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Abstract

:

In this paper, an environmentally friendly inertial motion sensor is investigated, modelled, and characterized as an accelerometer. The sensor is obtained by using bacterial cellulose (BC) as a base biopolymer. BC is then impregnated with ionic liquids. Electrodes are realized by a conducting polymer, in a typical three-layer structure. The sensor works in a cantilever configuration and produces an open voltage signal as the result of a flexing deformation. A model is proposed for the transduction phenomenon. The composite mechano-electric transduction capability is exploited for realizing the accelerometer. Results of the chemical and transduction characterization of the accelerometer are reported. Finally, experimental evidence of the possible nature of the transduction phenomenon is given.
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1. Introduction


The pervasive diffusion of electronics has raised the request for low-cost, smart, small-scale, and miniaturized sensors [1,2]. A large part of both the present and future markets will be covered by accelerometers, with many consumable applications in fields such automobiles, cellphones, and wearable electronics, just to mention a few [3]. The interest in this class of sensors is reflected in a variety of fabrication processes and working principles, such as resonators and micro-machined devices (MOEMS and MEMS) [4,5,6,7]. As a common trend of the adopted technology, the sensor industry has proposed integrated accelerometers [8]. Moreover, accelerometers exploiting optical, resistive, capacitive, etc., transduction mechanisms have been proposed [6,7,9].



The cost of the sensing system is a relevant constraint that can determine the success of technologies, and the examples reported above are affected by the need for a power source. Such a drawback can be overcome if self-generating materials [10], such as piezoelectric and aluminum nitride (AlN) [11,12,13], are considered. Though sensors based on AlN have raised scientific and industrial interest, micromachined AlN-based devices are based on silicon-based processes [14]. As such, the production of sensors based on this technology cannot be considered green. Moreover, they need dedicated recycling or disposing processes [15,16]. As a final remark, silicon-based devices are rigid, while flexibility is requested from next-generation applications [17]. The need for greener sensing devices, i.e., requiring fewer raw materials and less energy and limited amounts of non-renewable matter and producing more easily disposable, recyclable, or even biodegradable devices, imposes the development of new technologies based on more sustainable and greener materials. A trend is occurring in the field of polymeric materials for sensing applications as suitable candidates for realizing next-generation sensing systems. Such an evolution will require developing new composites in order to improve their performance and produce greener devices. A scheme of the evolution that is occurring in the field of polymeric composites is reported in Figure 1. More specifically, the figure shows a possible evolution from nonpolymeric and un-green devices to polymeric greener ones [18,19,20,21,22,23]. It is worth saying that being polymeric is not a guarantee of greener devices. This is why two directions of possible evolutions are shown in the figure (numbers reported in square brackets indicate papers reported in the References section). The box at the bottom right corner in the figure refers to the final result of the indicated path, i.e., all-polymeric and green sensing devices.



Cellulose is among the most promising base materials for the realization of next-generation flexible and sensing systems, and many applications have been proposed so far [24,25]. More recently, bacterial cellulose (BC), also known as microbial cellulose or bio-cellulose, has been proposed as a greener alternative to plant-derived cellulose [26,27]. It is produced by suitable aerobic bacteria when grown in specific environmental conditions.



Although BC has already been proposed in many applications, including electronics [28], sensors [29], and actuators [30], few examples exist on generating sensors based on BC [31]. In this paper, a flexible generating accelerometer, which exploits BC as the base material, is studied, modelled, and characterized. The device consists of a three-layer structure, obtained by impregnating a BC layer with ionic liquids (ILs). The BC layer is further covered with conducting polymers (CPs) [31,32,33]. The accelerometer is fabricated, therefore, by using greener base products and an environmentally friendly production process.



In [34], a bio-polymer-based accelerometer working in a cantilever configuration has been proposed. That accelerometer uses plant-derived cellulose. Moreover, it requires using zinc oxide nanowires, with a correspondingly more complex and less green fabrication procedure.



