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Abstract

:

Industry 4.0 has radically been transforming the production processes and systems with the adoption of enabling technologies, such as Internet of things (IoT), big data, additive manufacturing (AM), and cloud computing. In this context, sensors are essential to extract information about production, spare parts, equipment health, and environmental conditions necessary for improving many aspects of industrial processes (flexibility, efficiency, costs, etc.). Sensors should be placed everywhere (on machines, smart devices, objects, and tools) inside the factory to monitor in real-time physical quantities such as temperature, vibrations, deformations that could affect the production. Printed electronics (PE) offers techniques to produce unconventional sensor and systems or to make conventional objects “smart”. This work aims to analyze innovative PE technologies—inkjet printing and aerosol jet printing in combination with photonic curing—as manufacturing technologies for electronics and sensors to be integrated into objects, showing a series of sensors fabricated by PE as applications that will be adopted for smart objects and Industry 4.0.
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1. Introduction


In recent years, Industry 4.0 (I4.0) paradigms have started a transformation process of the traditional manufacturing systems into smart factories thanks to a series of innovations and technologies able to connect objects, machines, tools, and workers. Smart factories focus on flexibility, quality, efficiency, and predictability of the production through the adoption of enabling technologies, such as big data, Internet of things (IoT), additive manufacturing (AM), and cloud computing [1]. Big data and machine learning (ML) allow to manage a large amount of real-time data generated in the smart factory and to support decisions on the industrial processes for improving productivity; this contributes to reduced costs [1] and operator workload [2], and to speed up the decision process and improve the production [3,4].



In a smart factory, traditional machines become context-aware devices [5], and the environment is enriched with networked sensors (indoor positioning systems, cameras, etc.) to enable the interaction with operators [6]. Therefore, measuring different physical quantities (temperature, humidity, vibrations, mechanical deformations, angular velocity, etc.) that can affect the production process is essential for I4.0 to improve the quality of the final product [7] and the safety of the workers. Industrial IoT (IIoT), a network of intelligent industrial smart objects and devices, contributes to achieving a high production rate with limited operational costs and efficient control of processes, assets, and operational time through real-time monitoring [8]. A new class of devices called “smart objects” contributes to controlling not only the smart factory but also the external environment. In this scenario, traditional tools and objects involved in the industrial processes are equipped with sensors, electronics, and proper communication protocols to sense and measure, collect and exchange data with other devices or users, who can remotely supervise the industrial systems through existing networks. For example, in [9], a safety helmet for the mining industry was made smart by the integration of off-the-shelf sensors and electronics on the helmet. The smart helmet was designed to monitor climate changes and hazardous events (temperature, humidity, gas, removal helmet of the miner) and alert the room center. Besides the advantages, bulk electronics significantly affected comfort and usage.



Maintenance, repair, and operations (MRO) of parts inventory and predictive maintenance (PdM), typical applications within I4.0, can benefit from the integration of sensors on the equipment (consumables, maintenance supplies, spare parts, and machines) involved in the process (mechanical processing, chemical plants, energy production) to predict failures. These strategies aim to reduce maintenance and repair costs, extend equipment lifecycle and guarantee worker safety with targeted actions and less waiting times. Additionally in PdM, smart objects can help to predict failure events of the machine [10]; for example, piezoelectric sensors can be successfully adopted for real-time monitoring of mechanical strength in metallic structures due to their load and strain sensing accuracy, low power consumption, and low cost [11], while strain gauges could detect tool deterioration and damage through the measurement of the mechanical stress and strain in the tool. Applicative examples can be considered in different industrial contexts, such as the oil sector [12], metallurgic industry [13], and industrial machinery [14].



