard, the magnetic-stimulation sys-
tem can introduce deformation patterns in different directions of
up to > 30 %. It must be noted that the free-deformation tests pre-
sented significant variability when exposed to high magnetic fields
with maximum relative errors of 15 %. However, these errors cor-
responded to the peripheral regions. Within the internal region of
the MRE (up to 7.5 mm radial distance from the center), the errors
were below 5 %. This behavior is explained by the strong influence
of the distance to the permanent magnets on the local magneto-
mechanical response of the MRE (i.e., the larger the distance, the
more reproducible the deformation is).

An important feature when using the magnetic stimulation de-
vice (Fig. 1) is that the external magnetic field cannot be controlled
homogenously due to fringing effects and heterogeneous magnetic
permeability, hindering the analysis of the experiments. Another
issue is the nonlinear coupling between magnetic fields and me-
chanical deformation. To help at controlling and predicting the de-
formation patterns transmitted to the cells during the experimen-
tal assays, we developed a 3D finite element (FE) model. The model
takes the MRE material composition and geometry, as well as the
position of the permanent magnets to provide: i) the spatial dis-
tribution of the magnetic fields; and ii) the resultant local defor-
mations within the MRE. It consists of a FE model that explicitly
accounts for the permanent magnets, MRE sample and surround-
ing air, and it couples nonlinear magnetics with nonlinear mechan-
ics. The complete constitutive formulation and details of the inte-
gration algorithm are provided in Methods section, while a vali-
dation against experimental data by means of displacement fields
at the upper MRE surface is provided in Figs. 4B and S10. This
computational tool is essential to design experiments on biological
systems.

Considering the (microstructural and macrostructural) experi-
mental and computational data altogether, we found that the de-
formations develop as stretching along the main field direction
(see an illustration of the primary mechanism governing such a
response in Fig. 4A). When the permanent magnets approach the
MRE, the magnetic particles start to magnetize leading to three
main magneto-mechanical couplings: (i) dipole-dipole interaction
between particles that result in attraction forces [46]; (ii) param-
agnetic torques that lead to the formation of chain-like particles
distributions and their reorientation along the external magnetic
field [47]; and (iii) a strong attraction force between the particles
and the magnet itself. The extremely soft nature of the elastomeric
matrix facilitates the rearrangement of particles favoring the latter
mechanisms and, therefore, the resulting expansion of the MRE to-
wards the permanent magnet’s location. Overall, the experimental-
computational results from this section and the previous one, pro-
vide the stiffness and deformation ranges that can be reached with
the magnetic stimulation system as a function of the manufactur-
ing conditions of the MRE substrate (see Table 1).
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3.3. Reproduction of complex strain fields: application of the
stimulation system to reproduce complex brain strain distributions
from experimental data

Resorting to a direct application of mechanical loads on a sub-
strate, some authors have reported pure and simple mechani-
cal stimulation frameworks [[8],10,11]. Intricate physiological strain
patterns, such as myocardial tissue contractions, skin Langer lines
and deformations on the brain due to closed head impact, how-
ever, require novel experimental frameworks. They need not only
to reproduce these patterns, but also to control and adapt them
over time [48]. Here, we demonstrate the versatility of our system
to, fed by in vivo experimental strain distributions, reproduce a real
mechanical event along time.

We have proved our system to be able to reproduce brain strain
patterns during closed head impact, one of the most complex me-
chanical scenarios as strain distributions evolve leading to complex
non-symmetric strain distributions. To this end, we take the exper-
imental work recently published by Knutsen et al [49]., where the
authors presented in vivo mechanical deformations of the brain tis-
sue when subjected to a head impact scenario (neck abrupt rota-
tion). Fig. 5.A shows different maximum principal strain heteroge-
neous distributions from an axial view of the brain of a volunteer
during repeatable mild head rotations. Although ground-breaking,
the study mentioned above was limited to low strains to avoid vol-
unteer injury. Thus, the challenge addressed here is to reproduce
the complex strain distributions of a local brain region (Fig. 5B)
while amplifying the strain magnitudes so actual injury-scenarios
could be simulated in vitro, i.e., local strains above 21 %. Note that
this adds complexity as it requires larger nonlinear deformation
patterns [17].

