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Abstract

:

This paper investigates the feasibility and performance of the fabrication of platinum high-temperature thin-film strain sensors on nickel-based alloy substrates by additive manufacturing. The insulating layer was made of a dielectric paste by screen printing process. A 1.8-micron-thick platinum film was deposited directly on the insulating layer. The four-wire resistance measurement method was used to eliminate the contact resistance of the solder joints. Comprehensive morphological and electrical characterization of the platinum thin-film strain gauge was carried out, and good static and dynamic strain responses were obtained, which confirmed that the strain gauge was suitable for in situ strain monitoring of high-temperature complex components.
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1. Introduction


As one of the most widely used sensors, strain gauges can be used to detect load, pressure, strain, and torque [1,2,3] and have a wide range of applications in structural health monitoring, robotics, electronic skin, and other fields. Strain gauges also have a wide range of applications in flexible electronics, where they can be used to monitor human respiration, movement, and other factors [4,5]. High-temperature thin-film strain gauges (TFSGs) have been widely used to monitor the in situ strain of hot components [6,7,8,9,10,11]. TFSGs are devices capable of measuring strain on the surface of structural components by converting mechanical deformation into electrical signals [12]. They are typically only a few microns thick and can be deposited directly on the components, which work in high temperatures. They do not damage the structure under test, hardly interfere with the flow field characteristics of the surface under test, and due to their negligible mass, they have minimal influence on the inertial vibration of the structure [13,14]. The thin-film sensor has in situ sensing properties, so no bonding process is required, which greatly reduces creep error. In addition, the strain transferability and response speed of thin-film sensors are particularly good, so they are more suitable for dynamic strain testing [9,15,16]. As a high-temperature strain-sensitive material with great research value, metal/alloy materials, such as PdCr and NiCr, show desired linear resistance characteristics versus temperature, which is very important for TFSGs temperature compensation and improving their test accuracy [17]. Metal foil TFSGs are mainly fabricated by sputtering, vapor deposition, and other conditions [17,18]. These coating techniques are difficult to apply to large structures due to the limited size of the processing chamber. In addition, these processes deposit thin films on curved surfaces, resulting in uneven film thickness [6]. Pin-coating and screen-printing, among others, are low-cost and easy-to-implement thin-film processes, but different screens need to be prepared for different patterns. It means their printing flexibility are limited, and less economical for small batch production and multi-step processes [19,20,21,22]. Lithography-based techniques are another traditional method of thin-film sensor fabrication. Although lithographic patterns provide high structural resolution quality, their conformality is insufficient for curved surfaces [12]. Inkjet printing, aerosol jet printing, and direct ink writing (DIW) enable patterning with line widths of hundreds of microns and thicknesses of several microns [1,6,23,24,25,26]. Based on the diversity of printing structures and material choices, DIW provides an alternative fabrication method for the rapid fabrication of thin-film sensors. This method does not require expensive cleanroom facilities and high-end equipment and is proven to be more robust and flexible micro fabrication process [27]. Additionally, this technique enables patterning on three-dimensional surfaces with high structural resolution [28,29,30,31]. Platinum (Pt) is widely known for its high thermal and chemical stability, so it is commonly used in micromechanical devices that operate in harsh environments, such as thermal flow sensors [32] and thermistor temperature sensors [7]. In this study, Pt TFSG was fabricated via DIW based on the Weisenberg’s effect. The DIW technique based on the Weisenberg’s effect is considered one of the most promising patterning methods for solutions with rheological properties [23]. Under the shear thinning effect of the high-speed rotating microneedles, the solution is rapidly transported to the printing needle. Pt TFSG with relatively stable electrical properties was prepared by DIW on GH3536 nickel-based superalloy. The static and dynamic strain responses of Pt TFSG were investigated and tested from 25 °C to 800 °C.




2. Materials and Methods


2.1. Materials


A high-temperature nickel-based alloy (GH3536, Shenzhen Baishun Metal Materials Co., Ltd., Shenzhen, China), which is commonly used in engineering, was selected as the substrate. A dielectric paste (07HGT90, Shenzhen Sryeo Electronic Paste Co., Ltd., Shenzhen, China) (silicon aluminum calcium oxide) was used as the insulating layer. Pt paste was used for the DIW and silver palladium paste (55H-1805, Shenzhen Sryeo Electronic Paste Co., Ltd., Shenzhen, China) was used to connect the strain grid and Pt leads.




