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1. Introduction

Electroactive polymers (EAPs) have attracted growing interest in
industrial applications due to their potential to enable flexible,
lightweight, and tunable electromechanical devices.[1] Their
ability to convert electrical energy into mechanical motion
(electromechanical transduction) and mechanical deformation
into electrical signals (mechanoelectrical transduction) makes

them suitable for applications ranging
from biomedical devices and soft robotics
to aerospace and consumer electronics.[2–5]

In this context, recent advances in soft
robotics underscore the increasing role of
intelligent polymer-based actuators in mul-
tifunctional applications such as drug deliv-
ery, wearable systems, and biomimetic
motion, as reviewed in ref. [6,7] These
materials provide unique opportunities
for developing compliant and programma-
ble robotic systems, with ionic polymer–
metal composites (IPMCs) standing out
as promising electrically driven actuators
due to their rapid response and mechanical
robustness.[4]

Among EAPs, ionic EAPs (IEAPs),
such as IPMCs and carbon-polymer com-
posites, have been extensively studied
due to their large deformation under low
voltage and bioinspired actuation capabili-
ties. While actuation electromechanical
transduction in IEAPs has been extensively
characterized[4,6,8–11] in terms of mass
transport principles and actuation mecha-
nism, the inverse mechanoelectrical trans-
duction process in IEAP-based sensors

remains comparatively underexplored, despite promising appli-
cations in biomedical sensing,[12–14] vibration energy harvesting,
and self-powered sensing.[15] This research gap is particularly rel-
evant in the context of soft sensing transductors development,
where dynamic ion redistribution under mechanical deforma-
tion offers a rich mechanism for signal generation but lacks com-
prehensive multiphysics modeling frameworks. In parallel with
the functional advances of EAPs, the electronics industry is
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Bacterial cellulose (BC) is an emerging smart material, synthesized through
microbial fermentation of environmentally friendly substrates, including
organic waste. When functionalized with ionic liquids (ILs) and coated with
conductive polymers, BC forms soft, sustainable, and electroactive composites,
making it suitable for sensors in soft robotics, wearable, biomedical, and
environmental monitoring applications. However, modeling frameworks for
BC–IL sensors are still lacking, hindering their integration into real-world
applications. To bridge this gap and support smart material design, we propose
a novel first-principle white-box modeling framework is proposed that couples a
2D finite element method (FEM) for mechanical deformation with 1D FEM
sub-models for ion transport and voltage generation. Specifically, this work
introduces the first dual-carrier multiphysics model for mechanoelectric
transduction in BC–IL sensors. The model, experimentally calibrated and val-
idated, resolves the spatio-temporal dynamics of mechanical deformation and
dual-ion transport, including diffusion, electromigration, and advection. By
explicitly incorporating the transport and interaction of both cations and
anions, previously neglected in smart-sensors modeling, the proposed strategy
provides a foundational simulation framework for the scalable, rapid, and
intelligent design of next-generation biodegradable and multifunctional smart
sensors, advancing the integration of green materials into intelligent systems.
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undergoing a transformation toward environmentally sustain-
able materials and processes. This shift has led to the emergence
of green electronics, in which biodegradable and bio-derived
materials play a central role.

Bacterial cellulose (BC), produced by strains such as
Acetobacter xylinum and Gluconacetobacter hansenii, is a leading
candidate due to its renewable origin, high purity, and porous
structure suitable for functionalization with ionic liquids (ILs).
Although chemically identical to plant-derived cellulose, BC is
produced via microbial fermentation using green feeding media
(e.g., banana peel[16]) in standard laboratory environments.
Unlike plant-based cellulose, its production avoids deforestation,
yields a highly pure material, and results in a fully biodegradable
substrate suitable for flexible, printable, and biocompatible elec-
tronic devices.[17] Its mechanical resilience and environmental
compatibility enable use in soft robotics, wearable electronics,
smart packaging, and biomedical systems.[18]

When BC is functionalized with ILs and coated with conduc-
tive polymers, it becomes electroactive and is suitable for use in
both actuators and sensors.[19–21] These BC–IL-based composites
can therefore be classified as IEAPs, offering a sustainable alter-
native to synthetic polymers by combining functional perfor-
mance with compatibility for roll-to-roll manufacturing
processes.[21–24] Importantly, IL derived from biomolecules, so-
called bio-ILs have been shown to improve biocompatibility, cyto-
compatibility, and environmental safety, thereby expanding the
use of BC-based IEAPs in biomedical applications such as
implantable sensors and smart drug-delivery devices.[25] These
bioinspired systems are at the forefront of smart tissue engineer-
ing, molecular diagnostics, and regenerative medical electronics.

In particular, the dual functionality of BC-based transducers,
as both sensors and actuators, has opened new possibilities for
soft robotic systems that require both adaptability and environ-
mental integration. Recent reviews highlight the role of electro-
active biomaterials like BC–IL composites in responsive
biointerfaces and distributed robotic actuation.[5] These materials
support deformation-based sensing and controlled mechanical
motion within the same lightweight and flexible platform.

