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Abstract: Bio-derived polymers are promising materials for the development of eco-friendly sensors.
Composites, composed of bacterial cellulose sheets sandwiched between two layers of conducting
polymers and infused with ionic liquids, exhibit generating properties when utilized as deformation
sensors. The composite material underwent a frequency analysis to explore the relationship between
the transduction property and the frequency of the applied mechanical deformation. A model
identification was performed using the acquired experimental data. The linearity of the system
was examined, and the findings show that a second-order system, adequately approximates the
system’s dynamics.

Keywords: green deformations sensors; bacterial cellulose; conducting polymers; ionic liquids;
frequency response; modeling

1. Introduction

The ubiquitous diffusion of electronics poses significant challenges to the environ-
mental sustainability of conventional technologies. Electronic waste (e-waste) is one of
the most quickly growing forms of waste on the planet. The total amount of e-waste
produced reached approximately 41 million tonnes in 2014 and increases at a rate of 3–5%
every year [1].

Although the presence of precious and rare materials suggests the advantage of e-
waste recycling, only a small fraction of e-waste is actually recycled. Even the European
Union (EU), which is among the most virtuous actors, is reported to recycle as little as
about 42% of e-waste [2].

A significant fraction of e-waste is processed with inadequate procedures or ends up
in landfills, with relevant soil consumption and environmental risks.

New technologies and materials are, therefore, required. Polymers have attracted
keen interest in implementing new technologies for the realization of unconventional
electronics [3,4] because of their attractive properties such as low production costs, lightness,
and flexibility. Such properties are partial solutions to the constraints imposed by emerging
application fields (wearable electronics, gaming, and augmented reality). Unfortunately,
most polymers are not considered green materials because they are not biodegradable, nor
can they be disintegrated back into their original materials [5].

A solution to the previous issues is represented by biopolymers, which, while maintain-
ing acceptable performance, are either biodegradable or disintegrable. The most advanced
frontier towards this evolution is the realization of transient electronics, whose finite life
span and successive degradation are among the designed characteristics [6].

Cellulose has been the most widely investigated biopolymer because of its mechanical
and electrical properties, with applications in electronics [7], sensors [8], and actuators [9].
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Cellulose is the most abundant biopolymer on Earth [10]; moreover, it is biodegradable.
Nevertheless, cellulose is generally derived from vegetable stocks, and its production
requires energy- and water-consuming processes. Pollutants can, eventually, be become an
undesired side-effect of the pulp industry.

Bacterial cellulose (BC) has recently attracted the interest of researchers as a greener
substitute for plant-derived cellulose. Though it has a similar structure to plant-derived
cellulose, it is directly produced by some strains of bacteria, such as Acetobacter xylinum in
a much purer form [11], provided that a suitable growing environment is guaranteed [12,13].
A further production procedure for BC is based on the cell-free enzyme system [14–16].

Typical growing conditions require inoculation of the bacteria into a culturing medium,
rich in glucose and yeast. The culture is then incubated at a controlled temperature (about
20–30 ◦C) for several days to allow the production of cellulose. As a result, a pellicle
grows at the growing medium–open air interface, whose thickness depends on the growing
time. When the cellulose pellicle has reached the desired thickness, it can be harvested by
removing it from the growing medium. Washing impurities and bacterial cells from the BC
is required. BC sheets are finally obtained after a drying process [17].

Here is a general methodology for the biosynthesis of bacterial cellulose:

(a) Choose a suitable bacterial strain known for its cellulose-producing ability, such as
Acetobacter xylinum or other Acetobacter strains;

(b) Prepare a suitable culture medium that typically contains carbon sources (glucose,
sucrose), nitrogen sources (ammonium sulfate, yeast extract), mineral salts, and other
necessary nutrients;

(c) Inoculate the selected bacterial strain into the prepared culture medium. Allow
the bacteria to ferment under controlled conditions (temperature, pH, aeration) for
a specific period; during fermentation, bacteria produce cellulose as a protective
exopolysaccharide layer;

(d) After the fermentation period, harvest the cellulose pellicle formed at the air–liquid
interface of the culture. Carefully remove the pellicle, and wash it to remove bacterial
cells and culture medium components;

(e) Treat the harvested cellulose pellicle with alkaline solutions (e.g., sodium hydroxide)
to remove residual bacterial cells, hemicellulose, and other impurities; wash the
purified cellulose thoroughly with water to neutralize the pH;

(f) Dry the purified bacterial cellulose using methods like freeze-drying or air drying;
store the dried bacterial cellulose in a desiccated and airtight container to prevent
moisture absorption.

The procedure described above is much less energy- and water-demanding than plant-
derived production by the pulp industry. BC is considered more appealing as a green
biopolymer than cellulose. As a result, a flourishing body of literature exists on BC-based
applications, including electronics and sensor applications [7,18–22].