2.2. Strain Gauge Fabrication


A schematic diagram of the Pt TFSG fabrication process is shown in Figure 1. First, the GH3536 nickel-based alloy substrate was ultrasonically cleaned sequentially with acetone, deionized water, and alcohol. The dielectric paste was then screen printed on a nickel-based alloy and annealed at 850 °C for 0.5 h. The Pt paste was diluted with butyldiglycol (9:1 mass ratio), followed by patterning using a DIW platform based on the Weissenberg effect. To eliminate the influence of solder joints and leads during the test, a four-wire structure was used. Silver palladium paste was used to connect the Pt strain grid and Pt leads. Finally, the Pt TFSG was sintered at 850 °C for 1 h in an air atmosphere.




2.3. Experiment Setup


The strain response of the Pt TFSG was investigated using the cantilever beam method [6], as shown in Figure 2b.The strain of the cantilever is controlled by applying displacement at the free end by a stepper motor. The value of strain ε was calculated using the following equation [33]:


  ε =   3 x y h   2  l 3       



(1)




where  ε  is the strain developed at the location of the TFSGs,  y  is the deflection of the free end of the substrate,  h  is the thickness of the substrate,  x  is the distance from the center of the strain gauge to the point where the load is applied, and  l  is the length of the substrate.



In this work, one end of the substrate of the strain gauge was clamped and fixed, and the other end was controlled by a stepper motor with an accuracy of 1 micron. By adjusting the stepping distance ( y ) of the stepper motor, because other parameters (  x ,   h ,   and   l  ) can be measured with a ruler, the strain on the strain gauge can be calculated.



The indicator of strain gauge sensitivity, also known as the gauge factor (GF), and can be expressed by the following equation:


  GF =   Δ R ∕ R  ε   



(2)




where  R  is the initial resistance of the TFSG and   Δ R   is the change in the resistance due to the strain. The high temperature resistance stability of Pt TFSG was tested using a temperature resistance test system, which consists of a tube furnace, a standard thermocouple, data acquisition instruments and a computer (Figure 2a).



The high temperature stability experiment was realized by the temperature resistance test system. The Pt TFSG was placed in the tube furnace, and the tube furnace was heated from room temperature to a specified temperature (400 °C, 500 °C, 600 °C, 700 °C, and 800 °C) at a heating rate of 5 °C/min and then kept for 1 hour, and its high temperature stability was judged by calculating the resistance change rate of the strain gauge.



Compared with the normal temperature strain test system, the high temperature strain test system added a tube furnace. The tube furnace was heated to the specified temperature (400 °C, 500 °C, 600 °C, and 700 °C) at a heating rate of 5 °C/min and maintained for more than half an hour to establish thermal equilibrium. A stepper motor was used to displace the free end of the substrate (applied  y ) during thermal equilibration, enabling high temperature strain testing.




2.4. Characterisation Instruments


The thicknesses of Pt TFSG were measured by a profilometer (Dektak XT). The surface morphology of platinum film was characterized by scanning electron microscopy (SEM, JSM-IT500A). The elements of Pt TFSG were analyzed with energy dispersive spectroscopy (EDS).





3. Results and Discussion


3.1. Characterizations of the Pt TFSGs


Figure 3a shows the optical image of the printed Pt TFSG. The direct writing process was affected by parameters such as ink viscosity, substrate surface roughness, substrate moving speed, and microneedle rotation speed, so the line width and film thickness of the fabricated samples were different, resulting in different resistances between samples. The resistance of 10 printed platinum sensors was measured at room temperature of 25 °C, and the average resistance was calculated to be 70.5 Ω, the maximum resistance was 75.7 Ω, and the minimum resistance was 65.3 Ω. The Pt TFSG selected for electrical characterization had a resistance of 71.8 Ω at room temperature. The thickness of the strain grid was 1.8 μm and the line width was 620 μm (Figure 3b). Figure 3c shows the micromorphology of the Pt TFSGs. The continuous, uniforms and dense structure ensured that the sensitive film had excellent strain response and electrical conductivity. The EDS analysis (Figure 3d) proved that the main component of the film is Pt.




