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Abstract

:

In the field of soft electronics, high-resolution and transparent structures based on various flexible materials constructed via various printing techniques are gaining attention. With the support of electrical stress-induced conductive inks, the electrohydrodynamic (EHD) jet printing technique enables us to build high-resolution structures compared with conventional inkjet printing techniques. Here, EHD jet printing was used to fabricate a high-resolution, transparent, and flexible strain sensor using a polydimethylsiloxane (PDMS)/xylene elastomer, where repetitive and controllable high-resolution printed mesh structures were obtained. The parametric effects of voltage, flow rate, nozzle distance from the substrate, and speed were experimentally investigated to achieve a high-resolution (5 µm) printed mesh structure. Plasma treatment was performed to enhance the adhesion between the AgNWs and the elastomer structure. The plasma-treated functional structure exhibited stable and long strain-sensing cycles during stretching and bending. This simple printing technique resulted in high-resolution, transparent, flexible, and stable strain sensing. The gauge factor of the strain sensor was significantly increased, owing to the high resolution and sensitivity of the printed mesh structures, demonstrating that EHD technology can be applied to high-resolution microchannels, 3D printing, and electronic devices.
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1. Introduction


Printing technology has developed rapidly, owing to its low cost, excellent resolution, and expedited manufacturing processes. Innovative printing techniques can create printed patterns or devices using various solution-based nanomaterials as functional inks. A detailed understanding of fluid dynamics is required because the printing process primarily entails the transfer of solution-based inks from the tip of the nozzle to the substrate. PDMS is a viscoelastic liquid that can be patterned and printed into different structures. PDMS is well suited for use in cell-based assays and cell culture and is commonly used because of its gas permeability, easy handling, lower cytotoxicity, and transparency compared with other microfabrication materials. Furthermore, it can be used in a variety of applications, such as stamps for transfer printing [1,2], lab-on-a-chip [3], nature-inspired dry adhesive layers [4,5], flexible/stretchable electronics, and microlens arrays [6,7,8]. Microelectromechanical system (MEMS) fabrication techniques, such as photolithography and electron-beam lithography, can replicate transparent and soft materials from a mold assembly. Although the entire MEMS process is expensive and time-consuming, direct printing could be an excellent way to overcome these constraints.



Additive manufacturing has recently gained popularity in education, industry, architecture, and healthcare and is useful for artificial tissue scaffolds, biological models and electronic devices made from 3D images by computed tomography or magnetic resonance imaging, and product prototyping [9]. For instance, PDMS sealants that can be vulcanized at room temperature and which have thixotropic flow characteristics have been utilized to 3D print multimaterial devices, such as reactionware for chemical synthesis [10] and bionic parts [11]. Similarly, synthetic spider webs and fluidic chambers [12,13] have been 3D printed using PDMS elastomers. The viscosity of the PDMS prepolymer can be changed by adding filler components, such as wax microparticles; this can further endow the 3D printed object with a thermos-responsive behavior once it has dried [14]. However, additive manufacturing lacks high resolution and can only be used to fabricate low-resolution devices. An alternative technique must be devised to build PDMS-based high-resolution structures such that elastomeric ink direct printing can aim to adopt a new method for printing high-resolution and flexible substrates, which is expensive using MEMS and difficult using conventional 3D printing.



Different methods for the direct assembly, patterning, and geometrical arrangement of micro- and nanoscale materials that have potential applications in chemical sensing, tissue engineering, and energy harvesting are gaining attention. In particular, electric fields provide a dependable and efficient method for utilizing local surface charges. Several unconventional jet printing methods, such as atomic force microscope charge writing [15] pyro-electrospinning [16], and bipolar electrospinning [17] have demonstrated the capacity to produce direct patterns for manufacturing high-value structures. Researchers have also worked on direct ink writing [18,19,20,21,22], laser writing [23,24,25,26], and pressure inkjet printing [27,28,29] techniques to obtain high-resolution structures of different materials. Although the aforementioned methods have been utilized to create a variety of structures, their low resolution is a major issue in increasing device functionality.