The authors have already demonstrated the mechanoelectrical transduction properties of BC impregnated by ILs and covered with CPs [31]. More specifically, it has been shown that this class of composites, when mounted in a cantilever configuration, produces an open circuit voltage signal across the polymeric electrodes because of an applied deformation. In [23], the authors introduced an accelerometer based on BC-IL composites. In this paper, new results are reported. More specifically, the modeling of the BC-based accelerometer and its characterization are proposed. Moreover, an analysis of the transduction principle has been pursued here by experimental investigations, designed by measure to outline specific aspects of the mechano-electric conversion capability of the BC-based transducer.



The paper is organized as follows: Section 2 deals with materials, prototype realization, and characterization methods. Section 3 reports the model, and Section 4 focuses on the obtained results. Some conclusions are given in Section 5.




2. Materials and Methods


Figure 2 shows the structure of cellulose. Biocompatibility, mechanical, and electrical properties of cellulose have caused a relevant interest for applications, such as medicine and aerial vehicles [35,36,37]. Unfortunately, cellulose is commonly obtained from vegetal stocks with industrial production processes. These require relevant quantities of energy and freshwater. Potentially pollutant wastes are eventually produced.



BC has been proposed as an interesting substitute for plant-derived cellulose [26]. BC is produced by bacteria of the genera Acetobacter, Sarcina ventriculi, and Agrobacterium in suitable solution cultures, where they grow at the interface between the open air and the liquid phase, in a kind of bio industry. Although the BC is characterized by the same chemical structure as plant-derived cellulose, it can be obtained with a higher level of purity. Moreover, BC can be obtained through a greener production process [38].



2.1. Materials


The following materials have been used for the fabrication of the BC-IL-based sensors:




	
CBP-GS010 films of BC, purchased from BioFaber (Mesagne, Italy), approximately A4 size.



	
1-Ethyl-3-Methylimidazolium tetrafluoro borate, EMIM-BF4, purchased from Alfa Aesar.



	
Poly-(3,4-ethylene-dioxythiophene)-polystyrene-sulfonic acid, PEDOT-PSS, purchased from H.C. Starck (1.3 wt% dispersion in water, Baytron P AG).








The BC was used as the bulk, and EMIM-BF4 was used as the IL to impregnate the BC. The impregnated BC was finally covered on the opposite faces with two films of PEDOT-PSS as electrodes.




2.2. Sample Preparation


The preparation of the composite used for the sensor has been carried out as follows. Strips of BC (5 cm × 5 cm) were placed for 2 h in an oven at a temperature of 80 °C. After this treatment, a loss of adsorbed water of 4% by weight was observed. The dried strips were then soaked for 24 h with EMIM-BF4 and then placed in an oven at 65 °C for 24 h. Water dispersed PEDOT-PSS was deposited by a film spreader (24 µm) to realize CP electrodes on both sides of the strips. This operation was repeated four times for each side, and after each deposition, the sample was placed for 5 min in an oven at 65 °C. A schematic of the obtained three-layer device is reported in Figure 3a, while a photo of a sample is reported in Figure 3b. For sake of comparison, BC/PEDOT samples were also produced by depositing PEDOT-PSS by the film spreader directly on the opposite faces of the dried BC.




2.3. Characterization Methods


The thermogravimetric measurements, obtained through a Shimadzu DTG-60 instrument, were performed by heating the samples, weighing between 8 and 11 mg, from 35 to 700 °C at a rate of 10 °C min−1. Scanning electron microscopy (SEM) images have been recorded on a Cambridge 90 instrument, equipped with an energy dispersive X-ray microanalysis (EDX) facility. ATR Fourier transform IR (FTIR) spectra were recorded directly on samples, without any preliminary treatment, at a resolution of 2.0 cm−1 in the range 4000 to 650 cm−1 by a PerkinElmer Spectrum 100 spectrometer. The temperature dependence of storage modulus (E′), loss modulus (E″), and tan delta (tan δ = E″/E′) has been evaluated, in tension mode, by using a 2000 TA DMA (Triton Technology Ltd.) and applying a sinusoidal force to a rectangular sample, in the range 25–200 °C, at a working frequency of 1 Hz and a 2 °C/min rate.