The real-time monitoring of the health of machines and operators is performed by measuring different physical quantities and often requires technological advances or custom-made sensors to make tools and objects “smart”, connected in real-time to the industrial network [15]. Printed electronics (PE) offers innovative technologies to make objects “smart” by fabricating new sensors and electronics according to the specific context and application. PE is also attractive for low production costs, flexibility in the design, and a high variety of materials. For example, printed sensors on flexible surfaces could be intended for harsh environments (extreme temperatures, corrosive, or hazardous substances, etc.) [16] or to be mounted on the challenging area due to the size of the components involved (turning, milling, and other mechanical tools). Furthermore, PE includes technologies able to fabricate electronics directly onto objects, without installation, assembly, or any surface modification (cleaning, scratching, gluing, etc.). This capability to manufacture fully-functioning sensors and circuits on 3D objects, without any kind of dimensional changing, will afford unprecedented scalability, miniaturization, and conformability (with great attention to materials compatibility), increasing the functionality of new products [17]. Finally, PE can be easily integrated into the process flow of additive manufacturing technologies to produce smart prototypes and objects [18]. Indeed, AM, known as 3D printing, includes promising technologies for I4.0 to quickly produce aids, functional prototypes, and even items not available on the market [19], and PE makes these products “smart” by fabricating electronics for them.



Among PE technologies, inkjet printing (IJP) and aerosol jet printing (AJP) seems to fit well in such a kind of context. IJP is a digital non-contact writing technique using liquid materials in small droplets deposited onto the substrate according to a computer-aided design (CAD) file. There are three distinct IJP technologies: continuous, thermal drop-on-demand (DOD), and piezoelectric DOD inkjet printing. In the piezoelectric DOD inkjet, the most used IJP method for PE, a piezoelectric actuator generates the pressure pulse in the fluid to force out the droplets from the nozzle [20,21,22]. Compared to other technologies, IJP can be used in different configurations from desktop printers to high precision systems that use multiple nozzles simultaneously in combination with techniques for printing support material for PCB prototyping. For example, Nano Dimension developed a system based on an inkjet printer and optimized 3D software to print electronic circuits [23]. AJP is a material jetting additive manufacturing technique, consisting of an aerodynamic focusing process of liquid particles (without using masks) that are accurately deposited onto different kinds of substrates placed under the exit nozzle. AJP overcomes some typical IJP defects, such as nozzles clogging, the coffee-ring effect of droplets, limited inks viscosity range. Unlike most printed technologies (included IJP), AJP can also print on non-planar substrates and 3D complex surfaces, allowing (1) the realization of custom sensors and electronics on any kind of surface in a controlled manner [24,25], (2) the fast fabrication of smart devices on ready-to-use objects, and (3) easier wiring and interconnections between circuits, avoiding the use of wires and glue [26,27].



In light of this, the aim of this work is to analyze the opportunities of PE, specifically, IJP and AJP also combined with flash lamp annealing (FLA). FLA, known also as photonic curing, uses xenon flash lamps to generate a light pulse that radiates energy toward the sample, especially the ink for the curing [28]. The curing process is essential to remove solvents and other additives and to obtain the best performance of the printed ink (adhesion, electrical properties, etc.). Unlike traditional oven processing, FLA is a promising technique to heat to high temperature thin films deposited on low-melting-point substrates (such as some plastics, fabrics, paper-based materials, etc.) without damage. Section 2 will define typical architectures for smart objects, Section 3 will present some sensors (piezoelectric sensors, strain gauges, and temperature sensors) developed through the above-mentioned technologies, while Section 4 will discuss the technologies making a comparison and defining possible future perspectives.




2. Smart Object Architectures


An everyday object that embeds sensors, electronics, and net protocols could be transformed into a smart object [29]. For example, a gas knob was transformed into a smart object with the additional functions of detecting the motion of the knob (on-off) and transmitting these data to a server via the WiFi module [30]. A smart object is an object that preserves the function for which it was created, and it can perceive changes in specific physical quantities (temperature, humidity, mechanical deformations, etc.) through its sensors and to elaborate information starting from sensor measurements. The elaborated information can be used by the smart object to make decisions autonomously or can be sent to other objects, devices, or users [3]. The shared data can be delivered to the cloud server, and data mining and machine learning algorithms can exploit this information to performing diagnosis, optimize and reconfigure intelligent product lines [31,32]. A typical smart object can exchange data wirelessly and no cabled lines (for example, main power supply) are required to supply the electronics, therefore no cables and wires run across the factory/environment to supply or to communicate with the smart object.



