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Abstract

:

This paper shows a piezoelectric response from an innovative sensor obtained by casting epoxy-SbSI (antimony sulfoiodide) nanowires nanocomposite to a grid structure printed using a fuse deposition modeling (FDM) method. The grid is shown to be a support structure for the nanocomposite. The applied design approach prospectively enables the formation of sensors with a wide spectrum of shapes and a wide applicability. The voltage signal obtained as a result of the piezoelectric effect reached 1.5V and 0.5V under a maximum static stress of 8.5 MPa and under a maximum dynamic stress of 22.3 kPa, respectively. These values are sufficient for potential application in sensor systems. The effect of a systematic increase in the voltage signal with subsequent cycles was also observed, which similarly allows the use of these sensors in monitoring systems for structures exposed to unfavorable cyclical loads. The obtained results also show that the piezoelectric signal improves with increase in strain rate.
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1. Introduction


Strain sensors are used to monitor the behavior of a variety of advanced structures, including load-bearing elements in aviation [1]. They form systems which together are used for structural health monitoring (SHM). The most commonly used solutions are vibrating wire [2], optical [3], piezoresistive [4] or piezoelectric sensors [5] mounted to the construction or embedded into the material’s structure. Systems based on vibration and noise analysis are used [6,7]. The main purpose of using monitoring systems is to ensure the safety of the structure by registering dangerous overloads as well as identifying possible causes of the hazardous state [8,9]. Monitoring systems are also used, for example, for the analysis of molding processes [10,11]. Usually, inserting sensors into the material structure disrupts its local continuity, weakening the structure at the place of insertion [12]. Sometimes, however, this impact may be insignificant, as exemplified by our previous work [13], where the SbSI-based sensor introduced into the glass fiber reinforcing polymer (GFRP) composite structure caused only a slight weakening, comparable to standard functional modifications of composite structures [14,15]. Conversely, placing the sensors outside the structure of the material may translate into a lower accuracy of measurements, as the deformation state could differ significantly through different parts of the loaded cross-section [16,17].



Fuse deposition modeling (FDM) is currently the most popular method of 3D printing. It is characterized by a high versatility, relative simplicity, and a low price for both the tooling and batch materials. The method is suitable, to a limited extent, for the direct printing of some types of sensors, such as resistance force/strain sensors based on conductive thermoplastic composites containing carbon nanotubes [18,19]. A more frequent problem concerning FDM printing and sensors is the placement of sensors inside the printed structures, i.e., covering various types of sensors with printed surroundings [20,21]. No successful attempts have been made so far to print a piezoelectric sensor directly, which is due to difficulties in obtaining a material both printable and piezoelectric at the same time. This study introduces an alternative approach to the two methods described above. It was decided to use a printed grid as a support structure for casting piezoelectrically active nanocomposite materials that—after being cast and cured—could function as a strain sensor. In such a case, the shape of the sensor depends on the shape of the grid and the nanocomposite filling of the grid gives the sensor functionality.



Our previous work [13] showed a piezoelectric sensor based on a composite of epoxy resin and SbSI nanowires, placed as a thin layer inside the structure of glass fiber reinforcing a polymer (GFRP) laminate structure. A satisfactory electrical response signal generated during the bending of the sample over the elastic strain range of the composite was obtained. The sensor was a thin (0.05 mm) layer. In the conclusions of the article [13], we questioned whether increasing the thickness of the sensor would significantly change the obtained signal, or whether the thickness would adversely affect the signal due to the high specific resistance of the nanocomposite used.



The purpose of this work is to produce and evaluate an innovative deformation sensor. The sensor is constructed from a 3D (FDM) printed skeleton grid filled with nanocomposite of epoxy resin filled with SbSI nanowires. The evaluation included preliminary tests of voltage response during static bending. The printed skeleton provides the shape and dimensions of the sensor, which theoretically has a very wide range. Results of the tests are to show whether such constructed sensor works and how does it work.



The novelty included in this study is the determination of whether a sensor similar to that developed in study [13], but with greater thickness, will work and whether the value of the voltage signal will increase (due to the increase in thickness).The big advantage of the studied sensor based on the printed grid is expected possibility of its shaping to various shape and dimensions. It is relatively elastic, in opposite to competitive materials, e.g., quartz.




2. Materials and Methods


2.1. Manufacturing of the Sensor


The sensor was produced according to the following scheme:




	(1)

	
Printing a grid using the FDM method.