3. Modeling


The transducer is modeled as a mass-spring-damping system for the mechanical part of the device, coupled with an electrical model to implement the composite transduction. Hence, the dynamic behavior is defined by a linear second-order differential equation as follows:


        m  x ¨  + d  x ˙  + k x = F  t        V = G x        



(1)




where m, x,   x ˙  ,     x ,  ¨    d, k, and F(t) correspond to the proof mass located at the free end of the BC in beam configuration; the displacement, velocity, and acceleration of the proof mass; the mechanical damping; the elastic constant; and the kinetic excitation of the transducer, i.e., the mass m, multiplied by the applied acceleration (the measurand). The output voltage is represented by the term V. G is a multiplicative coefficient that models the conversion of the displacement into an output voltage across the two electrodes of the composite. Note that, according to the working conditions investigated in the following, Equation (1) refers to the system working in the proximity of its resonant frequency.



The model has been implemented by using MATLAB Simulink according to the parameter values given in Table 1.



The value of m of the proof mass has been directly measured by a scale (see Section 4), d has been estimated through experiment, and the term k has been estimated by using the equivalent section method [7] as follows:


  k = 12    E  m a x    I n     l 3     



(2)







Emax is the Young’s modulus of the BC; In is the inertial moment normalized, which is the result of the equivalent section method; and l is the length of the beam.



To validate the proposed model, an impulse response of the device has been simulated and compared with the experiments. The experimental validation of the proposed model will be reported in the following section.




4. Results and Discussion


4.1. Composite Composition


The IL uptake was calculated by comparing the weight of the IL-treated sample with the dried ones. The samples were prepared by the same procedure as described before. The following equation was used to evaluate the IL uptake (found to be equal to 34% by weight):


  I o n i c   l i q u i d   u p t a k e =      W  w e t   −  W  d r y      W  d r y       ×   100  



(3)







To evaluate the influence of the spreading treatment on the amount of IL remaining in the BC film, the following experiment was carried out. An IL-soaked BC film was treated by a four-time passage of the dry spreader. After this treatment the amount of IL remaining in the BC film was 11% by weight with respect to the starting dried sample. From this information and through the weighing of the sample on which the PEDOT had been deposited, the amount of PEDOT present in the final device was roughly 7% by weight. Considering that both IL and PEDOT can be extracted from the device by a water treatment, we can affirm that about 82% by weight (corresponding to the BC weight fraction) of the materials can be recycled, thus justifying the environmentally friendly nature of our device.




4.2. Structural, Thermal, and Mechanical Characterization


The membrane characterization was carried out by TGA, ATR FTIR, SEM, and DMA analyses. The BC and BC/EMIMBF4 FTIR ATR spectra comparison (see Figure 4) shows that both have the 3000–3600 cm−1 broad band (due to the O–H stretching of the hydroxyl group), the 2920–2880 cm−1 band (due to the aliphatic C–H stretching), the 1640 cm−1 band (bending of absorbed H-O-H), the 1424 cm−1 band (due to in plane bending of H-C-H groups), and the 1110–874 cm−1 bands (deriving from to the stretching of C-OH groups and from the asymmetric stretching of the C-O-C bonds).



The IL absorption produces some disruption of the cellulose crystalline domains as suggested by the significant decrease in the intensity of two bands characteristic of the presence of cellulose crystalline structures (the one centered at 1424 cm−1 and the one centered at 874 cm−1) [39]. The ATR-FTIR spectrum of the BC/EMIMBF4/PEDOT membrane (Figure 4) shows characteristic peaks of both cellulose and PEDOT. The signals due to cellulose are the ones centered at 1645 cm−1, 1421 cm−1, and 1041 cm−1, while the ones due to the PEDOT electrode are centered at 1576 cm−1 (C=C), 1254 cm−1 (C-C), and 948 cm−1 (S-O), characteristic of the thiophene ring.