3.2. Strain Testing at Room Temperature


To assess the applicability of Pt as a resistive sensing material, the piezoresistive response characteristics of Pt TFSG were first evaluated by applying different strains at room temperature. Figure 4a shows a plot of the resistance change of Pt TFSG in the strain range of 0 με to 1000 με; 200 με, 400 με, 600 με, 800 με, and 1000 με were sequentially applied to TFSG and kept for 10 s and then unloaded in sequence with a strain amount of 200 με. A recoverable resistance change was clearly observed throughout the loading and unloading process. The distinguishable and stable step signal indicated the excellent static strain response capability of Pt TFSG. The Pt TFSG exhibits a positive GF with an increase in resistance with applied positive strain. Figure 4b depicts the pulsed signals under different strain amounts at a constant strain rate (200 με/s). Resolvable resistance changes indicated the good response of Pt TFSG to strain. Figure 4c shows the dynamic strain response of Pt TFSG at 1000 με. The maximum and minimum values of the pulse signal were almost kept at the same level, indicating the good consistency in dynamic strain response of Pt TFSG. Figure 4d shows the independence of Pt TFSG on strain velocity (strain frequency). Then, 1000 με were applied at strain rates of 20 με/s, 50 με/s, 100 με/s, 200 με/s, and 500 με/s. Despite the different strain velocities, the resistances of Pt TFSG were almost uniform at 1000 με, indicating that Pt TFSG was strain-rate independent.



Figure 5a–d shows the strain response of Pt TFSG under negative strain (compressive strain). Similarly, Pt TFSG exhibited good stability under negative static strain. Under negative dynamic strain, the Pt TFSG exhibited a consistent strain pulse signal. Under negative variable-speed strain signals, Pt TFSG exhibited strain-rate independence. This indicated that Pt TFSG prepared by DIW can be used for dynamic/static strain monitoring and sensing of structural components.



The gauge factor of Pt TFSG could be calculated from the ratio of resistance change rate to strain. In the Figure 6, the slope of the straight line was the GF of Pt TFSG. By calculation, its gauge factor was 1.94. This value was a comprehensive representation of the strain at the Pt TFSG, including the dimensional change and the resistivity change of the strain gauge when it was strained, and the ability of the strain to transfer from the nickel-based alloy substrate to the metal layer was also included [12]. The GF is reported to be in the range of 1.95–2.5 for most metal/alloy strain sensors [12,34,35].




3.3. Strain Testing at High Temperature


High temperature resistance stability is also an important capability of TFSG. The resistance as a function of heating and holding time is plotted in Figure 7. For the heating stage, the resistance of Pt TFSG increased with the increase in temperature, showing a positive temperature coefficient of resistance. For the holding stage below 700 °C, there was little change in resistance. For example, at 700 °C for 1 h, the resistance only increased by 0.017%. Since the GF of Pt TFSG was 1.94, the strain error caused by resistance drift at 700 °C for 1 h was only 87 με, indicating that Pt TFSG has good thermal stability. After holding at 800 °C for 1h, the resistance of Pt TFSG increased by 8.2%, and the increase of resistance of Pt film was related to high temperature oxidation [7]. All the above test results demonstrate that the Pt TFSG fabricated by DIW had good thermal stability in the temperature range from room temperature to 700 °C, and the thermal stability at high temperature was the first design principle of high temperature TFSG [6].



The strain responses of Pt TFSGs were performed at 400 °C, 500 °C, 600 °C, and 700 °C using a high-temperature strain testing system. As shown in Figure 8, a strain of 1000 με was applied at a frequency of 0.25 Hz at high temperature and the change in resistance was recorded. It can be observed from the figure that the GF of Pt TFSG also did not decrease significantly up to 600 °C, which was about 1.9. When the temperature was increased to 700 °C, the GF of the TFSG dropped to 1.7. The synchronized changes in relative resistance at the four temperatures indicated the fast response of the Pt TFSG. The relative resistance change is positively linearly related to the strain. Although its high temperature dynamic strain response is not as good as room temperature, it can be seen from the temperature curve in the figure that the resistance fluctuation was mainly caused by temperature fluctuation. This confirms that the DIW-prepared Pt TFSG can be used for dynamic strain monitoring of high temperature up to 700 °C. As shown in Table 1, its high-temperature withstanding capability was better than most TFSGs that have been reported [16,17,36,37,38,39,40,41,42].