	(2)

	
Preparing a composite mixture of resin containing SbSI nanowires.




	(3)

	
Applying the mixture to the grid and curing it.









The grid printing was completed using a PRUSA MK3S printer (Prusa, Prague, Czech Republic) with a path height of 0.2 mm and a path thickness of 0.4 mm. The printing material used was polylactide (PLA) from COLORFIL, Sosnowiec, Poland. The infill ratio of the printout was 25 %, a grid was printed without external walls, the printed grid and the print scheme are given in Figure 1.



The SbSI nanowires were prepared by sonochemical synthesis using a sonotrode from stoichiometrically dosed pure components (antimony, sulfur, and iodine). The ultrasound frequency during the process was 20 kHz and the power density was 565 W/cm2. The obtained raw material was then washed in ethanol, which gave nanowires in the form of a powder xerogel. The nanowires had lateral dimensions of 10 nm to 50 nm and a length up to several micrometers. Complete details concerning the character and production process of the SbSI xerogel have been previously presented in [22,23]. Figure 2a–c show the enlarged micrographs of the nanowires and the composition analysis obtained by energy dispersive spectroscopy (EDS), using a Phenom PRO X scanning electron microscope (SEM) by Thermo Fisher Scientific (Waltham, MA, USA) equipped with an energy-dispersive X-ray spectroscopy (EDS) detector. Figure 2d,e present the SEM images of the obtained nanocomposite. They show a homogeneous distribution of nanowires throughout the entire volume of the resin constituting the matrix of the nanocomposite, and a practical lack of bundles and local densities.



A detailed description of the production of the resin, SbSI nanowires powder composite has already been described in detail [13]. Table 1 presents a comparison of piezoelectric properties of SbSI and other materials.



The manufactured nanowires were added to the LH288 epoxy resin (HAVEL COMPOSITES, Svésedlice, Czech Republic) in an amount of 20 g per 64 g of the resin. The mixture was mixed mechanically and then treated using an ultrasonic scrubber Elmasonic S 750 Watt (ELMASONIC, Łomża, Poland) for 60 min. After preparing the mixture, 16 g of the hardener H281 (HAVEL COMPOSITES, Svésedlice, Czech Republic) was added (proportion of resin to hardener 4:1) and then mixed mechanically. After addition of hardener, the mixture remains liquid for approximately 25 min (working lifetime). The amount of SbSI in the resin with hardener was 20 wt%. During preliminary research, it was found that the addition of SbSI in an amount of 20 wt% was optimal. An amount lower than 20 wt% does not guarantee a stable piezoelectric effect, an amount greater (even 40 wt% has been tried) does not improve the effect and even worsens its stability and repeatability.



The prepared material was poured into the printed grid placed in a plastic mold (size 150 × 50 × 3 mm, made of PLA). The grid was filled with the nanocomposite by gravity casting. The resin curing process is associated with the heat generation and temperature increase. This should be taken into account when the volume of the cross-linked material is greater. In the analyzed case, the temperature control on the surface of the curing mass did not exceed 70 °C. Even excessive local temperature fluctuations that could affect the mechanical properties of the material used at any point in the volume are unlikely in the analyzed case [28]. No deformation of the grid was observed, and special attention was given to preventing this, as the softening point of the PLA used for the grid was 60 °C. Moreover, the thermal decomposition of SbSI only occurs at a temperature of 270 °C (see Figure A1 in the appendix of [29]); thus, for the described case, the curing temperature did not affect the crystal structure and thus the piezoelectric properties of the SbSI nanowires.



After removing the cured plate from the mold, it was found that the grid was completely covered with the piezoelectric composite, creating a 0.5 mm layer on the outer print paths. Then, silver electrodes with dimensions of 40 × 100 mm were applied to the plate on both sides using silver paste (05002-AB from SPI Supplies, West Chester, PA, USA). Using the same paste, copper wires were attached to the electrodes, which led the signal to the measuring system. The whole sample was finally covered with a protective insulating polyvinyl chloride (PVC) tape. A schematic diagram of the prepared sample is shown in Figure 3.




2.2. Sensor Testing


The produced samples of plate-sensors were tested basically using two methods: (1) static non-destructive bending over the elastic strain range of the material, the method analogous to that used in [13] for testing sensors integrated with laminates, and (2) a dynamic method with the use of an electromagnetic shaker.



