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Soft robotics and wearable devices are promising technologies due to their flexibility. As human-soft robot interaction technologies advance, the interest in stretchable sensor devices has increased. Currently, the main challenge in developing stretchable sensors is preparing high-quality sensors via a simple and cost-effective method. This study introduces the do-it-yourself (DIY)-approach to fabricate a carbon nanotube (CNT) powder-based stretchable sensor. The fabrication strategy utilizes an automatic brushing machine to pattern CNT powder on the elastomer. The elastomer ingredients are optimized to increase the elastomer compatibility with the brushing method. We found that polydimethylsiloxane-polyethyleneimine (PDMS-PEIE) is 50% more stretchable and 63% stickier than previously reported PDMS 30-1. With these improved elastomer characteristics, PDMS-PEIE/multiwalled CNT (PDMS-PEIE/MWCNT-1) strain sensor can realize a gauge factor of 6.2–8.2 and a responsivity up to 25 ms. To enhance the compatibility of the powder-based stretchable sensor for a wearable device, the sensor is laminated using a thin Ecoflex membrane. Additionally, system integration of the stretchable sensors are demonstrated by embedding it into a cotton-glove and a microcontroller to control a virtual hand. This cost-effective DIY-approach are expected to greatly contribute to the development of wearable devices since the technology is simple, economical, and reliable.
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INTRODUCTION
Soft robotics and soft wearable sensors are receiving increased attention due to their potential applications such as for rehabilitation or assistance purposes (Wehner et al., 2013; Polygerinos et al., 2015), human health monitoring systems (Ramasamy and Balan, 2018; He et al., 2021), human-machine interactions (Zoss et al., 2006; Banala et al., 2008; Roh et al., 2015), and human motion monitoring (Yang et al., 2018). Many soft actuator devices have already been developed. Examples of soft actuators include soft pneumatic actuators (Faudzi et al., 2018; Mohamed et al., 2020; Tschiersky et al., 2020; Ying et al., 2020; Luo et al., 2021), soft electroadhesion (Shintake et al., 2016; Guo et al., 2018; Okuno et al., 2019; Persson and Guo, 2019), stretchable pumps (Cacucciolo et al., 2019; Seki et al., 2020; Shigemune et al., 2021), dielectric elastomer actuators (DEAs) (Ji et al., 2019; Kajiwara et al., 2019; Minaminosono et al., 2019; Wang et al., 2019; Hiruta et al., 2021; Takagi et al., 2021; Wiranata et al., 2021; Zhao et al., 2021) a shape memory polymer (Besse et al., 2017; Li et al., 2020; Miao et al., 2020; Scalet, 2020; Zeng et al., 2020), and gel actuators (Maeda et al., 2007, 2010; Hwang et al., 2019; Mao et al., 2020a, 2020b; Zhang et al., 2020). To create an interface between soft actuators and human activity, the actuator must be equipped with an appropriate sensing method. One example is a pneumatic exoskeleton (Polygerinos et al., 2015), where the exoskeleton amplifies the normal muscle work precisely when the sensor and actuator are fully calibrated with the human motion.
In the context of human motion detection and soft robotics actuation monitoring, strain sensing is essential to detect deformation of the system. Although conventional strain sensors can convert the strain produced by the external stimulation into a signal response (Han et al., 2017), they cannot detect the full range of human motions. The conventional strain sensor structure usually consists of a high stiffness material conductor or semiconductor, limiting the strain range sensing (Barlian et al., 2009). Since the movement of human joints induces a large strain range (more than 30%), flexible strain sensors with a high stretchability are needed to detect the full range of human motions.
In the sensor-actuator integrated system, the flexible strain sensor provides feedback to the system by sending the resistance data change. The change in electrical resistance R of the flexible strain sensor is affected by the strain ε of the elastomer. The relative change of R to the ε is denoted as the gauge factor (GF) which also known as the sensitivity of the sensor. When the flexible sensor undergoes a uniaxial stress, the sensor should expand in one direction causing a change in the geometric shapes. The change in geometric shape is described as follows in Equation 1 (Shintake et al., 2018).