As a confirmation of the decrease of BC crystallinity, TGA showed that the presence of EMIM-BF4 promotes cellulose degradation (see Figure 5a,b). The maximum weight loss rate occurred at 336 °C for BC, while the BC/EMIM BF4 sample showed a marked decrease of such a temperature (302 °C). In the case of BC/EMIMBF4/PEDOT, the maximum weight loss rate occurred at 312 °C, presumably because the PEDOT-PSS layer offers an obstacle to degradation product loss, as confirmed by the shift toward higher temperatures of the last maximum weight loss rate centered at 446 °C in the case of BC and at about 531 °C for the BC/EMIMBF4/PEDOT sample.



The SEM micrograph of BC (Figure 6a) showed a cellulose morphology consisting of regions rich in spherical agglomerates between which filamentous and rod-like structures can be seen. The sample BC/EMIMBF4 SEM images showed that after the IL treatment, only a few almost spherical agglomerates survive. These features probably suggest that BC interaction with IL produces swelling/degradation of the crystalline domain (Figure 6b), resulting in a fiber-like feature predominance. SEM images of BC/PEDOT sample showed that PEDOT deposition on the surface of BC determines the filling of the empty spaces among BC agglomerates, producing a regular surface where the shape of the underlying agglomerations can still be detected (Figure 6c). The SEM micrograph of the whole composite (BC/EMIM/PEDOT) showed that on the smooth and homogeneous conducting layer surface, it was possible to observe island features (Figure 6d), presumably rich in IL, as revealed by EDX.



The results of the DMA investigation carried out on BC, BC/EMIM BF4, BC/PEDOT, and BC/EMIM BF4/PEDOT samples are shown in Figure 7. The investigation was performed as a function of the working temperature.



The storage modulus of BC shows a negligible decrease (from 5.5 × 103 MPa at 30 °C to 5.3 × 103 MPa at 170 °C) as the temperature increases. In this range of temperature, some modulus enhancement is recorded around 100 °C, where because of water loss and consequent increasing of the packing density, the modulus increases from 5.30 × 103 MPa to 5.45 × 103 MPa. The lower density of BC crystalline domains produced by the soaking of BC with EMIM BF4 determines a dramatic decrease of storage modulus compared to the BC one (from 5.5 × 103 MPa to 54 MPa at 30 °C, respectively). The presence of the PEDOT layer does not significantly modify the storage modulus of BC (i.e., 5.5 × 103 MPa for BC vs. 4 × 103 MPa at 30 °C for BC/PEDOT sample), but the lower amount of IL present in the sample after the PEDOT spreading determines a dramatic increase in the storage modulus of BC/EMIMBF4/PEDOT (i.e., 54 MPa at 30 °C for BC/EMIMBF4 sample vs. 3.3 × 103 MPa of the BC/EMIMBF4/PEDOT sample).




4.3. Mechanoelectrical Transduction


The mechanoelectrical transduction properties of BC-IL-based devices were investigated by an experimental setup, realized by measure. The setup used to characterize the inertial motion sensor as an accelerometer is seen in Figure 8. It consists of:




	
A TIRA GmbH S503 shaker to impose a base motion of the sensor mounted in the cantilever configuration;



	
A Keysight 33220A signal generator, required for driving the shaker;



	
A digital oscilloscope (Agilent Infiniium MSO9064A), which is used both for a visual inspection of the relevant signals and their acquisition;



	
Two Baumer 12U6460/S35A laser sensors. These are used to measure the displacements at the anchor and at the sensor tip, respectively;



	
An accelerometer (model PCB333B40-SN51174) is mounted to the shaker moving plate and works as the reference.








A preliminary investigation in terms of impulse response has been accomplished, and a comparison to the estimation obtained by the model presented in Section 3 has been done. Figure 9 shows the tip displacement and the output voltage of the BC composite, considering the parameters defined in Table 1. The values of the elastic constant estimated, as obtained by Equation (2) and by experiments, have been compared. A difference between the values of the model and experiments of about 8% has been estimated.