4. Conclusions


In this paper,



	
By DIW technology based on Weisenberg’s effect, Pt TFSG with thickness less than 2 μm were fabricated.



	
The strain response of the Pt TFSG at room temperature was well verified with a GF of 1.9 at room temperature.



	
The high temperature stability experiment of the strain gauge showed that its maximum working temperature could reach 700 °C, and the resistance change rate for one hour at this temperature was only 0.017%.



	
The strain test at high temperature showed that the GF of the Pt TFSG was almost unchanged when it was less than 600 °C and decreased to about 1.7 at 700 °C.






Therefore, it can be considered that this strain gauge can be applied to high temperature strain tests below 700 °C. If the printing device for direct writing is integrated with the five-axis processing equipment, it is possible to manufacture thin films on complex curved surfaces, and future work will also focus on this.







Author Contributions


Conceptualization, X.P.; methodology, X.P. and F.L.; software, X.P.; validation, C.W. and F.L.; formal analysis, F.L.; investigation, F.L.; resources, C.W.; data curation, Y.Z.; writing—original draft preparation, X.P.; writing—review and editing, Z.H.; visualization, G.C.; supervision, Z.H.; project administration, Q.C.; funding acquisition, D.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by China Aviation Research Institute, Shenyang Engine Design and Research Institute, grant number JC3602007026.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors would like to thank the China Aviation Research Institute, Shenyang Engine Design and Research Institute (Grant number JC3602007026).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zhang, Y.Z.; Anderson, N.; Bland, S.; Nutt, S.; Jursich, G. All-printed strain sensors: Building blocks of the aircraft structural health monitoring system. Sens. Actuators A Phys. 2017, 253, 165–172. [Google Scholar] [CrossRef]

	



Liao, X.Q.; Liao, Q.L.; Yan, X.Q.; Liang, Q.J.; Si, H.N.; Li, M.H.; Wu, H.L.; Cao, S.Y.; Zhang, Y. Flexible and Highly Sensitive Strain Sensors Fabricated by Pencil Drawn for Wearable Monitor. Adv. Funct. Mater. 2015, 25, 2395–2401. [Google Scholar] [CrossRef]

	



Siddique, S.; Park, J.G.; Andrei, P.; Liang, R. M3D aerosol jet printed buckypaper multifunctional sensors for composite structural health monitoring. Results Phys. 2019, 13, 102094. [Google Scholar] [CrossRef]

	



Jin, H.; Abu-Raya, Y.S.; Haick, H. Advanced Materials for Health Monitoring with Skin-Based Wearable Devices. Adv. Healthc. Mater. 2017, 6, 1700024. [Google Scholar] [CrossRef]

	



Augustin, T.; Karsten, J.; Kotter, B.; Fiedler, B. Health monitoring of scarfed CFRP joints under cyclic loading via electrical resistance measurements using carbon nanotube modified adhesive films. Compos. Part A Appl. Sci. Manuf. 2018, 105, 150–155. [Google Scholar] [CrossRef]

	



Wu, C.; Pan, X.C.; Lin, F.; Cui, Z.F.; He, Y.P.; Chen, G.C.; Zeng, Y.J.; Liu, X.L.; Chen, Q.N.; Sun, D.H.; et al. TiB2/SiCN Thin-Film Strain Gauges Fabricated by Direct Writing for High-Temperature Application. IEEE Sens. J. 2022, 22, 11517–11525. [Google Scholar] [CrossRef]

	



Shen, A.; Kim, S.B.; Bailey, C.; Ma, A.W.K.; Dardona, S. Direct Write Fabrication of Platinum-Based Thick-Film Resistive Temperature Detectors. IEEE Sens. J. 2018, 18, 9105–9111. [Google Scholar] [CrossRef]

	