For the direct patterning of liquid materials at micro and nanoscale resolutions, EHD printing technology indeed represents a great method that aligns materials over a large area by the combined mechanism of the shear effect and mechanical stretching of the charged jet caused by the velocity distribution [30,31,32]. Instead of using acoustic or piezoelectric forces to propel droplets or jets toward a substrate, EHD jet printing uses suitable electric fields. Based on this phenomenon, micro- and nanoscale-printed electronics can be efficiently created using sacrificial or functional inks by printing a high-resolution pattern (<1 µm) on a variety of surfaces. During the EHD jet printing process, the fluid dynamics induced by the electric field also affect the geometry of the printed materials [33,34,35]. A printed web structure has been previously fabricated using EHD direct writing [36] without considering electric forces, with the structure also having a low resolution.



Based on our knowledge so far, in this study, we report for the first time the fabrication of a high-resolution mesh-printed strain sensor via the EHD route with PDMS/xylene ink. Viscoelastic ink (PDMS/xylene) was used through a microscale nozzle to study the dynamics of printing under the EHD effect. PDMS cross-linking produces time-dependent viscosity that may influence printing and curing during the patterning process. Due to the low surface energy and flowability of the viscous PDMS/xylene ink, high-resolution mesh structures were produced by varying the speed and voltage settings of the EHD printing technique. Experiments were conducted to examine the parametric effects of the voltage, flow rate, nozzle distance from the substrate, and speed to achieve a high-resolution printed structure. Furthermore, conductive silver nanowires (AgNWs) were coated by modifying their surface wettability to build functional devices, such as strain sensors. Our fabricated strain sensor showed promising resolution characteristics with the EHD jet printing technique over other printed techniques.




2. Materials and Methods


Preparation of PDMS ink: Dow Corning Inc. (Midland, MI, USA) provided the PDMS elastomer (Sylgard 184-A) and curing agent (Sylgard 184-B). The PDMS elastomer and curing agent were mixed by 10:1 to make PDMS ink. Xylene 0.5% wt. was mixed with the PDMS ink to make a conductive solution. Mesh printing of elastomer PDMS ink: To print PDMS ink, a multipurpose EHD printing machine (Enjet Inc., Suwon-si, Korea) was used under electric field effects. The nozzle on the Z-axis and the substrate stage on the X–Y axes can be moved by employing computer-aided controller software developed by Enjet. A microsyringe pump was used to inject 1mL of PDMS/xylene ink (Table 1) into the 34G (60 µm I.D.) plastic nozzle. The flow rate of the PDMS/xylene ink was maintained at 0.3 µL/min to ensure a constant flow. The distance between the nozzle tip and the substrate was increased from 20 to 40 µm. Mesh structures were created using trichloro (1H,1H,2H,2H-perfluorooctyl) silane (Sigma-Aldrich, Inc., Seoul, South Korea)-terminated glass substrates. To create an open microchannel array in the longitudinal direction (X-direction), the sample was soft-baked at 70 °C for 8 min. A glass substrate with an open microchannel array was then printed again in the vertical direction (Y-axis). The entire pattern of the final elastomer PDMS/xylene mesh structure was cured at 80 °C for 90 min in a convective oven.



Surface treatment of mesh-printed elastomer structure: The printed elastomer structures were first coated with an adherent polydopamine (PDA) by simply immersing them for 10–16 h in an alkaline dopamine HCl solution (3 mg of dopamine HCl dissolved in 10 × 10−3 M, Tris buffer, pH 8.5). The inherently hydrophobic PDMS surface was modified into a hydrophilic substrate after coating with PDA, which improved the wetting phenomena in this experiment due to the hydroxyl group in PDA. The PDA-modified printed elastomer mesh structure was also treated with an atmospheric RF plasma system (IHP-1000, APPlasma Co., Hwaseong-si, South Korea) to create a better hydrophilic surface on a pre-cleaned printed mesh structure using acetone, ethanol, and DI water. The hydrophilic surface of the PDMS printed mesh structure was dip coated with a solution of AgNWs for 20 s, dried at 60 °C for 1 min, and annealed at 150 °C for 2 h. The dip-coating process ensures an even coat on the mesh structure while the surface activation process provides sufficient adhesion.



Measurement of printed strain sensor and I–V curve: A strain sensor stretching test was performed on a custom-built testing machine by connecting the copper film to each side of the printed mesh sensor and the measurement was performed using commercially available software. Two ends of the printed mesh structure sample were attached to motorized moving stages to test their strain-sensing capabilities. Then, uniform strain/release cycles were applied and hysteresis measurements were taken at a displacement rate of 0.50 mm/s. A source meter was used to measure the relative change in resistance (Keithley 2400, Keithley Instruments Inc., Cleveland, OH, USA). We used the four-point probe measuring technique (MST 2000 A) to measure the resistivity and current–voltage (I–V) characteristics.