The static bending was performed using an INSTRON 4469 testing machine (Instron, Norwood, MA, USA). The test consisted of bending the sample in a 3-point system to a specified deflection value (max. 3 mm), not exceeding the elastic strain range for the sample material with a defined deflection speed (from 1 to 500 mm/min). Maximum stress generated in a sample was 8.5MPa.The spacing of the supports was 140 mm. During bending, the voltage signal generated by the samples was measured. During the voltage measurement, a 120 s wait until a constant value of the measured voltage was established (sample loading), and the system returned to its initial state (sample unloading). The 120 swas based on preliminary tests for small deflections and low strain rates. This guaranteed the value of the recorded signal would be fixed. A Keithley 6517B voltmeter (KEITHLEY, Solon, OH, USA) was used for the electrical measurements. A schematic image of the bending test is shown in Figure 4a.



The dynamic tests were performed using an LDS V201 shaker (Bruel&Kjaer, Nærum, Denmark). During the tests, the sample was rigidly mounted on the support plate and loaded by hitting the central part of the swingle (free from the connection point of the signal output wires). The striking area of the circular swingle is 5 cm2. During the tests, the voltage signal and the corresponding acceleration of the swingle strokes in the sample were measured and are schematically illustrated in Figure 4b. A Photon + oscilloscope card (Bruel&Kjaer, Nærum, Denmark) and the Delta Tron Type 4507 B 001Accelerometer (Bruel&Kjaer, Nærum, Denmark) were used. The impact cycle frequency was tested in the range of 3–2000 Hz. The maximum stress generated in a sample was 22.3 kPa.





3. Results and Discussion


Figure 5 shows the voltage graphs recorded during the non-destructive static bending of the specimen, at a constant bending rate of v = 10 mm/min, successively for increasing deflection values in the range of 0.5–3.0 mm.



The presented graph (Figure 5) consists of cyclically repeating signals corresponding to a single non-destructive bending of the sample. At the beginning of each measuring cycle, the sample is unloaded. The measurement begins with loading to a specified deflection, at a specified speed of the loading pin (bending rate). After loading, the sample is held under load (deflected) for 120 s. Then the sample is unloaded to its starting position and is allowed to discharge electrically (relaxation) until the voltage reaches 0. The loading-unloading cycle is illustrated in Figure 6.



Figure 7 shows voltage graphs for non-destructive static bending tests at a constant deflection of 3.0 mm and an increasingly higher bending rate over the range of 1–500 mm/min.



The obtained voltage results show 1.0 V for higher deformation at low speed (Figure 5) and about 1.5 V for high speeds (Figure 7), which are considered favorable for structural deformation applications. The voltage increases are distinct and repeatable. The obtained voltage level enables the potential use of these sensors in various applications related to the monitoring of structural deformation. The fact that the sample discharges with a large time constant, with appropriate signal processing, will allow one to determine the amplitude but and rate of deformation.



Increasing the obtained voltage increases the maximum deflection of the sample, which is in line with expectations. This results from an increased deformation of the nanowires filling the polymer matrix, which translates into a progressive piezoelectric effect [30]. It is more difficult to explain the issue of the voltage increase with the increase in the strain rate, with constant maximum deflection. The obtained effect is repeatable and irrefutable. However, there are no described phenomena in the literature that would allow this observation to be fully explained. Increasing the deformation rate of the sample is connected with increasing the internal mechanical resistance of the material that forms it, and by increasing the value of the elastic modulus [31,32] with increasing the stress. The nanowires, as an element filling the composite, should be treated as a continuous fibrous reinforcement. Assuming its good connection with the resin-matrix, it will receive the load by shear stresses, following the theory of composites [33,34], see Figure 8.



Increasing the strain rate is therefore definitely associated with increasing the stress in the nanowires during deformation, but without increasing the maximum achieved strain. At the same time, at a higher strain rate, a greater amount of energy will be introduced into the sample per unit time than at a lower speed as outlined in Figure 9.



Assuming a good connection between the matrix and the nanowires, we propose that the nanowires act as reinforcing elements of the composite structure and will create greater mechanical resistance against the external action, which by a specific mechanism transfers into the intensity of the generation of electric charges and the value of the generated voltage. Of course, the energy introduced to the sample by the testing machine at the material’s elastic strain range is theoretically fully returned when the material is unloaded. In practice, however, even during elastic (non-remaining) deformation, some of the energy dissipates, mainly as heat generated by internal friction of the material, but also to other effects such as electric energy generated by the piezoelectric effect. The observed influence of strain rate on the obtained voltage should be analyzed in more detail at the molecular level, as there is a dearth of information about this effect in the literature. This is beyond the scope of this study and will form part of a further molecular level study.



