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Abstract

Low-cost and highly sensitive piezoelectric sensors were fabricated from bacterial
cellulose (BC) nanocomposite films. BC pellicles were biosynthesized using the bacterial
strain, Komagataeibacter xylinus. BC/MnFe204 (MBC) nanocomposite films were fabricated
via a co-precipitation method using manganese and iron ions in the presence of BC hydrogel,
followed by hot-pressing. The films were characterized using a combination of scanning
electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction
(XRD), and atomic force microscopy (AFM) techniques. MnFe,O4 nanoparticles were found
to impregnate the BC structure with a homogeneous distribution. The piezoelectric sensitivity
measurements in the normal mode showed that the pristine BC film exhibited a sensitivity of
about 5 pC/N, whereas this value was increased to 23 pC/N for the composite film, which is
comparable to the polyvinylidene difluoride (PVDF) reference film. In the bending mode, the
piezoelectric response increased to 25 pC/N and 57 pC/N for the BC film and the composite
film, respectively. Moreover, the piezoelectric sensitivity was significantly enhanced using
carbon tape electrodes attached directly to the films instead of sandwiched electrodes. This
produced a sensitivity of greater than 50 pC/N for the MBC nanocomposite film in the normal
mode measurement. Additionally, the studied sensors showed an almost linear increase of
charge output with increasing dynamic force. This was particularly true for the MBC sensor. It
showed a very high sensitivity of 80 pC/N with an applied force of 5 N. Our work demonstrates
the potential of using MBC composite films as inexpensive and highly sensitive flexible

piezoelectric sensors.
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1. Introduction

The piezoelectric effect is a phenomenon in which mechanical force is coverted into
electrical energy [1]. It has helped enable development of smart systems and structures [2], as
well as sensor applications [3]. For instance, the shivering of small animals in a metabolic study
has been measured using the piezoelectric effect [4]. It was also exploited in a study of an
insect-mimicking flapping-wing system for a modern flight innovation [5]. In medical
applications, piezoelectric properties were used for medical imaging applications [6], sensors
for blood pressure measurements [7], and acoustic nanosensors for biomimetic artificial hair
cells [8].

Lightweight and flexible piezoelectric materials have been of great interest recently and
have been applied in various fields, such as sensors, transducers, and actuators [9-11]. Several
studies have focused on the use of polyvinylidene fluoride (PVDF) and its copolymers because
of their high dielectric constant, high electroactive response, strong electrical dipole moment,
high flexibility, high elastic modulus, and transparency [12-14]. However, the limitations of
PVDF include its high cost, lack of sustainabity, and it is not biodegradable [15-17].
Piezoelectrics made from bio-based and renewable materials are now of great interest.
Mangayil et al. fabricated low cost and flexible piezoelectric sensors produced from a bacterial
cellulose (BC) film [15]. This film showed a piezoelectric response of 5-15 pC/N. The sensor
charge increased as a function of increasing applied force in a manner similar to PVDF. This
suggests BC may be applicable for sensor applications. BC sensors were very reliable during
durability tests under sinusoidal load cycles for 1 h [15].

Very few studies related to the piezoelectric properties of BC have been reported. Pirich
et al. prepared a dengue detection material by coating thin BC films on the surfaces of
commercial piezoelectric sensors [18]. Their design provided ease of use, affordability and
practical use for clinical diagnostics [18]. Furthermore, Zhang et al. fabricated vanadium doped
ZnO microflowers in a BC matrix as a self-powered motion sensor [19]. The developed device
can recognize forward and backward page-turning motions. This may lead to advances in the
development of self-powered sensor networks, wearable electronics, and ambient intelligence
applications [19]. Additionally, BC is flexible and lightweight, making it suitable for use in
numerous electronic devices. Therefore, BC is a potential candidate material for flexible
piezoelectric sensors.

On the other hand, manganese ferrite (MnFe204) nanoparticles are one of the important
ferrite materials with interesting electrical and magnetic properties and potential applications

in various fields. It has been studied for medical applications such as hyperthermia [20],
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targeted drug delivery and magnetic resonance imaging [21]. In energy storage applications,
MnFe>O4 nanoparticles were used as electrodes for supercapacitors [22] and as an anode for
lithium-ion batteries [23]. Additionally, inclusion of MnFe2O4 in perovskite BaTiOz resulted
in an increased piezoelectric coefficient (dss) due to a lattice strain from unit cell distortion and
lattice mismatch [24]. However, there have been no reports of piezoelectric sensitivity of
composite materials containing BC and MnFe>O4 nanoparticles.