3. Results and Discussion


Figure 1a,b illustrate the schematic of two types of printing processes to print microscale PDMS/xylene mesh patterns with direct ink writing and EHD jet printing, respectively. EHD jet printing is a non-contact printing method that induces ink ejection from a conductive nozzle onto a substrate using an electric field. Ink will not flow through a capillary nozzle, as shown in Figure S1, unless a force is applied to overcome the surface tension and capillary forces that keep it stationary. The only forces acting on it are gravity and any pressure within the system (due to the syringe pump or applied air pressure). When an electric potential is applied to the system, the charge migrates to the ink’s meniscus surface; once enough charge has accumulated on the ink interface, an electrostatic potential (normal and tangential components) is created between the meniscus and the grounded substrate. Electric forces attract the ink to the deposition substrate, where normal stress destabilizes the meniscus, while tangential stress promotes the formation of the meniscus into a cone, resulting in jetting. The normal component of the electric field is enough to overcome the ink’s surface tension. The translation stage holds the printed substrate and controls how the deposition pattern is formed, which is usually a predetermined design loaded into the control software. This stage can also move in the z direction, which modulates the strength of the electric field in the case of constant potential. A constant elastomer ink flow supplied through the microcapillary nozzle of a syringe pump was used to draw a mesh structure on a slide glass substrate using computer-aided design tools. To create a hydrophobic surface, heat deposition (60 °C, 30 min) was used for the detachment and freestanding of the final printed mesh pattern. Figure 2 shows the steps involved in printing the PDMS/xylene mesh pattern on a glass substrate. A fluorine-terminated self-assembled monolayer hydrophobic substrate was created via heat deposition at 60 °C for 30 min (Figure 2b). First, the line array was printed and soft-baked at 70 °C for 8 min (Figure 2c); then, the liquid PDMS/xylene was patterned vertically in the Y-direction (Figure 2d). To obtain a freestanding PDMS mesh pattern, it was detached from the glass substrate after hard baking at 80 °C for 90 min (Figure 2e). In our experiment, the minimum hole size was approximately 20 µm; however, this could be changed further by carefully balancing the printing parameters with the liquid properties. The printed mesh pattern should be able to operate in efficient functional devices using extra coating and printing techniques to create electronic circuits. Attaching functional materials to a hydrophobic surface without an adhesive layer is challenging because of the low surface energy of the PDMS/xylene mesh pattern and the weaker attractive molecular forces. The hydrophobic PDMS surface should be converted into a hydrophilic surface; this can enhance the wettability in this type of experiment because of the hydroxyl groups. Therefore, the printed mesh structure was plasma treated (O2) to render the surface hydrophilic. The AgNWs were applied to the plasma-treated mesh structure to create a functioning strain sensor device (Figure 2e).



Figure 3 shows the scanning electron microscopy (SEM) analysis images of the AgNW coating on the printed mesh structure. The uniform coating of the printed mesh structure shows strong adherence between the AgNWs and printed structures (Figure 3a,b). Figure 3c,d show microcrack openings in the AgNWs’ thin film under stretching, indicating that the applied strain increased the electrical resistance of these thin films. Cracks are intended to form in stress-concentrated areas to release the accommodated stress. When a soft polymer is stretched, cracks form and spread in the thin films of the conducting coating on top of it [37,38,39,40,41,42]. This results in the stretching of opened and enlarged microcracks in the thin films, severely limiting the electrical conduction through the thin films due to the separation of the microcrack edges. When resistive-type sensors are stretched, the tunneling resistance can be altered. Resistive-type sensors based on AgNW-PDMS nanocomposites can possess customizable gauge factors that are controlled by the AgNW percolation network’s number density. Further, greater gauge factors and more effective separation between NW–NW connections can be achieved by lower-density networks. In this study, due to the fascinating high-resolution geometry and cracks caused by stretching, the gauge factor of the sensor was substantially high. Figure 4 illustrates the effects of the working height, voltage, and speed on the width of the printed mesh and the I–V curve results. By optimizing a speed of 350–360 mms−1 (Figure 4a), a working height of 50–160 μm (Figure 4b), and a voltage of 3.3–3.5 kV (Figure 4c), an optimum line width of approximately 5–10 μm was achieved. Figure 4d shows the I–V curve outcomes, presenting the relative change in resistance as a function of the given tensile strain by the stretch and release procedures that exhibit the adhesiveness of the functional AgNWs to the printed mesh structure. According to the mesh geometry, the hysteresis performance of the strain sensor can be recovered, and varied strain circumstances can be employed to efficiently control the gauge factor. The development of cracks causes a change in resistance during stretching and, hence, also affects the gauge factor.