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Where le is the electrode length, we electrode width, te electrode thickness and ε1 is the strain in the loading direction. le0, we0, te0, are initial length, width, and thickness of the electrodes respectively. By assuming the cross section of the flexible sensor is uniform, the resistance change can be described as follow (Eq. 2) (Shintake et al., 2018)
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Where ρ0 is the reference resistivity, ρ is the resistivity of stretchable electrodes, and R0 is the reference resistance. Then the sensitivity of the sensor (GF) can be defined using Eq. 3 (Shintake et al., 2018)
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Many researchers have focused on producing high-quality stretchable strain sensors. To improve the sensor quality (in terms of sensitivity, stretchability, and reliability), both material selection and the fabrication method are necessary to optimize devices containing stretchable electrodes. Different types of stretchable electrodes have been investigated, including carbon-based electrodes (Rosset and Shea, 2013), metal thin-film electrodes (Rosset and Shea, 2013), composite silicone-carbon electrodes (Shintake et al., 2018), and ionic gels (Keplinger et al., 2013). Each electrode has distinctive characteristics when it is used as a stretchable strain sensor.
Several fabrication methods have been reported for strain sensors, including a lamination technique for stretchable electrodes, mixing and creating electrodes-polymer composites, and direct electrode patterning on the elastomer. There are some examples of lamination techniques such as electrode pad printing (Poulin et al., 2015), Langmuir-Schaefer (LS) (Ji et al., 2018), and supersonic cluster beam implantation (SCBI) (Taccola et al., 2018). Among these methods, pad printing is the simplest to create stretchable electrodes because user can stamp the electrodes directly on the elastomer surface using a commercial pad-printing machine. Pad printing requires a liquid type of electrode, which requires additional treatment [e.g., mixing of carbon black and elastomer to form a carbon black-elastomer composite (Poulin et al., 2015)] to produce high-quality stretchable electrodes. Moreover, this methods also require a pad-printing machine (Poulin et al., 2015) which can add additional cost to the overall production of stretchable electrodes. In the case of SCBI (Taccola et al., 2018), it requires special equipment that can accommodate high pressure. The SCBI process also requires an additional inert gas which adding an additional cost to the fabrication process. In the case of LS (Ji et al., 2018), the method is simply by transferring the electrodes from the surface of the water to the target surface (e.g., PDMS surface), this method requires a good combination of conductive material before transferring to the target surface [e.g., a composite between hydrophobic poly (alkylthiophene) and hydrophilic multiwalled carbon nanotubes (MWCNT) (Ji et al., 2018)]. The material addition also can cause an additional cost. Moreover, a special cleanroom is also needed since the working properties is liquid and to avoid any contaminations.
Another fabrication technique is to mix and create electrode-polymer composites (Shintake et al., 2018; Teixeira et al., 2018; Jin et al., 2020; Dong et al., 2021; Song et al., 2021). This popular method can create stretchable electrodes for strain sensors but a long mixing process is required to realize a uniform mixing solution. Another fabrication method is electrode patterning by 3D printing (Muth et al., 2014). In this process, the key is to produce a good substrate quality before the electrodes are printed on the elastomer. Hence, substrate preparation requires additional complicated processes and special skills to achieve a good substrate composition.
Currently, the development of stretchable strain sensors via rapid, easy, reliable, and cost-effective fabrication methods remains challenging although the demand for stretchable strain sensor products is high (Song et al., 2021). In the soft robotics area, there are several fast fabrication techniques known as do-it-yourself (DIY) methods. In principle, DIY is an activity where researchers create a product or a process through individual or a collective production practice for a specific personal purpose, and usually the methods used are by researcher’s own innovation (Wolf and Mcquitty, 2011; Camburn and Wood, 2018). The DIY in soft robotics area can produce highly reliable actuators, including flexible electrohydrodynamic (EHD) pump technology (Seki et al., 2020) and basic dielectric elastomer actuator (DEA) technology (Wiranata et al., 2021). DIY methods are popular because they offer users the freedom to modify and define the parameters during device fabrication. Many open sources and communities exist to support the method. The DIY method also has been implemented in other areas such as biotechnology (Wong et al., 2018), biochemistry (Szymula et al., 2019), and other topics related to laboratory development (Kubínová and Šlégr, 2015; Grinias et al., 2016; Vallejo et al., 2020). Reliable DIY for rapid prototyping is essential to accelerate the development and innovation in soft robotics.