In this work, we fabricate and characterize a novel piezoelectric nanocomposite of BC
and MnFe>O4 nanoparticles. The cellulose/MnFe>04 system was reported in the literature for
its magnetic behavior [25-27]. The synthesis processes detailed in the literature is complicated
and requires special tools. In one route, Mn and Fe precursors along with other chemicals
(hexadecanediol, dodecylamine, and dodecanoic acid) were dissolved in benzyl ether [25]. The
mixture was heated to relatively high temperatures (140 - 300 °C), enabling chemical reactions
to occur. In other research, MnFe.O4 nanoparticles were synthesized in the presence of
cellulose at relatively lower temperatures (90 - 120 °C), but extra ultrasonication and a
hydrothermal technique were required [26, 27]. In the present work, we used a much simpler
synthesis process at relatively low temperature (65 °C) with no special tools. Moreover, our
simple method produced a homogenous dispersion of MnFe,O4 nanoparticles throughout the
samples.

The study of the BC/MnFe2O4 system for its piezoelectric response has never been
reported. MnFe;O4 was chosen instead of other binary metal oxides, such as iron oxides, or
manganese oxides, because of the stability of its spinel phase. Iron oxides are well known for
their hydration reaction in humid environments, whereas manganese oxides can exist in various
forms (Mn203, a-MnO2, B-MnO2, y-MnO) in alkaline solutions [28]. Moreover, spinel
MnFe,O4 consists of Mn?* and Fe3* ions distributed at both octahedral and tetrahedral sites
[29], which could have an effect on electrostatic interactions between the MnFe;O4
nanoparticles and BC nanofibers.

Incorporating MnFe2O4 nanoparticles into a BC structure showed an enhancement in
the piezoelectric sensitivity in normal force mode over that of pristine BC film. Additionally,
we studied the piezoelectric response in a bending mode using a polydimethylsiloxane (PDMS)
ring as a support, and also compared various electrode materials. The maximum piezoelectric

value for the flexible BC/MnFe.O4 membrane was found to be more than 50 pC/N.



2. Materials and Methods
2.1 Chemicals

Yeast extract (LAB M), D-glucose (dextrose) anhydrous (AMRESCO, biotechnology
grade), sodium hydroxide (NaOH, 99%, RCI Labscan), cellulase (>700 units/g, Sigma-
Aldrich), iron(lll) chloride hexahydrate (FeCls.6H2O, reagent grade, Sigma-Aldrich),
manganese(ll) chloride tetrahydrate (MnCl,.4H.O, EMSURE® ACS) were used as-received
for the fabrication processes of BC and BC/MnFe204 nanocomposite membranes.

2.2 Bacterial Cellulose Cultivation

Komagataeibacter xylinus DSM 2325 (DSMZ, Germany) was streak-plated on Hestrin-
Schramm (HS) agar (g/L: peptone, 5; yeast extract, 5; disodium hydrogen phosphate, 2.7 and
citric acid, 1.15, supplemented with 2% glucose and 0.2 % cellulase) from glycerol stocks and
incubated at 30 °C for 3 days. Single colonies from HS agar were inoculated in 5 ml of glucose
yeast extract (GYE) medium (consisting of 50 g D-glucose (dextrose) anhydrous and 5 g yeast
extract in 1 L of MQ water) for 3 days at 30 °C with agitation at 180 rpm. This produced
actively growing cells that were transferred into 45 ml of GYE medium and allowed to grow
under the same conditions, producing a starter culture. For fabrication of BC sheets, the cells
were transferred into a GYE medium without cellulase at a ratio of 1 ml cells: 45 ml GYE
medium. Cells were cultivated at 30 °C under a static condition for 10 days in 6-cm round-
shaped Petri dishes. After that, BC hydrogels were harvested, washed in boiling water for 1 h
and immersed in 0.5 M NaOH and 5 wt% NaOH for 15 min and 24 h, respectively. Next, the
BC hydrogel was washed by DI water several times to remove the medium and the alkali
solution until it reached a neutral pH. The BC hydrogels harvested at this stage were around
0.4 cm thick and and 6.0 cm in diameter. The BC hydrogels were either dried by hot-pressing
at 60 °C for 8 h to obtain flat BC films or used in their wet state as a template for the synthesis

of BC/MnFe>04 nanocomposites.