Figure 5 shows how a mesh-printed elastomer structure design can be successfully created using direct ink writing and EHD jet printing techniques. The printed mesh structure resolution was low, at approximately 50 µm, and was achieved by direct ink writing, where no electric field effects were applied between the nozzle and substrate (Figure 5a). When we printed liquid PDMS/xylene in the perpendicular direction on the soft-baked transverse pre-patterned elastomer, the liquid PDMS/xylene formed a low-resolution round mesh structure (Figure 5a). The minimum hole size in the direct ink writing experiment was approximately 30 µm and the line thickness was around 50 µm, but it was possible to change it further by carefully altering the printing parameters (voltage, speed, and working height) along with the liquid properties. To achieve a high resolution, we also created PDMS-based mesh structures using the liquid instabilities caused by the EHD effects (Figure 5b–d). Owing to the externally applied electric field, the resolution of the mesh-printed structure was approximately 10 µm; this is approximately 10 times higher than that of the conventional direct-writing method. The hole size of the printed mesh structure was approximately 50 µm as the PDMS line thickness was shortened by electric field effects. An EHD field capable of boosting the prominent instability in the natural spectra of the capillary surface waves was applied to the air–liquid interface at an ambient temperature. The liquid PDMS/xylene might experience an EHD force from the electric field, forming a liquid bridge between the two substrates. The liquid PDMS had a height of approximately 110 µm, by four consecutive layers in the z-direction with a wetting contact angle of approximately 60° (C.A.) on a hydrophobic silane-terminated surface. When we attempted to print on bare hydrophilic glass, the aspect ratio was significantly lower than that in the hydrophobic scenario, and we were unable to create the appropriate geometry to fully analyze the printing mechanism.



An examination of the manner in which the applied tensile strain during the stretch and release procedures affected the relative resistance change ([R − R0]/R0) is shown in Figure 6. Under severe strain, resistive-type strain sensors frequently display substantial nonlinearity and hysteresis. However, in this study, at low and high strains, the hysteresis performance was almost completely recovered by the mesh structure of the printed electrodes. Additionally, a variety of strain conditions could be used to effectively adjust the gauge factor (Figure S2). The creation of cracks caused a change in the resistance during stretching (Figure 3c,d). The resistance might also be altered because of the various distances between the cracks. Several research teams have created various types of architectures (such as serpentine-shaped conducting lines or stretched substrates) to lower the maximum strain value during mechanical deformation to manufacture stretchable strain sensors. The specifications of stretchy directions and difficult fabrication procedures have limitations, although printing could be a different approach to creating stable and stretchy sensing applications to overcome these challenges. Owing to the mesh structure, a considerably higher gauge factor sensor value was achieved than those of the previous results (Figure 6), indicating that this can be used for various potential applications. A high-resolution printing technique was used to fabricate sensitive and flexible strain sensors. This technique can be further applied to high-resolution 3D printing and microchannels. We obtained a high-resolution (10 µm) mesh-printed strain sensor via the EHD jet printing technique that showed promising resolution characteristics over other printed techniques (Table S1) [36,43,44,45,46,47].




4. Conclusions


In this study, we proposed a new method for fabricating high-resolution stretchable mesh strain sensors using the EHD jet printing technique with PDMS/xylene elastomeric ink. We investigated the printing dynamics of high-resolution mesh structures using a microscale nozzle under EHD effects. It was found that a scalable sensor design can be fabricated by fine-tuning the rheological properties of the ink and controlling the print path and electric field effects. Experiments were conducted to investigate the parametric effects of voltage, flow rate, nozzle distance from the substrate, and speed to achieve high-resolution (5–10 µm) printed structures. In addition, we reduced and strongly immobilized the conductive AgNWs on printed mesh structures to capitalize on functional architectures, such as strain sensors. Our fabricated strain sensor showed promising resolution characteristics with the EHD jet printing technique over other printed techniques. This method can also be used to create soft functional devices for wearable electronics, human–machine interfaces, soft robotics, and other potential applications.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/polym14204373/s1, Figure S1: Physics of EHD jet printing where forces acting on a capillary tip during EHD printing by cone jet mode; Figure S2: Various gauge factor values according to the strain; Table S1: Comparison of printing techniques and resolutions.