The trends of the obtained results are analogous to those obtained in the work [13] for sensors integrated in the laminate structure. On the other hand, when referring the obtained voltage values to the results of work [13], it should be stated that they are much higher. However, taking into account the size of the electrode surface (in this paper it is 40 cm2, and in paper [13] it was 6 cm2) and assuming that the signal value is proportional to it, the results obtained in the two studies are comparable for the selected similar conditions. This confirms the thesis that the thickness of the piezoelectrically active area does not affect the size of the generated signal in the tested type of sensors. This means that the electrical signal received by the electrode is generated in the subsurface areas adjacent to the electrode and no charge is displaced from deeper areas of the sensor. This is probably due to the relatively high specific resistance of cured resin used as a matrix in the nanocomposites. It also indicates that there are no significant nanoeffects related to conduction (inductive or tunnel) that could theoretically be expected in the nanocomposite, especially at a high concentration of nanocomponents [30,31].



There is one more effect observed during the tests that should be mentioned. When, after loading the sample, waiting, and then unloading, and another loading cycle was performed only after 50 s—before the sample was fully discharged—it was noticed that with each successive cycle the voltage value increased (voltage in fact decreased, but the absolute value increased)—Figure 10.



In Figure 10, we can observe that for consecutive cycles, this change of peak voltage is practically linear for several characteristic points of the plot. The recorded voltage “shifts” down with each successive cycle. It should be emphasized that this effect is reproducible. One assumes that this proposed sensor could serve as a structure monitoring system which warns the operator about unfavorable cyclic deformations repeated over undesirably short periods. The registration of exceeding a certain voltage value is much less complicated than the registration and analysis of periodically repeating signals.



The waveform of the voltage signal shows no significant influence on the viscoelasticity of the materials. The grid supporting structure spread across the entire sample volume is a thermoplastic polymer. Additionally, the nanocomposite consists of a cured polymer resin that exhibits a certain range of viscoelastic deformations that disappear over time [35,36]. Signal disturbances could be expected, mainly due to stress relaxation [32,33]. However, it is not possible to distinguish the voltage effects on the diagrams in Figure 5 and Figure 7 that would indicate the effect of viscoelasticity.



Comparison of the sensor with other competitive ones is not simple task, because of specific load conditions—the signal was obtained in bending tests under the conditions of variable stress in the cross-section, according to the theory of beam bending [37]. The value of tensile and compressive stress at the maximum applied deflection was continuously variable from 0 to approximately 8.5 MPa (average 4.25 MPa). This produced close to1.5V voltage. For comparison, a quartz piezoelectric sensor at a pressure of approximately 5.5 MPa gives a signal of 1.8 V [38]. Precise load sensor with a sandwich structure,-based mainly on PZT (lead zirconatetitanate) and quartz, planned among others for medical applications, was described in [39]. It shows 11.5 mV at a pressure of 30 kPa. Converting proportionally, this structure would give 1.7V at a pressure comparable to ours. It should also be emphasized that the surface area of the electrodes used in the study referred to was smaller than in our case. This means that the structure used in [39] results in an approximately comparable output signal as the nanocomposite tested in this study. Of course, a more reliable comparison of the tested nanocomposite with competing piezoelectrics will be the subject of further research. The SbSI nanowires have been compared with other piezoelectric materials in several former studies (e.g., [29,40]).



The manufactured sample was also tested under cyclical dynamic loads, with the use of a shaker. A graph showing a series of measurements conducted at a frequency of 60 Hz (optimally determined in the initial tests) is shown in Figure 11a. Figure 11b shows the peak-to-peak voltage normalized by the acceleration of the piezoelectric nanosensor for miscellaneous excitation frequencies.



Under dynamic conditions, the sample shows a significant voltage signal. However, no signal overlap is observed (as in Figure 10). This is likely due to the part of the sample subjected to deformation is smaller here than in the non-destructive bending tests. This results in a much faster piezoelectric response and a shorter time needed to discharge the generated charge. It can be seen that the highest sensitivity of the sample occurs for frequencies lower than 200 Hz, reaching 2.5 × 10−3 Vs2/m. This is essential for the construction of usable devices for failure structure monitoring.



