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Abstract: Magnetoelectric nanoparticles (MENPs) can generate locally 
high electric fields when activated with low-intensity magnetic fields. 
However, when administrated alone, MENPs can be placed randomly and 
tend to form clusters. The resulting, induced electric fields decay very 
rapidly with distance, compromising an effective tissue stimulation. In 
this context, the following study introduces a novel approach for tissue 
stimulation employing magnetoelectric nanoparticles embedded in a 
biocompatible 3D polymeric matrix (ME-Patch). Through an in silico 
approach, the electrical performance of the ME-Patch is optimized, 
starting with the implementation of a nanoscale modeling in which the 
materials electrical behaviors are thoroughly investigated, to reach the 
functional patch evaluation with a realistic peripheral nerve model. Our 
results offer insights for the fabrication of soft, biocompatible 
magnetoelectric devices capable of storing and transferring the effects of 
MENPs to trigger neuronal action potentials. By exploiting the ability of 
these novel nano-sources to wirelessly generate electricity in response to 
low-intensity magnetic fields, our approach holds promises for non-
invasive nerve stimulation, overcoming several limitations associated 
with conventional stimulators and presents exciting opportunities for the 
advancement of neural interfacing technologies. 

Key-words: magnetoelectric nanoparticles, wireless stimulation, soft biointerfaces, core-shell 
structures, nerve stimulation  

1.  Introduction 

Electrical stimulation is a key therapeutic modality, based on the use of controlled electrical currents 
for medical interventions. It holds great promises in nerve stimulation, which is critical for restoring 
motor function and relieving chronic pain. However, conventional implantable devices face various 
challenges, including tissue incompatibility and mechanical limitations. Research is ongoing to 
develop advanced, biocompatible devices capable of an accurate electrical stimulation, which will 
eventually score a turning point in nerve tissue therapies. 
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 The neurotechnology field studies new possibilities for interfacing the human central nervous 
system with innovative devices, enabling the performance of specific functions. Neuroprosthetics 
and electroceutics represent advanced technologies for therapeutic or assistive purposes. 
Combining neuroscience and biomedical engineering can address the restoration/modulation, or, 
in some cases, even the replacement of damaged parts of the nervous system, for example after a 
spinal cord injury (SCI), or following the occurrence of a neuropsychiatric disorders, a stroke, or a 
traumatic brain injury. Developments in sensory and motor applications have progressed for years, 
and some engineered strategies can be already found in clinical use, such as grasping [1], 
maintaining trunk posture, standing and walking, respiratory functions, controlling bladder and 
bowel [2]. These efforts require a new set of neural implants and the establishment of ad hoc 
neurostimulation protocols; therefore, an optimization step through computational approaches 
becomes imperative [3]. 

Specifically, neuroprosthesis include an electrical stimulator, then electrodes for stimulation, 
control sensors, and, optionally, an orthosis for additional movement support. There are different 
types of stimulation electrodes, such as implanted, percutaneous, and transcutaneous, which vary 
in invasiveness, selectivity, and cost. Implanted electrodes offer high selectivity but carry surgical 
risks, percutaneous electrodes are temporary, while transcutaneous ones allow immediate 
repositioning that makes rehabilitation faster but may have limitations for deep muscle stimulation 
and require higher current intensities, potentially causing undesired contractions [4].  

In general, electrical stimulation (ES) is a versatile modality with various adjustable parameters to 
meet specific patient and treatment needs. In neuroprostheses, ES triggers action potentials in 
nerves by depolarizing ion channels, causing neurons to depolarize and generate action potentials. 
The action potentials generated travel both orthodromically and antidromically along the axon, 
but, in some cases, the triggered electrical signals are identical to what occurs naturally, resulting 
in indistinguishability at the end organ [2]. Several parameters play a key role: (i) frequency (optimal 
range: 12-50 Hz; below this interval there may be a lasting reduction in muscle strength, known as 
"low-frequency fatigue", while above these values the muscle strength rapidly decreases) [2]; (ii) 
pulse duration, or pulse width, which affects muscle recruitment and fatigue (shorter durations may 
reduce fatigue but affect muscle fiber recruitment); (iii) amplitude (expressed in mA), indicates the 
strength of the electrical current administered (higher amplitudes may lead to greater 
depolarization of the structures underlying the electrodes, contributing to greater gains in muscle 
strength, lower intensities may activate the central nervous system more); (iv) electrode placement 
and (v) stimulation intensity [5].  

Nanomedicine is the branch of medicine that explores nanotechnology strategies for therapeutic 
and diagnosis purposes. Recently, researchers in this field have turned their scientific interests 
toward magnetoelectric nanoparticles (also known as MENPs), thanks to their unique features [6], 
[7]. In contrast to traditional nerve electrodes classified as invasive, with limited spatial resolution 
and poor efficiency of stimulation, magnetoelectric nanostructures may offer a wireless approach 
and a strong capability to produce high electric field levels in their proximity [8]. Thus, these 
nanostructures represent a promising avenue for biotechnology considering that they allow the 
modulation of significant responses which can be exploited for several biological functionalities, 
such as precise control of drug delivery [9], activation of biological mechanisms, advancement in 
the tissue engineering field [10], and facilitation of cellular manipulation [10], [11]. 
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Nanoparticles are typically designed as core-shell structures, as shown in Fig. 1, to ensure 
transmission of the pressure generated by the core deformation and exerted onto the piezoelectric 
shell [12]. 

 

Fig. 1 Electric Field generated in response to the applied magnetic field. 

Compared with other nanoparticles, MENPs have a distinctive feature, namely the presence of the 
magnetoelectric (ME) effect. This property enables the combination of intrinsic electric fields at the 
nanometric level as a result of the application of external, low-intensity magnetic fields, thus 
providing an efficient wireless control. As a result of the application of a magnetic field, the dipoles 
of the magnetostrictive core orient themselves with the force lines of the field causing it to deform. 
The strain is absorbed by the shell in the form of pressure, and this mechanical stimulus is 
converted into electrical energy, thus generating a local electric field. The correlation between 
magnetic and electric fields can be formulated through the Landau theory [13], which expresses 
their coupling by the magnetoelectric coefficient αME, defined with the following equation: 

𝜶𝑴𝑬 = 	𝑝 × 𝜆 =
∆𝐸
∆𝑆

×
∆𝑆
∆𝐻

=	
∆𝐸
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	+	
𝑉

	𝑐𝑚	𝑥	𝑂𝑒	
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where p and λ are the piezoelectric and magnetostrictive coefficients, respectively; ∆E is the change 
in the electric field due to the ME effect, ∆S is the variation in strain from the magnetostrictive core 
deformation, and ∆H is the applied magnetic field [14]. Thus, polarization can be induced through 
the application of a magnetic field, and, reciprocally, magnetization can be induced through the 
application of an electric field, working in either direct or inverse modes [6].  