Previously, we have developed a method to reliably fabricate stretchable electrodes using the brushing method of CNT powder for DEAs (Minaminosono et al., 2021; Murakami et al., 2021; Wiranata et al., 2021; Wiranata and Maeda, 2021). Hand brushing CNT on the elastomer is a relatively easy and fast process. In order to eliminate the human influence in the brushing process, improve the consistency of the brushing and ease of brushing process, we automate the brushing process using brushing machine. An automatic brushing machine is a convenient technology for future mass production. For the brushing machine, we customized a low-cost commercial DIY-kit three-axis machine tools to realize an automatic brushing process. Then we improved the elastomer compatibility towards fabrication of stretchable strain sensor using automatic brushing method. The elastomer compatibility and quality was optimized by adding polyethyleneimine (PEIE) in the previously reported pre-polymer of polydimethylsiloxane (PDMS) 30-1 (Wiranata et al., 2021). Adding a small amount of PEIE (approximately 0.11 wt%) increased the stickiness of the elastomer, enhancing the compatibility for the brushing process of the CNT powder. To examine the effect of powder size on the stretchable strain sensor properties, we assessed three conductive powders: multiwalled carbon nanotubes (MWCNTs) with outer diameters of 6–9 nm (MWCNTs-1), MWCNTs with outer diameters of 10–20 nm (MWCNTs-2), and MWCNTs with outer diameters of 50–90 nm (MWCNTs-3).
Then to enhance the compatibility of the sensor for wearable devices, we introduced a lamination process using a thin Ecoflex membrane for the stretchable strain sensor after the brushing process. The Ecoflex membrane can cover the sensor since both the Ecoflex membrane and sensor display high stretchability mechanical characteristics. A high stretchability can ease material handling of micrometric layers of the Ecoflex membrane since the membrane does not rip easily during the lamination process. Finally, we integrated a stretchable strain sensor with a low-cost microcontroller (Arduino) as the signal processor to detect human hand movement. The hand movement was captured and displayed using virtual software.
Our study aims to provide a DIY approach for rapid, easy, reliable, and cost-effective fabrication methods for fully laminated stretchable strain sensors using automatic brushing machines to brush a carbon nanotube powder on the elastomer. The reasons for the cost and time reduction in our DIY approach include the use of low-cost commercial DIY-kit three-axis machine tools covered with a portable glovebox that can ease the brushing process in regular laboratory conditions. This can eliminate the requirement of a costly cleanroom. Furthermore, a direct brushing of CNT on the surface of the PDMS can speed up the fabrication process.
As a prototype of our powder-based stretchable sensor for wearable device, we integrate the sensor with a low-cost microcontroller (Arduino) to detect hand movements. Figure 1 depicts the overall fabrication sequence of the powder-based stretchable sensor and the wearable device prototype. We expect that our novel DIY strategy will contribute to the development of human-soft robotics interactions. Many researchers can easily access this proposed technology since our fabrication process is simple and reliable. We believe this research can attract more researchers and lead to the faster development of soft robotics, especially the human-soft robotics interface.
[image: Figure 1]FIGURE 1 | DIY-fabrication concept of a stretchable strain sensor and a wearable device prototype. (A) Brushing of the CNT powder using a brushing machine, (B) manually shaping of the stretchable sensor, and (C) laminating the stretchable strain sensor using thin Ecoflex membrane. (D) Plug-and-play concept for ease of sensor mounting and maintenance, (E) sensor embedment on a cotton glove and integration system using an economical microcontroller (Arduino) and (F) demonstration of the strain sensor to detect human hand movement.