2.3 Synthesis of BC/MnFe>O4 Nanocomposites

BC/MnFe20O4 nanocomposites were prepared via a co-precipitation method of MnFe,O4
nanoparticles in the presence of BC hydrogels. First, 0.05 M FeCl;.6H.0 and 0.025 M
MnCl2.4H>0 were dissolved in DI water, and then the BC hydrogels were immersed in the
solution for 15 min. The solution containing the BC hydrogels was heated to 65 °C and held at

this temperature for 4 h. At this stage, the color of the BC hydrogels changed from clear white



to orange, indicating the anchoring process of the metallic ions (Mn?*, Fe®") on the surfaces of
the BC nanofibrils. The samples were transferred into a NaOH solution (1.2 M) and kept at
65 °C for 4 h, resulting in a reaction of metallic ions (Mn?*, Fe**) to form MnFe.O, according

to the chemical reaction:
MnCl,.4H,0 + 2FeCl3 6H,0 + 8NaOH — MnFe,;O4 + 8NaCl + 14H,0

During this process, the color of BC hydrogels changed rapidly from orange to black.
The product was washed with DI water several times until a neutral pH was achieved.
MnFe2O4 nanoparticles were homogeneously dispersed throughout the BC hydrogel (Fig. S1,
Supplementary Information). Finally, they were dried by hot-pressing at 60 °C for 8 h to obtain
flat BC/MnFe204 composite films. The fabrication processes are summarized in Fig. 1. The
sample with manganese ferrite nanoparticles in the BC matrix (BC/MnFe2QOg) is referred to as
MBC in the remainder of the paper.

BC hydrogel BC film MBC film BC/MnFe,0,

Hot press Hot press
60°C8h 60°C 8 h

Add 1.2M
NaOH
Heat 65 °C
4 h
MnCl,*4H,0 + BC/Mn?* Fe3*
2(FeCl;*6H,0)

Fig. 1. Schematic for the fabrication processes of a BC film and BC/MnFe;Os (MBC)

nanocomposite film.

The amount of MnFe;Os in the composite films was determined using a
thermogravimetric analysis (TGA) technique (Hitachi, STA7200, Japan). As shown in Fig. S2
(Supplementary Information), the content of MnFe>O4 in the composites was around 27 wt.%.
We varied the MnFe.O4 concentration and found that larger concentrations of MnFe;O4
produced higher piezoelectric sensitivity. However, at exceedingly high MnFe20a levels, the

MBC composite film showed current leakage, and piezoelectric measurements could not be



done. This is probably due to the significantly higher electrical conductivity of MnFe2O4
(1.64 S m) [30] than pristine BC (8.5 x 102 S m™) [31]). Thus, the amount of MnFe,O4 in this
paper is at the maximum concentration possible that can be incorporated in the BC structure
without short circuiting.

Additionally, for the measurement of piezoelectric sensitivity, the samples were
sandwiched between two electrodes. Since current leakage was experienced in some cases, the
film thickness was increased by stacking the films. Four different sample configurations were
prepared as shown in Fig. 2. They are denoted as BC, MBC, BC/BC/BC and BC/MBC/BC
based on composition. The effect of multilayered sheets on the piezoelectric response was
investigated. We observed that the pristine BC film was more robust than the composite films.
For this reason, we explored stacking of composite film and pristine BC films as depicted in
Fig. 2d.

(a)
BC

(c) (d)

* BC ! BC
BC BC

Fig. 2. Four different configurations of the samples for piezoelectric response measurement:
(@) BC, (b) MBC, (c) BC/BC/BC, and (d) BC/MBC/BC.

2.4 Material Characterization

The surface and cross-sectional morphology of the films were characterized using
scanning electron microscopy (FEI, Helios). Prior to SEM imaging, the samples were sputter-
coated with a thin layer of gold to avoid electrical charging by the electron beam. The details
of the cellulose fibers and nanoparticles were characterized using transmission electron
microscopy (TEM, Thermo Scientific, Talos F200X). A small piece of the film was immersed
in ethanol and ultrasonicated for 10 min. The solution was dropped on a holey carbon grid for

TEM imaging. X-ray diffraction (XRD) patterns were measured employing Cu-Ka radiation



(PANalytical, Empyrean) to obtain information on the phases and crystalline structures. The
patterns were recorded using a reflection mode in the 5-80° 26 range. Atomic force microscopy
(AFM, Park XE-100) was used to characterize the surface topography.