Configurations vary according to the size, shape, interface coupling of the ferromagnetic (FM) and 
the piezoelectric (PE) phases. These include two-phase composites, with ferromagnetic and 
piezoelectric particles immersed in a neutral matrix, ferromagnetic particles dispersed in a 
piezoelectric matrix, or again with ferromagnetic rods immersed in a piezoelectric matrix. In 
addition, there are planar composites, with alternating layers of ferromagnetic and piezoelectric 
materials, and core-shell nanocomposites, with a ferromagnetic core and a piezoelectric shell. The 
choice of structural configuration depends on the specific needs of the application and can be 
optimized to achieve certain desired properties and performance [15].   

Bottom-up methods are used to synthesized MENPs such as hydrothermal [16], sol-gel [17], solvent 
evaporation, and solid-state reactions. Among these, sol-gel and hydrothermal methods are the most 
widely used, leading to the synthesis of uniform core-shell structures with controlled morphologies 
[14]. Starting with a magnetostrictive material, capable of converting a magnetic field into a strain, 
a piezoelectric material is coupled, which converts the generated strain into an electric field. A 
commonly used composite is formed by combining CoFe2O4 (cobalt ferrite, CFO) for the core, and 
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BaTiO3 (barium titanate, BTO) for the shell. The resulting composite material shows excellent 
biocompatibility and significant magnetoelectric coupling coefficient, which remains considerable 
even at room temperature [14], [15]. 

Few, recent studies have assessed the use of MENPs in vivo. Typically, magnetoelectric nanoparticles 
are injected into specific anatomical targets [18], [19], and can generate highly focused electric fields 
(in the order of 105 V/m) [8], approaching the threshold of neural activation. Despite the significant 
advantage of a very focused distribution, the electric fields generated decrease rapidly at distances 
of a few millimeters from the MENPs positioning [8]. Due to their broad potentialities, MENPs could 
also be integrated as innovative electromagnetic field-based tools for the development of biohybrid 
interfaces that facilitate interconnection between living and artificial systems. 

In the early stages of the design of novel medical devices for neurostimulation, it could be 
advantageous to rely on the use of computational modeling to assess the device properties and solve 
the bioelectromagnetic problems. The computational approach makes it possible to replace or 
reduce the requirement and costs associated with experimental studies (in vitro and in vivo), offering 
a predictive approach, of primary importance at the early stages of the design of novel therapeutic 
strategy. This in silico preliminary, yet essential, characterization allows to sustain the 3Rs principle, 
reducing the amount for future animal experiments, improving the quality of research and 
optimizing the use of available resources. A wide range of electrical phenomena and the resulting 
neuronal responses can be predicted by adopting advanced in silico tools, allowing to screen a wide 
ranges of configurations, parameters and operating conditions. Only the best configurations will be 
then translated to future in vitro and in vivo experimental studies.   

Leveraging on previous research results on magnetoelectric nanoparticles (MENPs) and considering 
the increasing demand for flexible and functional biointerfaces, our project aims to develop an 
innovative method to generate magnetoelectric stimuli. The goal is to incorporate CFO-BTO MENPs 
into a soft, biocompatible polymer matrix to overcome limitations related to the rapid spatial decay 
of electric fields produced by single nanoparticles or small aggregates of MENPs, which may 
compromise an effective tissue stimulation. Our approach aims to create a clinically usable size 
structure that can be mechanically adapt to specific requirements and reach the excitation threshold 
of peripheral nerves. In our three-dimensional computational model, the electrical properties of the 
polymer are initially modified to study the electrical output of the designed magnetoelectric patch 
(ME-patch) within a biological nervous environment; once the nanoscale configuration is optimized, 
a micrometric patch is constructed, to evaluate the actual electric field distribution in a realistic 
model of human peripheral nerve. Lastly, a millimetric model is implemented for a conclusive 
analysis of the response in terms of neuronal dynamics generated by the magnetoelectric electrode. 
The use of advanced computational models through solvers combining finite element method (FEM) 
and neuronal dynamics is useful for studying this scenario. The findings of our complex and detailed 
computational framework represent an important step toward the development of innovative 
therapies to treat neurological disorders and restore impaired neuronal function. 

2.  Material and methods 
In this study, the methodology used to evaluate the feasibility and functionality of the MENPs-based 
composite patch on peripheral nerve stimulation can be summarized through three major steps, as 
described by the flowchart in Fig. 2.  
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Sim4Life software (ZMT Zurich Med Tech AG, Zurich, Switzerland, www.zurichmedtech.com) was 
adopted to model the electric field interaction with the human body. This allows a precise modeling 
and analysis of the effects of electromagnetic field (EMF) exposure on biological systems. 

 

Fig. 2 Simulations Step Flowchart. 

In the first phase of the study, simulations were conducted on MENPs-functionalized polymeric 
grafts at the nanoscale, by considering a nanometric unit. These composite structures were virtually 
embedded within a cubic environment presenting the dielectric properties of the nerve tissue to 
evaluate the potential of three different materials to act as sources of the electric field resulting from 
the MENPs magnetoelectric phenomenon. 

Subsequently, an intermediate micrometer-scale structure is introduced, placed within a cubic 
geometry that mimics the electromagnetic properties of the nerve tissue. This step focuses on the 
maintenance of a dipole behavior and current density distribution by increasing the size of the 
composite graft, to sustain the transition to the millimeter scale, described in the next step. 

In the third and final chapter, the millimetric model is presented. The electric field generated in the 
surroundings of the real nerve model, imported from the software library, was examined. As a 
concluding part of the work, a specific software environment named Neuron is used, enabling the 
translation of the obtained electromagnetic results into action potentials and hence into neuronal 
electrical responses. 