Despite this potential, the design and optimization of BC-based
IEAP sensors face significant challenges. On the one hand, EAP
modeling frameworks, including black-box and gray-box and
machine learning approaches,[4,15,26–29] rely on empirical data
and lack physical insight and generalizability across different
materials and operating conditions. On the other hand, first-
principle models based on computational methods have proven
effective for the simulation of multiphysical systems for different
compoundmaterials. These models are able to address a variety of
physical domains, including carrier transport,[12,30] mechanical
deformation,[31] thermal properties,[32] and magneto-mechanical
interaction at the microscale.[33] However, their high computa-
tional cost often makes them impractical for fast design iterations,
an essential requirement for industrial prototyping and real-time
system optimization, thus highlighting the inherent trade-off
between simulation accuracy and computational efficiency.
Addressing this trade-off is central to enabling high-throughput
simulation pipelines for material screening and rapid sensor
optimization.

More specifically, in the IEAP modeling environment,
white-box models based on first physics principles have been

successfully developed for actuation purposes.[4,9,30,34,35]

However, their application to mechanoelectric sensor technology
remains very limited in the literature and is typically restricted to
simplified single-ion transport models within solvent-based sys-
tems, primarily water-based electrolytes.[4,12,14,36] In the case of
BC-based sensors, existing modeling efforts are still in a prelim-
inary stage and primarily rely on gray-box approaches.[21,37]

To overcome these limitations and advance the development
of multifunctional, intelligent, and eco-sustainable devices, this
work introduces a novel first-principles modeling framework
explicitly designed for BC-based ionic transducers, capturing
the dual-carrier transport behavior characteristic of functional-
ized cellulose systems. The model captures the complexity of
dual-ion electromechanical behavior, including diffusion,
advection, and electromigration in porous substrates, while
remaining computationally efficient through a hybrid dimen-
sional approach. This lays the foundation for high-throughput
simulation pipelines tailored to soft intelligent systems that inte-
grate sensing, actuation, and adaptive responsiveness within a
single sustainable platform, leveraging the demonstrated
potential of BC composites in soft robotics and wearable
bioelectronics.

To implement this, we integrate a 2D finite element method
(FEM) for mechanical deformation with a series of 1D FEM for-
mulations for ionic transport and electric potential generation.
This dimensional decomposition is designed to preserve the fun-
damental physics of electromechanical coupling while reducing
the computational effort. This facilitates fast parametric studies
and supports the design and optimization of sensors at an early
stage. The framework supports predictive material design,
enabling the identification of structure–function relationships
and critical design parameters, with direct validation through
experimental measurements. Particular attention will be paid
to ensuring that the model is compatible with data from
real experimental setups to enable meaningful calibration and
validation.

Ultimately, this methodology aims to provide a robust and
scalable simulation framework for the design of next-generation
green electronic devices based on BC–IL composites. To this end,
the main contributions and novelties of this work include the
introduction of a first-principles-based model specifically tailored
for BC–IL sensors, establishing a bridge between sustainable
smart sensors and high-fidelity multiphysics simulation. This
study also presents the first dual-carrier FEM-based model for
ionic EAPs, extending beyond traditional single-ion approxima-
tions typically employed in IL-functionalized soft transducers.
Furthermore, it proposes a computationally efficient hybrid
2D–1D modeling strategy that supports fast-prototyping
workflows for early-stage material design and parametric optimi-
zation, while laying the groundwork for high-throughput simu-
lation pipelines.

The remainder of this article is structured as follows. Section 2
describes the fabrication and characterization of the BC-based sen-
sor, including details on the materials used, geometry, and the
experimental setup. Section 3 introduces the proposed dual-carrier
multiphysics modeling framework, detailing the mechanical,
chemical, and electrical subsystems and Section 4.1 their FEM
implementation. Section 4.2 presents a comparative
analysis between simulation results and experimental data,
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including model calibration, spatial sensitivity evaluation, and
ionic transport analysis. Finally, Section 5 outlines the key findings
and implications of this modeling approach for the development
of sustainable, intelligent sensor systems based on BC.

2. Experimental Section

2.1. Sensor Geometry and Manufacturing

The BC-based sensor is a composite material produced using the
following materials: purified BC films (CBP-GS0010) purchased
from BioFaber (Italy), approximately A4 size and average
thickness tBC; 1-Ethyl-3-Methylimidazolium tetrafluoroborate
(EMIM-BF4) purchased from Sigma Aldrich and used as IL,
CLEVIOS PH 1000; an aqueous dispersion of poly(3,4-ethylene-
dioxythiophene)/polystyrene sulfonate (PEDOT:PSS), which was
purchased from Heraeus and used for electrode fabrication. It
should be noted that while BC is fully biodegradable and origi-
nates from renewable microbial fermentation, the IL EMIM-BF4
and the conducting polymer PEDOT:PSS employed in this work
are not currently classified as biodegradable. Nevertheless,
EMIM-BF4 was characterized by low volatility and reduced envi-
ronmental impact compared to conventional organic solvents,

and PEDOT:PSS is widely used in organic electronics because
of its aqueous processability and stability. Our research explored
BILs such as vitamin J-based derivative[38] and biodegradable
conductive polymers[39] as possible alternatives. Therefore, the
investigated device represented a step toward the realization
of fully biodegradable self-generating motion sensors. The
proposed multiphysics model provided a general modeling
framework validated on a BC-based system, while future develop-
ments will focus on achieving sensor architectures composed
entirely of biodegradable components.