To do so, we identify the relative positions of the magnets
that produce such targeted local heterogeneous strains fields. This
is done by running a complete set of computational simulations
that provides strain measurements in local points of the MRE sub-
strate. These local strains are compared with local measurements
from the experimental data to find the solution that better re-
produces the in vivo scenario. Note that the experimental strains
are represented on the undeformed configuration by means of
Green-Lagrange strain, to provide a fair comparison with the in
vivo experimental data. Finally, the obtained magnets positions are
experimentally evaluated to validate the approach. These experi-
mental in vitro MRE strain patterns are shown in Fig. 5C. All in
all, the magneto-mechanical system can reproduce heterogeneous
strain distributions close to the real-brain ones, while allowing the
amplification of their magnitude by ten times (thus approaching
strain thresholds leading to injury).

3.4. From magnetic fields to mechanical forces on cells: application of
the stimulation system to evaluate mechanical effects on primary
human dermal fibroblasts

To demonstrate the ability of the presented framework to trans-
mit mechanical forces to cellular systems, we designed a set of in
vitro assays on a well-known study: cellular alignment of human
dermal fibroblasts (hFBs) due to mechanical stimulation. These
cells are particularly interesting as they play an essential role in
the development and repair of tissues [50]. In a recent article,
Wahlsten and co-authors conceived a dynamic bioreactor to stim-
ulate skin tissue development [51]. One of the main analyses from
this work focuses on the orientation of hFBs responding to me-
chanical stimulation (cyclic biaxial). These orientation or polariza-
tion processes are of high interest in mechanobiology. They have
led to insightful discussions on the role of cell alignment in re-
sponse to mechanical stretch during the last years [52-54]. The
published studies rarely alternate different mechanical deforma-
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Fig. 4. Multifunctional response and complex strain patterns of MRE samples under magnetic stimulation conditions. (A) Scheme of the micro-mechanical mechanisms and
the resultant macro-mechanical deformation of the MRE samples when subjected to an external magnetic field generated by permanent magnets. The particles align along
the field direction forming chain-like structures. Then, at a mesoscale level, the formed structures interact with the permanent magnets in the form of macroscopic particle
interactions, approaching them. (B) Comparison of experimental data and computational predictions by means of displacement fields, for two different magnetic conditions
(i.e., approach of two and four magnets, see Fig. 1) and two different mixing ratios of the MRE's matrix. (C) Experimental results obtained from digital image correlation of
local mechanical deformation within MREs with different mixing ratios and two different magnetic conditions (i.e., approach of two and four magnets, see Fig. 1). Note that
the position of the permanent magnets corresponds to the closest location to the MRE sample in the experimental setup used along with cellular cultures. These correspond
to the maximum magnetic and mechanical deformation fields that can be reached with the present system. All these experiments and computational results correspond to
MREs with a particles’ volume fraction of 30%.
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Table 1
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Mechanical response of the MRE substrates under magnetic stimulation and different manufacturing conditions. This table presents MRE samples’ macroscopic and
microscopic mechanical stiffnesses with different manufacturing parameters: the magnetic particles’ volume fraction and elastomeric mixing ratio. These mechan-
ical properties are given for different magnetic conditions and are referred to as: (i) macroscopic stiffness: shear modulus measured from magneto-rheological
testing; (ii) microscopic stiffness: Young’s modulus obtained from nanoindentation with and without the presence of different sets of permanent magnets. In addi-
tion, this table summarizes the local mechanical deformations within the MRE region occupied by cells when using the stimulation device. All the results presented
here represent the magneto-mechanical scenarios that occur when using the developed stimulation framework during the cellular assays.

Multifunctional response of MRE samples
Particles’ volume

Elastomeric mixing ratio

Magnetic conditions fraction 6:5 1:1 9:10 5:6
Macroscopic stiffness (shear modulus) 0 mT 15 % 0.4 1.5 2.9 3.2
[kPa] 30 % 0.6 2.7 4.6 58
50 mT 15 % 0.7 1.8 32 34
30 % 1.0 2.8 5.0 6.2
Microscopic stiffness (Young’s modulus) Independent Independent 0-30% 4.1 8.4 12.3
[kPa] 0-50 mT 14.6
Local deformation at MRE center [%] 2 magnets 15 % 14.3 4.0 1.7 1.2
30 % 214 8.5 1.8 1.2
4 magnets 15% 16.4 3.4 14 1.1
30 % 24.8 13.3 1.5 1.0