2.1 Nanometric structure 
The nanometer unit is the fundamental element, which is ideally replicated to form the millimetric 
clinically-size structure. Several simulations were conducted considering three different polymers: 
the electrical features of the whole composite patch were evaluated based on the dielectric properties 
of the polymeric matrixes. Particular attention was given to the analysis of the electric potential and 
current density profiles at the volume surface. 

2.1.1 MENP model and Electromagnetic simulation settings 

Sim4Life was the used platform, and it resolves the low-frequency electromagnetic problem using 
the ohmic quasi-static approximation, a numerical technique within the finite element method 
(FEM). This approach is particularly useful for solving partial differential equations in complex 
geometries where analytical methods are impractical. Through FEM, the Laplace equation used to 
obtain the electric potential (ϕ) becomes: 𝛻 · (𝜎𝛻𝜙) = 	0. Where σ (S/m) is the electrical conductivity 
of tissues set according to the stimulating frequency. Following previous research works, the chosen 
frequency is 100 Hz, which is commonly adopted for neural stimulation studies, as reported in the 
literature [19]. Then, the E field distribution was derived by means of the following relation: 𝐸	 =
	−𝛻𝜙.  The model consists of three different subdomains: (i) the 3D MENPs; (ii) the polymer matrix 
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represented by a cubic volume of side 400 nm; (iii) the surrounding tissue of cubic geometry of side 
800 nm. 

Considering previous studies on MENPs regarding the optimal range of sizes and shapes [20], a 
spherical structure with a diameter of 90 nm was chosen for this study. The magnetoelectric effect 
occurs in the presence of a low-amplitude magnetic field and is followed by the generation of an 
electric potential on the surface of the nanoparticles whose distribution exhibits a dipolar 
configuration. To represent this feature, it is necessary to assume a parameterization i.e., modeling 
them through two hemispheres, as shown in Fig. 3, one with a positive electric potential of +2.25 mV 
and one with a negative potential of -2.25 mV; the above settings are imposed via Dirichlet boundary 
conditions chosen based on previous analyses conducted with COMSOL Multiphysics® 5.6 
(www.comsol.com). The insulating layer between the two caps is constituted of Tecothane 75D (V = 
0, σ = 0, ε = 3.4 and µ = 1), whose dielectric properties were assigned by the software library [21] and 
automatically adjusted according to the stimulation frequency. 

The adopted nanometer unit has a cubic polymer matrix with a side of 400 nm, containing six 
MENPs. Four of these particles are positioned on the plane of symmetry of the cubic structure, while 
the other two are located outside this plane and all at 120 nm from each other, as shown in Fig. 3. 
This arrangement ensures a uniform distribution in space, avoiding unwanted overlapping and 
maximizing the magnetoelectric effect of the nanoparticles. 

 
Fig. 3: MENP model in Sim4life Green shell with V= - 0.00225 V, Pink shell with V= + 0.00255 V, and middle layer 

Tecothane 75D material in yellow. 

Next, the obtained nanoscale composite was embedded within a cubic domain of larger dimensions, 
whose electrical properties are associated with the nerve tissue feature, predefined in the materials 
database and directly integrated into the software (σ =3.48 ´ 10-1, ε =466016, and µ = 1) [21].  

Three different simulations were conducted, by varying the polymeric matrix. The polymers 
considered are: polycaprolactone (PCL), poly(3-hexylthiophene) (P3HT) and a mixture of silk 
fibroin and polypyrrole (SF-PPy), whose electromagnetic properties are listed in Table 1.  

Table 1: Electrical and mechanical properties of the polymeric materials under study 

 Density [kg/m3] Electrical Conductivity [S/m] Relative permittivity 

PCL 1.14 ´ 103 1 ´ 10-6 2.84 

P3HT 1.15´ 103 2.24 ´ 104 3 

SF-PPy 1.14 ´ 103 80 6.1 ´ 10-6 

x y z
MENP 1 120 0 0
MENP 2 -120 0 0
MENP 3 0 120 120
MENP 4 0 120 -120
MENP 5 0 120 -120
MENP 6 0 -120 -120
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For each nanometric unit considered, a qualitative evaluation of the potential and the current density 
at the polymer surface was carried out, followed by a quantitative analysis of the statistical 
parameters via Matlab R2023b and OriginPro2022. 

2.2 Micrometric structure 
Once the optimal material is identified from those previously analyzed, a transition to a micrometer 
structure was performed. The nanometer model acts as basic unit, and it gets replicated on a large 
scale to generate a micrometric-sized patch. Since the goal is to study the behavior of the full-scale 
structure based on nanosources, the implementation of an intermediate structure facilitates the 
transition from the nanoscale to the millimetric one. 

2.2.1 Micrometric model and Electromagnetic Stimulation Settings 

In this step of the thesis, two models were designed by bringing together three and four fundamental 
units in each spatial dimensions, for a total of 27 and 64 base units, respectively. The resulting 
microstructures have a cubic shape with sides of 1.2 µm and 1.6 µm, within which 165 and 384 
MENPs are distributed, respectively. Similarly to the nanometer model, the micrometer-sized 
patches are contained in a larger volume, in this case presenting a side of 2 µm, as depicted below, 
in Fig. 4: 

 
Fig. 4 Micrometric Patch modelled in Sim4life. MENPs are depicted in green and are encapsulated in the polymer 

matrix (inner box); (a) the model of the nanometric unit with sides of 0.4 µm and 5 MENPs; (b) the microstructures 
with sides of 1.2 µm and 165 MENPs and (c) the microstructures with sides of 1.6 µm and 384 MENPs. 

The low-frequency electromagnetic stimulation involves the same settings established for the initial 
phase. At a stimulation frequency of 100 Hz, a comparison between the nanometric basic unit (Fig. 
4a) and the two microstructures (Fig. 4b and 4c) was carried out. Specifically, distributions of current 
density and electrical potential developed at the surface of the models were studied. 

2.3 Millimetric structure  
To allow for an easier transition from the nanometer model to the millimeter model, a simplifying 
hypothesis was adopted that assumes for both models the same basic scheme. To build the 
millimeter model, the volume fraction of 0.04 and the scaling factor were considered, using which 
the radius of the magnetoelectric nanoparticles in the millimeter unit and their distance from each 
other were determined. 