The fabrication process began with BC, which was processed
in squared samples measuring 5 cm� 5 cm. Each sample was
immersed in EMIM-BF4 for 24 h at room temperature in a lab-
oratory desiccator using calcium chloride as the desiccant.
After impregnation, excess IL was removed with filter paper.
At this stage, the BC–IL composite contained �8% by weight
of EMIM-BF4. PEDOT/PSS electrodes were then deposited on
both sides of the composite using a 25 μm film spreader.
Finally, the transducers were trimmed to the desired geometry.
No electrode lift-off was observed during trimming, handling, or
under the cyclic bending used for characterization.

The geometry of the device is presented in Figure 1a, and its
parameters are reported in Table 1, where L is the total length of

Figure 1. Multiphysics modeling framework for BC-based ionic sensors. a) Geometry of the BC-based sensor configured as a cantilever, with PEDOT:PSS
electrodes applied to both sides of the IL-infused BC membrane and voltage measured in a OC configuration. Geometric parameters are reported in
Table 1 and the complete setup in the Methods section. b) Schematic illustration of the dual-ion sensing mechanism showing the ionic distribution at rest
and its redistribution under bending deformation. It highlights the role of both cations and anions in charge separation. c) Overview of the proposed
multiphysics simulation framework, coupling mechanical deformation with ionic transport and voltage generation, used to compute the sensor electrical
response to tip displacement.
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the sample, W is the width of the entire sample, and Lc is the
length of the clamped copper electrode. In particular, TBC and
TPSS are the thicknesses of the BC and PEDOT/PSS electrodes,
respectively. They were determined from scanning electron
microscope (SEM) micrographs obtained using an EVO SEM
(Zeiss, Cambridge, UK) instrument equipped with an energy

dispersive X-ray spectrometry (EDX) microanalysis facility.
The analyzes were performed by setting a high electron beam
voltage of 20 kV and using a LaB6 (LanthanumHexaboride) emit-
ter as the electron source. To perform the SEM analysis, the sam-
ples were coated with a thin gold film applied by a sputtering
process using an Agar Sputter Coater AGB7340 spray coating
machine (Assing, Italy).

2.2. Measurement Setup

The experimental configuration is illustrated in Figure 2: (a)
CAD rendering of the mechanical system, (b) schematic of
the complete experimental setup, and (c) photograph of the
assembled device showing the cantilever-mounted sensor in
its working configuration. A vertical threaded rod with two
adjustable nuts was used to fine-tune the vertical positioning
of the cantilever beam. A dedicated bracket attached to the

Table 1. Geometrical parameters.

Parameter description Value Unit

Total length, L 4 cm

Total width, W 1 cm

Clamp region length, Lc 1.5 cm

Thickness of BC, TBC 320 μm

Thickness of PEDOT, TPSS 25 μm

Figure 2. Mechanical setup: a) 3D schematic, b) global schematic of the acquisition system, c) laboratory setup.
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threaded rod served as a support for the transducer. A custom
rectangular housing was designed to accommodate a pair of rigid
electrodes and the BC-based sensor. These electrodes were
responsible for detecting the electrical signal generated by the
composite material during deformation. To facilitate the connec-
tion between the electrodes and the external recording system,
two conduit channels were integrated into the housing design.
To ensure mechanical symmetry and proper housing, two iden-
tical brackets were fabricated and mounted opposite each other,
enclosing the BC-based transducer and the pair of electrodes.
The entire support structure was mounted on a base plate, which
provided a stable foundation for the experimental setup. The
mechanical excitation of the transducer was achieved with the
help of an electromagnet located in a circular housing mounted
on the base plate (see Figure 2a). The electromagnet used was the
HS-P65*30 model from Heschen, with a diameter of 65mm, a
height of 30mm, and a maximum DC voltage of 24 V. To drive
the electromagnet, a power amplifier circuit was implemented
with an OPA547 operational amplifier configured with two resis-
tors of 4.7 and 6.8 kΩ. The actuation signal was synthesized in
MATLAB®, then exported and loaded into a waveform generator
(Keysight 33220A). The output signal from the waveform gener-
ator was fed into the power amplifier, which drives the electro-
magnet. This produces a motion of the tip of the BC sensor. The
mechanical actuation was accomplished using two cylindrical
magnets (mass: 0.32 g; radius: 2 mm; height: 3 mm) mounted
symmetrically on both sides of the transducer near its free
end at a distance LM= 3.7 cm from the base clamp, commonly
referred to as the beam tip. The displacement of the beam tip was
monitored via a Baumer 12U6460-S35A laser displacement sen-
sor with a resolution of �2 μm and adjustable sensitivity. The
laser was focused at a distance of LL= 3.2 cm from the base
clamp. The mechanical deformation of the composite led to a
charge accumulation on the PEDOT:PSS electrodes. This accu-
mulation was measured as the open circuit (OC) voltage, hereaf-
ter referred to as sensor voltage. For the OC measurements, the
electrodes were connected directly to an Agilent Infiniium
MSO9064A digital oscilloscope. This simultaneously acquired
the laser signal, allowing synchronous analysis of the mechanical
input and electrical output. During experimental testing, the
interface between PEDOT:PSS and BC–IL exhibited stable
behavior, ensuring reproducible sensor responses.[40,41] These
results indicated that the adopted fabrication route provided
robust interfaces despite the aqueous solubility of the
components.