Furthermore, an investigation was performed for determining the resonant frequency of the sensor [23]. Then, sinusoidal signals at the resonant frequency of the system were applied at the sensor’s fixed end by using the shaker. The amplitude of the applied signal was used to control the acceleration applied to the device. Figure 10 shows the results of the sensor characterization. The figure reports the estimated mean values and the corresponding uncertainty, considering acceleration values ranging in the interval 3 m/s2 to 7.5 m/s2. The least mean-square algorithm was used to regress data and estimate the corresponding linear characteristic curve. This is reported with a solid line in Figure 10. The two dashed lines represent the uncertainty band. A sensitivity of 2.1 × 10−5 V/m/s2 has been estimated. The noise level resulted in about 0.1 × 10−4 V, corresponding to a resolution of about 0.47 m/s2.



The transduction performance of the compound was further investigated to outline the presence of nonlinearities. The input–output signals at the resonance frequency were considered for this aim. Moreover, to filter out any high-frequency noise effect, a pre-filtering was performed on both signals by using a digital low pass filter for both signals, with a cut-off frequency equal to 35 Hz. Such a value was chosen to maintain the relevant signal while removing the power line contribution. Signals of different amplitude values were imposed on the system. The input–output plots for four values of the acceleration are shown in Figure 11. A perusal of the figure shows that the increase of the input acceleration does not produce a proportional change in the output voltage, which gives evidence of system nonlinearity, so that results reported in Figure 10 can be considered as a form of linearization of the system behavior in the considered range. The presence of low-frequency fluctuations in the output signal (an example of the input–output curve for some nominally identical periods is given in Figure 12) did not allow for a deeper investigation of the system nonlinearity.




4.4. The Investigation on the Mechanoelectrical Transduction Nature


This section explores the mechanoelectrical transduction nature of the BC-based composite. BC-based compounds, impregnated with ILs and covered with conducting layers, have been reported to have electromechanical transduction capabilities because of piezoionic properties, i.e., because of the migration of charged species. According to such properties, the BC-based composite investigated in this paper should be classified as an ionic-electroactive polymer (IEAP).



	
IEAPs are characterized by both electromechanical and mechanoelectrical transduction properties.



	
An inversion of polarity between the mechanical signal and the electrical one is observed when the two transduction phenomena are investigated.



	
The sign of the charges accumulated at each electrode depends on the nature of the prevailing mobile charges.






In a previous work [40], some of the authors gave indirect experimental evidence of the piezoionic nature of the involved transduction phenomenon. However, in that contribution, no investigation was performed on the nature of the mobile charges. Here, experimental evidence will be given compatible with the hypothesis that mobile charges are cations. Suppose that we are in the presence of mobile cations; the schemes in Figure 13 show the cations’ redistribution. Up-deflections and positive charges at the top electrodes are assumed as positive.



As it can be noted, the same tip deflection implies a voltage signal of opposite polarities for the sensing and actuating working modes. Moreover, when the tip of the sensor is deflected in the up direction, positive charges accumulate at the bottom face.



Experiments on the BC-based compound, both as a sensor and as an actuator, have been performed by modifying the experimental setup shown in Figure 8 (see Figure 14). More specifically, low-frequency signals were applied by using the modified setup, which includes a fork-shaped hinge for forcing the composite tip motion.



A comparison of the signals obtained when sensing and as actuating working modes (polarities are as indicated in the schematic) is shown in Figure 15a,b, respectively.



Results evince that there is a change in phase between the sensing and acting signals. Moreover, a motion of the anchor in the down direction produced an accumulation of positive charges at the bottom electrode. Such results are compatible with the hypothesis that the redistribution of positive charges is involved in the transduction phenomenon.



Finally, while sensing signals are in phase opposition, a small phase lag was observed for the actuation signals. The existence of such a phase lag for the case of the actuation needs further investigation.