Global strains
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Fig. 5. Proof of concept to evaluate the versatility of the framework to simulate complex heterogeneous strain distributions. (A) In vivo strain distribution within an axial
view of a human volunteer brain tissue subjected to an abrupt neck rotation, at different impact (deformation) stages. (B) Detail of local strain distributions of the region
indicated in (A) with a white circle. The experimental data shown for (A) and (B) are taken from [49]. (C) Experimental strain distribution computed by digital image
correlation and plotted on the undeformed configuration of the MRE substrates. Note that the experiments on the MREs (C) aim at reproducing the in vivo strain patterns
(B) but with an amplification of ten times their magnitude to reach strain values above injury thresholds in traumatic brain injury (~ 21%).

tion modes within the same assay and are usually limited to ei-
ther uniaxial or biaxial loading. However, during pathophysiologi-
cal conditions such as acute injuries, heterogeneous tissue stiffen-
ing is associated with changes in the ECM composition [55]. These
changes disrupt the mechanical homeostasis that underlies healthy
tissue architecture and function, leading to alterations in the cell-
generated forces and cellular mechanical properties [56]. Therefore,
subsequent changes in the substrate result in heterogeneous strain
patterns and temporal-varying interaction forces that affect cellu-
lar organization and behavior [57],[58]. In this regard, the resultant
cell polarization plays a relevant role in different processes such as

10

collective migration, where a homogeneous orientation of the in-
dividuals facilitates mechanical propulsion forces and better inter-
cellular communication [59],[60].

Here, we aim at evaluating the response of primary dermal
hFBs, cultured on soft MREs (0.6 kPa shear stiffness), to hetero-
geneous strain distributions. To this end, hFBs were cultured on
the functionalized MRE substrates following the protocol detailed
in the Methods section. Then, we subjected the cellular system
to different magneto-mechanical conditions. These correspond to
the main cases studied, i.e., two and four sets of permanent mag-
nets according to Fig. 4. Although heterogeneous strain patterns
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are reached in both cases, the two-magnets scenario approaches
a uniaxial loading state and the four-magnets scenario approaches
a biaxial loading state. All these tests were analyzed associating
cellular polarization with local mechanical conditions and evaluat-
ing cell viability (see Methods for details). Local cell analyses were
conducted on MRE regions with radial distances from the center
below 7.5 mm (see such regions in Fig. 6), thus ensuring negligi-
ble strain deviations. Region 1 represents the highest local strain
norm (26.0 % and 28.9 % for two magnets and four magnets, re-
spectively), region 2 the center of the MRE sample (21.4 % and
24.8 % for two magnets and four magnets, respectively), and region
3 the lowest local strain norm among them (13.5 % and 20.4 % for
two magnets and four magnets, respectively).

The results presented in Fig. 6 indicate a sound transmission of
the mechanical forces generated in the substrate to the cells. In
the two-magnets stimulation, the effect of local strains is trans-
lated into cell alignment towards the principal stretching direc-
tion and modulated by the magnitude of these local deformations.
Thus, region 1 presents higher cell polarization than region 2, and
the latter presents higher polarization than region 3. Moreover, the
four-magnets stimulation does not present cell alignment in a clear
preferred orientation. All these features are shown by the micro-
scopic images and orientation distributions histograms shown in
Figs. 6 and S11. These features suggest that the cellular alignment
is determined by two main variables: the deformation state de-
fined as the relation between principal strain components; and the
magnitude of such strain components. Thus, a strain state close to
uniaxial tension (i.e., one main principal component) promotes cell
alignment, and this is modulated by the strain magnitude. How-
ever, if the cellular system is exposed to deformation states with
no clear principal direction (i.e., close to biaxial loading), the cells
do not polarize in a preferred direction.

In addition, we want to highlight that, although no in-depth
analyses were conducted herein, we also demonstrated the capa-
bility of the system to transmit dynamic loading to the biolog-
ical material (see cell displacements during magneto-mechanical
stimulation in real time, Movie S2 in the supplemental material).
Therefore, this proves the validity of the approach to not only re-
produce strain patterns on a soft substrate but also to interact with
the biological system cultured on it. The present framework thus
allows for future work deepening into the effects of heterogeneous
mechanical scenarios on the above-mentioned biological processes.