Ionic liquids (ILs) are a unique class of compounds characterized by their ionic na-
ture in a liquid state at or near room temperature. Unlike most liquids, which consist of
molecules with neutral charge, ionic liquids are composed entirely of ions, which are atoms
or molecules that have gained or lost electrons, resulting in a net electric charge. These
ions can be organic or inorganic, and they typically consist of large, asymmetric cations
and various anions. Key characteristics and properties of ionic liquids include melting
points below 100 ◦C; lack of volatility, which means they do not readily evaporate into the
atmosphere and makes them useful in applications where the control of vapor pressure is
essential; and high thermal stability, i.e., they can withstand a wide range of temperatures
without decomposing or evaporating. They are often used as electrolytes in batteries and
supercapacitors due to their ionic conductivity and are considered more environmentally
friendly than many traditional solvents because they produce fewer volatile organic com-
pounds (VOCs) and can often be recycled. 1-Ethyl-3-methylimidazolium tetrafluoroborate
EMIM BF4 is an ionic liquid (melting point of 15 ◦C that has gained attention for its versa-
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tility in various industrial and research applications. It is composed of a large, asymmetric
organic cation (1-ethyl-3-methylimidazolium) and one anion [BF4]-).

Though BC has been widely used for realizing flexible electronics [23,24], and even sensing
systems [25,26], the exploitation of BC for realizing piezo-ionic deformation sensors is quite new.

The authors have already investigated BC-based mechanoelectrical
transducers [21,22,27,28]. In the sensing applications mentioned above, a three-layer struc-
ture consisting of a BC-bulk, with infused ILs and covered by conducting polymer-based
electrodes, has been exploited. Such a structure has been revealed to be capable of produc-
ing an electrical signal when deformed. More specifically, the authors have investigated the
role of charges in the IL in the mechanoelectrical transduction phenomenon [29,30]. Beam
structures at very low frequencies and up to the mechanical resonant frequency [21,22]
have been investigated.

In this study, the mechanoelectrical transduction properties of BC-based composite
were investigated, and a black-box approach was applied to determine a second-order
transfer function describing the dynamic relationship between the applied defamation and
the measure open circuit voltage.

A pinned pinned beam, which has been deformed by a constant deformation, has
been used to this aim. The investigation has been purposefully executed in a frequency
range lower than the mechanical resonant frequencies of the beams, in order to avoid any
contribution of the mechanical modes of the beams themselves. The used approach allowed
for avoiding any influence of the mechanical characteristics of the structure on the recorded
signal. The coupling mechanoelectrical transduction capability of the composite in bending
mode has been therefore obtained. Finally, black-box models of the frequency response of
the bending composite are proposed.

The paper is organized as follows: Section 2 describes the materials and the experimen-
tal setup. Section 3 reports the modeling of the device. Section 4 presents the identification
and the experimental results, while the concluding remarks are given in Section 5.

2. Materials and Experimental Setup

The membranes under investigation, which will be examined for their transduction
properties and also analyzed from a modeling perspective, have a sandwich structure.

The core consists of BC (by Biofaber), with average thickness ∼395 µm (∼405 µmm as
received), width of ∼1 cm, and length of ∼4 cm, that has been was subjected to drying in
an oven at 65 ◦C for 4 h to eliminate any water content.

The dried BC was then soaked with EMIM BF4 (by Alfa Aesar; see the structure in
Figure 1), over a period of 24 h, followed by an additional 24 h drying procedure in a
vacuum oven maintained at a controlled temperature of approximately 65 ◦C.

Figure 1. Structure of the EMIM BF4 Il.

The last step consists of the deposition of electrical contacts
(poly (3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS—from H.C. Starck)).
on both sides of the BC/IL composite, carried by a 24 µ film spreader.

This process was repeated four times for each side. After each deposition, the samples
were dried in oven for five minutes. The final transducer contains about 10% by weight
of EMIM BF4.



Electronics 2023, 12, 4530 4 of 13

The block scheme of the realized membrane is shown in Figure 2, while in Figure 3
the tested membrane is shown.

Figure 2. Block scheme of the bacterial cellulose device.

Figure 3. Fabricated bacterial cellulose device.

In order to characterize the composite, the following experimental setup
was considered:

• A shaker (TIRA TV 50009) with its amplifier;
• Two laser distance sensors (Baumer OADM 12U6460/S35A);
• An accelerometer (PCB 333B40);
• A waveform generator (Keysight 33220A);
• An oscilloscope (Keysight MSO9064A);
• Two power supplies (one for the lasers and one for the accelerometer);
• The BC-based composite.