This simplification allows to overcome the computational constraints of the software, which does 
not support calculations with a high number of base units. Consequently, the millimeter model was 
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shaped ensuring consistency with the real phenomenon by maintaining constant current density 
values at the surface. 

2.3.1 Nerve Model and Electromagnetic Stimulation Settings 

Sim4Life provides a powerful modeling environment, enabling the management of complex 
anatomical models, such as ViP and CAD models. Virtual Population ViP3.0 mockups, advanced 
computational human phantoms, are ideal for mechanical studies, medical device testing, and 
clinical trial integration. There are also specific organ models to meet anatomical accuracy 
requirements. For this study, a cylindrical nerve model, as shown in Fig. 5a, was imported to ensure 
accurate representation of actual proportions in relation to the millimetric electrode. 

 
Fig. 5 (a) Cross section of nerve model and its entire view; (b) cross section of millimeter model adopted in the study 

and its default view. 

The nerve model consists of subdomains representing the different tissues, each of which has 
different electrical characteristics updated independently with respect to the stimulation frequency. 
Table 2 shows the electrical characteristics of the tissues based on the frequency applied in this work. 

Table 2 Electric Properties of tissues in the nerve model  

Tissues Electrical Conductivity [S/m] 

Nerve and Interstitial 0.28 
Connective 0.38 

Fascicles Anisotropic (xx, yy, zz): 0.088, 0.088, 0.5 
Blood 0.66 

The designed soft ME-patch was placed in contact with the nerve model and encapsulated in a 
silicone construct, as shown in the previous Fig. 5b. This configuration was adopted to ensure 
consistency with previous models in the software tutorials.  In the simulations, that material was 
used because it exhibits a significantly lower electrical conductivity value than the other materials 
employed (σ = 1 ´ 10-12 S/m), due to isolate the electrode from its surroundings and ensure that 
electrical charges are conveyed to the nerve fibers. 

Staying with electromagnetic simulations, for this model electric field distributions within the nerve 
cross section were investigated. In support of the qualitative results, the plot of the electric field 
decay as the distance from the patch increases is plotted, considering the various configurations 
assumed by the patch and the different electrical properties presented by different tissues. 
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2.3.2 Nerve Model and NEURON Stimulation Settings 

The computational simulation platform Sim4Life is equipped with the NEURON solver, an 
environment for implementing biologically realistic models of electrical signaling in individual 
neurons. It simulates the equations that describe nerve cells, known as the wire equations, and solves 
them computationally. Every fascicle Fig. 6c, blue element in Fig. 6a, is composed of four fibers (also 
named “splines” Fig. 6d-e) each having a diameter of 5.7 µm and a length of 17,5 µm. In this study, 
among the various nerve models in the software, the MOTOR type was adopted, which is the most 
representative of human arm nerve behavior. The equivalent circuit is shown in Fig. 6g, and it 
includes explicit representations of Ranvier's nodes, paranodal and internodal sections of the axon, 
and a myelin sheath with finite impedance.  

 
Fig. 6 (a) Cross section of Nerve model imported from the software libraries; (b) Nerve model from longitudinal view; 

(c) The Nerve model is composed by 7 fascicles; (d) Each fascicle is composed by 4 fibers named splines; (e) The 
MOTOR model defined a spline of length 17,5 µm as a sequence of 34 nodes and 33 internodes ; (f) Zoom of a single 

spline divided in nodes and internodes (STIN, FLUT, MYSA); (g) Electrical equivalent circuit of nerve model. 

The MOTOR model consists of 34 nodes of Ranvier separated by 33 internodes for the splines of the 
model whose length is 17,5 µm. This model is focused on the axonal process which is composed of 
11 compartments: two myelin attachment segments (MYSA), two paranode main segments (FLUT), 
six internode segments (STIN), and node of Ranvier (NODE). Nodal membrane dynamics includes 
in parallel: fast (Naf) and persistent (Nap) conductances for sodium and slow for potassium (Ks); 
which describe the behavior of the respective voltage-gated ion channels present in the portion of 
the cell around Ranvier's node. In addition to these, there is also a linear leakage conductance (Lk) 
that represents the behavior of the other channels present in the node; all conductances are paralleled 
with the nodal capacitance (Cn) which describes the accumulation of electrical charge at the 
membrane [22]. By the accurate representation of ion channels in the node, double-cable 
representation is necessary to represent the geometry of the nerve axon and so the internodal 
segments. They consist by linear conductances with an explicit representation of the myelin sheath 
(Gm in parallel with Cm), an insulating coating which accelerates the transmission of nerve impulses 
and the internodal axolemma (Gi in parallel with Ci), the cell membrane, composed mainly of 
phospholipids, proteins and carbohydrates [23].  
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2.3.3 Stimulation Settings  

The NEURON solver uses as input the electric field values obtained from previous electromagnetic 
simulations. Modeling based on the human nerve allows an accurate approximation of the electrical 
response of a peripheral nerve located near the structure.  

The pulse used to stimulate the nerve is defined as a sine wave of 50 periods and with an amplitude 
equal to that of the electric fields obtained in previous simulations. The duration and time step are 
500 ms and 0.0025 ms, respectively.  

Starting from the electromagnetically analyzed configurations, only some simulations are run, those 
in which there is a slower decay of the electric field. For each simulations, the nerve responses of 
spline 0 fascicle 7 (Fig. 5b), which is the one closest to the patch, are evaluated; to further explore the 
concept of deep stimulation, the nerve responses of spline 2 fascicle 5 and spline 0 fascicle 3 (on axis 
with spline 0 of fascicle 7 but located gradually farther away from the patch) (Fig. 6a), are explored. 

3.  Results 
3.1 Nanometric structure 

In the first part of this thesis, the electric potential profile of the MENPs-polymer composite was 
evaluated, to determine the effect of the nanoparticle activation on the overall patch behavior. The 
analysis was performed varying the matrix polymer, as shown below (Fig. 7). The study adopts 
biocompatible materials suitable for various biotechnological applications, either of synthetic origin, 
such as polycaprolactone (PCL), poly(3-hexylthiophene) (P3HT), or naturally-derived materials, 
such as the silk fibroin-polypyrrole (SF-PPy) blend, thus covering a wide range of electrical 
conductivity values (σPCL = 1 ´ 10-6 S/m, σSF-PPy = 80 S/m, σP3HT = 2.24 ´ 104 S/m). 