3. Dual-Carrier Multiphysics Model

The BC-based transducer can convert mechanical deformation
into an electrical signal and vice versa, and can act as both a sen-
sor and an actuator. In this study, we investigated a BC-based
sensor infused with EMIM-BF4 as IL and coated with PEDOT:
PSS as conductive polymers. This setup is illustrated in
Figure 1a. When configured as a cantilever and used as a sensor,
the mobile IL ions, EMIMþ (cation) and BF�

4 (anion), redistribute
within the BC matrix in response to an external force applied,
inducing mechanical deformation (see Figure 1b). This ion redis-
tribution leads to the generation of an electrical potential in the

BC, which can be measured at the electrodes as open-circuit volt-
age, hereinafter denoted as the sensor output.

Multiphysics models for IEAPs have been explored in the lit-
erature.[12,34,36] These models typically couple three physical
domains: a mechanical model to compute structural deforma-
tion, a chemical model to describe ionic transport, and an elec-
trical model to calculate the internal voltage potential. The system
behavior is generally governed by partial differential equations
defined over the spatial domain r= (x, y, z) and time t.
However, in the existing approaches, the chemical domain
was limited to a single mobile ionic species, often assuming
either cationic or anionic transport while treating the counter-
ion as immobile or uniformly distributed. This simplification
neglects the dynamics of both ionic carriers, which can be sig-
nificant in systems based on ILs where both cations and anions
are mobile and participate in the charge redistribution process
(Figure 1b). Figure 1c presents the proposed multiphysics simu-
lation framework, which couples mechanical deformation, ionic
transport, and voltage generation through multiphysics integrat-
ing mechanical, chemical, and electrical models. Each of these
sub-models is described in detail in the following section. The
assumptions of isotropy, homogeneity, temporal invariance,
and linearity are made for all materials.

3.1. Mechanical Model

Newton’s second law relates the displacement (d) to the
volumetric force (F), as reported in Equation (1).

ρ
∂
2dðr, tÞ
∂t2

� ∇ ⋅ c∇dðr, tÞ ¼ Fðr, tÞ (1)

where ρ is material density and c is the Navier constant.
The polymer pressure (p) is related to the σij stress tensor

components as in Equation (2)

pðr, tÞ ¼ σ11 þ σ22 þ σ33
3

(2)

Then, using the momentum conservation law in Equation (3),
it is possible to relate the hydrostatic pressure p in the polymer
with the fluid pressure (P)

∇Pðr, tÞ ¼ �∇pðr, tÞ (3)

3.2. Chemical Model

A key novelty of this work lies in the chemical model, where both
cations and anions are considered as mobile carriers, unlike con-
ventional models that assume a single mobile species.
Accordingly, distinct transport equations were formulated for
each ionic species to capture their individual contributions to
the total ionic current. The flux of cations EMIMþ and of the
anion BF�4 was related to the time variation of their respective
concentrations Cþ and C�, the applied potential (V ), and to
the fluid pressure (P). It is calculated by the Nernst–Planck
law as follows

www.advancedsciencenews.com www.advintellsyst.com

Adv. Intell. Syst. 2025, 2500579 2500579 (5 of 13) © 2025 The Author(s). Advanced Intelligent Systems published by Wiley-VCH GmbH

 26404567, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aisy.202500579 by C

ochraneItalia, W
iley O

nline L
ibrary on [11/10/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advintellsyst.com


∂Ciðr, tÞ
∂t

¼ ∇ ⋅ ðDi∇Ciðr, tÞ þ ziμiFCiðr, tÞ∇Vðr, tÞ
þ μiCiðr, tÞDvi∇Pðr, tÞÞ

(4)

whereDi is the diffusion coefficient, zi is the charge number, μi is
the mobility, Dvi is the molar volume of species i, and F denotes
the Faraday constant.

The total ionic current density can be expressed as in
Equation (5)

Jtotðr, tÞ ¼
XN

i¼1

ziFf iðr, tÞ (5)

where the general form of the Nernst–Planck equation for the
total flux fi of an ion species i in Equation (6) consists of three
distinct components: diffusion, electromigration, and advection

f iðr, tÞ ¼ �Di∇Ciðr, tÞ � ziμiFCiðr, tÞ∇Vðr, tÞ
� μiCiðr, tÞDvi∇P

(6)

JiDiff ðr, tÞ ¼ ziFJiDiff ðr, tÞ ¼ ziFDi∇Ciðr, tÞ (7)

This term represents the ion current density due to concen-
tration gradients, driving the species from regions of high con-
centration to low concentration.