It should be emphasized that the tested sample did not suffer any damage or any permanent deformations, despite the numerous static and dynamic tests. The created structure combining a grid printed from thermoplastic material and the nanocomposite based on epoxy resin is a highly promising solution for sensors with a complex shape. The behavior at low/high temperatures, resistance to abrasive wear, and the impact resistance of the nanocomposite sensors on printed grids will be the subject of further research.



The concept of current conduction in non-metallic nanocomposites remains a problem. In the case of a mixture of a nano-semiconductor with a non-conductive substance (such as a polymer resin), the current generation effect is probably limited to areas near the connecting surface of such a nanocomposite which have the signal receiving electrode. This means that the tangential stresses resulting from shear [34] are of greater importance for the signal generation at the sensor placed in the bending beam, compared to normal stresses. The influence of the loading arrangement of the sensor on the generated electric signal will be the subject of further research. The results of this research will expand our knowledge about the applicability of the epoxy-SbSI-based sensors.




4. Conclusions


A sample containing a nanocomposite of epoxy resin with SbSI nanowires, cast to a thermoplastic grid printed using the FDM method, was tested by piezoelectric excitation tests. The obtained results allowed us to draw the following conclusions:




	
Thermoplastic grid printed using the FDM method works well as a load-bearing structure for an epoxy resin composite containing SbSI nanowires. This provides the desired shape with appropriate stiffness and elasticity, and at the same time susceptibility to introduced deformation. This method may turn out to be a way of forming sensors with a wide spectrum of shapes, enabling a wide application; however, this aspect requires further research.



	
The voltage signal obtained in the tested sample, as a result of the piezoelectric effect, reaches a level of 1.5 V over a range of elastic (non-remaining) deformations of the material and is sufficient for potential application in sensor systems.



	
The sample showed a very clear piezoelectric effect. The voltage above 0.5 V was obtained under dynamic loading conditions at maximum stress of 22.3 kPa. This is particularly suitable for monitoring structures subjected to deformations with a frequency up to 200 Hz.



	
In the case of repeated static loads with a frequency that prevents the sample from being discharged after each cycle, the effect of a systematic increase in the voltage signal with subsequent cycles was observed. This effect is reproducible and predictable. It enables the potential use of sensors similar to the one tested in systems monitoring structures exposed to unfavorable cyclical loads.



	
Comparing the obtained results to previous research work, it should be stated that the thickness of the sensor has a small, disproportionate effect on the strength of the signal obtained, which supports the thesis that the piezoelectric signal in sensors of this type is generated in areas near the surface at the nanocomposite contacts with the electrodes.












Author Contributions


M.K. and P.O. developed a concept; P.S. and M.J. developed methodology; B.T., P.S. and M.J. performed a validation of the results; M.K. performed formal analysis; B.T., P.S. and M.K. performed an investigation procedure; B.T. performed a data curation; M.K. performed writing—original draft preparation; B.T., P.S. and M.J. performed writing—review and editing. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by SILESIAN UNIVERSITY OF TECHNOLOGY, grant numbers: 11/030/BK_20/0285, 827/RN2/RR4/2018, 14/990/RGJ20/0133, 14/990/RGJ19/0116 and 14/990/RGJ20/0135. The APC was funded by SILESIAN UNIVERSITY OF TECHNOLOGY, FACULTY OF MATERIALS ENGINEERING, DEPARTMENT OF ADVANCED MATERIALS AND TECHNOLOGIES within the statutory research fund number 11/030/BK_20/0285.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Gomez, J.; Zubia, J.; Aranguren, G.; Arrue, J.; Poisel, H.; Saez, I. Comparing polymer optical fiber, fiber Bragg grating, and traditional strain gauge for aircraft structural health monitoring. Appl. Opt. 2009, 48, 1436–1443. [Google Scholar] [CrossRef]

	



Neild, S.A.; Williams, M.S.; McFadden, P.D. Development of a vibrating wire strain gauge for measuring small strains in concrete beams. Strain 2005, 41, 3–9. [Google Scholar] [CrossRef]

	



Durana, G.; Kirchhof, M.; Luber, M.; Saez de Ocariz, I.; Poisel, H.; Zubia, J.; Vazquez, C. Use of a novel fiber optical strain sensor for monitoring the vertical deflection of an aircraft flap. IEEE Sens. J. 2009, 9, 1219–1225. [Google Scholar] [CrossRef]

	



Fiorillo, A.S.; Critello, C.D.; Pullano, S.A. Theory, technology and applications of piezoresistive sensors: A review. Sens. Actuat. A-Phys. 2018, 281, 156–175. [Google Scholar] [CrossRef]