2.5 Electrode Fabrication and Piezoelectric Sensitivity Measurements

Electrodes were attached on both sides of the BC or BC nanocomposite films for
measurement of piezoelectric sensitivity. Cu or carbon were selected as the electrode materials
to investigate the effect of the electrode material on sensor performance. In the case of Cu,
round-shaped 15 mm electrodes were produced by evaporating 100 nm of Cu onto a
polyethylene terephthalate (PET) substrate through a laser-cut metallic stencil mask (Fig. 3a).
BC or BC composite films were placed between the electrodes. For the carbon electrodes,

10 mm adhesive carbon tapes were attached on the surfaces of the films (Fig. 3b).

Fig. 3. (@) Cu electrodes on PET substrates, (b) carbon tape electrode attached to the film,

(c) normal mode measurement setup, (d) bending mode measurement setup (inset: a PDMS

ring).

Piezoelectric sensitivity was measured as previously described [15]. A schematic of the
measurement setup is shown in Fig. S3a in the Supplementary Information. Briefly, the
piezoelectric sensitivity measurements were conducted by generating a dynamic excitation

force with a Type 4810 Mini-Shaker (Briiel & Kjaer). A commercial high sensitivity dynamic
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force sensor (PCB Piezotronics Model 209C02) and a load cell (Measurement Specialties Inc.
Model ELFS-T3E-20L) were respectively used as reference sensors for the dynamic excitation
force, and a reference sensor to measure the static force between the sample and shaker’s
piston. A 3 N applied static force was required to keep the sample in place and prevent the
piston from leaving the sample surface during the measurement. A sinusoidal dynamic
excitation force of 1.4 N with a constant frequency of 2 Hz was applied during measurements.

Piezoelectric sensitivity in the units of pC/N was determined by dividing the amplitude
of the generated charge signal by the amplitude of applied dynamic force signal. The generated
charge was measured using a charge amplifier and a 16-bit AD converter. Sinusoidal amplitude
values were determined by fitting the sinusoidal charge and force signals. This is described in
the IEEE Standard for Digitizing Waveform Recorders (IEEE Standard 1241). The measured
sensitivity in the longitudinal direction is closely related to the piezoelectric dss coefficient that
describes electric polarization generated in the same direction as an applied force [32].

The piezoelectric responses were tested in both normal and bending modes. In the
normal mode, force was applied perpendicular to the film (Fig. 3c). In the bending mode
(Fig. 3d), a PDMS ring (inset of Fig. 3d) was inserted under the sample allowing the films to
bend. The linear dependence of the piezoelectric sensitivity values on dynamic force was also
studied as previously described [33]. The 2 Hz dynamic force was varied from 0.1 to 5.0 N,
and the sensitivity measured. To increase the accuracy of the output data, five different
excitation positions (Fig. S3b in the Supplementary Information) were used for the sensitivity
measurements on each sample. Furthermore, three samples were used for each configuration
described in Fig. 2. A PVDF film (Measurement Specialties Inc., USA; thickness 28 um) with

known piezoelectric properties was used as a reference material.

3. Results and discussion

3.1 BC and BC Nanocomposite Film Characterization

Fig. 4a shows an SEM image of the surface of a BC film. It consists of a three-
dimensional network comprised of ultrafine cellulose fibrils with an average diameter of
104 + 22 nm. However, the fibers seem blended due to inter-fibril bonding. For the composite
sample, the three-dimensional network structure of BC remained unchanged after being loaded
with MnFe2O4 nanoparticles. The MnFe>O4 nanoparticles are evenly distributed and robustly
anchored on the surface of the nanofibrils as well as in the inter-nanofibrillar spaces (Fig. 4b).

These nanoparticles could decrease the interaction between the nanofibrils and thus expand the



volume of the samples, which is evident from the greater thickness of the MBC (23 + 1 um)
compared to the BC film (19 + 1 um).

The AFM topographical images of the BC and MBC films are shown in Fig. 4c and 4d,
respectively. The topography of the BC presents densely packed nanofibers in random
orientation. The average size of the fibers is 95 £ 22 nm, slightly smaller than the value
measured in SEM imagery (104 + 22 nm). This could have been due to the thin gold coating
applied for SEM imaging. The maximum roughness of the BC surface is about 1 um. The
topographical surfaces of the MBC film were covered with MnFe>Os nanoparticles. The
features of BC nanofibers could not be visualized. AFM results confirm that a large proportion
of MnFe>O4 nanoparticles were loaded into the MBC film.

