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ABSTRACT
The need for a sustainable economy imposesnecessitates new environmentally friendly production technologies as well as devices that can be easily recycled, disposed of, and, finally, degraded, without any release of pollutantpollutants to the environment.
 In this context, recently, Bacterial Cellulosebacterial cellulose (BC) has recently been investigated as an intriguing solution for the realizationcreation of green motion sensors. BC has excellent mechanical properties, and it is fully biodegradable and greener than classicalthe more common plant-derived cellulose. In this paper, we investigate the influence of the geometry and of the environmental temperature ofon BC‑based sensing elements. More specifically, the influencesinfluence of suchthese quantities on a previousoly invessitgatedpreviously investigated BC-based accelerometer are reported. An experimental campaign and the characterization of the proposed green device for several geometries (from 7 to 22 mm of length) and various temperatures (from 5 °C to 55 °C) has beenis addressed, obtaining very intriguing results.
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Introduction
The introduction of digitalizisation in virtually all aspects of every-dayeveryday life is producing a revolution inrevolutionising people's lifestyles. Not less important, new ecologies, such as, e.g., the Internet of Things (IoT) and Industry 4.0, e.g., needrequire the mass-production of low-cost electronic devices for implementingto implement new functionalities in unexplored environments and working conditions. As a result, vigorous growth in the economy can be envisaged both in developed and developing countries, with a corresponding beneficial effect on people’s wealthinesswealth. Unfortunately, side effects need to be considered in such a promising a scenario. The trend infor the lifetime of electronics lifetime is significantly decreasing, (; a cell phone is used for less than 18 months before being replaced, a computer for less than 3 years).. 

In 2007, according to [1], 3.2 million tons of e-waste per year were generated in the US, with a corresponding increase of landfilling and raising of environmental concerns. [1]. New production strategies are required, that are capable both of saving nonrenewable resources and of producing electronics whose fate, after their End of Life (EOL),that do not create environmental concerns. Existing after their End of Life (EOL). As it stands, existing technologies for the realization of Integrated Circuits (ICsmanufacture of integrated circuits (IC) use, as a matter of fact, hazardous substances that, if not suitably processed, can pose significant risks to human being’s health. Such aThis problem is raising relevant issuesleading to significant challenges, especially in developing countries where rudimentary treating procedures are implemented [2]. 	Comment by Proofed: If this figure is specific to 2007, it is not necessary to include “per year.” If the figure reports an average over many years, list those years rather than “In 2007.”
Low-power, renewable production processes,  and easily biodegradable materials that do not pollute the environment, if disposed, and that can be easily biodegraded after disposal are required for the realization ofto create a more sustainable economy. Though polymers have raisedattracted the interest of the scientific community because they can introduce new functionalities, such as low-costaffordability, flexibility, and biocompatibility, they lack beingare not biodegradable, and concerns exist about the treatment of polymer‑based electronics treatment after their EOL exist. Cellulose, the most widely diffused bio-polymeravailable biopolymer on the earth, looks to be a suitable candidate for producing next-generation electronics. It is cheap, biocompatible, and biodegradable. EventuallyAdditionally, cellulose and its derivativederivatives have interesting mechanical and electrical properties that have been exploited in many applications [3-]-[6]. Notwithstanding such promising properties, plant‑derived cellulose is extractedextraction by the pulp industry with a relevantinvolves significant resource consumption (in terms of energy and fresh water).. According to the EU, the average energy costs for the pulp and paper industry, the average energy costs  equal around 16 % of production costs. 38 % of the used energy used comes from natural gas [7]. Not less important, pollutants are produced by the pulp and paper industry, raising concerns onabout their environmental effects.
Bacterial Cellulosecellulose (BC) is a kind of cellulose produced by some bacteria genera ifwhen maintained in suitable culturing environments. In this case, the cellulose is directly produced by the bacteria at the interface between the growing media and the open air. The production process can be implemented in typical laboratory conditions and allows for producing enables the production of very pure cellulose. BC has been proposed for realizingmanufacturing electronics and sensors [8][], [9]. Recently, BC has been proposed, also, been proposed for the realizationmanufacture of both actuators [10] and hybrid and un-greenconventional solutions for mechanical sensors [10], [11]. 