	



Dziendzikowski, M.; Niedbala, P.; Kurnyta, A.; Kowalczyk, K.; Dragan, K. Structural health monitoring of a composite panel based on PZT sensors and a transfer impedance framework. Sensors 2018, 18, 1521. [Google Scholar] [CrossRef] [PubMed]

	



Figlus, T.; Stanczyk, M. Diagnosis of the wear of gears in the gearbox using the wavelet packet transform. Metalurgija 2014, 53, 673–676. [Google Scholar]

	



Figlus, T.; Stanczyk, M. A method for detecting damage to rolling bearings in toothed gears of processing lines. Metalurgija 2016, 55, 75–78. [Google Scholar]

	



Hunt, S.R.; Hebden, I.G. Validation of the Eurofighter Typhoon structural health and usage monitoring system. Smart Mater. Struct. 2001, 10, 497–503. [Google Scholar] [CrossRef]

	



Wrobel, G.; Szymiczek, M.; Kaczmarczyk, J. Influence of the structure and number of reinforcement layers on the stress state in the shells of tanks and pressure pipes. Mech. Compos. Mater. 2017, 53, 165–178. [Google Scholar] [CrossRef]

	



Bellini, C.; Sorrentino, L. Analysis of cure induced deformation of CFRP U-shaped laminates. Compos. Struct. 2018, 197, 1–9. [Google Scholar] [CrossRef]

	



Sorrentino, L.; Esposito, L.; Bellin, C. A new methodology to evaluate the influence of curing overheating on the mechanical properties of thick FRP laminates. Compos. Part B-Eng. 2017, 109, 187–196. [Google Scholar] [CrossRef]

	



Thomsen, O.T. Sandwich plates with ‘through-the-thickness’ and ‘fully potted’ inserts: Evaluation of differences in structural performance. Compos. Struct. 1997, 40, 159–174. [Google Scholar] [CrossRef]

	



Kozioł, M.; Toroń, B.; Szperlich, P.; Jesionek, M. Fabrication of a piezoelectric strain sensor based on SbSI nanowires as a structural element of a FRP laminate. Compos. Part B-Eng. 2019, 157, 58–65. [Google Scholar] [CrossRef]

	



Dydek, K.; Latko-Duralek, P.; Boczkowska, A.; Salacinski, M.; Kozera, R. Carbon Fiber Reinforced Polymers modified with thermoplastic nonwovens containing multi-walled carbon nanotubes. Compos. Sci. Technol. 2019, 173, 110–117. [Google Scholar] [CrossRef]

	



Mucha, M.; Krzyzak, A.; Kosicka, E.; Coy, E.; Koscinski, M.; Sterzyński, T.; Salacinski, M. Effect of MWCNTs on Wear Behavior of Epoxy Resin for Aircraft Applications. Materials 2020, 13, 2696. [Google Scholar] [CrossRef]

	



Rozylo, P. A study of failure analysis of composite profile with open cross-section under axial compression. Compos. Theory Pract. 2018, 18, 210–216. [Google Scholar]

	



Klasztorny, M.; Nycz, D.B.; Zając, K.P. Enhanced modelling and numerical testing of GFRP composite box beam with adhesive joints. Compos. Theory Pract. 2018, 18, 217–226. [Google Scholar]

	



Kim, K.; Park, J.; Suh, J.-H.; Kim, M.; Jeong, Y.; Park, I. 3D printing of multiaxial force sensors using carbon nanotube (CNT)/thermoplastic polyurethane (TPU) filaments. Sens. Actuat. A-Phys. 2017, 263, 493–500. [Google Scholar] [CrossRef]

	



Christ, J.F.; Aliheidari, N.; Ameli, A.; Potschke, P. 3D printed highly elastic strain sensors of multiwalled carbon nanotube/thermoplastic polyurethane nanocomposites. Mater. Des. 2017, 131, 394–401. [Google Scholar] [CrossRef]

	



Sbriglia, L.R.; Baker, A.M.; Thompson, J.M.; Morgan, R.V.; Wachtor, A.J.; Bernardin, J.D. Embedding Sensors in FDM Plastic Parts During Additive Manufacturing. In Topics in Modal Analysis & Testing, Proceedings of Conference Proceedings of the Society for Experimental Mechanics Series, Orlando, FL, USA, 25–28 January 2016; Mains, M., Ed.; Springer: Cham, Germany, 2016; Volume 10, pp. 205–214. [Google Scholar]