The XRD patterns of the BC and MBC films are shown in Fig. 4e and 4f. The BC film
presents diffraction peaks at 26 values of 15.1°, 17.7°, and 23.5° that can be indexed as the
(110), (110) and (200) planes for cellulose Ia [34]. On the other hand, the MBC film shows a
diffraction peak at 23.5°, corresponding to the (200) plane of BC, and additional peaks at 30.0°,
35.2°, 42.7°, 56.4°, and 61.9°, corresponding to the primary diffraction of the (220), (311),
(400), (511), and (440) planes of the MnFe2O4 phase. The MnFe2O4 phase diffraction peaks
were indexed according to the standard reference (JCPDS No. 10-0319), and previous reports
[35, 36]. XRD analysis, therefore, confirms the formation of composite phases in the MBC
film.

TEM images of the MBC film are presented in Fig. 5. They show MnFe;O4
nanoparticles distributed evenly along the surfaces of the BC nanofibers. The MnFe,O4

nanoparticles are very small, with an average particle size of 3.6 = 0.6 nm.
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Fig. 4. Surface morphology of BC (a,c) and MBC (b,d) films using SEM and AFM analysis.
(e) and (f) XRD patterns of BC and MBC films, respectively.

Fig. 5. TEM images of the MBC sample.

For the three-layer films, cross-sectional SEM images were made to observe the
interfaces between the layers, as shown in Fig. 6. For the BC/BC/BC stacked layers (Fig. 6a),
the inter-layer interfaces are difficult to observe, presumably due to strong interfibrillar
bonding. Alternatively, the BC/MBC/BC film (Fig. 6b) distinctly shows the three layers and
the interlayer interfaces can be visualized. The distinction could be possible to a difference in
the fibril-fibril bonding between the BC layer and the MBC composite layer. The BC/MBC/BC
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film is thicker (41 um) than the BC/BC/BC film (35 pum), which could be a result of

impregnation of MnFe,O4 nanoparticles into the BC nanostructure.

Fig. 6. Typical cross-sectional SEM images of (a) BC/BC/BC and (b) BC/MBC/BC films.

3.2 Piezoelectric Sensitivity Measurements

The piezoelectric sensitivities of the BC and MBC films using Cu electrodes are
presented in Fig. 7. The values presented in the graphs are the average of five excitation
positions. The variation amongst each sample (three pieces of the film) is small indicating the
stability and reproducibility of the piezoelectric response. In the normal mode (Fig. 7a), the BC
film shows a piezoelectric sensitivity of 4-5 pC/N, similar to a previous study [15]. The
piezoelectric sensitivity increased substantially, reaching about 20-23 pC/N, for the MBC film.
Incorporation of MnFe;O4 nanoparticles in the BC structure significantly improved the
piezoelectric response of this film. The results showing the effect of multilayered sheets on the
piezoelectric response are presented in Fig. 7a. It can be clearly seen that even though the three-
layered films improved the robustness of the samples and prevented short circuits, they caused
a decrease in the piezoelectric sensitivity. BC/BC/BC sheets possess a sensitivity of around
3 pCIN, slightly lower than that of a single BC sheet. Piezoelectric sensitivity of the
BC/MBC/BC sheets ranged from 5-7 pC/N, much lower than the single MBC sheet. The
reasons for the piezoelectric reduction for the BC/MBC/BC multilayered sheets could be due
a change in the film thickness [37, 38]. Furthermore, the force per thickness decreased which
caused decreased charge separation in the film. In the case of the BC/MBC/BC sample, poor

bonding between layers could be one of the reasons for reduced piezoelectric sensitivity. A
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possible approach to improve this is by treating the surface of BC prior to hot-pressing, or by
using vacuum hot-pressing. Also, the charge separation in the MBC film does not affect the
BC film on both side, and that causes decreased sensitivity.

In the bending mode (Fig. 7b), the piezoelectric sensitivity of all samples was improved
compared to the normal mode. Sensitivity values are in the range of 22-25 pC/N and
51-57 pC/N for the BC and the MBC films, respectively. The enhanced piezoelectric sensitivity
in the bending mode is due to the different mode of the applied force, so that the piezoelectric
coefficients are also different in that mode. Furthermore, the BC and MBC films exhibit high
flexibility in the bending mode leading to an improved piezoelectric response. On the other
hand, the multilayered sheets show only a slight piezoelectric enhancement in the bending
mode compared to the normal mode. Even though multilayering improved the mechanical
robustness of films [39], it reduced the film flexibility, which is an important parameter for
high piezoelectric sensitivity in the bending mode.