Wu, C.; Lin, F.; Pan, X.C.; Cui, Z.F.; He, Y.P.; Chen, G.C.; Liu, X.L.; He, G.H.; Chen, Q.N.; Sun, D.H.; et al. TiB2-Modified Polymer-Derived Ceramic SiCN Double-Layer Thin Films Fabricated by Direct Writing for High-Temperature Application. Adv. Eng. Mater. 2022, 2200228. [Google Scholar] [CrossRef]

	



Wang, H.Y.; Liu, K.; An, Z.H.; Wu, X.; Huang, X. Ion-Beam Sputtered Thin-Film Strain-Gauge Pressure Transducers. Sens. Actuators A Phys. 1993, 35, 265–268. [Google Scholar]

	



Chung, G.S. Characteristics of tantalum nitride thin film strain gauges for harsh environments. Sens. Actuators A Phys. 2007, 135, 355–359. [Google Scholar] [CrossRef]

	



Gregory, O.J.; You, T. Piezoresistive properties of ITO strain sensors prepared with controlled nanoporosity. J. Electrochem. Soc. 2004, 151, H198–H203. [Google Scholar] [CrossRef]

	



Mao, N.Y.; Enrique, P.D.; Chen, A.I.H.; Zhou, N.Y.; Peng, P. Dynamic response and failure mechanisms of a laser-fabricated flexible thin film strain gauge. Sens. Actuators A Phys. 2022, 342, 113655. [Google Scholar] [CrossRef]

	



Koppelhuber, A.; Bimber, O. LumiConSense A Transparent, Flexible, and Scalable Thin-Film Sensor. IEEE Comput. Graph. 2014, 34, 98–102. [Google Scholar] [CrossRef]

	



Yan, L.T.; Si, W.J.; Liu, L.Y.; Zheng, Y.P.; Dai, C.N. Development of nanostructured thin film sensors. Rare Metal. Mat. Eng. 2006, 35, 21–24. [Google Scholar]

	



Nayak, M.M.; Gunasekaran, N.; Muthunayagam, A.E.; Rajanna, K.; Mohan, S. Diaphragm-Type Sputtered Platinum Thin-Film Strain-Gauge Pressure Transducer. Meas. Sci. Technol. 1993, 4, 1319–1322. [Google Scholar] [CrossRef]

	



Schmid, P.; Triendl, F.; Zarfl, C.; Schwarz, S.; Artner, W.; Schneider, M.; Schmid, U. Influence of the AlN/Pt-ratio on the electro-mechanical properties of multilayered AlN/Pt thin film strain gauges at high temperatures. Sens. Actuators A Phys. 2020, 302, 111805. [Google Scholar] [CrossRef]

	



Liu, H.; Mao, X.L.; Yang, Z.B.; Cui, J.T.; Jiang, S.W.; Zhang, W.L. High temperature static and dynamic strain response of PdCr thin film strain gauge prepared on Ni-based superalloy. Sens. Actuators A Phys. 2019, 298, 111571. [Google Scholar] [CrossRef]

	



Hans, M.; Baben, M.T.; Music, D.; Ebenhoch, J.; Primetzhofer, D.; Kurapov, D.; Arndt, M.; Rudigier, H.; Schneider, J.M. Effect of oxygen incorporation on the structure and elasticity of Ti-Al-O-N coatings synthesized by cathodic arc and high power pulsed magnetron sputtering. J. Appl. Phys. 2014, 116, 093515. [Google Scholar] [CrossRef]

	



Bose, A.K.; Zhang, X.Z.; Maddipatla, D.; Masihi, S.; Panahi, M.; Narakathu, B.B.; Bazuin, B.J.; Williams, J.D.; Mitchell, M.F.; Atashbar, M.Z. Screen-Printed Strain Gauge for Micro-Strain Detection Applications. IEEE Sens. J. 2020, 20, 12652–12660. [Google Scholar] [CrossRef]

	



Fasolt, B.; Hodgins, M.; Rizzello, G.; Seelecke, S. Effect of screen printing parameters on sensor and actuator performance of dielectric elastomer (DE) membranes. Sens. Actuators A Phys. 2017, 265, 10–19. [Google Scholar] [CrossRef]

	



Qi, X.; Lim, S. A Screen-Printed Metal Hybrid Composite for Wireless Wind Sensing. Nanomaterials 2022, 12, 972. [Google Scholar] [CrossRef] [PubMed]