MATERIALS AND METHODS
Elastomer Fabrication
We used a commercially available elastomer, Sylgard 184 by Dow Inc., to produce a stretchable strain sensor. This PDMS comes in two liquid parts: the elastomer base and the curing agent. The standard recommended mixing ratio is 10 g of the elastomer base to 1 g of the curing agent. Both elastomer and curing agent can be mixed manually or using a commercial mixer (e.g., Thinky mixer AR-100) to ensure the uniformity of the mixing solution. The solution can be cured by either sitting at room temperature or baking in the oven to shorten the curing time. Previous reports have indicated that modifying the Sylgard 184 mixing ratio changes the mechanical characteristics of the elastomer (Kim et al., 2011; Johnston et al., 2014; Wiranata et al., 2021).
Since we used powder-type electrodes, the elastomer stickiness should be optimized to strengthen the physical bonding between the elastomer surface and the multiwalled carbon nanotube (MWCNT) powder. This strong bond reduces the risk of the MWCNT powder detaching from the elastomer surface. Reducing the curing agent part to 3.2 wt% can realize a sticky PDMS surface (Wiranata et al., 2021). To further improve the stickiness characteristics, we added PEIE (Yamamoto et al., 2017) (80% ethoxylated solution by Sigma-Aldrich) approximately of 0.11 wt% to the PDMS prepolymer with the 3.2 wt% of curing agent. Then the liquid solution was pre-mixed manually. We placed the pre-mixed solution into a commercial mixer (Thinky mixer AR-100) for 3 min at a speed of 2000 rpm to ensure a uniform mixture. We then let the PDMS cure at a temperature of 60°C for 4 h.
To evaluate the mechanical characteristics of the elastomer, we molded the PDMS-PEIE to create a sheet with the size of 145 × 135 × 2 mm3. After elastomer was fully cured, we prepared a specimen for a tensile test using a precision dumbbell blade (the size of the dumbbell blade is in accordance to JIS K6251). Then the specimen was tested using Shimadzu AGS-X with a loading speed of 500 mm/min for the uniaxial tensile test. All of the tensile test data were recorded automatically. For each condition, at least three samples were investigated.
Sensor Fabrication
The PDMS-PEIE sheet was prepared using the same methods as mentioned in the previous section. We employed a simple coating process to create an approximately 0.5-mm-thick elastomer membrane. After fully curing, the elastomeric membrane was peeled from the acrylic plate. We then attached it to a 100 × 100 mm2 acrylic frame. An acrylic frame can ease material handling when a brushing method is applied.
The fabrication of PDMS-powder-based stretchable strain sensor begins with brushing process for the CNT powder on the PDMS-PEIE. We applied a DIY approach by utilizing an automatic brushing machine. The automatic brushing machine was a customized commercially available DIY-Kit x-y-z machine tool (SainSmart Genmitsu CNC Router 3018-PRO). To ease the CNT powder handling in the brushing process, we put the x-y-z machine tool inside a commercially available glove box (As One 3-116-01 SM-1). Additionally, the brush was also a readily available commercial paintbrush with nylon hair (Supplementary Figure S1).
The brushing process began by placing the electrode powder on the elastomer surface (Figure 2A). We pre-poured approximately 0.02 g of MWCNTs powder from the top left corner to the bottom left of the PDMS-PEIE surface to form a line as shown in Figure 2A. Then a series of bi-directional planar sweeps along linearized rail brushings was performed at a speed of 1000 mm/min (Figures 2C,D, and 2E) until the entire elastomer surface was covered with the electrode powder (Figure 2F). To ensure a uniform brushing process, we performed 20 cycles of brushing for each position. Supplementary Movie S1 shows the details of the brushing process. After the brushing process, we shaped the brushed PDMS-PEIE into a 10-mm-wide strip by manually cutting the sheet (Figure 3). To ease the sensor shaping process, the brushed PDMS-PEIE with an acrylic frame was placed on the masking paper with the brushed surface facing upward prior to removing the acrylic frame (Figure 3A). Then we cut the PDMS-PEIE using a scalpel (Figure 3B) to form a square brushed PDMS-PEIE sheet without a frame (Figure 3C). The sheet was subsequently flipped backward and placed on a soft surface (e.g., tissue paper) (Figure 3D). We manually drew lines on the masking paper with a 10-mm gap between each line (Figure 3E). Finally, we cut the strip according to the pattern (Figure 3G). Figure 3G shows the final product of the stretchable strain sensor. We needed to peel the stretchable strain sensor from the masking paper. Figure 3H shows the stretchable strain sensor in unstretched and stretched states.