 

Fig. 7 Electric Potential profiles in the three different MENPs-polymers composites under study (polycaprolactone 
(PCL), poly(3-hexylthiophene) (P3HT) and a mixture of silk fibroin and polypyrrole (SF-PPy). The cross-section on 

place xz represents the center of the ME-patch. 

Subsequently, the resulting current density at the nanometric patch surface was observed, taking 
both a qualitative (Fig. 8) and quantitative approach (Table 3), to assess qualitative variations in the 
electrical behavior when the three polymers are used as matrix material for the MENPs 
accommodation.  
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Fig. 8 Current Density profiles at the magnetoelectric patch surface, in the three different MENPs-polymers composites 

under study (polycaprolactone (PCL), poly(3-hexylthiophene) (P3HT) and a mixture of silk fibroin and polypyrrole 
(SF-PPy). 

The outcomes of the statistical analysis conducted on the various current density profiles are 
reported in Table 3, while the values distributions are graphically represented by means of box plots 
(Fig.3), which allow a more intuitive visualization of the variations in the data. Goal of this 
comparison was the choice of the optimum polymer matrix – MENPs combination, being the most 
conductive one the most promising for our envisioned application.  

Table 3 Statistical analysis on different adopted polymers (polycaprolactone (PCL), poly(3-hexylthiophene) (P3HT) and 
a mixture of silk fibroin and polypyrrole (SF-PPy)). 

J [A / m2] PCL SF-PPy P3HT 

Mean 3.04 × 10-2 7.66 × 103 1.22 × 108 
Median 2.16 × 10-2 4.52 × 103 8.29 × 107 

Maximum 1.41 × 10-1 3.91 × 104 8.13 × 108 
Minimum 2.22 × 10-4 7.69 × 101 4.54 × 105 

 

Fig. 9 Boxplot of current density of the different polymers 

3.2 Micrometric structure 
In the second part of this project, the analysis is further expanded by focusing on the construction of 
a micrometer structure, which is composed of multiple nanometer units. The investigation 
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conducted at this stage is performed by adopting the most conductive polymer (i.e., the P3HT). The 
two micrometer models are analyzed with respect to the nanometer model. These incorporate three 
and four basic units in each spatial dimension, for a total of 165 and 384 MENPs contained, 
respectively. To understand how the collective behavior affects the overall electrical performance, 
the electric potential distribution is visualized in Fig. 10 below. 

 

Fig. 10 Electrical Potential distribution at the outer surface of the ME-patch: (a) nanometric model (1 base unit, 6 
MENPs); (b) 1.2 µm side structure (27 base units, 162 MENPs); (c) 1.6 µm side structure (64 base units, 384 

MENPs). 

For supporting the accomplished qualitative analysis, a statistical analysis is performed on each face 
of the 1.6-µm side structure and reported in Table 4, considering the spatial symmetry of the six 
faces. 

Table 4 Statistical analysis of the electric potential distributions with respect to each of the six faces of the 1.6 µm side 
micrometric structure (Fig. 10c). 

𝜙	[	𝑉	] (a) (b) (c) & (d) (e) & (f) 

Mean 9,05 × 10-4 -9,20 × 10-4 -5,20 × 10-6 -5,16 × 10-6 
Median 7,99 × 10-4 -8,15 × 10-4 -5,23 × 10-6 -4,79 × 10-6 

99th percentile 1,71 × 10-3 -1,71 × 10-3 9,28 × 10-4 8,50 × 10-4 
100th percentile 1,76 × 10-3 -1,77 × 10-3 1,33 × 10-3 1,00 × 10-3 

 

In addition to visualizing the potential distribution, the current density profiles between the 
nanometer unit and the two micrometer structures are displayed in Fig. 11. Again, the mean, 
median, maximum and minimum values of the entire surfaces of the structures were investigated 
in detail and reported in Table 5. 
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Fig. 11 Current Density distributions at the outer surface of the ME-patch:  (a) nanometric model (1 base unit, 6 
MENPs); (b) 1.2 µm side structure (27 base units, 162 MENPs); (c) 1.6 µm side structure (64 base units, 384 

MENPs). 

Table 5 Statistical analysis on the current density profiles for the different modelled structures 

 

 

 

 

3.3 Millimetric structure  

Overcoming the limitations of the computational tool that impairs the true modeling of the 
millimeter system, the simplification of keeping the nanometer model even for the millimeter is 
adopted. A trial-and-error approach is taken to calculate the appropriate potential to be applied to 
the nanoparticles in the millimeter model. This potential (Table 6: bold value) shall be capable to 
generate a current density (Table 6: value in blue) comparable to that observed in the nanometer 
structure (Table 6: value in orange), demonstrated through the results in the micrometer structure 
section to be maintained regardless of the increasing number of nanometer units within the 
structure.  

Table 6 Electric potential values explore in the Trial & Error experiment; the orange value indicates the median of the 
current density on the surface of the nanometric structure; the value in blue represents the median of the current 

density on the surface of the millimetric model which best fits with the behavior of the nanometric structure; the bold 
value in the header row of the table indicates the potential value to be imposed on the nanoparticles of the simplified 

millimetric model. 

J [A / m2] nanometric 5 V 5.5 V 5.2 V 5.25 V 5.3 V 6 V 

Mean 1.22 × 108 1.15 × 108 1.27 × 108 1.20 × 108 1.21 × 108 1.22 × 108 1.39 × 108 
Median  8.29 × 107 7.84 × 107 8.63 × 107 8.16 × 107 8.23 × 107 8.31 × 107 9.41 × 107 

Maximum  8.13 × 108 7.94 × 108 8.73 × 108 8.25 × 108 8.33 × 108 8.41 × 108 9.52 × 108 
Minimum  4.54 × 105 4.93 × 105 5.43 × 105 5.13 × 105 5.18 × 105 5.23 × 105 5.92 × 105 

J [A / m2] 400 nm 1.20 µm 1.60 µm 

Mean 1.22 × 108 1.16 × 108 1.19 × 108 
Median 8.29 × 107 7.77 × 107 7.94 × 107 

Maximum  8.13 × 108 8.90 × 108 9.67 × 108 
Minimum 4.54 × 105 1.11 × 106 4.77 × 105 
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A scatter box blot is developed to compare and validate the distribution of the point data obtained. 