According to their architecture, smart objects can be classified into active or passive smart objects. Active smart objects require an internal energy source to supply its electronics, while passive smart objects use passive elements to be interrogated wirelessly by an external readout unit.



A typical block diagram of an active smart object is shown in Figure 1a. It contains:




	
Sensor(s): one or more sensing elements react to specific changes.



	
Sensor interface: analog and digital circuits read and pre-elaborate the sensor output.








Processing unit: a microcontroller (MCU) or other programmable chip solutions transform the sensor measurement into a piece of digital information ready to be stored or shared over the network. The processing unit can make decisions according to its internal status and the sensor output, it sends or stores information autonomously, as well as it can interact with other objects, devices, and users if a user interface is implemented on the smart object.



	
Wireless transceiver: this block includes an antenna and the protocol to communicate with the network through the gateway. The cloud/Internet block connects smart objects, devices, users, machines, and the industrial control system, and allows to access and store data.



	
Power Unit: this block includes an internal power supply (battery, energy storage unit, etc.) and the power management unit to store, control, and distribute the electrical power to the electronic parts.






The processing unit and the power management unit also monitor the internal status (battery level, energy consumption, etc.) of the smart object and they may detect and manage fault conditions [33]. Batteries are the typical power source that supplies sensors and electronics. Battery-powered systems are affected by maintenance issues related to regular battery replacement or charging, as well as by a decrease in rechargeable battery life. Energy harvesting is a valid alternative to the batteries since it can reduce maintenance issues related to the battery replacement, sometimes without compromising the final weight and exploiting wasted energy present in the environment (thermal energy, kinetic energy, solar power, etc.) [34]. Despite the small levels of power in the nW–mW range [35], the power harvesting system can be properly designed to support smart objects, considering that low power consumption is one of the main requirements of smart objects. For example, in [36], a self-powered smartwatch for continuous sweat glucose monitoring was designed to be supported by the harvested/converted solar energy without external charging.



Smart objects can transfer data, communicate with other devices connected to the same network through various protocols/technologies such as cellular technology (GSM/3G/4G) [37], WiFi [38], Bluetooth Low Energy (BLE) [39] and ZigBee [40].



Passive smart objects may represent a viable solution when the measurement elaboration should be demanded externally due to application constraints. The object is equipped with a passive sensor and other passive components, and it requires an external readout unit for the acquisition and the processing of the sensor measurements. The typical block diagram of a passive smart object is depicted in Figure 1b. The smart object measures the changes in a specific physical quantity and the readout unit acquires these measurements and performs other tasks like the active smart object. This particular telemetric system uses passive wireless communication, exploiting an electric-magnetic [41], optic or acoustic link [42]. For example, in [41], the resistance of a temperature sensor was read by using two inductors, one connected to the sensor and the other to the readout unit. The resistance change of the temperature sensor induces a change in the impedance of the inductor of the readout unit. This type of telemetric system does not require any battery or power supply for the passive smart object, which can be placed easily inside a harsh or hermetic environment, but the distance between the two inductors has to be lower than a few centimeters. A telemetric system was successfully adopted for monitoring hermetic or inaccessible environments, such as furnaces [43] or pipes of the heating plant [41]. In the case of the telemetric device, the readout unit also acts as a bridge between the passive device and the factory network.




3. Sensors for Smart Object by Inkjet and Aerosol Jet Printing


In this section, some examples of printed sensors fabricated through IJP and AJP were reported: (1) printed piezoelectric sensors obtained by using AJP were designed for active smart objects; (2) strain sensors fabricated by IJP and AJP were proposed for passive and active smart objects; (3) temperature sensors were fabricated by AJP for active and passive smart objects. The proposed sensors could be used to measure vibrations, mechanical deformation, or temperature that could affect the production process in the industrial field.