JiEMðr, tÞ ¼ ziFf iEMðr, tÞ ¼ z2i μiF
2Ciðr, tÞ∇Vðr, tÞ (8)

This term represents the ion current density due to the electric
potential gradient ∇V , and is proportional to μi, the ion’s mobil-
ity, and to the factor ziF representing the electric charge of the
species in terms of Faraday’s constant.

JiAdðr, tÞ ¼ ziFf iAdðr, tÞ ¼ ziFμiCiDvi∇Pðr, tÞ (9)

This term represents the transport of mass by the bulk motion
of a fluid. The pressure gradient ∇P drives the species contained
in the IL in response to an external pressure field, which in this
case is the polymer pressure p due to deformation as in
Equation (3).

3.3. Electrical Model

The potential distribution (V ) inside the BC is calculated in the
electrical model solution by using the Poisson equation as
reported in the following

�ε0εr∇2Vðr, tÞ ¼ ρ0 þ
XN

i¼1

zieCiðr, tÞ (10)

where ε0 is the absolute dielectric constant, εr is the relative
dielectric constant, ρ0 is the permanent charge density. The
ion concentrations Ci are the coupling factors to the chemical
model introduced in Equation (4).

Within the PEDOT domain, the electric potential was
assumed to be governed by Ohm law and the current continuity
equation, which was implemented separately. In the present for-
mulation, the BC/PEDOT:PSS interface is modeled as an
ideal contact following a macroscopic homogenized approach,

consistent with prior literature.[9,12,14,36] However, it is worth not-
ing that under large deformation, PEDOT:PSS films may develop
microcracks, as reported in the literature,[42,43] which can locally
increase resistivity. These nonideal effects, while not currently
included in the present framework, could be incorporated in
future model refinements through a field-dependent formulation
of resistivity.

4. Results

4.1. FEM Model Implementation and Parameters

The model is implemented by FEM simulations in Comsol
Multiphysics®,[44] which solve partial differential equations over
both spatial and temporal domains and allow coupling between
the physical domains.

4.1.1. Mechanical Model

The mechanical deformation of the BC-based sensor was simu-
lated using a 2D FEM model in the xy-plane representing the
cantilever configuration of the device (Figure 3). The clamped
region (Ω2D

C ) was fixed with a zero displacement, while a pre-
scribed sinusoidal displacement in the vertical direction was
applied to the free tip. The sinusoidal excitation mimics the
mechanical input used in the experimental characterization
and allows a controlled analysis of the deformation-induced elec-
trochemical phenomena. The model geometry was discretized
with a physics-controlled quadrilateral mesh, with a minimum
element size of 3 μm and a maximum element size of
800 μm. This provides sufficient resolution near regions with
strong curvature and high strain gradient, such as the clamping
zone, while ensuring the efficiency of the calculation in less crit-
ical regions. The FEM analysis was performed using a linear-
elastic formulation where the displacement field was solved as
in Section 3.1, from which field variables such as strain,
stress, and derived polymer pressure p were calculated as in
Equation (2). The polymer pressure value of the mechanical
model was extracted along selected cut lines (CL) in the
y-direction at 0.1mm, 0.5 cm, 1 cm, 1.5 cm, and 2 cm from
the fixed bracket edge (LC). It serves as a coupling variable for
the mechanoelectric model as in Equation (3).

4.1.2. Chemical and Electrical Model

The ionic transport and the distribution of the electric potential
within the BC layer were modeled using a 1D FEM formulation
along the y-axis cutlines, orthogonal to the plane of mechanical
deformation. The model considers two mobile ionic species, a
cation and an anion, via the Nernst–Planck equation as in
Equation (4). The local net charge density, defined as the differ-
ence between the cation and anion concentrations weighted by
their respective charges, served as the source term for the
Poisson equation (10), which was solved to obtain the electric
potential distribution and calculate the voltage at the electrode
terminals for each cutline along the y-axis (Figure 3). For simplic-
ity, each cutline model is treated independently, neglecting
lateral coupling effects and the influence of the PEDOT electrode
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along the x-axis within the 1D domain. At the outer ends of the
BC domain (Ω1D

BC), zero-flux Neumann boundary conditions were
applied to represent ion confinement in the material. Dirichlet
boundary conditions were introduced at the interfaces between
the BC (Ω1D

BC) and the PEDOT:PSS electrodes (Ω1D
PSS) to ensure

continuity of electric potential at the interfaces. A Dirichlet
boundary condition that sets the electric potential to zero
(V= 0 V) was applied to the outer boundary of the upper elec-
trode to define the electrical ground reference.