Authors have investigated theThe possibility of using BC‑based composites for the realizationmanufacture of green sensors has been investigated [12-]-[13]. Composites consisting of a bulk BC membrane, impregnated by Ionic Liquids (ILs),with ionic liquids (IL) and covered on both sides by poly (3,4‑ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) have been fabricated. 
In particular, the inertial- and mass-sensing properties of such composites as inertial and mass sensors, when used in thea cantilever configuration have been investigated [12-]-[14]. Moreover, in [15] the influence of the geometry on the sensing properties of thean accelerometer proposed in [12] has been analysed. [12], [15].
Polymer composites are known to be sensitive to environmental parameters:, temperature and relative humidity being the most influencing onesinfluential [16,], [17]. Based on such a consideration, inconsiderations, the present paper, carries the investigation onof the accelerometer is further carried on, by includinginvestigating the influence of environmental temperature on the transducing properties of the BC-based composites. The influence of temperature on the investigated BC-based composites is even more relevant because of the presence of ILs, which can have comparable freezing points with that are similar to the environmental temperature. Results reported here complete the investigation reported in [15]our previous study, and, eventually, give finally provide evidence of the role of ILs play in the transduction properties of the BC composites we investigated composites. Obtained[15]. The results are we obtained contribute to a contribution to better understanding of the performance of such a new composite, as a necessary task ahead of its use in real sensing problems. 
The paper is organizised as follows: Section II2 describes the materials and the preparation procedure. Section III3 reports the characterizisation setup. Section IV4 shows the results, and the conclusions are given in Section V5.
materials and preparation procedure
Concerning the materials which have been used in orderThe following commercial products were explored to realizemake the BC as a sensing element, the following products, mainly commercials, have been considered:
· Black tea bags 
· Sucrose 
· Vinegar 
· Kombucha tea 
Furthermore Sodium, sodium hydroxide (NaOH),) and absolute ethanol (99.8 %) were purchased from Sigma-Aldrich and used without further modification. PEDOT:PSS, was purchased as an aqueous dispersion, and CLEVIOS PHCV4, by were purchased from H. C. Starck. for aqueous dispersion. EMIM‑BF4, an IL, was purchased byfrom Alfa Aeser.
Concerning the preparation procedure offor the compound, BC pellicles were obtained from the fermentation process of thekombucha tea, a sweetened black tea with Acetobacter strains, named Kombucha tea [18]. The bacterial culture iswas composed of upper cellulosic pellicle and a lower liquid broth, as described in [19]. 
The culture medium was prepared by adding 70 g of sucrose and 4 g of black tea to the1 l of boiling water (1 l).. Then, the mixture was left to steep for 15 min and, after removing the tea, the pH value of the broth was adjusted to 2.7–3.0, by adding 10 ml of acetic acid for each liter of the broth. The addition of acetic acid at the beginning of the fermentation process prevents the formation of molds and protects against undesirable microorganisms. Finally, the cellulosic pellicle pieces (3 % w/v) and liquid broth (10 % v/v) with the Acetobacter strains (1 ml/l) were added to the cooled tea broth. A Teflon stopper was attached to the lower part of the beaker to block the pellicle. 
[image: C:\Documents and Settings\winxp\Desktop\Metroind\BC-geometria\SI\to be submitted1\P1160950 - Version 2.jpg]
[bookmark: _Ref316054575]Figure 1. Picture of the prepared BC, without contacts and before the drying procedure.
In the initial stage, the bacteria increase their population by takingconsuming dissolved oxygen and produceproducing a certain amount of liquid cellulose in the entire liquid phase, as observed by the appearance of turbidity. After that, a pellicle of cellulose is grown on the surface of the broth. When the dissolved oxygen is used up, only bacteria existing only in the vicinity ofnear the surface can maintain their activity toand produce cellulose. This medium was used to inoculate new fermentations. The pellicles of nanofibrillated BC were thoroughly washed with distilled water and boiled in 0.5 M NaOH solution for 2 h, in order to remove all impurities, such as the medium and endotoxinor endotoxins from the BC samples, contained in the cell wall of the bacteria. ThenThe pellicles of BC were then washed in water for 4 times. Figure 1 shows the BC after the production.	Comment by Proofed: Please confirm that this is stated accurately.