3.1. Printed Piezoelectric Sensors for Active Smart Object


Axial and shear load sensors (Figure 2a) were obtained by depositing a piezoelectric layer based on lead-zirconate-titanate (PZT) ink with aerosol jet printing [44]. Figure 2a shows the loading direction for both sensors. The ink was obtained by combining APC 850 PZT powder (30%), deionized water (49.6%), ethylene glycol (12.4%) with two dispersants, DisperBYK-180 (5%) and polyvinylpyrrolidone (3%) to improve the ink adhesion onto the substrate. Alumina substrates were selected since they can withstand high temperatures under the curing process. Figure 2b summarized the fabrication process adopted for axial and shear load sensors, which differ for electrodes geometry. Bottom electrodes were made of conductive silver-palladium paste, deposited by screen printing. The deposited ink was firstly dried at 150 °C for 10 min and then sintered at 950 °C for 30 min. Custom piezoelectric ink was then deposited by AJP. Two consecutive crossed depositions were made for a total of ten passes interspersed with drying in an oven at 200 °C for 2 h, while the final sintering step was realized in an IR oven at 850 °C for 1 h. The printed PZT area was 3 mm × 3 mm. Top electrodes were printed and cured as described for the first electrodes. After the production step, the poling phase was performed at 500 V for 30 min in the oven at 150 °C; then, the oven was switched off and cooled down maintaining the voltage for 40 min. The voltage was applied across the thickness for axial sensors and between the two bottom electrodes for shear sensors, as shown in Figure 2b (on the bottom). d33 is of particular significance in axial sensors because it represents the ratio between the induced polarization (parallel to the direction in which PZT element is polarized) per unit stress applied in the same direction; instead, d15 is the most relevant one in shear sensors, because it represents the ratio between the induced polarization (perpendicular to the direction in which PZT element is polarized) per unit stress applied in the direction perpendicular to the induced polarization and perpendicular to the direction in which PZT element was polarized. The two bottom electrodes of the shear sensors were then shorted to increase the area of the bottom electrode. To properly characterize shear sensors, an alumina layer was glued on the top electrode of each shear sensor as shown in Figure 2a (on the bottom). The final devices are shown in Figure 2c.



Crosshatch ink adhesion tape test, described in the standard ISO 4624:2016 [45], confirmed the good adhesion of the inks to underlying printed layers and alumina.



The thickness of PZT and the final device measured by an optical profilometer (Profilm3D, Filmetrics) were 100 and 270 µm, respectively.



The piezoelectric coefficients d33 and d15 were obtained by d33 m (YE 2730 A, APC Products) and electrical capacitance (between the bottom and top electrode) by impedance/gain-phase analyzer (HP 4194A, Hewlett Packard). The mean capacitance was calculated by averaging the capacitance of five sensors measured in the range of 100 Hz to 1 MHz. The axial sensors showed a mean capacitance of (14.9 ± 6.0) pF and a mean d33 coefficient of (65 ± 21) pC N−1, with a maximum value of 101 pC N−1, far from what declared by the manufacturer of the powder (d33 = 400 pC N−1) due to different production processes. Shear sensors showed a mean capacitance of (1.8 ± 0.5) pF and a mean piezoelectric coefficient of (5.5 ± 1.6) pC N−1. The capacitance of the shear sensors is lower than one of the axial sensors due to the different poling method and the geometry of the bottom electrode.



The proposed PZT sensors can be fabricated on active smart objects, if the support materials are compatible with the curing temperature, leveraging the power of AJP.




3.2. Strain Gauge Printed by IJP for Active and Passive Smart Object


A strain gauge was fabricated by depositing a conducting polymer poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) ink on a polyimide foil (25 μm of thickness) by ultralow-cost inkjet printer (Epson XP205). The fabrication method is shown in Figure 3 and it was described in [46].