4.1.3. Simulation Parameters

The model parameters are determined by experiments or from
the literature. When necessary, scaling factors were determined
through calibration by comparing the macroscopic model out-
puts with experimentally measurable field quantities at the
selected excitation frequency. Since the model was calibrated
under a specific frequency condition, its application to different
excitation frequencies may require recalibration to ensure model-
ing accuracy. Table 2 contains the parameters associated with the
mechanical model. Table 3 focuses on the electrochemical model
and the ionic species, and Table 4 summarizes the parameters
related to the electrical response of the sensor. The Young mod-
ulus of the BC–IL–PEDOT sample (E) was determined by
dynamic mechanical analysis (DMA) using a 2000 TA DMA

produced by Triton Technology Ltd (London, UK). The mem-
brane modulus was determined by applying a sinusoidal force
at a frequency of 10 Hz at a working temperature of �25 °C
to a rectangular sample in single-cantilever mode. Calibration
was performed before each measurement using the automatic
procedure in the control software of the device. The initial ion
concentration C0 was calculated based on the amount of IL pres-
ent in the sample, and the number of moles was determined by
dividing this value by the molecular weight of the IL.

Table 2. Mechanical parameters.

Parameter description Value Unit

Young modulus of BC–IL–PEDOT compound, E 1.64 GPa

Poisson ratio of BC, νBC[45] 0.01 –

Poisson ratio of PEDOT, νPSS[46] 0.435 –

Mass density of BC, ρBC 0.904 g cm�3

Mass density of PEDOT, ρPSS
[47] 1.28 g cm�3

Table 3. Chemical parameters.

Parameter description Value Unit

Initial ion concentration, C0 (EMIM-BF4) 740.88 mol m�3

Cation diffusion constant,[48] Dcat 4� 10�10 m2 s�1

Anion diffusion constant,[48] Dan (BF4) 4.4� 10�10 m2 s�1

Cation molar volume,[49] Dvcat 1.15� 10�4 m3mol�1

Anion molar volume,[49] Dvan (BF4) 3.85� 10�5 m3mol�1

Cation charge number, Zcat 1 –

Anion charge number, Zan �1 –

Universal gas constant, R 8.31 J (K · mol)�1

Temperature, T 298.15 K

Cation mobility, μcat Dcat/(R · T ) s · mol kg�1

Anion mobility, μan Dan/(R · T ) s · mol kg�1

Figure 3. FEMModel Geometry: 2D geometry for the mechanical domain model, and 1D geometry for the mechano-electrical transduction model at the
different y-axis cutlines.

Table 4. Electrical parameters.

Parameter description Value Unit

Electrical conductivity of PEDOT, σPSS
[50] 10 Sm�1

Effective absolute dielectric permittivity

of BC–IL–PEDOT compound, ε= εrε0 Calibrated (Figure 6) F m�1
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The resulting value was converted to moles per cubic meters
taking into account the sample volume.

4.2. Experimental and FEM-Based Analysis

In this section, a combined experimental and numerical investi-
gation of the BC–IL sensor under dynamic loading is presented.
First, experimental measurements are discussed and then com-
pared with simulations performed with a multiphysics FEM
framework. The analysis is divided into subsections dealing with
experimental data acquisition and model results, including 2D
mechanical response, 1D mechanoelectrical model calibration,
and ionic current density evaluation on selected y-axis cutlines.

4.2.1. Experimental Acquisition

The mechanoelectrical properties of the BC-based composites
were evaluated by mounting the samples in a cantilever configu-
ration. In this setup, the free end of the cantilevered transducer
was subjected to controlled mechanical excitation. Figure 4
shows the acquisition of an imposed sinusoidal tip motion at
a selected frequency of 8 Hz with a peak amplitude of
dMAX= 0.27mm, measured using a laser detector. The voltage
response of the sensor shows a periodic signal with a peak ampli-
tude of Vp= 0.14mV, which determines an experimental ratio of
0.52 Vm�1 (corresponding to an attenuation of Aexp=�6 dB)
and a phase delay of Φexp=�30.7°.

4.2.2. Mechanical Model

A 2D FEM simulation was performed in the xy-plane by applying
a sinusoidal displacement at the cantilever tip, with a frequency
of 8 Hz and a peak amplitude of dMAX= 0.27mm. This displace-
ment matches the experimental measurement shown in Figure 4
and obtained using the setup detailed in the Section 2.2.

The solution of the 2D mechanical model in terms of polymer
pressure (p) is shown in Figure 5. The pressure distribution
shows higher values in regions with maximum curvature and
near the electrode boundaries. The pressure values were
extracted along five selected y-axis cutlines (CL0.1 mm, CL0.5 cm,
CL1 cm, CL1.5 cm, CL2 cm) considered at different distances from
the fixed clamp and detailed in Figure 3 of the Methods
Section 4.2.

4.2.3. Dual-Carrier Mecchano-Electrical Model Calibration

Effective absolute dielectric permittivity ε of the compound mate-
rial plays a critical role in determining the amplitude and phase
characteristics of the response of the BC–IL sensor. This depen-
dance results from the influence of ε on the capacitive behavior of
the system, which determines the dynamics of charge redistribu-
tion during mechanical deformation.