	



Han, T.; Kundu, S.; Nag, A.; Xu, Y.Z. 3D Printed Sensors for Biomedical Applications: A Review. Sensors 2019, 19, 1076. [Google Scholar] [CrossRef] [PubMed]

	



Wu, C.; Pan, X.C.; Lin, F.; Cui, Z.F.; Li, X.; Chen, G.C.; Liu, X.L.; He, Y.P.; He, G.H.; Hai, Z.Y.; et al. High-temperature electrical properties of polymer-derived ceramic SiBCN thin films fabricated by direct writing. Ceram. Int. 2022, 48, 15293–15302. [Google Scholar] [CrossRef]

	



Karas, B.; Beedasy, V.; Leong, Z.; Morley, N.A.; Mumtaz, K.; Smith, P.J. Integrated Fabrication of Novel Inkjet-Printed Silver Nanoparticle Sensors on Carbon Fiber Reinforced Nylon Composites. Micromachines 2021, 12, 1185. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, P.Y.; Liao, Y.Z.; Li, Y.H.; Pan, D.Y.; Cao, W.X.; Yang, X.B.; Zou, F.X.; Zhou, L.M.; Zhang, Z.; Su, Z.Q. An inkjet-printed, flexible, ultra-broadband nanocomposite film sensor for in-situ acquisition of high-frequency dynamic strains. Compos. Part A Appl. Sci. Manuf. 2019, 125, 105554. [Google Scholar] [CrossRef]

	



Correia, V.; Caparros, C.; Casellas, C.; Francesch, L.; Rocha, J.G.; Lanceros-Mendez, S. Development of inkjet printed strain sensors. Smart Mater. Struct. 2013, 22, 105028. [Google Scholar] [CrossRef]

	



Guo, Z.Y.; Yu, P.S.; Liu, Y.; Zhao, J.H. High-precision resistance strain sensors of multilayer composite structure via direct ink writing: Optimized layer flatness and interfacial strength. Compos. Sci. Technol. 2021, 201, 108530. [Google Scholar] [CrossRef]

	



Sullivan, K.T.; Zhu, C.; Tanaka, D.J.; Kuntz, J.D.; Duoss, E.B.; Gash, A.E. Electrophoretic Deposition of Thermites onto Micro-Engineered Electrodes Prepared by Direct-Ink Writing. J. Phys. Chem. B 2013, 117, 1686–1693. [Google Scholar] [CrossRef] [PubMed]

	



Tian, X.C. Direct ink writing of 2D material-based supercapacitors. 2D Mater. 2022, 9, 012001. [Google Scholar] [CrossRef]

	



Hao, L.; Tang, D.N.; Sun, T.; Xiong, W.; Feng, Z.Y.; Evans, K.E.; Li, Y. Direct Ink Writing of Mineral Materials: A review. Int. J. Pr. Eng. Man.-Gt. 2021, 8, 665–685. [Google Scholar] [CrossRef]

	



Lewis, J.A.; Smay, J.E.; Stuecker, J.; Cesarano, J. Direct ink writing of three-dimensional ceramic structures. J. Am. Ceram. Soc. 2006, 89, 3599–3609. [Google Scholar] [CrossRef]

	



Kuo, J.T.W.; Yu, L.; Meng, E. Micromachined Thermal Flow Sensors-A Review. Micromachines 2012, 3, 550–573. [Google Scholar] [CrossRef]

	



Ren, S.; Jiang, S.W.; Liu, H.; Zhang, W.L.; Li, Y.R. Investigation of strain gauges based on interdigitated Ba0.5Sr0.5TiO3 thin film capacitors. Sens. Actuators A Phys. 2015, 236, 159–163. [Google Scholar] [CrossRef]

	



Kazi, I.H.; Wild, P.M.; Moore, T.N.; Sayer, M. The electromechanical behavior of nichrome (80/20 wt.%) film. Thin Solid Film. 2003, 433, 337–343. [Google Scholar] [CrossRef]

	



Liu, H.; Mao, X.L.; Cui, J.T.; Jiang, S.W.; Zhao, X.H.; Jiang, H.C.; Zhang, W.L. Effect of thickness on the electrical properties of PdCr strain sensitive thin film. J. Mater. Sci.-Mater. El. 2019, 30, 10475–10482. [Google Scholar] [CrossRef]