4. Discussion and conclusions

The multi-component imaging-stimulation framework pre-
sented opens the possibility of novel in vitro fundamental studies
to evaluate the effects of mechanics on mechanistic-mediated bi-
ological processes. The experimental system, guided by the com-
putational framework, allows for remote modulation of complex
strain conditions on the cellular substrate by applying (non-
invasive) external magnetic fields. These strain patterns can be
controlled in real-time, enabling dynamic modulation of magneto-
mechanical loading. In addition, the imaging setup built in this
work permits visualizing the cellular process along time on the
fly. In the near future, relevant problems within the bioengineer-
ing field such as the study of scarring processes [4], wound healing
[60,61], cell polarization of immune cells [[53],[62]], proliferation
and migration processes in cancer progression [[6,63,64], axonal
damage due to mechanical impact [2] or neural crest cell migra-
tion [2,21], among others, may take advantage of this system. As
an important note, we want to highlight that other research groups
can easily adopt the proposed methodology. As a first option, the
system can be used within a regular incubator controlling the mag-
netic fields and, consequently, the mechanical deformation modes
over time. Then, the cellular system can be evaluated at different

1
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time points in a fluorescence upright microscope. As a second al-
ternative, a multi-compartment MRE can be used manufacturing
its central region without magnetic particles. This central transpar-
ent region allows for phase contrast imaging on any upright or in-
verse microscope, making possible to record the cellular dynamics
along the whole temporal event (see Movie S3).

With the current solution, large deformation states can be im-
posed on cellular substrates of around 0.5 to 3 kPa stiffness (in
terms of shear modulus). Although this stiffness range is ideal
for several biological studies, softer or stiffer substrates may be
needed in other scenarios. In this regard, the system allows for us-
ing magneto-active hydrogels instead of MRE if softer substrates
are required [65]. Indeed, soft enough hydrogels would allow for
manufacturing magneto-active substrates with low particles’ con-
tent allowing for the visualization of cellular systems within a con-
focal microscope, thus enabling the use of the stimulator system
in 3D models. For the use of stiffer substrates, however, the main
limitation would be the need for higher magnetic fields to reach
significant mechanical deformation. This problem may be solved
by opting for larger magnets or using experiment-specific designs
optimizing (i.e., reducing) the size of the sample, resulting in much
higher magnetic fields for the same magnets.

Contrary to the stimulation used in the specific applications
presented in this work, one may study the effect of dynamic sub-
strate stiffness instead of mechanical deformation on cellular pro-
cesses. The stimulation system developed would also allow this
by imposing fixed boundary conditions. In this case, instead of
changing its shape, the sample would alternatively undergo inter-
nal stress states. Therefore, using a polymeric matrix with a strong
nonlinear response (i.e., substantial strain hardening), the applica-
tion of the external magnetic field will result in a variation of the
apparent material stiffness.

Future improvements of the present setup may incorporate a
new degree of freedom to allow for azimuthal rotation of the cen-
tral region holding the substrate and cellular system. This will
bring two new possibilities: (1) application of the existing com-
plex deformation modes but changing the initial orientation of the
substrate-cellular system; and (2) application of angular displace-
ment while keeping a strong magnetic field with permanent mag-
nets close to the sample, so that material twisting is induced.

Moreover, a current limitation of the stimulation device is the
motors’ power that limits the stimulation rate. These allow for
applied velocities of up to 70 mm/s on the magnets. Although
these velocities are high enough to conduct the experiments pre-
sented herein and many others (note that stimulation frequen-
cies of 0.1-1 Hz are possible), more complex analysis would re-
quire greater velocities to reach high stimulation frequencies. Ser-
vomotors substitution can straightforwardly improve this aspect.
Further analysis accounting for fast cellular responses would re-
quire a deeper consideration of viscous and relaxation mechanisms
[[66],[67]]. The frequency-sweeps characterization provided in Figs.
S4-S7 allows for estimating the substrate macroscopic stiffness at
cyclic stimulation (i.e., storage modulus at the given stimulation
frequency). However, although a comprehensive analysis of the vis-
coelastic and dynamic response of the MRE substrates has been
provided, a more detailed experimental analysis using DIC (Fig. 4B)
would be needed to evaluate local and macroscopic relaxations
within the MRE surface along time. In addition, in its current form,
the computational model does not account for such viscous mech-
anisms and is limited to calculations of the final equilibrium de-
formation states. This prediction is reliable for the conducted ex-
periments but would be limited for other tests involving variation
of stimulation frequencies along time. In addition, some deviations
within the peripheral region from perfect symmetric fields were
observed in the experimental results. This fact mainly owes to little
deviations in the position of the substrate, which may not be per-



M.A. Moreno-Mateos, ]. Gonzalez-Rico, E. Nunez-Sardinha et al. Applied Materials Today 27 (2022) 101437