A 1D FEM model was employed along the y-axis cutlines, per-
pendicular to the mechanical deformation plane, to simulate ion
migration and the associated electric potential distribution across
the BC layer (details in Section 4.2). The calibration of the per-
mittivity of the BC sensor ε was performed by a parametric anal-
ysis of the model response for the cutline CL0.1 mm configuration
by minimizing the cost function determined as the sum of the
normalized root mean square errors (RMSEs) of the simulation
results with respect to the experimentally observed amplitute
ratio Aexp and phase shift Φexp for a sinusoidal input at 8 Hz.
The search space for permittivity was defined based on literature
values reported for similar systems, including sensors made of
graphene and chitosan with the IL EMIM-BF4, which have a per-
mittivity of 2.8� 10�2 Fm�1,[12] and IPMCs based on water-
hydrated Nafion, whose permittivity is between 5� 10�2 and
6� 10�1 Fm�1.[9] Figure 6 illustrates the trend of the total
RMSE, calculated as the sum of the normalized RMSEs for atten-
uation and phase shift, and highlights the optimal permittivity
value ε= 2.24� 10�2 Fm�1, which minimizes the cost function.

Figure 4. Experimental response of the BC sensor infused with EMIM-BF4 to sinusoidal input displacements with amplitude dMAX= 0.27mm and
frequency fd= 8 Hz. The recorded signals were fitted using single-frequency sinusoids to filter noise and accurately extract amplitude and phase shift
parameters.
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The value determined is within 10% of the chitosan-based ref.
[12] and thus confirms its agreement with comparable material
systems. This optimum setting corresponds to discrepancies
with respect to experimental values of 3.4� 10�2 Vm�1 for the
amplitude ratio A and 1.6° for the phase Φ. The close agreement
between simulations and experimental results, in both amplitude
and phase, together with the stability observed across repeated
measurements,[40,41] indicates that the electrode/active-layer
interface quality did not significantly affect the device response
under the tested conditions.

4.2.4. Position-Dependent Sensor Response and Curvature Effects

Figure 7a illustrates the simulated response of the sensor voltage
evaluated along the five selected y-axis cutline models. The
results show a clear dependance of the electrical response of
the composite in accordance with the position along the beam,

which correlates with the spatial distribution of the mechanical
stress and pressure gradient in Figure 5. In particular, the cutline
closest to the fixed clamp (CL0.1 mm) shows the highest amplitude
response, which agrees with the proposed transduction mecha-
nism. This region corresponds to the section of maximum cur-
vature of the cantilever. This increased curvature leads to a
higher pressure gradient in the y direction, which directly affects
the advection term in the Nernst–Planck equation and triggers
ionic movement and charge separation. At larger distances from
the clamp, both the pressure and its spatial gradient decrease due
to the lower curvature, resulting in a smaller electrical response.
These results emphasize the importance of local deformation
and stress distribution in shaping the overall sensor response.
In particular, large deformations near the clamp region can
induce sideways microcracks in soft material electrodes, as
reported in previous studies,[42,43] leading to increased local resis-
tivity. As a result, the highly deformed zones near the clamp can
be electrically decoupled from the rest of the sensor, maintaining
a localized electrical response. This observation supports the
assumption of neglecting the influence of the PEDOT electrodes
in the transverse (x) direction.

4.2.5. Ionic Current Densities

The behavior of ionic transport was analyzed by examining the
temporal evolution of the total ionic current density as in
Equation (5) and its components, diffusion, electromigration,
and advection, at specific time instants of both the input displace-
ment cycle and the resulting sensor voltage response. In
Figure 7b,c broken y-axis is used to highlight interfacial effects,
as the current densities remain nearly constant in the inner
region of the BC. The first analysis reveals the dynamic interplay
between mechanically induced pressure gradients and ionic
transport. It highlights how advection dominates during dis-
placement extrema, while electromigration becomes prominent
when the displacement velocity approaches zero. Figure 7b, cor-
responding to the maximum displacement, shows that advection
is the dominant component due to the fluid motion induced by
the structural deformation. In contrast, the diffusion and electro-
migration currents counteract the advection as they are driven by

Figure 6. Calibration curve for the BC-sensor permittivity ϵ. The plot
shows the sum of the normalized RMSEs for the attenuation and phase
shift between the sensor voltage and the tip displacement, computed with
respect to the experimental reference values Aexp and phase shiftΦexp for a
sinusoidal input at 8 Hz.

Figure 5. Pressure field distribution in the polymer domain a) computed from the 2D mechanical model at the time of maximum applied displacement,
including in b) a zoomed-in view of the area exhibiting the highest pressure values and spatial gradient.
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residual electric fields from the previous moments and local con-
centration gradients. In Figure 7c, which shows the falling edge
at zero displacement, the advection component disappears as the
instantaneous velocity is zero. Under these conditions, electromi-
gration becomes the dominant component of the total current,
driven by the electric field resulting from the previous charge
displacements. The diffusion current generally remains weak,
but shows localized significance at the BC/PEDOT interface,
while it is negligible in the bulk region. Overall, the diffusion

and electromigration components are largely in phase, while
the advection current is out of phase with them, yet still plays
a crucial role as the primary initiator of the sensing mechanism.
The phase delay between these three transport phenomena is
responsible for the resulting phase shift between the measured
sensor voltage and the mechanical excitation. The ionic current
density distribution corresponding to the minimum displace-
ment shows dynamics analogous to Figure 7b, but with the
advection direction reversed. The current density corresponding