ThenThe BC was dried in an oven at 80 °C overnight to eliminate the water content. Upon receivingretrieving the samples, they were further dehydrated in an oven for eliminatingto eliminate any water, absorbed during the storage phase. The samples were then cut, infused by thewith EMIM-BF4, as the IL, and covered by thewith PEDOT:PSS, as the flexible electrodes.
characterizisation setup
[image: C:\Documents and Settings\winxp\Desktop\Metroind\BC-geometria\SI\setupok.bmp]
[bookmark: _Ref54954912]Figure 2. Block diagram of the equipment used to characterizise the BC-based sensing element.
In order to analyse the sensor as a function of its geometry and in terms of the external temperature, a suitable experimental setup has beenwas conceived. In particular, Figure 2 shows the entire block diagram used for the study and the characterizisation. Figure 3 shows the experimental setup used to characterizise the system. A temperature-controlled chamber has beenwas used for the thermal characterizisation of the device. The experimental setup consisted of:
· A shaker, to excite the structure. 
· AAn HP33120A signal generators HP33120A,generator to impressproduce a sinusoidal waveform.
· A digital Teledyne LeCroyWaveRunnerLeCroy WaveRunner 6050, to acquiremeasure the signals. 
· An inertial sensor to monitor the level of acceleration imposed through the shaker.
· A temperature-controlled chamber in order to investigate the effect of the temperature.
· AnA B2985A Electrometer/High Resistance Meter, B2985A, used to measure the resistance and the output current of the sensing element. 
[image: C:\Documents and Settings\winxp\Desktop\Metroind\BC-geometria\SI\to be submitted2\Image1.bmp]
[bookmark: _Ref54954922]Figure 3. Experimental setup. The inset shows a sample of the BC-based compound mounted between two rigid electrodes, which were used for collectingto detect the generated electrical signal that was generated.
Figure 4 shows a sample of the BC-based compound with. The black surface is the PEDOT:PSS (see the black part).layer.
Experimental results
The measurement campaign iswas composed of two parts: the. The first investigation (subsection 4.1) deals withcompared the characterizisation of the sensor for several geometries (from 7 mm to 22 mm of length). More specifically, the generated output voltage as a function of the imposed acceleration has been taken into account. The was examined along with the influence of the transducer length on such a relationship has been investigatedthese relationships. 
[image: C:\Documents and Settings\winxp\Desktop\Metroind\BC-geometria\SI\to be submitted2\Image2.bmp]
[bookmark: _Ref54954933]Figure 4. RealizedThe realised device (length 35 mm, width 11 mm , and thickness about 0.25 mm).) with the two electrical contacts on the top and on the bottom faces. The black surface is the PEDOT:PSS layer,. The BC–IL composite is sandwiched between the two PEDOT:PSS layers.
The second investigation, (subsection 4.2), deals with) explored the thermal characterizisation of the device, considering theusing a temperature range from 5 °C to 55 °C. The influence of temperature on both static and dynamic working conditions iswas investigated.
Geometrical influences
The investigation has beenwas conducted consideringusing samples with a width of 11 mm and a thickness of about 0.25 mm. Devices, whose with lengths wereof 22 mm, 17 mm, 12 mm, and 7 mm were investigatedtested. An analysis of the output voltage as a function of the impressedimposed acceleration, when the transducer geometry is changed, has been was performed in the frequency domain. for each transducer geometry. The measurements have been conductedwere obtained by forcing a sinusoidal signal through the signal generator (see Section 3) at the mechanical resonant frequency of each device. It is worth noting that for the four case studies, the following mechanical resonant frequency values have beenwere experimentally estimated: 71 Hz (device #1, length of 22 mm), 110 Hz (device #2, length of 17 mm), 133 Hz (device #3, length of 11 mm) and 135 Hz (device #4, length of 7 mm). More details concerning the spectrum of the output voltage are shown in Figure 5.a) and Figure 5.b),, where the FFT of the output for devices #1 and #4 are presented, respectively. Figure 6 shows the normalizised output voltage as a function of the normalizised imposed acceleration. For sake of comparison, the voltage of each sample has been normalizised to the output voltage of the first sample, i.e.., the device havingwith a length of 22 mm. Furthermore, the acceleration values have been normalizised to the acceleration a1, which refers to the first sample. The value a2 is the acceleration level at a frequency of 110 Hz, normalizised to a1, and so on for a3 (at 133 Hz) and a4 (at 135 Hz), respectively. Figure 7 shows the normalizised output voltage as a function of the normalizised length of the beam. The normalizisation has been performed consideringusing the length of the device #1.