PEDOT:PSS strips and tracks fabricated by inkjet printing can be modeled as an ideal resistor, as proved in [46]. PEDOT:PSS is highly conductive, environmentally friendly, biocompatible, and mechanically flexible. Polyimide is often used as a substrate due to the wide range of working temperatures and the stability to environmental factors. Due to the hydrophobic behavior of polyimide, the substrate was cleaned with ethanol and its surface was modified by plasma treatment under the oxygen atmosphere before deposition. The deposition process was repeated five times to reach the desired resistance (68 kΩ). The printed sensor was then dried at 130 °C for 6 min and wires were glued to the electrical contacts with conductive epoxy glue. The final sensor is shown in Figure 4a. Crosshatch ink adhesion tape test confirmed the effectiveness of the plasma treatment for the adhesion of PEDOT:PSS to polyimide.



To find the strain–resistance curve of the strain gauge (Figure 4b), both ends of the strain sensor were fixed to an electromechanical dynamometer (Instron, model3366), equipped with a 500 N load cell and screw-type grips. The tensile configuration of the dynamometer induced and measured a uniaxial deformation (parallel to the length direction) of the sensor, and the electrical resistance was measured by HP34401 multimeter using 4-wire configuration. A silver paste (DuPont 5028) was deposited on the sensor pads for the electrical contact between the wires and the sensor. As shown in Figure 4b, the strain-resistance is not linear but could be approximated by a second-order line (dashed, line). With respect to silver-based strain gauges, the sensitivity and the strain limit of the PEDOT:PSS-based sensors are higher due to the electrical and mechanical properties. Indeed, the conduction pathways within each grain occur differently with respect to the nanoparticle silver.



The proposed sensor can be easily used on an active smart object or it can be connected to an inductor and interrogated through the telemetric techniques proposed in [47,48]. For example, in [48], a printed system (strain gauge and inductor) was used to detect the deformation induced in the printed strain sensor, and the deformation was easily derived by measuring the change in phase of the impedance of the passive telemetric system at which the sensor was connected.




3.3. Strain Gauge Printed by AJP for Passive and Active Smart Devices


Strain sensors were also fabricated on 3D plastic surfaces by AJP and FLA. Figure 5 shows schematically the method for fabricating a strain gauge sensor and conductive tracks directly onto a PVC tube. The 2D model of the designed pattern was drawn with CAD design tools and it was used by the AJP software to control the 3D movements of the platen and the printhead. After cleaning the surface with ethanol, the pattern was printed onto the surface fixed to the moving platen by using the AJP technology. The printing process was repeated two times to reach the desired thickness and resistance. Then, the printed device was dried at room temperature for 30 min and it was put inside the FLA machine to sinter the deposited ink. Finally, an epoxy conductive paste was used to create the electrical contact between the printed pad and the wire. The fabrication method was also described in [49].



The method can be adapted to print various patterns (even complex) onto various 3D surfaces, even on surface slopes up to 90 degrees by tilting the nozzle head [50]. To test the fabrication method, a serpentine pattern was fabricated with the proposed method onto different surfaces and plastic materials: polylactic acid (PLA), a typical material used in additive manufacturing to develop prototypes, polypropylene and soft PVC. Figure 6a shows a surface in PLA, a combination of square pyramids (1.5 mm × 1.5 mm × 0.5 mm). The printed serpentine was printed on a lid of 54 mm diameter in polypropylene (Figure 6b) and on a PVC conduit of 20 mm diameter (Figure 6c). The printing process was repeated two times before the curing process. Crosshatch ink adhesion tape test confirmed the adhesion of silver ink to plastics.