 

Fig. 12 On the right: Scatter box plot for finding the potential to be imposed on MENPs in the millimetric-size patch; 
the box in orange indicates the distribution of current density values on the surface of the nanometer structure; the box 
in blue represents the distribution of current density values on the surface of the millimeter model with a potential of 

5.25 mV, the set up that best fits the behavior of the nanometer structure. 

3.3.1 Nerve Model and Electromagnetic Stimulation  

Observing the current density values on the surface of the millimeter structure, three different 
distributions of this parameter can be appreciated, which occur on opposite faces of the cubic 
volume. Six simulations are conducted and presented, arranged in pairs. Each pair represents an 
electrode face oriented differently with respect to the longitudinal axis of the nerve (in Fig. 13 (i): A 
– B, (ii): C – D and (iii): E – F). 

The electric field distributions in the cross section of the nerve are reported in Fig. 13, thus 
understanding and analyze how the different orientations behave in terms of the field generated 
and how this is felt within the biological environment, consisting of different tissues with their 
respective electrical characteristics. 

 
(i) 
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(ii) 

 
(iii) 

Fig. 13 Six different electromagnetic field profiles organized in pairs. Each ones represents an electrode face oriented 
differently with respect to the longitudinal axis of the nerve. 

Considering the changes in the electric field, the concept of field penetration is explored. The electric 
field profile in the transversal section of the nerve is plotted by comparing the two orientations of the 
same current density face. In the figures below, the full decay profile is presented and a zoom with 0-
300 V/m range to accurately visualize what happens when progressively moving away from the ME 
patch. 

 
(i) 
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(ii) 

 
(iii) 

Fig. 14 Comparison of the spatial decay of the six electromagnetic simulations organized in pairs, with their respective 
zooms [0-300 V/m]. Each pair shares the same ME-Patch face oriented differently with respect to the longitudinal axis 

of the nerve: (i) simulations A and B; (ii) simulations C and D; (iii) simulations E and F. 

3.3.2 Nerve Model and NEURON Stimulation  

Neuronal dynamics is studied via Neuron, which uses as input the electric field values obtained 
from previous electromagnetic simulations. By coupling the electromagnetic field stimulation with 
the solver, it is possible to observe the neuronal dynamic response. For each of the three pairs, the 
pairwise configuration promising slower decay is considered (A, C, and E in Fig. 13). APs related to 
the neuronal response of fascicle 7, defined as the one closest to the electrode (cross section of the 
nerve in Fig. 5a), are analyzed. For each, the concept of deep stimulation is explored in depth; to this 
end, action potentials related to fascicles 3, 5, and 7 were plotted (cross section of the nerve in in Fig. 
5a); These fascicles are gradually distant from the electrode and, consequently, were affected 
differently by the electric field generated by the patch-ME. 

Presented in the following Fig. 15 are: on the left, the APs in fascicle 7 for the most promising 
configurations among each of the three pairs and, on the right, the APs of a spline in fascicle 5 and 
fascicle 3 in comparison to that in fascicle 7. 
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(i) 

 
(ii) 

 
(iii) 

Fig. 15 Action potentials (APs) related to the simulation with the most efficient reciprocal orientation between the ME-
patch and the nerve fiber. On the left, the AP of the fascicle closest to the electrode (7), on the right the APs of fascicles 
7,5,3 are presented; (i) is APs of fascicles of the configuration A; (ii) is APs of fascicles of the configuration C and “iii” 

is APs of fascicles of the configuration E. 



Executive Summary A. Tommasini 

 

18 

4.  Discussion 

Among the innovative methods for the electrical stimulation of the peripheral nervous system 
(PNS), magnetoelectric nanoparticles-based strategies are emerging. However, given their electric 
signal rapid spatial decay, approaches based on a 3D polymer matrix loaded with magnetoelectric 
nanoparticles (MENPs) have started to be considered as promising alternatives, due to their 
characteristics of minimal invasiveness, high spatial resolution, and good biocompatibility. To this 
end, our study employed numerical simulations to evaluate the feasibility of using a 3D polymer 
matrix embedded with MENPs to wirelessly modulate neural responses. We conducted a 
comprehensive investigation on multiple scales, spanning from the nanometer to the millimeter size, 
eventually leading to the evaluation of the interaction of these composites with a model biological 
tissue.  

Initially, our analysis focused on examining the electrical potential and current density profiles of 
different polymers at the nanometer scale, with the goal of identifying the most suitable material for 
an efficient nerve stimulation. In the second phase of the study, we explored the ability of millimetric 
composite patches to (i) generate electric fields and (ii) spark action potentials within peripheral 
nerve fibers, using electromagnetic simulations and neuronal modeling solver. This combined 
approach provides a thorough understanding of the actual interaction between the MENPs-based 
composite 3D electric interface and the peripheral nerve tissue used as model.  

The electrical characteristics of the matrix polymer were varied to evaluate the performance of the 
nanometric base unit, depending on the type of material surrounding the MENPs. Three different 
polymer formulations were examined, ranging from synthetic materials (PCL, P3HT) to naturally-
based materials (fibroin silk blend with PPy), covering a wide range of different electrical 
conductivity values.  