Figure 4 illustrates the block diagram of the setup. In this configuration, a waveform gen-
erator applies a known signal to the amplifier, which then drives the shaker. The mechanical
vibrations are imparted to the BC, which is fixed at both the anchor (located on the shaker’s
plate) and the tip. The primary objective of this analysis is to investigate the system, both
through modeling and experimental methods, while maintaining a consistent deformation
level with varying frequencies. This study enables the separation of the mechanical response
and the electrical response of the BC-based composite. To measure displacement, two lasers
are employed to track the movements of the anchor and tip, respectively. The deformation of
the beam is calculated as the difference between the positions of the tip and the anchor, utiliz-
ing an appropriate transduction function that converts the output voltage into millimeters.
Additionally, an accelerometer is utilized as an auxiliary motion sensor, converting the output
voltage into acceleration with the aid of a suitable transduction function. The oscilloscope
is used to acquire the signals from the two lasers, the accelerometer, and BC. Subsequently,
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MATLAB® was employed for the post-processing of the acquired data. The experimental
setup, along with a zoomed-in view of the tested BC composite, is presented in Figure 5.

Figure 4. Block scheme of the experimental setup for the investigation of the BC-based composite
and its mechanoelectrical transduction properties.

(a)

(b)

Figure 5. Laboratory experimental setup: (a) A description of the experimental setup. (b) Detail of
the BC under investigation.
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3. Modeling

In order to perform the identification of the BC-based composite mechanoelectrical
composite in bending configuration, [21,22], a black-box model identification was per-
formed, and a dynamic linear model was considered in the identification procedure.

Starting from the data observation, which will be presented in more detail in the
next section, the predicted characteristics of the model, investigated in this study, are
the following:

• Two complex and conjugated poles fixed by the values of ξ and ωn: they are responsi-
ble for the peak observed in the composite frequency response;

• Two zeros: they are used to fit the module diagram out of the resonance peak;
• A zero in the origin with multiplicity α used to fit the module diagram out of the

resonance peak;
• A proper gain K.

The following transfer function has been, therefore, considered for the identification:

Fi(s) = K
sα(s + z1)(s + z2)

(s2 + 2ξωn + ω2
n)

(1)

and the obtained parameters are listed in Table 1.

Table 1. List of the optimal values for model (1) parameters with different poles/zeros configuration.

K α z1 z2 ξ ωn E

F1 7.60 × 10−5 2 n.c. n.c. 0.3054 2.1523 2.50 × 10−5

F2 7.03 × 10−5 0 3.0720 3.0720 0.6694 2.7440 3.75 × 10−6

F3 6.94 × 10−5 0 4.2187 2.2886 0.6904 2.7906 3.76 × 10−6

F4lim 7.88 × 10−4 1 n.c. n.c. 0.9656 3.5461 9.56 × 10−6

F4stand 6.81 × 10−4 1 n.c. n.c. 0.9800 2.8788 1.72 × 10−5

F5lim 0.0031 0 n.c. n.c. 0.5193 5.5470 5.27 × 10−6

F5stand 0.0035 0 n.c. n.c. 0.5234 5.8792 1.92 × 10−5

In order to determine the model parameters, the following E index error consisting of
the sum of two terms has been considered. The first term, Jmodule, is related to the normal-
ized error between the module of the experimental and the simulated one of Equation (1),
while the Jphase represents the corresponding error for the phase.

E = Emodule + Ephase (2)

with

Emodule =

√
∑(||Fexp| − |Fsim||2)√

∑(|Fexp|2)
(3)

Ephase =

√
∑(|∠Fexp)−∠Fsim|2)√

∑(|∠Fexp|2)
(4)

Having one zero (with multiplicity 2), two complex and conjugated poles, and a gain
as parameters of the transfer function F(s), the identification will consider four parameters.
In the next section, a comparison between model identification through genetic algorithms
and experiments will be addressed.

4. Identification and Experimental Results

In this section, experimental results regarding the capability to use the BC-based
compound to generate voltage for a fixed deformation and by varying the frequency are de-
scribed. An investigation of the approximation capabilities of Equation (1) is also outlined.
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A sinusoidal waveform having a fixed amplitude and variable frequency, in the range
0.25 Hz to 14 Hz, was applied by using the shaker (see Section 2) in order to impose the
same deformation for various excitation frequencies.

Part (a) of Figures 6–12 shows the mean value of the measurements, the standard
deviation, and the model estimation, while Table 1 lists the optimal values for models
parameters with different poles/zeros configuration.

For the model identification, a genetic algorithm implemented in MATLAB2022® was
run several times to avoid local minima that could lead to poor results in the identification
process. For this reason, the error, f (x), was estimated, and, as shown in part (b) of
Figures 6–12, it tends to converge as generations increase to a minimum value, which does
not significantly decrease by increasing the number of generations.