Finally, the sensor printed on the 400-mm long PVC tube (Figure 6c) was tested as a strain gauge sensor. The thickness and the width of the printed tracks resulted in 13 μm and 120 μm, respectively, by measuring the profile with the optical profilometer Profilm3D. The output was compared with an off-the-shelf strain gauge (commercialized by RS PRO and 2 mm long) under tensile conditions, and the PVC conduit was used as cantilever beam for the experimental validation (Figure 7a). Different loads were applied to the free end of the conduit to induce different levels of strain (from 0 to 0.25%). The strain was measured by a digital image correlation (DIC) system (Aramis Adjustable), while the electrical resistance of the sensor was monitored by a multimeter (HP34401A). The commercial sensor was glued to the conduit in the same position and it was tested with the same method. The strain–resistance curve of both sensors could be considered linear (Figure 7b). The resulting gauge factor of the commercial sensor and of the printed sensor was 2.12 and 2.55, respectively.



The sensor was tested also inside a climatic chamber (Perani UC 150/70). The thermal coefficient resistance (TCR) was found 150 ppm/°C in the temperature range of 0 to 40 °C (humidity 15 ± 2%). The resulted TCR is half of the TCR of the silver bulk.



As concluded for the IJP strain gauge, the AJP strain sensor can be adopted for active and passive smart objects.




3.4. Resistance Temperature Detector Printed by AJP for Active and Passive Smart Devices


Some Resistance Temperature Detectors (RTDs) were aerosol jet printed on polyimide foils (25 μm thick) using a silver nanoparticles ink (UTDAgPA, UTdots, 2716 W. Clark Rd., Suite E. Champaign, IL, USA) in three different length configurations (33, 66, 99 mm), as shown in Figure 8. A pneumatic atomizer was the selected system, together with a 200 µm exit nozzle. Two consecutive depositions were performed to realize these sensors, followed by an oven sintering at 200 °C for 10 min. Crosshatch ink adhesion tape test confirmed the adhesion of silver ink to polyimide.



To test the stability of the sensors up to 400 °C, the sensors were spray-coated with a specific protecting layer able to resist until 450 °C, followed by the deposition of a conductive paste applied on pads for electrical contact with wires. Three consecutive thermal cycles at 400 °C for 30 min were performed. The electrical resistance was measured right after the sintering process and after each thermal treatment. Mean resistance values after the sintering process were about (17 ± 2) Ω for the 33-mm long sensor, (40 ± 5) Ω for the 66-mm long sensor, and (60 ± 6) Ω for the 99-mm long sensor. The resistance value measured after the thermal cycles decreased by 40% on average to that after the printing process.



The sensors were then characterized in a controlled temperature oven, using as reference a Pt100 thermo-resistance. This test was performed to define the temperature coefficient α of the sensors in the range 35–140 °C. The results of eight 66-mm long sensors are summarized in Figure 9, where the dots represent the mean value of the printed sensors. The overall α coefficient was obtained from the slope of the best fit straight line (red line) and it is 0.00315 K−1, slightly lower than the α coefficient of bulk silver (α = 0.00380 K−1). The yellow line is the relationship between the output of the reference Pt100 sensor (α = 0.00385 K−1) and the temperature inside the chamber.



These resistive sensors can be used in a new dedicated telemetric system for passive smart devices, following the procedure described above for the strain gauge, but with particular attention to the resistance values and the final application [41]. Alternatively, such temperature sensors could be coupled with devoted electronics, microprocessor, and antenna for realizing active smart devices.





4. Discussion


In this work, two specific technologies were proposed to fabricate sensors that can be used for smart objects in the I4.0 context: inkjet printing and aerosol jet printing. Two main architectures of smart objects were analyzed: passive smart objects and active smart objects. Passive smart objects could be fully fabricated through PE technologies. In active smart objects, sensors, antenna, and interconnections could be fabricated by PE, while active components such as microprocessors, integrated circuits (IC) for power management and data transmission should be placed later. Hybrid technologies could be proposed to integrate printing methods with IC components placing on the circuit as proved in [51].