Figure 7. Simulation results for the BC–IL sensor under dynamic excitation. a) Simulated voltage responses at various positions along the beam length,
CL0.1 mm, CL0.5 cm, CL1 cm, and CL2 cm, illustrating the spatial dependance of the electrical output. The panel also includes a schematic illustration of the
dual-ion sensing mechanism, highlighting the redistribution of cations and anions at positive displacement, negative displacement, and close to zero
displacement. b,c) Spatial profile on the y-axis CL0.1 mm cutline of the total ionic current density and its components (diffusion, electromigration, and
advection) at key points of the displacement cycle: (b) maximum displacement and (c) zero displacement during the falling edge. d,e) Spatial profile on
the y-axis CL0.1 mm cutline of the ionic current density at characteristic points of the sensor voltage waveform: d) voltage peak and e) zero voltage during
the falling edge.
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to the zero displacement during the rising edge matches the con-
ditions of Figure 7c, where advection is negligible and electromi-
gration dominates near the interface. The second analysis, which
is based on characteristic points of the sensor voltage, provides
valuable insights into the electrochemical dynamics underlying
the generation of the electrical signal. It illustrates how the phase
shift between the ionic motion and the mechanical excitation
contributes to the observed response of the sensor voltage.
Together with the displacement-based analysis, these comple-
mentary perspectives provide a comprehensive understanding
of the spatio-temporal coupling mechanisms governing mecha-
noelectric transduction in BC–IL sensors. In Figure 7d, which
corresponds to the voltage peak, the net ionic current can be
assumed to be zero. A slightly negative value is reported due
to the impossibility of identifying the exact instant of the peak.
At this point, the three components of the ionic current, advec-
tion, electromigration and diffusion, are approximately balanced.
This configuration corresponds to the out-of-phase equilibrium
between the mechanical input and the electrical output. In
Figure 7e, the current density becomes clearly negative, which
is consistent with the sensor reaching the maximum negative
slope of the voltage waveform.

This detailed analysis offers a comprehensive understanding
of the sensing mechanism and provides design guidelines for IL
selection tailored to application-specific requirements such as
response speed and phase behavior. The investigation of the
components of the ionic current at critical displacement and volt-
age instants reveals the complex interplay of advection, electro-
migration, and diffusion, and their collective influence on charge
redistribution. In particular, the phase lag between mechanical
deformation and ionic movement is identified as a key factor
for the voltage response. Furthermore, the localized contribution
of the diffusion current at the BC-PEDOT interface underlines
the importance of interfacial phenomena for the overall electro-
mechanical behavior of the sensor.

5. Conclusions

This work presents, for the first time, a first-principle white-box
FEM for the characterization of dual-ion EAP sensors based on
BC and ILs. BC is a low-cost, green, and fully biodegradable
material that offers significant environmental advantages over
synthetic or plant-derived alternatives, particularly in the context
of sustainable electronics. It can be produced through bacterial
fermentation using green feeding sources, including organic
waste such as banana peels, further reducing its environmental
impact and making its production process both sustainable and
circular. Unlike conventional materials previously employed for
similar applications, BC–IL composites require a dual-carrier
ionic transport model, an aspect never addressed in the literature
until now. By combining a 2D FEM mechanical model with a
series of 1D electrochemical sub-models, we have developed a
computationally efficient yet physically grounded framework
suitable for rapid prototyping. The model accurately represents
the mechanoelectrical transduction process through the coupling
of pressure-induced ionic transport and potential generation and
has been quantitatively validated using experimental data. The
analysis shows that the sensor response is predominantly

determined by the regions of highest curvature near the fixed
clamp, where pressure gradients and advection effects are maxi-
mized. The dimensional decomposition significantly reduces
computational cost while preserving essential physical behavior,
enabling rapid exploration of material and geometric parameters.

This study validates the framework on BC–IL composites, yet
the formulation is general and material-independent. The cou-
pled mechanical and electrochemical domains are governed by
fundamental continuum and transport equations, and require
only the substitution of material-specific parameters (elastic
modulus, dielectric constant, ion diffusivity, etc.) to be applied
to any porous, ionic-liquid-infused polymer matrix, including
Nafion, chitosan, graphene-based systems, or other ionomeric
materials. The introduction of a dual-ion transport framework
represents the key novelty of this work, moving beyond
single-carrier models and enabling accurate prediction of
coupled ionic dynamics and charge generation. The proposed
approach, therefore, constitutes a versatile and extensible design
tool, suitable for a broad class of smart and environmentally
responsible polymeric systems.

Therefore, this modeling strategy establishes a scalable
platform for the development and optimization of next-generation
green sensors. Future work will extend the model to a
broader range of excitation frequencies, IL chemistries, and
electrode configurations, and will incorporate field-dependent
parameters to capture non-idealities at the electrode/active-layer
interface, thereby further broadening its applicability in sustain-
able electronic systems.
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