A Strain map under stimulation B  Control (no stimulation)

@\j/i 03
J »;‘ 0.2
<

@ Q/k@ 0.1

Two magnets Four magnets 0.0

C Regionl D Region2 E Region3

o Two magnets stimulation

[°]_ |

90 45 0 45 90

e Four magnets stimulation

---Control

Fig. 6. Proof of concept to evaluate the ability of the framework to transmit forces to the cellular system: cellular polarization dynamics before and after magneto-mechanical
stimulation. (A) Distribution of strain magnitude and principal traction forces on the contact surface between the multifunctional substrate and the cell system when
subjected to two- and four-opposed permanent magnets presence. (B) Control assay where the cellular system is subjected to null magneto-mechanical stimulation: (B.1)
representative cell distribution with nuclei marked in blue and cytoskeleton marked in green; (B.2) orientation distribution of the representative cell distribution in terms
of the color map. Note that B.1 presents cellular details within a local region taken from B.2. (C), (D) and (E) show a detail of the cellular arrangement during magneto-
mechanical stimulation for the different local regions on the multifunctional substrate indicated in panel A. The upper and mid subpanels present cell distribution with
nuclei stained in blue and cytoskeleton in green after two and four magnets stimulation, respectively. The lower subpanel presents the polarization dynamics, where a polar
distribution of cell orientation is shown before and after stimulation. These results are for 2 h stimulation. No significant differences between 2 and 24 h stimulations are
observed. Note that the magnetic particles present certain autofluorescence that in some figures overlaps with the cellular cytoskeleton stained in green.
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fectly centered (note that its sticky nature hinders this endeavor).
A potential solution would be adding a bias to the positions of
the magnets to compensate such deviations and lead to more sym-
metric deformations of the substrate. This would require an initial
imaging pre-processing of the sample location.

Within mechanical equilibrium, the computational model faith-
fully describes the magneto-mechanical coupled response but
presents some deviations for the stiffer MRE substrates. This be-
havior is due to the smaller displacement fields reached in such
conditions that lead to higher predictive errors. However, it is es-
sential to mention that, in its current form, the model takes as
inputs only material parameters with clear physical meaning and
that can be controlled during the manufacturing process (note that
the same model is applied for different MRE compositions). Adopt-
ing phenomenological approaches in the constitutive definition of
the energy functions could improve the predictions for a specific
MRE substrate (see Eq. (7)). This would be an excellent approach
for the use of a very specific MRE substrate. However, we aim at
providing a computational framework that not only helps at defin-
ing the magnets positions to reach a given deformation for a spe-
cific MRE, but also helps at choosing the appropriate MRE compo-
sition.

The main outcome of the computational model was to pro-
vide physical insights into the magneto-mechanical coupling and,
more importantly, guidance during experimental designs to define
the relative positions between permanent magnets and the MRE
substrate leading to a specific mechanical deformation state (see
Fig. S13). Although this has been essential for reproducing com-
plex strain patterns from in vivo data (see Fig. 5), we acknowledge
that the current approach is computationally expensive for quick
designing times (now they take from 5 to 30 min, depending on
the specific case). Although this approach can provide good guid-
ance for making on the fly decisions in many biological processes
with larger time scales, our view is the use of the computational
tool to design the experiment at the beginning. In this regard, the
computational tool provides the relative position of the magnets
associated to different strain distributions and, then, the user can
jump from one to another at any time of the stimulation process.
Future work will focus on developing a more extensive set of ex-
perimental data providing local strain distributions as a function
of permanent magnets’ positions. Thus, on top of these data, arti-
ficial intelligence algorithms may open the route for in situ design
of experimental conditions, which can be changed along with the
assay on demand. This alternative approach will significantly re-
duce experimental designing times and facilitate purely automatic
determination of the magneto-mechanical conditions. This would
also provide better insights into the targeted strain patterns.

Overall, the system designed aims to bring to the next level
the creation of customized mechano-stimulation systems for bio-
logical matter, suitable thanks to the low magnetic permeability of
biological tissues. The anticipated results will offer direct benefits
for health purposes by paving the path to models that reproduce
mechanistic-mediated biological processes, allowing for unreveal-
ing the underlying mechanisms that take place during physiologi-
cal scenarios such as traumatic brain injury, pathological skin scar-
ring or fibrotic heart remodeling during myocardial infarction.
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