For comparison, the piezoelectric response of a commercial PVDF film was measured
using the same setup. The sensitivity values were approximately 25 pC/N for the normal mode
and 360 pC/N for the bending mode. It can be seen that the piezoelectric sensitivity of the MBC
film is comparable to that of commercial PVDF in the normal mode, but still much lower in
the bending mode. This could be due to the fabrication process of PVDF which involves
voltage poling in combination with simultaneous lateral elongation, leading to a very high
piezoelectric coefficient in the bending mode. We must emphasize that the BC and MBC films
in this study were not subjected to intentional polarization or orientation as was the commercial
stretched and poled PVDF film [40]. However, BC and MBC films have some natural
orientation which results in significant piezoelectric responses. It is possible that the

piezoelectric sensitivity of the MBC films could be further enhanced using proper poling.
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Fig. 7. Piezoelectric sensitivity of the BC and MBC films in the (a) normal mode and

(b) bending mode.

In Fig. 7, evaporated Cu films on a PET substrate were used as electrodes, and the
samples were sandwiched between them (Fig. 3a). Under this design, there could be poor
electrical contact between the samples and the electrodes, resulting in a deteriorated
piezoelectric response. To address the problem, we attached adhesive carbon tapes on the
surfaces of the films (Fig. 3b), and used them as electrodes. The results, using carbon tape
electrodes rather than Cu electrodes, are illustrated in Fig. 8. Several-fold improvement was
observed. With carbon electrodes, the BC film exhibited a piezoelectric sensitivity of
10-16 pC/N whereas a sensitivity value greater than 50 pC/N was found for the MBC film.

Moreover, the advantage of this design is not only for better contact, but the samples could be
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used as stand-alone sensors. A sensitive and flexible piezoelectric device could be fabricated
using the MBC film by simply attaching it to carbon tape.

60

Cu electrode | Carbon electrode

50 Bl Sample 1|
- I Sample 2
40 |- I Sample 3

Sensitivity (pC/N)

BC MBC BC MBC
Fig. 8. Comparison of the piezoelectric sensitivity (normal mode) of the BC and MBC films

using Cu or carbon electrodes.

The linearity of the piezoelectric response of the BC and MBC films was further studied
by increasing dynamic excitation force applied to the films (using Cu electrodes). As shown in
Fig. 9, the sensitivity of every sample increased as a function of the applied force in both normal
and bending modes. The sensitivity is highest for the MBC film, reaching 80 pC/N in both
modes, at a maximum force of 5 N. However, some nonlinearity can be observed in the signal
from all films. The nonlinearity is determined using a least-square fit to a first degree
polynomial. Instead of showing the maximum deviation from a linear transfer function [41],
the nonlinearity presented in Table S1 (Supplementary Information) is expressed as the mean
+ standard deviation of data point deviations from the fitted polynomial [33, 42]. The
nonlinearity was found to be 2.73 + 1.51 pC/N and 2.05 + 1.27 pC/N for the MBC film

measured in the normal and bending modes, respectively.
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Fig. 9. Piezoelectric response of BC and BC composite films under increased mechanical

loads in the (a) normal mode and (b) bending mode.

Our experiment demonstrated that by incorporating MnFe>O4 nanoparticles into the BC
nanostructure, the piezoelectric sensitivity was considerably enhanced. The sensitivity of the
MBC film was greater than 20 pC/N in the normal mode (Fig. 7a) and was enhanced to more
than 50 pC/N when carbon tape was employed as electrodes (Fig. 8). The MBC sensor showed
an almost linear response with increasing dynamic force (Fig. 9). In comparison to other
nanocellulose-based piezoelectric films, our sensors have comparable performance and in
some cases their performance was superior. For pristine nanocellulose films, a piezoelectric
sensor based on wood nanocellulose fibers exhibited a sensitivity of approximately 5 pC/N