Author Contributions


Conceptualization, R.U.H.; writing—review and editing, R.U.H., S.M.K., S.A.K., S.A. and J.M.; supervision, D.-H.C. and D.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the Basic Science Research Program through the National Research Foundation of Korea (NRF) (grant nos. NRF-2017R1E1A1A01075353 and NRF-2018R1C1B3008634) and the Technology Innovation Program funded by the Ministry of Trade, Industry & Energy (MOTIE, Korea) (grant no. 20009618).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sheng, X.; Robert, C.; Wang, S.; Pakeltis, G.; Corbett, B.; Rogers, J.A. Transfer Printing of Fully Formed Thin-Film Microscale GaAs Lasers on Silicon with a Thermally Conductive Interface Material. Laser Photonics Rev. 2015, 9, L17–L22. [Google Scholar] [CrossRef]

	



Meitl, M.A.; Zhu, Z.T.; Kumar, V.; Lee, K.J.; Feng, X.; Huang, Y.Y.; Adesida, I.; Nuzzo, R.G.; Rogers, J.A. Transfer Printing by Kinetic Control of Adhesion to an Elastomeric Stamp. Nat. Mater. 2006, 5, 33–38. [Google Scholar] [CrossRef]

	



Byun, D.; Kim, J.; Ko, H.S.; Park, H.C. Direct Measurement of Slip Flows in Superhydrophobic Microchannels with Transverse Grooves. Phys. Fluids 2008, 20, 113601. [Google Scholar] [CrossRef]

	



Lee, H.; Lee, B.P.; Messersmith, P.B. A Reversible Wet/Dry Adhesive Inspired by Mussels and Geckos. Nature 2007, 448, 338–341. [Google Scholar] [CrossRef]

	



Bartlett, M.D.; Croll, A.B.; King, D.R.; Paret, B.M.; Irschick, D.J.; Crosby, A.J. Looking beyond Fibrillar Features to Scale Gecko-like Adhesion. Adv. Mater. 2012, 24, 1078–1083. [Google Scholar] [CrossRef]

	



Lee, H.; Seong, B.; Moon, H.; Byun, D. Directly Printed Stretchable Strain Sensor Based on Ring and Diamond Shaped Silver Nanowire Electrodes. RSC Adv. 2015, 5, 28379–28384. [Google Scholar] [CrossRef]

	



Xu, F.; Zhu, Y. Highly Conductive and Stretchable Silver Nanowire Conductors. Adv. Mater. 2012, 24, 5117–5122. [Google Scholar] [CrossRef] [PubMed]

	



Kim, D.H.; Rogers, J.A. Stretchable Electronics: Materials Strategies and Devices. Adv. Mater. 2008, 20, 4887–4892. [Google Scholar] [CrossRef]

	



Erkal, J.L.; Selimovic, A.; Gross, B.C.; Lockwood, S.Y.; Walton, E.L.; McNamara, S.; Martin, R.S.; Spence, D.M. 3D Printed Microfluidic Devices with Integrated Versatile and Reusable Electrodes. Lab Chip 2014, 14, 2023–2032. [Google Scholar] [CrossRef]

	



Symes, M.D.; Kitson, P.J.; Yan, J.; Richmond, C.J.; Cooper, G.J.T.; Bowman, R.W.; Vilbrandt, T.; Cronin, L. Integrated 3D-Printed Reactionware for Chemical Synthesis and Analysis. Nat. Chem. 2012, 4, 349–354. [Google Scholar] [CrossRef] [PubMed]

	



Mannoor, M.S.; Jiang, Z.; James, T.; Kong, Y.L.; Malatesta, K.A.; Soboyejo, W.O.; Verma, N.; Gracias, D.H.; McAlpine, M.C. 3D Printed Bionic Ears. Nano Lett. 2013, 13, 2634–2639. [Google Scholar] [CrossRef] [PubMed]

	



Qin, Z.; Compton, B.G.; Lewis, J.A.; Buehler, M.J. Structural Optimization of 3D-Printed Synthetic Spider Webs for High Strength. Nat. Commun. 2015, 6, 7038. [Google Scholar] [CrossRef]