[image: Figure 2]FIGURE 2 | Equipment setup and brushing process using a brushing machine. (See Supplementary Movie S1 to view the complete process).
[image: Figure 3]FIGURE 3 | Shaping process of the stretchable strain sensor.
Electromechanical Sensor Testing
To investigate the characteristics and reliability of the stretchable strain sensors, we performed a series of cyclic electromechanical tests. We initially attached the sensor to a 3D printed fixture mounted on a linear motorized stage (SGSP26-200 by Sigmakoki) for cyclic uniaxial loading and unloading. The pulling speed and the displacement of the linear motorized stage were controlled using SHOT-702 (Sigmakoki). The resistance value of the sensor was measured using an LCR meter (IM3536 by Hioki) that was set to a sampling frequency of 200 Hz. The LCR meter data and the displacement data from the motorized stage were recorded using a personal computer. We used a recording speed of 20 Hz. The length between measurement probe (ds) was 70 mm. Figure 4 shows the detailed arrangement of the equipment. To evaluate the influence of the strain speed on the sensor sensitivity, the stretchable sensor was uniaxially pulled until a 40% strain at a constant speed of 7, 21, or 30 mm/s. Each strain speed was repeated for 50 cycles.
[image: Figure 4]FIGURE 4 | Electromechanical experimental setup for sensor characterization.
Sensor Lamination Process
Wearable sensors are currently receiving much attention due to the growing need for a reliable human-machine interface. Herein, we demonstrate that our stretchable sensor fabricated using the DIY approach is suitable for a wearable sensor. We performed a lamination using a thin Ecoflex membrane to improve the compatibility of the sensor toward wearable device. The Ecoflex membrane was fabricated by spin-casting an Ecoflex solution at 2000 rpm for 30 s. Then, the spin-casted Ecoflex was cured at 60°C for 10 min. The thickness of the spin-casted Ecoflex membrane was evaluated after it was fully cured using a thickness screw gauge and was approximately 30–50 µm-thick. Since Ecoflex is a highly stretchable material, the thin Ecoflex membrane can easily be removed from the casting substrate.
Figure 5 shows the lamination process. First, the sensor was peeled from the masking paper (Figure 5A). Then the stretchable sensor was fully covered with a thin Ecoflex membrane (Figures 5B–D). Afterward, the unnecessary parts were removed using a cutter or scalpel (Figure 5E). Then the final step was to remove a small part of the Ecoflex membrane to create a contact surface (Figure 5F). We tested the lamination quality by manually stretching (Figure 5G) and squeezing (Figure 5I) the sensor. Figures 5H,J demonstrate that squeezing and stretching do not induce a noticeable delamination of the Ecoflex thin membrane. (Supplementary Figure S2 shows the final structure of the sensor.) We did not use any adhesive to apply the thin membrane to the stretchable sensor since the PDMS-PEIE already has a sticky nature characteristic. After the lamination process, we investigated the characteristics of the laminated sensor using the same equipment shown in Figure 4.
[image: Figure 5]FIGURE 5 | Sensor lamination process using a thin Ecoflex membrane.
To simply attach the stretchable strain sensor to any object, including the human body or other wearable devices such as gloves or sleeves, we proposed a plug-and-play concept for this stretchable strain sensor (Figure 6). This plug-and-play concept allows the stretchable sensor to be easily placed and adjusted. For long-term sensor operations, this concept can minimize regular maintenance. If the sensor is damaged, it can easily be removed and replaced with a new one. Figure 6 shows an example where the device is attached to a glove. Additionally, the customized stretchable strain sensor mounting may help adjust the tension level of the stretchable strain sensor.
[image: Figure 6]FIGURE 6 | Plug-and-play concept of the stretchable strain sensor.