In this work, different examples of sensors for smart objects were proposed. Printed strain gauges, temperature sensors, and piezoelectric sensors were fabricated by using different substrates and inks to prove the flexibility of PE in sensor design and fabrication directly onto the objects. The characterization tests of the proposed sensors showed: (1) the sensitivity (α coefficient) of printed temperature sensors is equal to 0.00315 K−1, and it is similar to industrial Pt100 sensors sensitivity (α = 0.00380 K−1); (2) the printed PEDOT:PSS strain gauges work at higher strain levels (>12%) than commercial foil strain gauges (<4%), and metallic strain gauges have similar performance to commercial foil strain gauges. (3) The variability in the printed process is lower than 13% for resistive sensors made by an ultralow-cost inkjet printer and 6% for AJP resistive sensors. (4) Printed piezoelectric sensors can be fabricated by AJP, but an optimization of the manufacturing process is still required to obtain more sensitive sensors and to improve process variability.



PE offers fabrication methods for sensors and electronic components tailored for the specific application, demonstrating high flexibility in different contexts. For example, AJP and IJP are capable of depositing a large variety of functional materials (organic, metallic, insulating, etc.) to fabricate custom shape sensors onto any surface, even non-planar. In this work, temperature sensors, strain gauges and piezoelectric sensors were fabricated with different shapes and different inks (silver, PEDOT:PSS, and PZT ink). The flexibility of these printing processes was also demonstrated by fabricating different types of strain gauges: in addition to silver-based strain gauges, a strain gauge for high strain levels (>4%) was fabricated by using PEDOT:PSS ink, also considering applications with eco-friendly requirements. Even a large variety of inks is available, the low solid content of the ink and the low thickness of the printed layers (few micrometers) affect significantly the performance of the final device. For example, in the case of conductive tracks, the resistivity of printed silver tracks was 40 µW cm and this can limit the maximum length of the interconnections of the printed circuit. The viscosity range of the inks suitable for IJP is only 5–20 cP, limiting the use of IJP for PE, while AJP, can deposit inks with higher viscosity (1–1000 cP). Furthermore, lower viscosity ink implies lower solid content and therefore lower thickness of the printed tracks. For example, in the case of the piezoelectric sensors, several depositions were required to increase the sensitivity of the final device and to prevent damages during poling. IJP can reach printing speed up to 5000 mm/s and a resolution of 30 mm, while AJP is a slower process (up to 200 mm/s) but it can reach a resolution of 10 mm [52].



Another important aspect that should be considered is the compatibility of the printing and curing processes with the characteristic of the objects, such as dimensions and materials. For example, IJP is not suitable for 3D surfaces. Another example regards piezoelectric sensors: the object has to be made of a material compatible with the curing step at high temperatures (>800 °C) for a long time (>1 h) and with the poling process at a high DC electric field. For objects made of low-temperature substrates (plastics, fabrics, paper-based materials, etc.), the curing process can be shortened and confined to the deposited ink by using other techniques, such as FLA. For example, in this work, FLA was adopted to sinter silver-based strain gauges printed directly on plastic surfaces. With respect to a traditional oven, in FLA technology, light interacts with few superficial layers and with the deposited ink limiting the damage on the substrate. FLA can cure only a thin printed layer since only the surface of the printed element reaches the modeled temperature, and for this reason, FLA can be adopted for tracks printed through IJP and AJP.



In the future, increasing demand for massive smart objects into smart factories for providing more information on production lines and industrial processes is expected. Both IJP and AJP are promising PE methods for the fabrication of smart objects because these technologies could be integrated into the production line, combining the benefits of mass production and customization; for example, IJP and AJP are currently used to fabricate organic light–emitting diodes (OLEDs) and antennas for smartphones [53,54]. IJP can be scaled to simultaneous and parallel production since more printheads can be easily added; instead, AJP uses only one printhead and a reduced effective working area, limiting the device size and production volume. These limitations can be partially avoided by customizing the AJP printer adding more parallel heads and by implementing a printhead on robotic arms for process optimization. FLA is compatible with mass production, and it can speed up both prototyping and production steps being a rapid process. However, in mass production, reproducibility of subsequent flashes and drifts during long-time operation due to homogeneity of lighting should be considered [55,56,57].