	



Kolesky, D.B.; Truby, R.L.; Gladman, A.S.; Busbee, T.A.; Homan, K.A.; Lewis, J.A. 3D Bioprinting of Vascularized, Heterogeneous Cell-Laden Tissue Constructs. Adv. Mater. 2014, 26, 3124–3130. [Google Scholar] [CrossRef] [PubMed]

	



Lipton, J.I.; Angle, S.; Lipson, H. 3D Printable Wax-Silicone Actuators. In Proceedings of the 2014 International Solid Freeform Fabrication Symposium, Austin, TX, USA, 4–6 August 2014. [Google Scholar]

	



Seemann, L.; Stemmer, A.; Naujoks, N. Local Surface Charges Direct the Deposition of Carbon Nanotubes and Fullerenes into Nanoscale Patterns. Nano Lett. 2007, 7, 3007–3012. [Google Scholar] [CrossRef]

	



Mecozzi, L.; Gennari, O.; Rega, R.; Grilli, S.; Bhowmick, S.; Gioffrè, M.A.; Coppola, G.; Ferraro, P. Spiral Formation at the Microscale by μ-Pyro-Electrospinning. Soft Matter 2016, 12, 5542–5550. [Google Scholar] [CrossRef] [PubMed]

	



Rega, R.; Gennari, O.; Mecozzi, L.; Pagliarulo, V.; Bramanti, A.; Ferraro, P.; Grilli, S. Maskless Arrayed Nanofiber Mats by Bipolar Pyroelectrospinning. ACS Appl. Mater. Interfaces 2019, 11, 3382–3387. [Google Scholar] [CrossRef]

	



Zhang, C.; McKeon, L.; Kremer, M.P.; Park, S.H.; Ronan, O.; Seral-Ascaso, A.; Barwich, S.; Coileáin, C.; McEvoy, N.; Nerl, H.C.; et al. Additive-Free MXene Inks and Direct Printing of Micro-Supercapacitors. Nat. Commun. 2019, 10, 1795. [Google Scholar] [CrossRef] [PubMed]

	



Tian, X. Direct Ink Writing of 2D Material-Based Supercapacitors. 2D Mater. 2022, 9, 012001. [Google Scholar] [CrossRef]

	



Guo, Z.; Yu, P.; Liu, Y.; Zhao, J. Pre-Fatigue Enhancing Both Long-Term Stability and Sensitivity of Direct-Ink-Writing Printed Sensors. Int. J. Fatigue 2023, 166, 107237. [Google Scholar] [CrossRef]

	



Zhu, W.B.; Xue, S.S.; Zhang, H.; Wang, Y.Y.; Huang, P.; Tang, Z.H.; Li, Y.Q.; Fu, S.Y. Direct Ink Writing of a Graphene/CNT/Silicone Composite Strain Sensor with a near-Zero Temperature Coefficient of Resistance. J. Mater. Chem. C 2022, 10, 8226–8233. [Google Scholar] [CrossRef]

	



Guo, Z.; Yu, P.; Liu, Y.; Zhao, J. 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]

	



Duan, X.; Yao, Y.; Niu, M.; Luo, J.; Wang, R.; Liu, T. Direct Laser Writing of Functional Strain Sensors in Polyimide Tubes. ACS Appl. Polym. Mater. 2019, 1, 2914–2923. [Google Scholar] [CrossRef]

	



Iqra, M.; Anwar, F.; Jan, R.; Mohammad, M.A. A Flexible Piezoresistive Strain Sensor Based on Laser Scribed Graphene Oxide on Polydimethylsiloxane. Sci. Rep. 2022, 12, 4882. [Google Scholar] [CrossRef] [PubMed]

	



Liu, K.; Yang, C.; Zhang, S.; Wang, Y.; Zou, R.; Alamusi; Deng, Q.; Hu, N. Laser Direct Writing of a Multifunctional Superhydrophobic Composite Strain Sensor with Excellent Corrosion Resistance and Anti-Icing/Deicing Performance. Mater. Des. 2022, 218, 110689. [Google Scholar] [CrossRef]

	