Thermal influences
a)
[image: C:\Documents and Settings\winxp\Desktop\Metroind\BC-geometria\Image5.bmp]
b)
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[bookmark: _Ref312437359]Figure 5. FFT of the output voltage (expressed in V) of 
a) BC havingwith a length of 22 mm (considering a frequency of 71 Hz), 
b) BC havingwith a length of 7 mm (considering a frequency of 135 Hz). 
Two other spikes can be seen in the figure, which refers toindicating the powering line contribution (50 Hz and 100 Hz contributions, respectively).
The investigation described in this section iswas devoted to studying the behaviour of the BC sensing element in the presence of temperature changes. A device having a geometrical characteristic similar to the prototype #1 (see Section 4.1), has been) was considered to have a significant output voltage.
[image: ]
[bookmark: _Ref54954960]Figure 6. Normalizised output voltage as a function of the normalizised acceleration.
In particular, two aspects will bewere investigated: 
1) The static characterizisation, was based on an analysis of electrical properties analysis as a function of the environmental temperature variation. During this set of experiments, no motion iswas applied to the device, and the electrical properties of the composite arewere investigated. 
2) The dynamic characterizisation, was based on the study of the generation capability of the BC device in presence of variation ofat various temperatures. In this latter case, the shaker has beenwas actuated inside the thermal chamber, to mechanically excite the base of the sensing element, which deformsdeformed according to its mechanical inertia. 
[image: ]
[bookmark: _Ref316057347]Figure 7. Normalizised output voltage as a function of the normalizised length.
The considered range of temperature iswas from 5 °C to 55 °C. The minimum value has been considered taking into accountwas selected due to the fact that the IL used for the prototype (see Section 2) presentshas a melting point of about 15 °C [20], for]. For this reason, it iswas interesting to investigate temperatures lower than this value. The upper temperature of 55 °C has beenwas chosen due to take into accountthe fact that the maximum operative temperature of the device is about 60 °C. This limit is given by the melting temperature of the PEDOT:PSS, which iswas used to realizemake the contacts of the BC-based sensing element. 
In order to analyse the influence of the temperature on the resistance of the device, an electrometer (see Section 3) has beenwas used, and the device has beenwas inserted inside the thermal chamber. 
Figure 8 shows the resistance of the BC as a function of the imposed temperatures in the absence of mechanical vibrations (static analysis). Six values have beenwere considered. Each value of temperature has beenvalue was measured through an internal thermal sensor. Each point in the graph represents the mean value and the measurement uncertainty of measurement (3 σ). 
As it can be noted, a decrement of the resistance across the BC can be observed, for increasing values of the temperature values. The observed effect is, of course, a cumulative effect, reflecting possible changes either in the bulk or at the electrodes. As it regards the electrodes contributingWith regard to the electrodes’ contribution, the observed phenomenon can be motivatedexplained by considering the incrementlow level of the conductivity associated towith the PEDOT:PSS electrodes [21]. Nevertheless.,, further investigations areinvestigation is needed for highlightingto determine any contribution of the bulk to the decrement of the resulting resistance. Figure 9 shows the voltage across the BC as a function of the time and considering for each of the six values of temperature values imposed inside the chamber. As it can be observed, the voltage decreases when the value of the temperature is increased.value increases. It is worth noting that this behaviourbehaviour is in accordance with the previous result in terms offor resistance. In factNamely, the electrometer imposes the current, so that the voltage across the device changes because of the change in the resistance value of the BC.
[image: C:\Documents and Settings\winxp\Desktop\Metroind\BC-geometria\SI\1new.bmp]
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[bookmark: _Ref54954984]Figure 8. Resistance of the BC as a function of the temperature. The connecting segments are introduced for theto help of the eye.