PCL (polycaprolactone) is an inexpensive thermoplastic material widely used as a scaffold for cell 
culture and for neural tissue interfaces due to its slow degradation rate, low melting point, low 
melting point and solubility in various solvents [4],[25]. However, its low electrical conductivity 
would require additional fabrication strategies to improve it, such as mixing with other polymers or 
incorporating highly conductive nanomaterials. In this investigation, pristine PCL (with a 
conductivity of σ = 10-6 S/m) serves as a negative control to evaluate the electrical behavior of the 
ME-Patch composite when MENPs are introduced into a low-conductivity matrix [26], [27]. 
Biomaterials are recognized for their enhanced biocompatibility, bioactivity and ability to 
biodegrade completely in a biological environment, making them more advantageous than synthetic 
polymers to develop tissue interfaces. In this contest, silk fibroin, a protein produced by the 
silkworm (Bombyx mori), has attracted considerable interest [28]. The presence of functional groups 
in the fibroin protein chain allows adhesion to tissues, chemical modification and integration with 
functional materials such as conductive polymers [29], expanding its applications. In this report, a 
composite blend of polypyrrole (PPy) and silk fibroin (SF) with a final conductivity of 80 S/m [30] 
was considered, which corresponds to the intermediate level of conductivity for this case study. 
Lastly, P3HT, a conductive polymer widely used in various applications was analyzed [31]. Due to 
its relatively low cytotoxicity and good physical and chemical stability in biological environments, 
P3HT-based systems have also already been explored for biomedical applications [32], [33]. The 
conductivity of the polymer in pure form can be greatly enhanced (up to several orders of 
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magnitude) by chemical or electrochemical doping methods [34]. Electrochemically doped P3HT-
based material [35] has been herein considered as an experimental reference to model biomaterials 
with a wide conductivity spectrum, ranging from the least conductive PCL (σ ≈ 10-6 S/m) to the most 
conductive P3HT (σ ≈ 104 S/m). All the formulations considered in the study are recognized as 
biocompatible and adaptable to numerous biotechnology areas (i.e., tissue engineering, drug 
delivery, biosensors). Moreover, they can be quite easily processed with the most common polymers 
fabrication techniques, such as electrospinning, 3D printing and casting deposition. 

At the nanometric level, the study delved into the electrical properties of three distinct polymers—
PCL, SF-PPy, and P3HT—embedded with MENPs. Using the Sim4life modeling platform, 
magnetoelectric nanoparticles (MENPs) were modeled in terms of electrical characteristics only, and 
simulations were performed at a low stimulation frequency (100 Hz), to interact effectively with 
biological systems. In Fig. 7 Electrical potential distributions at the surface and in the central slice 
are shown, while the ME-Patch current density profiles of the three composites are reported in Fig. 
8 (qualitative visualization), Table 3 (quantitative analysis), and in Fig. 9 (boxplots). Visualizing the 
electric potential across the surfaces of these nanocomposites provided crucial insights into their 
performances. Notably, the MENPs-P3HT system exhibited the highest electrical potential 
conductivity, closely followed by MENPs-SF-PPy, while MENPs-PCL demonstrated significantly 
lower potential values, nearing zero due to its extremely poor conductivity (σ ≈ 10-6 S/m). This 
disparity in electrical potential underscored the importance of polymer selection in optimizing the 
performance of magnetoelectric patches. Furthermore, a comprehensive assessment of the current 
density distribution across the surfaces of these nanocomposites provided additional insights. As 
expected, the MENPs-P3HT system exhibited notably higher current density values compared to 
MENPs-SF-PPy and MENPs-PCL. Overall, the qualitative and the statistical parameters highlighted 
the robust electrical performance of the MENPs-P3HT system, positioning it as the most promising 
candidate for further investigation.  

Then, the effect of the transition from nanometer to micrometer structure is investigated. To 
understand how the collective behavior of multiple nanometric units influence the overall electrical 
performance of a larger micrometric assembly, particular attention is given to the potential 
distribution and the current density. In Fig. 10, the distribution of the electric potential developed at 
the patch after the MENPs activation in the micrometer structure is presented, followed by a 
statistical evaluation of such electric potential data distribution within each cube face (Table 4). We 
observed that the repetition in the space of the unit bases led to the formation of a “patterned” 
voltage arrangement. However, despite the change to larger structures, the overall dipolar behavior 
was maintained. In particular, the maximum values of the potential modulus of the positive and 
negative faces are 1.7 mV, which are slightly lower than those presented on the encapsulated MENPs 
(i.e., 2.25 mV); more importantly, these maximum values are constant across the three nano- and 
micro-assemblies under study, suggesting that such potential would be present also in larger 
structures (i.e., millimetric structure).  Fig. 11 reports on the current density distribution to 
understand how it varies between the different faces of the cubic patches. By comparing the current 
density values between the nanometric and micrometric structures (summarized in Table 5), it is 
possible to notice the maintenance of the electrical performance, by increasing the ME-Patch 
dimension.  

Thus, the micrometric structure not only kept the initial dipolar behavior, but also presented the 
same current density values observed in the other models (nanometric, micrometric with 165 MENP, 
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and micrometric with 384 MENP), demonstrating the preservation of the essential electrical 
characteristics despite the increase in size. 

These findings provided crucial insights for proceeding with the final step of this work: the 
modeling of a clinically-relevant magnetoelectric biointerface. In order to model a millimetric soft 
patch we had to overcome the computational limitations inherent to the software/machine cluster 
in use, which (i) did not allow a correct/complete discretization of nanometric entities when 
millimetric objects are located nearby such as for the case of nanometric MENPs and a millimetric 
nerve, and (ii) did not sustain calculations with more than 400 MENPs. Therefore, for the millimetric 
model, an appropriate electrical potential (i.e., +/- 5.25 V, Fig. 12 and Table 6) is imposed on the 
surface of the MENPs within the millimeter cubic matrix, such as to achieve a current density 
distribution with similar statistical values to that observed in the nanometric structure (J = 8.29 × 107, 
Table 6).  

Six configurations of our millimetric ME-patch are alternatively placed in contact with a realistic 
nerve model and used for the electromagnetic stimulation assessment. Fig. 13 (A – B, C – D and E – 
F) and Fig. 14 show the electric field distributions following simulations in the nerve tissue and their 
spatial decay along its cross-section, respectively. This analysis shows that the electric field profile 
in the cross-section of the nerve changes as a response to the side of the magnetoelectric, millimeter 
patch that is in direct contact with it. In addition, the observed non-uniform propagation of the 
electric field can be ascribed to the different electrical properties of the various biological structures 
encountered. However, the generated electric field is higher than the threshold values required to 
elicit a neuronal response (100 V/m) [36], suggesting the ability of our millimetric soft electrode to 
act as a wireless source of electric field in the body,  effectively modulate neuronal activity, and 
stimulate the surrounding nerve tissue. 

Hence, as a final step, the neuronal dynamics of motor neurons was investigated, by coupling 
Sim4Life with Neuron, a solver that applies the electric field values obtained from previous 
electromagnetic simulations as input. For each pair, the configurations with the slowest spatial decay 
were evaluated (i.e., simulations A, C and E, Fig. 14).  