5. Conclusions


In this paper, we experimentally investigated and modelled a more environmentally friendly accelerometer. The sensor was fabricated by using BC as the substrate. BC was then impregnated by an ionic liquid (1-Ethyl-3-Methylimidazolium tetrafluoro borate, EMIM BF4) and finally covered, on the opposite faces, with a conducting polymer (Poly-(3,4-ethylene-dioxythiophene)-polystyrene-sulfonic acid, PEDOT-PSS) to form the sensor electrodes. The proposed system was mounted in a cantilever configuration and worked as a generating sensor. A voltage signal was produced when mechanically excited.



In the paper, the structural, thermal, mechanical, and mechanoelectrical characterizations of the devices as accelerometers are reported. After a linear regression was performed on the experimental data, a sensitivity of ~2.1 × 10−5 V/m/s2 was obtained. The noise level resulted in being about 0.1 × 10−4 V, corresponding to a resolution of the BC-based accelerometer of ~0.47 m/s2. A data-driven model was proposed for the observed transduction.



Compared with competing technologies, including MEMS devices, the proposed system uses a biopolymer-based substrate and organic conductors, which have been reported to be biocompatible. Issues exist in the final environmental impact of ILs. Nevertheless, new bio-derived ILs could be used for realizing accelerometers, decreasing the environmental impact of the proposed BC-based inertial sensor.
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Figure 1. Scheme of the evolution that is occurring in the field of polymeric materials (numbers in brackets indicate papers reported in the References section). 
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Figure 2. BC chemical structure. 






Figure 2. BC chemical structure.



[image: Applsci 11 07903 g002]







[image: Applsci 11 07903 g003 550] 





Figure 3. (a) Schematic of the obtained three-layer sensor; (b) a photo of the realized device. 
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Figure 4. FTIR ATR spectra of BC, BC-EMIMBF4, and BC-EMIMBF4-PEDOT. 
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Figure 5. TGA (a) and dTGA (b) of samples BC, BC/EMIMBF4, and BC/EMIM/PEDOT (© [2021] IEEE. Reprinted, with permission, from [23]). 
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Figure 6. SEM micrographs of (a) BC, (b) BC/EMIMBF4, (c) BC/PEDOT, and (d) BC/EMIM/PEDOT samples (© [2021] IEEE. Reprinted, with permission, from [23]). 
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Figure 7. DMA of samples BC, BC/EMIMBF4, BC/PEDOT, and BC/EMIM BF4/PEDOT. The values of the storage modulus, in megapascals, are reported as a function of the working temperature. 
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Figure 8. Experimental setup for the characterization of the BC-IL-based accelerometer (~34.4 mm long and ~10.6 mm wide). The inset shows a view of the accelerometer, mounted in the cantilever configuration. 
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Figure 9. Impulse response: output voltage and tip displacement (both experimentally estimated) as a function of time. The graph includes the impulse response of the BC simulating Equation (1) with an elastic constant of 0.6 N/m (estimate through Equation (2)) and the simulation by using the elastic constant of 0.55 N/m (estimated through experiments). 
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Figure 10. Characterization diagram of the conceived sensor. The solid line indicates the characteristic line. The dotted lines indicate the corresponding uncertainty. 
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Figure 11. The output voltage of the accelerometer as a function of the applied acceleration. The reported curves refer to different amplitudes of the applied input. 
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Figure 12. The output of the accelerometer as a function of an acceleration input, with a peak-to-peak amplitude equal to about 20 m/s2. The graph includes some periods of the input source and outlines the presence of low-frequency fluctuations. 
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Figure 13. Schematic of the BC transduction mechanism in presence of cations. 
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Figure 14. A picture of the setup used to investigate the mechanoelectrical transduction nature. 
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Figure 15. Comparison of signals obtained when the device is used as a sensor (a) and as an actuator (b). The dotted line indicates the filtered output signal coming from the BC (a) and the filtered output waveform of the laser to monitor the movement of the BC (b). 
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Table 1. Parameters.
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	Parameter
	Value
	Unit





	m
	0.000035
	kg



	k
	0.6
	N/m



	d
	0.00044
	N/ms−1



	G
	0.07
	V/m



	In
	9.56 × 10−16
	m4



	Emax
	3.4 × 109
	N/m2



	l
	0.0400
	m
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