In order to study the device from a dynamicaldynamic point of view, it has beenwas mechanically actuated by using the shaker and imposing through the signal generator (see Section 3), a sinusoidal waveform havingwith a fixed amplitude and frequency (tuned atto the mechanical resonance). ) through the signal generator (see Section 3).
[image: C:\Documents and Settings\winxp\Desktop\Metroind\BC-geometria\SI\4.bmp]
[bookmark: _Ref54954990]Figure 9. Measurement of the evolution of the change in voltage across the BC for six values of temperature values.
The shaker has beenwas inserted inside the chamber. The temperature values have beenwere imposed in order to study the changes in the current generated by the BC as a function of the temperature. 
Figure 10 shows the generated current as a consequence of the mechanical vibration for different values of the environmental temperature. A low pass filter has beenwas applied in order to decrease the noise level. 
[image: C:\Documents and Settings\winxp\Desktop\Metroind\BC-geometria\SI\to be submitted1\untitled.bmp]
[bookmark: _Ref54955001]Figure 10. Generated current as a consequence of the mechanical vibration, function of the temperature.
As it can be observed, the analysis shows a temperature dependence ofthat the generated current is temperature dependent. The output current starts to increase at temperature values larger than 15 °C, which coincides with the melting point of the IL used in the compound. Furthermore, forwhile higher temperature values increase the current increases but, they could have adverse effects could be generated on the electrical contacts. For these reasons, the region between 15 °C and 45 °C represents an interesting operative range offor the BC-based sensing element. 
The effect of the freezing temperature of the ionic liquids has been also investigated, as shown in Figure 11.
The graph evinces that when the compound worksis used at a temperature lower than the meting point of the IL, the output current is close to zero. 
[image: C:\Documents and Settings\winxp\Desktop\Metroind\BC-geometria\SI\5.bmp]
[bookmark: _Ref54955010]Figure 11. Generated current value as a function of number of samples. The analysis includes two values of temperature, 5 °C (blue diamonds),) and 35 °C (red triangles)), respectively. The normalizationNormalisation has been conducted with respect to the maximum value of the signal.
It has been widely reported in the literature that in the case of BC, impregnated with ILs and covered with PEDOT:PSS, actuators are obtained, whose the electromechanical transduction of the actuators is due both to the ILsIL’s migration inside the BC bulk and electrochemical doping processes at the polymeric electrodes [4][], [22]. ResultsThe results reported here clearly show that the ILs also play a relevant role also in the mechanoelectrical transduction properties of BC-based composites. In fact, at temperatures lower than the ILIL’s freezing point, the charges inside the BC compound cannot move. As a consequence, no current can be generated in the presence of mechanical vibrations. To the best of Authors’our knowledge, no such results have been reported before in the literature. Figure 12 shows the current waveform of the BC for two values of the temperature values. A decrement in terms of amplitude can be observed when a decrement of temperature occurs.
Conclusions
In this paper the investigation of, the mechanoelectrical transduction properties of a BC-based sensing element arewere investigated. More specifically, the investigation deals withanalysed the dependence of the transduction properties on the geometry of the system and on the environmental temperature. 
Reported resulsresults evince for concluding that the geometry of the system can be used for modulatingto modulate the expected output signal. 
[image: C:\Documents and Settings\winxp\Desktop\Metroind\BC-geometria\SI\to be submitted2\untitled.bmp]
Figure 12. Generated current waveform as a function of the acquired samples. The analysis includes two values of temperature, 45 °C (squares), and 35 °C ( diamonds) respectively.
Temperature was revealed to have a strong influence on the systemsystem’s transducing properties. More specifically, reported results showshowed that the dependence on the temperature can be explained withby the active role of mobile charges inside the composite: as a matter of fact, a reduction of the working temperature below the melting point of the IL, as a matter of fact,  virtually annulled the sensing signal. 
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[bookmark: _Ref54955015]Figure 12. Generated current waveform as a function of the acquired samples. The analysis includes two temperature values, 45 °C (squares) and 35 °C ( diamonds), respectively.
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