Wang, W.; Liu, Y.Q.; Liu, Y.; Han, B.; Wang, H.; Han, D.D.; Wang, J.N.; Zhang, Y.L.; Sun, H.B. Direct Laser Writing of Superhydrophobic PDMS Elastomers for Controllable Manipulation via Marangoni Effect. Adv. Funct. Mater. 2017, 27, 1702946. [Google Scholar] [CrossRef]

	



Kang, H.; Kim, S.; Shin, J.; Ko, S. Inkjet-Printed Flexible Strain-Gauge Sensor on Polymer Substrate: Topographical Analysis of Sensitivity. Appl. Sci. 2022, 12, 3193. [Google Scholar] [CrossRef]

	



Parameswaran, C.; Gupta, D. Large Area Flexible Pressure/Strain Sensors and Arrays Using Nanomaterials and Printing Techniques. Nano Converg. 2019, 6, 28. [Google Scholar] [CrossRef]

	



Hassan, G.; Khan, M.U.; Bae, J.; Shuja, A. Inkjet Printed Self-Healable Strain Sensor Based on Graphene and Magnetic Iron Oxide Nano-Composite on Engineered Polyurethane Substrate. Sci. Rep. 2020, 10, 18234. [Google Scholar] [CrossRef]

	



Kang, G.; Lee, H.; Moon, J.; Jang, H.S.; Cho, D.H.; Byun, D. Electrohydrodynamic Jet-Printed MAPbBr3 Perovskite/Polyacrylonitrile Nanostructures for Water-Stable, Flexible, and Transparent Displays. ACS Appl. Nano Mater. 2022, 5, 6726–6735. [Google Scholar] [CrossRef]

	



Zhang, B.; Lee, H.; Byun, D. Direct Fabrication of Metallic Microgear via Electrohydrodynamic Inkjet 3D Printing. Adv. Eng. Mater. 2020, 22, 1901362. [Google Scholar] [CrossRef]

	



Zhang, B.; Lee, H.; Byun, D. Electrohydrodynamic Jet Printed 3D Metallic Grid: Toward High-Performance Transparent Electrodes. Adv. Eng. Mater. 2020, 22, 1901275. [Google Scholar] [CrossRef]

	



Seong, B.; Chae, I.; Lee, H.; Nguyen, V.D.; Byun, D. Spontaneous Self-Welding of Silver Nanowire Networks. Phys. Chem. Chem. Phys. 2015, 17, 7629–7633. [Google Scholar] [CrossRef] [PubMed]

	



Jang, Y.; Kim, J.; Byun, D. Invisible Metal-Grid Transparent Electrode Prepared by Electrohydrodynamic (EHD) Jet Printing. J. Phys. D Appl. Phys. 2013, 46, 155103. [Google Scholar] [CrossRef]

	



Wang, H.; Zhang, H.; Zhao, W.; Zhang, W.; Chen, G. Preparation of Polymer/Oriented Graphite Nanosheet Composite by Electric Field-Inducement. Compos. Sci. Technol. 2008, 68, 238–243. [Google Scholar] [CrossRef]

	



Lee, H.; Lee, J.; Seong, B.; Jang, H.S.; Byun, D. Printing Conductive Micro-Web Structures via Capillary Transport of Elastomeric Ink for Highly Stretchable Strain Sensors. Adv. Mater. Technol. 2018, 3, 1700228. [Google Scholar] [CrossRef]

	



Tian, H.; Shu, Y.; Cui, Y.L.; Mi, W.T.; Yang, Y.; Xie, D.; Ren, T.L. Scalable Fabrication of High-Performance and Flexible Graphene Strain Sensors. Nanoscale 2014, 6, 699–705. [Google Scholar] [CrossRef]

	



Yamada, T.; Hayamizu, Y.; Yamamoto, Y.; Yomogida, Y.; Izadi-Najafabadi, A.; Futaba, D.N.; Hata, K. A Stretchable Carbon Nanotube Strain Sensor for Human-Motion Detection. Nat. Nanotechnol. 2011, 6, 296–301. [Google Scholar] [CrossRef]

	



Wang, Y.; Wang, L.; Yang, T.; Li, X.; Zang, X.; Zhu, M.; Wang, K.; Wu, D.; Zhu, H. Wearable and Highly Sensitive Graphene Strain Sensors for Human Motion Monitoring. Adv. Funct. Mater. 2014, 24, 4666–4670. [Google Scholar] [CrossRef]

	