	



Dijkshoorn, A.; Werkman, P.; Welleweerd, M.; Wolterink, G.; Eijking, B.; Delamare, J.; Sanders, R.; Krijnen, G.J.M. Embedded sensing: Integrating sensors in 3-D printedstructures. JSSS 2018, 7, 169–181. [Google Scholar] [CrossRef]

	



Nowak, M.; Szperlich, P.; Bober, Ł.; Szala, J.; Moskal, G.; Stróż, D. Sonochemical preparation of SbSIgel. Ultrason. Sonochem. 2008, 15, 709–716. [Google Scholar] [CrossRef] [PubMed]

	



Nowak, M.; Szperlich, P. Method for the obtaining of semiconductor compound consisting of the atoms belonging to group V, group VI and group VII of the periodic system and physical form of this compound, and of the SbSI antimony iodosulphide in particular. PL Patent No. 209058, 25 February 2011. [Google Scholar]

	



Grekov, A.A.; Danilova, S.P.; Zaks, P.L.; Kulieva, V.V.; Rubanov, L.A.; Syrkin, L.N.; Chekhunova, N.P.; El’gard, A.M. Piezoelectric elements made from antimony sulphoiodide crystals. Akust. Zhurnal 1973, 19, 622–623. [Google Scholar]

	



Jordan, T.L.; Ounaies, Z. Characterization of Piezoelectric Ceramic Materials. In Encyclopedia of Smart Materials; Schwartz, M., Ed.; Wiley Online Library: Hoboken, NJ, USA, 2002. [Google Scholar]

	



Talarczyk, E. Podstawy Techniki Ultradźwięków (Basics of the Ultrasound Technique); Publising house of Wrocław University of Science and Technology: Wrocław, Poland, 1990. [Google Scholar]

	



Schaefer, A.; Schmitt, H.; Dorr, A. Elastic and piezoelectric coefficients of TSSG barium titanate single crystals. Ferroelectrics 1986, 69, 253–266. [Google Scholar] [CrossRef]

	



Chatys, R.; Piernik, K. Influence of scale effect and time on strength properties of polymer composite made by vacuum method. Compos. Theory Pract. 2018, 18, 103–109. [Google Scholar]

	



Toroń, B.; Nowak, M.; Kępińska, M.; Grabowski, A.; Szala, J.; Szperlich, P.; Malka, I.; Rzychoń, T. A new heterostructures fabrication technique and properties of produced SbSI/Sb2S3 heterostructures. Opt. Laser. Eng. 2014, 55, 232–236. [Google Scholar] [CrossRef]

	



Rupitsch, S.J. Piezoelectric Sensors and Actuators—Fundamentals and Applications; Springer: Berlin/Heidelberg, Germany, 2019. [Google Scholar]

	



Hussein, M. Effects of strain rate and temperature on the mechanical behavior of carbon black reinforced elastomers based on butyl rubber and high molecular weight polyethylene. Results Phys. 2018, 9, 511–517. [Google Scholar] [CrossRef]

	



Jacob, G.C.; Starbuck, J.M.; Fellers, J.F.; Simunovic, S.; Boeman, R.G. Strain rate effects on the mechanical properties of polymer composite materials. Appl. Polym. 2004, 94, 296–301. [Google Scholar] [CrossRef]

	



Hyla, I.; Sleziona, J. Kompozyty Elementy Mechanikii Projektowania; Publishing house of Silesian University of Technology: Gliwice, Poland, 2004. [Google Scholar]

	



Jones, R.M. Mechanics of Composite Materials; Taylor and Francis: New York, NY, USA, 1999. [Google Scholar]

	



Shaw, M.T.; MacKnight, W.J. Introduction to Polymer Viscoelasticity, 3rd ed.; John Wiley & Sons: Hoboken, NJ, USA, 2005. [Google Scholar]

	



Klasztorny, M.; Nycz, D.B.; Bogusz, P. Rheological effects in in-plane shear test and in-plane shear reep test on glass-vinyl-ester lamina. Compos. Theory Pract. 2016, 20, 35–42. [Google Scholar]

	



Dyląg, Z.; Jakubowicz, A.; Orłoś, Z. Wytrzymalość Materiałów Vol. I; WNT: Warszawa, Poland, 1999. [Google Scholar]

	