	



Zarfl, C.; Schwab, S.; Schmid, P.; Hutter, H.; Schmid, U. Influence of the sputter gas composition on the electromechanical properties and on the stability of TiAlNxO1-x thin films. Sens. Actuators A Phys. 2017, 267, 552–559. [Google Scholar] [CrossRef]

	



Zarfl, C.; Schmid, P.; Balogh, G.; Schmid, U. Electro-mechanical properties and oxidation behaviour of TiAlNxOy thin films at high temperatures. Sens. Actuators A Phys. 2015, 226, 143–148. [Google Scholar] [CrossRef]

	



Schmid, P.; Triendl, F.; Zarfl, C.; Schwarz, S.; Artner, W.; Schneider, M.; Schmid, U. Electro-mechanical properties of multilayered aluminum nitride and platinum thin films at high temperatures. Sens. Actuators A Phys. 2019, 293, 128–135. [Google Scholar] [CrossRef]

	



Schmid-Engel, H.; Uhlig, S.; Werner, U.; Schultes, G. Strain sensitive Pt-SiO2 nano-cermet thin films for high temperature pressure and force sensors. Sens. Actuators A Phys. 2014, 206, 17–21. [Google Scholar] [CrossRef]

	



Kalpana, H.M.; Prasad, V.S. Development of the invar36 thin film strain gauge sensor for strain measurement. Meas. Sci. Technol. 2014, 25, 065102. [Google Scholar] [CrossRef]

	



Kayser, P.; Godefroy, J.C.; Leca, L. High-Temperature Thin-Film Strain-Gauges. Sens. Actuators A Phys. 1993, 37, 328–332. [Google Scholar] [CrossRef]

	



Fricke, S.; Friedberger, A.; Seidel, H.; Schmid, U. A robust pressure sensor for harsh environmental applications. Sens. Actuators A Phys. 2012, 184, 16–21. [Google Scholar] [CrossRef]








[image: Micromachines 13 01472 g001 550] 





Figure 1. (a) Schematic diagram of direct ink writing (DIW) process of Pt paste. (b) Process flow diagram of the Pt thin film strain gauge. 
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Figure 2. Experiment setups for (a) temperature-resistance detection and (b) micro-strain detection. 
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Figure 3. (a) Optical image of a printed Pt thin-film strain gauge. (b)Thickness of the Pt TFSG. (c) SEM images of the Pt sensitive thin film. (d) EDS analysis of the Pt TFSG trace. 
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Figure 4. (a–d) are tensile strain response of Pt TFSGs. 
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Figure 5. (a–d) are compressive strain response of Pt TFSGs. 
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Figure 6. Linear fitting of tensile and compressive strain. 
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Figure 7. Resistance changes curves of Pt TFSGs at different temperatures. 
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Figure 8. Strain response of Pt TFSGs: (a) 400 °C, 5 cycles; (b) 500 °C, 5 cycles; (c) 600 °C, 5 cycles; (d) 700 °C, 5 cycles; (e) 700 °C, 50 cycles. 
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Table 1. Summary of recently released strain gauges.






Table 1. Summary of recently released strain gauges.





	Material
	Maximum Temperature (°C)
	Manufacturing Method
	GF
	Substrate
	Reference





	Pt
	700
	DIW
	1.7–1.9
	Ni-base superalloy
	This work



	TiAlNxO
	500
	Puttering
	2.2–2.5
	Sapphire
	[37]



	AlN/Pt
	500
	Sputtering
	≤4.7
	Al2O3
	[16]



	Pt
	500
	Sputtering
	1.9–2.5
	Sapphire
	[38]



	Pt/SiO2
	250
	Sputtering
	18
	Si-wafers
	[39]



	Pt
	440
	Sputtering
	-
	Sapphire
	[42]



	TiAlN
	350
	Sputtering
	2.5
	Sapphire
	[36]



	Invar36
	150
	Sputtering
	2.5–4.5
	Microslides
	[40]



	NiCr
	700 (with a protective layer)
	Sputtering
	2.5
	Ni-base superalloy
	[41]
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