The neuronal response is characterized by a series of  action potentials (APs), which consist of several 
basic phases. Voltage-dependent sodium (Na+) and potassium (K+) ion channels are proteins present 
in the cell membrane of neurons and play a key role in the generation and transmission of nerve 
impulses [37]. These channels are regulated by variations in the electrical membrane potential, and 
they open or close in response to these changes. Initially, a resting state is observed, where the neural 
membrane potential is maintained around -80 mV, stabilized mainly by potassium ions 
permeability. When the neuron is stimulated and the membrane potential exceeds a certain 
threshold, the depolarization phase begins. During this phase, voltage-dependent sodium channels 
open, allowing rapid entry of sodium ions into the cell and causing the membrane potential to rise 
in order to reach the electrochemical equilibrium for sodium ions. This peak potential phase is 
known as overshoot. Next, the repolarization phase occurs, in which voltage-dependent potassium 
channels open, while sodium channels close. This leads to an efflux of potassium from the cell, 
restoring the membrane potential to resting values. The repolarization phase is followed by a period 
of hyper-polarization, during which the membrane potential becomes more negative than its resting 
value, before gradually returning to resting levels [38]. Throughout the process, usually it is around 
a few milliseconds, the refractory period of the neural membrane limits the ability to generate new 



Executive Summary A. Tommasini 

 

21 

action potentials. [39]. This sequence of events represents a crucial mechanism in neuronal signal 
transmission and information integration in the nervous system [40]. 

Data analysis revealed that the typical pulses of the action potential are clearly observable in the 
graphs in Fig. 15. Interestingly, activation of fascicle 7 (the closest to the ME-patch) is observed in all 
three configurations (A, C, E), suggesting that the generation of the action potential is independent 
from their amplitude differences, if a certain threshold is exceeded. However, while the periodicity 
of the first two cases (A, C) is similar, in the last configuration (E) it is increased, suggesting possible 
effects due to the different refractory periods of the three stimulations. In the first ones (A and C), 
associated with more intense and penetrating electric fields, a reduced periodicity and a prolonged 
refractory period are detected. This may be due to the wider negative sinusoidal half-wave input, 
extending the refractory period compared to the third case (E) characterized by a less intense and 
more rapidly decreasing electric field. Finally, the concept of deep stimulation was further 
investigated. For this purpose, action potentials related to fascicles 3, 5 and 7 were plotted for the 
three most efficient stimulation configurations (A, C and E).  Being gradually distant from the 
electrode, these fascicles were affected differently by the electric field generated by the ME-patch. 
As expected, scenarios with a more penetrating electric field or determined by values for each point 
above threshold (A and C) have returned AP activation in all fascicles, indicating deep stimulation. 
In both cases, different periodicity of the APs generated in the various fascicles under study was 
observed, since the stimulation sine wave perceived by the farthest ones is shallower compared to 
the sine wave sensed by fascicle 7; again, this could be referred to a different refractory period. On 
the contrary, the configuration characterized by a lower electric field distribution and thus exhibiting 
a very rapid electromagnetic field decay (E), presents a neuronal response only within the fascicle 
closest to the electrode (fascicle 7), while the other two (fascicle 5 and fascicle 3) were reached by 
subthreshold values, unable to generate action potentials. 

5.  Conclusions 
A multiscale computational framework is developed and optimized in the present study for the 
design of a novel noninvasive wireless electrical stimulation technology capable of effectively 
activating a neuronal response. We developed an optimized three-dimensional nanostructured 
magnetoelectric patch by precisely defining the polymer matrix composition and loading 
concentrations of magnetoelectric nanoparticles (MENPs). This optimization step is essential for an 
efficient and controlled transmission of the MENPs electricity through a biocompatible wireless 
system, with the goal of triggering neuronal action potentials and distributing the electric field in a 
targeted manner within a human nerve tissue model. 

Our methodological approach allowed us to accurately simulate the effectiveness of the 
magnetoelectric patch in generating neuronal action potentials and modulating electric field 
distribution. Future developments from this study include the investigation of different ME-Patch 
shapes/geometries, such as thinner films or grids, as well as the implementation of a patterned 
voltage structure, in order to (i) more faithfully replicate the behavior of a realistic material and (ii) 
further optimize the nerve tissue stimulation on a larger and more representative scale.  

In conclusion, the outcomes of this thesis constitute a solid scientific basis for the development of 
advanced bioelectric-based strategies for the treatment of impaired nerve tissues, representing a 
significant step forward in the engineering of magnetoelectric devices for neural interfacing. 
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Abstract in Italiano 
Le nanoparticelle magnetoelettriche (MENPs) possono generare campi elettrici locali elevati se 
attivate con campi magnetici di bassa intensità. Tuttavia, quando vengono somministrate 
singolarmente, le MENP possono essere posizionate in modo casuale e tendono a formare dei 
cluster. I campi elettrici indotti che ne derivano decadono molto rapidamente all'aumentare della 
distanza, compromettendo un'efficace stimolazione dei tessuti. In questo contesto, il seguente studio 
introduce un nuovo approccio per la stimolazione dei tessuti che impiega nanoparticelle 
magnetoelettriche incorporate in una matrice polimerica 3D biocompatibile (ME-Patch). Attraverso 
un approccio in silico, le prestazioni elettriche del ME-Patch vengono ottimizzate, a partire 
dall'implementazione di una modellazione su scala nanometrica in cui vengono accuratamente 
studiati i comportamenti elettrici dei materiali, fino a raggiungere la valutazione funzionale del 
patch con un modello realistico di nervo periferico. I nostri risultati offrono spunti per la 
fabbricazione di dispositivi magnetoelettrici soft e biocompatibili in grado di immagazzinare e 
trasferire gli effetti delle MENP per innescare potenziali d'azione neuronali. Sfruttando la capacità 
di tali nanosorgenti di generare elettricità in modalità wireless come risposta a campi magnetici a 
bassa intensità, il nostro approccio promette una stimolazione nervosa non invasiva, superando le 
numerose limitazioni associate agli stimolatori convenzionali e presentando interessanti 
opportunità per l'avanzamento delle tecnologie di interfacciamento neurale. 