Amjadi, M.; Pichitpajongkit, A.; Lee, S.; Ryu, S.; Park, I. Highly Stretchable and Sensitive Strain Sensor Based on Silver Nanowire-Elastomer Nanocomposite. ACS Nano 2014, 8, 5154–5163. [Google Scholar] [CrossRef]

	



Park, J.J.; Hyun, W.J.; Mun, S.C.; Park, Y.T.; Park, O.O. Highly Stretchable and Wearable Graphene Strain Sensors with Controllable Sensitivity for Human Motion Monitoring. ACS Appl. Mater. Interfaces 2015, 7, 6317–6324. [Google Scholar] [CrossRef]

	



Lee, J.; Kim, S.; Lee, J.; Yang, D.; Park, B.C.; Ryu, S.; Park, I. A Stretchable Strain Sensor Based on a Metal Nanoparticle Thin Film for Human Motion Detection. Nanoscale 2014, 6, 11932–11939. [Google Scholar] [CrossRef]

	



Obata, K.; Slobin, S.; Schonewille, A.; Hohnholz, A.; Unger, C.; Koch, J.; Suttmann, O.; Overmeyer, L. UV Laser Direct Writing of 2D/3D Structures Using Photo-Curable Polydimethylsiloxane (PDMS). Appl. Phys. A Mater. Sci. Process. 2017, 123, 2–6. [Google Scholar] [CrossRef]

	



Cosson, S.; Aeberli, L.G.; Brandenberg, N.; Lutolf, M.P. Ultra-Rapid Prototyping of Flexible, Multi-Layered Microfluidic Devices via Razor Writing. Lab Chip 2015, 15, 72–76. [Google Scholar] [CrossRef]

	



Zhu, P.; Yang, W.; Wang, R.; Gao, S.; Li, B.; Li, Q. Direct Writing of Flexible Barium Titanate/Polydimethylsiloxane 3D Photonic Crystals with Mechanically Tunable Terahertz Properties. Adv. Opt. Mater. 2017, 5, 1–6. [Google Scholar] [CrossRef]

	



Wei, H.; Li, K.; Liu, W.G.; Meng, H.; Zhang, P.X.; Yan, C.Y. 3D Printing of Free-Standing Stretchable Electrodes with Tunable Structure and Stretchability. Adv. Eng. Mater. 2017, 19, 1–6. [Google Scholar]

	



Nezhad, A.S.; Ghanbari, M.; Agudelo, C.G.; Packirisamy, M.; Bhat, R.B.; Geitmann, A. PDMS Microcantilever-Based Flow Sensor Integration for Lab-on-a-Chip. IEEE Sens. J. 2013, 13, 601–609. [Google Scholar] [CrossRef]








[image: Polymers 14 04373 g001 550] 





Figure 1. Two types of printing methods to fabricate microscale PDMS mesh patterns. (a) Direct ink writing and (b) electrohydrodynamic jet printing. 
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Figure 2. Procedure to obtain a free-standing PDMS mesh pattern. (a) A glass substrate, (b) a schematic of the trichloro-silane deposition process on a glass substrate and mesh pattern to obtain a functional mesh structure, (c) a printing step for the fabrication of the PDMS line in the X-direction, (d) a printing step for the fabrication of the PDMS mesh structure in the Y-direction, (e) detachment of the PDMS mesh structure from the glass substrate, and (f) AgNW coating process on the detached PDMS mesh structure. 
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Figure 3. SEM analysis images. (a) Mesh printing structure, (b) uniform coating of AgNWs on the printed structure, (c,d) cracks in the coating after multiple strain tests. 
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Figure 4. Parametric study of viscoelastic PDMS/xylene elastomer ink. (a) Effect of speed on the line width, (b) effect of nozzle height on the line width, (c) effect of voltage on the line width, and (d) I–V curve. 
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Figure 5. Microscopic images of PDMS mesh patterns fabricated by (a) direct ink writing (0 V) and (b) EHD jet printing at (b) 1.5 kV, (c) 2.3 kV, and (d) 2.8 kV. 
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Figure 6. Printed mesh structure and gauge factor measurement. (a) Printed mesh structure flexibility and bending tests. The relative change in resistance as a function of the given tensile strain by the stretch and release processes during small (b) (2–7%) and large (c) (12–36%) strains. 
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Table 1. Ink preparation.
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	Materials
	Weight (%)





	PDMS (base)
	10



	PDMS (reagent)

Xylene
	1

0.5
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