Zhang, Z.H.; Kan, J.W.; Yu, X.C.; Wang, S.Y.; Ma, J.J.; Cao, Z.X. Sensitivity enhancement of piezoelectric force sensors by using multiple piezoelectric effects. AIP Adv. 2016, 6, 075320. [Google Scholar] [CrossRef]

	



Lee, J.; Choi, W.; Yoo, Y.K.; Hwang, K.S.; Lee, S.-M.; Kang, S.; Kim, J.; Lee, J.H. A micro-fabricated force sensor using an all thin film 38 piezoelectric active sensor. Sensors 2014, 14, 22199–22207. [Google Scholar] [CrossRef]

	



Toroń, B.; Szperlich, P.; Nowak, M.; Stróż, D.; Rzychoń, T. Novel piezoelectric paper based on SbSI nanowires. Cellulose 2017, 25, 7–15. [Google Scholar] [CrossRef]








[image: Materials 13 05281 g001 550] 





Figure 1. The printed grid: (a) a scheme of the arrangement of paths in a single “cell” of the printout, (b) an exemplary printed grid with dimensions of 150 × 50 mm. 
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Figure 2. The SEM micrographs (a,b) and EDS spectrum (c) of SbSI nanowires—the inset table shows the atomic concentrations of elements, (d,e) SEM micrographs of the obtained nanocomposite of epoxy resin with SbSI nanowires. 
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Figure 3. The prepared sample of the piezoelectric composite applied to the PLA grid core: (a) a front-view cross-section schema showing the arrangement of the individual elements on the sample surface; 1—the piezoelectric composite on the grid core, 2—silver electrode, 3—copper wire outputting a signal, 4—electrode-wire connection point, and 5—external PVC securing tape, (b) a photo of atop of the sample before securing it with PVC tape. 
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Figure 4. The scheme of: (a) measuring the voltage signal during static non-destructive bending of the sample; (b) experimental set-up of the dynamic tests with the use of a shaker. 






Figure 4. The scheme of: (a) measuring the voltage signal during static non-destructive bending of the sample; (b) experimental set-up of the dynamic tests with the use of a shaker.



[image: Materials 13 05281 g004]







[image: Materials 13 05281 g005 550] 





Figure 5. Voltage diagrams obtained during the non-destructive static bending tests at a constant bending rate 10 mm/min, and with a variable deflection of 0.5–3.0 mm. 
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Figure 6. Explanation of the single voltage course and corresponding loading-unloading cycle for non-destructive static bending of the specimen: F—load, f—deflection, fi—assumed value of deflection, Fi—a load value corresponding with the fi value (within the elastic conditions a load is directly proportional to a deflection). 
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Figure 7. Voltage diagrams obtained during the non-destructive static bending tests at a constant deflection of 3.0 mm, with a variable bending rate of 1–500 mm/min. 
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Figure 8. Nanowires as a continuous reinforcing element receiving the load from the matrix through tangential stresses; τ: 1—matrix (cured resin), and 2—nanowire connected to the matrix. 
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Figure 9. Schematic illustration of the influence of the strain rate on the resistance energy of a loaded material: 1—F-Δl curve for a brittle and rigid (without plastic deformation) material loaded with a high strain rate, 2—F-Δl curve for a similar sample of the same material loaded with a lower strain rate; A—the energy of destruction of a sample deformed at a higher speed, B—energy of destruction of a sample deformed at a lower speed; part A—deformation energy of the sample deformed at a higher speed on the displacement section limited by a value of a, part B—strain energy of a sample deformed at a lower speed over the displacement distance limited by a value of a. 
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Figure 10. Voltage diagrams obtained during non-destructive static bending tests without waiting for sample discharge (deflection of 3.0 mm, bending rate of 50 mm/min). 
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Figure 11. Dynamic loading tests using a shaker with acceleration and generated voltage at a frequency of 60 Hz (a), and the frequency response sensitivity of the nanosensor (b). 
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Table 1. Comparison of piezoelectric properties of SbSI and other materials: d33—piezoelectric coefficient, k33—electromechanical coupling factor (into “33” direction).
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	Material
	d33

[pC/N]
	k33





	SbSIsingle crystal
	1000 [24]
	0.9 [24]



	PZT-5
	375 [25]
	0.61 [25]



	95% BaTiO3

5% CaTiO3
	149 [26]
	0.48 [26]



	BaTiO3
	73 [27]
	0.52 [27]



	LiNbO3
	6 [25]
	0.17 [25]



	Quartz
	2.0 (d11) [26]
	0.09 [26]
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