5. Conclusions


The increasing need for connectivity in many different industrial contexts requires to make objects “smart” through new fabrication methods. A smart object represents a key element for I4.0 because it is able to sense changes in the environment, measuring physical quantities through its sensors, and to share acquired data wirelessly with other smart objects and with industrial management systems, preserving its functionality as an object. The possibility to make tools smart would help to improve the efficiency of factories. Specific technologies for embedding sensors on objects are mandatory.



In this work, smart objects were classified into active and passive smart objects, obtained by IJP and AJP. The main advantage of these technologies is the customization thanks to the flexibility of the printing process in the design and the selection of the inks. Temperature sensors, strain gauges, and piezoelectric sensors were fabricated to test the feasibility of common sensors to be integrated into smart objects.



Future developments will focus on the metrological performances of the sensors under different conditions (operating temperature and humidity range, stress conditions, etc.) and on the compatibility of the fabrication process with the objects (shape of the surface, materials requirements, etc.).



Inkjet printing and aerosol jet printing demonstrated to be promising technologies for making traditional objects smart. PE could offer low-cost and affordable manufacturing processes. Further research activity on the more recent PE technologies is still required to reach large-scale smart object production.
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Figure 1. Architectures of (a) active and (b) passive smart objects. The smart object is equipped with sensors that detect changes in physical quantities like temperature, deformation, vibration, etc. In the case of active smart objects, electronics acquires, processes, and exchanges data with the network, while in the case of passive objects, an external readout unit acquires the sensor output wirelessly. The power supply unit can include (1) batteries, accumulator or systems that convert other natural energies into electrical energy and (2) a power management unit that controls and distributes the power supply (orange arrow) to the other blocks. 
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Figure 2. (a) Loading direction for axial and shear sensors; (b) Block diagram of the production process. (c) Axial and shear sensors. 
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Figure 3. Fabrication process by inkjet printing for poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) -based strain gauge. 






Figure 3. Fabrication process by inkjet printing for poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) -based strain gauge.



[image: Energies 13 05916 g003]







[image: Energies 13 05916 g004 550] 





Figure 4. (a) Printed strain gauge. (b) Strain–resistance curve, where R0 is the resistance with no strain. 
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Figure 5. Diagram of the circuit manufacturing steps: (1) Preparation of the 2D model of the printed device with serpentine pattern (in mm); (2) Cleaning of the surface with solvent to remove dust and dirt; (3) Deposition of Ag ink with Aerosol Jet Printing (AJP) according to the 3D model and drying at room temperature; (4) Curing of the resulting device with Flash Lamp Annealing (FLA) (5) Deposition of epoxy conductive paste to fix the wires and create the electrical contacts with the deposited ink. 
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Figure 6. Example of printed serpentine devices with the proposed method. Printed device: (a) on different 3D surfaces 2.4 cm × 2.4; (b) on a 5.6 cm diameter cap; (c) on a PVC conduit of 20 mm diameter (dout). Strain gauge dimensions: active gauge length (L) is 10 mm and the gauge width (W) is 5.5 mm. 
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Figure 7. (a) Experimental setup for tested the response of the printed strain gauge under axial stress and (b) experimental results compared with the ones of the commercial strain gauge. 






Figure 7. (a) Experimental setup for tested the response of the printed strain gauge under axial stress and (b) experimental results compared with the ones of the commercial strain gauge.



[image: Energies 13 05916 g007]







[image: Energies 13 05916 g008 550] 





Figure 8. (a) 2D model and dimensions (in mm) of printed resistance temperature detector (RTD) and (b) printed RTD in three different configurations (33, 66, 99 mm in length) printed on Kapton. 
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Figure 9. Normalized resistance vs. temperature of the silver sensor (66 mm long) and Pt100 sensor. R0 is the resistance at 0 °C. Error bars correspond to the output range of eight different sensors. 
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