With respect to the F4 and F5 configurations, the results of two different identification
procedures, called “limited” and “standard”, are reported. In the standard procedure, the
error is computed taking into consideration all measurements, while in the limited one
the error from 3 Hz onwards (i.e., after the peak) is considered. In this way, the limited
procedure allows a better fitting of the measurements from the peak onwards, which are
more relevant than at very-low-frequency ones.
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Figure 6. F1 configuration. (a) Comparison between the transfer function obtained by using a black-
box model and the experimental data. The graph includes the mean values, the transfer function
(see (1)), and the standard deviation for each point. (b) Minimum error value evolution in the
100 generations for the black-box identification of the BC-based composite considered.
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Figure 7. F2 configuration. (a) Comparison between the transfer function obtained by using a black-
box model and the experimental data. The graph includes the mean values, the transfer function
(see (1)), and the standard deviation for each point. (b) Minimum error value evolution in the
100 generations for the black-box identification of the BC-based composite considered.

0 2 4 6 8 10 12 14

Frequency [Hz]

7

7.5

8

8.5

9

9.5

10

10.5

11

11.5

12

M
o
d
u
le

 n
o
rm

a
liz

e
d
 [
V

/m
m

]

10-5 Comparison plot

measurements mean

transfer function

standard deviation

(a)

Figure 8. Cont.



Electronics 2023, 12, 4530 9 of 13

0 20 40 60 80 100 120

generation

3

4

5

6

7

8

9

10

11

12

f(
x
)

10-6

Best = 3.7687e-06

(b)

Figure 8. F3 configuration. (a) Comparison between the transfer function obtained by using a black-
box model and the experimental data. The graph includes the mean values, the transfer function
(see (1)), and the standard deviation for each point. (b) Minimum error value evolution in the
100 generations for the black-box identification of the BC-based composite considered.

0 2 4 6 8 10 12 14

Frequency [Hz]

0

0.2

0.4

0.6

0.8

1

1.2

M
o
d
u
le

 n
o
rm

a
liz

e
d
 [
V

/m
m

]

10-4 Comparison plot

measurements mean

transfer function

standard deviation

(a)

0 20 40 60 80 100 120

generation

9.56

9.58

9.6

9.62

9.64

9.66

9.68

9.7

f(
x
)

10-6

Best = 9.5652e-06

(b)

Figure 9. F4lim configuration. Optimization range 3–14 Hz. (a) Comparison between the trans-
fer function obtained by using a black-box model and the experimental data. The graph in-
cludes the mean values, the transfer function (see (1)), and the standard deviation for each point.
(b) Minimum error value evolution in the 100 generations for the black-box identification of the
BC-based composite considered.
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Figure 10. F4stand configuration. All frequencies optimization range. (a) Comparison between
the transfer function obtained by using a black-box model and the experimental data. The graph
includes the mean values, the transfer function (see (1)), and the standard deviation for each point.
(b) Minimum error value evolution in the 100 generations for the black-box identification of the
BC-based composite considered.
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Figure 11. F5lim configuration. Optimization range 3–14 Hz. (a) Comparison between the trans-
fer function obtained by using a black-box model and the experimental data. The graph in-
cludes the mean values, the transfer function (see (1)), and the standard deviation for each point.
(b) Minimum error value evolution in the 100 generations for the black-box identification of the
BC-based composite considered.
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Figure 12. F5stand configuration. All frequencies optimization range. (a) Comparison between
the transfer function obtained by using a black-box model and the experimental data. The graph
includes the mean values, the transfer function (see (1)), and the standard deviation for each point.
(b) Minimum error value evolution in the 100 generations for the black-box identification of the
BC-based composite considered.
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From Table 1 and Figures 7 and 8, the models with two zeros, coincident and not
coincident, have the same performance index, while the best approximation is accomplished
by the model F4stand with features reported in Figure 10.

5. Conclusions

In this paper, the model identification and the investigation of the mechanoelectrical
transduction properties of bacterial cellulose-based composite have been presented. Analy-
ses were performed with a separation between the mechanical response from the electrical
response of the BC. This choice highlights the characteristics of the mechanical–electrical
transduction process of the composite when subjected to deflection.

Furthermore, the frequency analysis of the composite was investigated in order to
experimentally determine the dependence of the transduction property on the frequency
of the applied mechanical deformation. A model identification has been proposed and
compared with the experimental data, and considerations concerning the system linearity
have also been addressed. The obtained results shown that a second-order system is
sufficient to approximate the dynamic of the system. Among the optimized models,
the one with one zero in the origin and the two complex poles has shown the better
interpolation capability.

Work is in progress with a more exhaustive study and experiments also consid-
ering a wider frequency range of analysis. Furthermore, other model structures will
be accomplished.
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