[42]. In the case of the composite cellulose films, the piezoelectric sensitivity of nanocellulose
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and chitosan-based films were found to be less than 10 pC/N [43]. Mahadeva et al. fabricated
piezoelectric paper from wood cellulose fibers with dsz <1 pC/N [44]. The sensitivity increased
to 5 pC/N for cellulose fibers composited with BaTiOs [44]. In another study, hybrid paper
with a large piezoelectric coefficient (dss of 37-45 pC/N) was fabricated from wood
nanocellulose mixed with BaTiOz and carboxymethylcellulose (CMC) [45]. Recently, a
nanocellulose-based piezoelectric nanogenerator was developed [46-48]. With the addition of
BaTiO3 nanoparticles, both the voltage and current outputs increased with the BaTiOz content
[46-48]. However, the piezoelectric sensitivity (dss) was not reported, so it is difficult to make
a direct comparison to our current research.

In our previous paper [15], values from 5 to 15 pC/N were obtained for pristine BC
films, which were fabricated using various bacterial strains. In this work, we obtained a
sensitivity of about 5 pC/N for pristine BC films, which corresponds well with the results of
our previous work using pristine BC films prepared from the same bacterial strain. In addition
to the BC film type, some variance in the sensor output was observed depending on the location
of sensor electrodes on the same BC-sheet in both the curent and previous papers. Furthermore,
we observed that the use of carbon tape electrodes instead of sandwiched Cu-electrodes
produces 2-3 times greater measured sensitivity for both BC and MBC film types. We suggest
that this results arises from better contact provided by the carbon tape between the electrodes
and the sensor film. This enables better electrical transport into the charge amplifier connected
to the sensor output.

The mechanism for enhancing piezoelectricity by the addition of MnFe204
nanoparticles in BC is not clear at present. In the case of the BaTiO3-nanocellulose system, the
piezoelectric enhancement was mostly due to the large piezoelectric coefficient of BaTiO3
(d33 ~191 pC/N) [47]. In our case, MnFe204 is not known for its piezoelectricity and alternative
explanations are required. Gongalves et al. studied the magnetoelectric properties of
PVDF/CoFe;04 composites [49]. The piezoelectric coefficient of their composites increased
with the CoFe;O4 content due to strong interfacial interactions between particles and the
polymer matrix. The interfacial elastic effect was stronger leading to a higher piezoelectric
response [49, 50]. Since MnFe2Og is in the same family as CoFe>Os (sharing the same crystal
structure), this could be one of the possible reasons. Furthermore, Behera and Choudhary
studied multiferroic characteristics of PVDF/MnFe.O4 nanocomposites [51]. They explained
that the piezoelectric properties of the composite were improved due to strong electrostatic

interaction and coupling between the MnFe2O4 nanoparticles and polymer at the interface
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region [51, 52]. The transduction properties were hence improved. Alternatively, the improved
piezoelectric response in our MBC film could be attributed to a reduced absorption of the
applied stress by the BC fiber network, and also a more effective transfer of strain due to the
presence of nanoparticles [45]. Nevertheless, further experiments are necessary for a deeper
understanding of these phenomena.

4. Conclusions

We fabricated a BC/MnFe>O4 composite film with enhanced piezoelectric properties.
MnFe>O4 nanoparticles were easily incorporated in a BC nanostructure via a co-precipitation
process. The presence of BC and MnFe2O4 phases in the composite films were confirmed using
SEM, AFM, TEM and XRD. The piezoelectric sensitivity measurements showed that the
sensitivity of the MBC film was improved by about 4-5 times in the normal mode over that of
a pristine BC film. In the bending mode measurements, MBC exhibited a sensitivity of
51-57 pC/N, about 2-3 times greater than its pure BC counterpart. The underlying mechanism
for the enhanced piezoelectric response for the composite film is not absolutely clear, but it is
most likely due to strong interfacial interactions between the nanoparticles and polymer, and/or
a more effective transfer of the strain due to the presence of nanoparticles. Furthermore, the
MBC composite film demonstrated an almost linear dependence of the piezoelectric response
and applied force, with a maximum value of 80 pC/N at a dynamically applied force of 5 N.
Additionally, the piezoelectric response was significantly enhanced when carbon tape was used
as electrodes. Therefore, a simple design of MBC film with carbon tape electrodes can be
potentially used as a stand-alone piezoelectric sensor with high flexibility and sensitivity. This
type of low-cost and environmentally friendly piezoelectric sensor is suitable for physiological
sensors, such as feet pressure measurements or heart rate monitoring, or use in Internet-of-

Things sensor tag applications where disposable sensors are desirable.
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