RESULTS
Elastomer Mechanical Properties
Figure 7 shows comparison of the mechanical characteristics of PDMS-PEIE, PDMS 30-1, and Ecoflex. Adding PEIE to the PDMS changes the mechanical characteristics of the elastomer due to the crosslinking characteristics formed on the elastomer (Jeong et al., 2016). The addition of the PEIE in the elastomer solution realizes an approximately 50% (PDMS-PEIE) more stretchable elastomer compared to the previously reported PDMS with a 3.2 wt% curing agent and without PEIE (PDMS 30-1) (Wiranata et al., 2021). This improved maximum failure strain of the PDMS-PEIE is attributed to the heterogeneously crosslinked elastomer network (Jeong et al., 2016).
[image: Figure 7]FIGURE 7 | Mechanical characteristics (engineering stress-strain) of the elastomer.
A tacky elastomer surface is necessary when a powder-type electrode is used. Additionally, an adaptable and viscous surface increases the physical bonding between powder-type electrodes and the elastomer surface. We employed the procedure from the American Society for Testing and Material (ASTM D 6195 03) for the loop tack test to assess the stickiness of the elastomer surface. We created a 0.5 × 25 × 175-mm3 PDMS strip using a simple molding method (Supplementary Figure S3 describes the molding shape and method). We then bent the specimen upon itself to form a pendant-drop shape loop. The ends of the loop were connected using masking tape. The loop was gripped by the tensile tester. Then the pendant drop shape was brought into contact with the polished stainless-steel surface to form a 25 × 25-mm2 contact area. Finally, the tensile tester pulled the test specimen with a speed of 300 mm/min until the elastomer fully detached from the stainless-steel surface. Details of the tackiness test are previously reported elsewhere by Wiranata et al. (2021).
Figure 8 shows the maximum adhesion strength of the elastomer. Adding a small amount of PEIE into the mixing solution of PDMS improves the elastomer stickiness. Compared to Ecoflex and previously optimized PDMS 30-1 (Wiranata et al., 2021), PDMS with PEIE has a higher adhesive strength. PDMS-PEIE has the highest adhesive strength since we added more PEIE (approximately 0.11 wt%) to the PDMS-PEIE. Adding a small amount of PEIE (approximately 0.11 wt%) realizes PDMS with an approximately 63% higher tackiness than the previously developed PDMS30-1 (Wiranata et al., 2021). The high stickiness characteristics of this elastomer possibly due to the viscous surface adaptation of the PDMS, which allows van der Waals interactions with another substrate surface (Jeong et al., 2016). Moreover, the surface adaptability of the elastomer enhances the surface contact area between the elastomer and substrate which further strengthening the bonding between the elastomer surface and the substrate.
[image: Figure 8]FIGURE 8 | Tackiness of the elastomer surface.
Surface Condition of the Brushed CNT on the Elastomer
To investigate the effect of CNT powder type on the stretchable strain sensor performance, we examined three different sizes of multiwalled CNTs: MWCNTs 724769-25G from Sigma-Aldrich with an outer diameter of 6–9 nm and 5 µm length (MWCNTs-1), MWCNTs 0553CA from Sky Spring Nanomaterial with an outer diameter of 10–20 nm and 5–30 µm length (MWCNTs-2), and MWCNTs 901019-25G from Sigma-Aldrich with an outer diameter of 50–90 nm and 15 µm (MWCNTs-3).
The surface of the brushed PDMS-PEIE was investigated using field-emission scanning electron microscopy (FE-SEM JSM-7610 F (JEOL)) to characterize the surface morphology of PDMS-PEIE brushed with different sizes of CNT. Figures 9A–A2 show the surface condition of PDMS-PEIE/MWCNTs-1. Agglomerates of several MWCNTs appear on the micrometric scale (Figure 9A). Compared to previously reported research on manual brushing of MWCNTs for dielectric elastomer actuators (Wiranata et al., 2021), the agglomerates of MWCNTs-1 in micrometric size (Figure 9A) shows more uniform size than previously reported research (Wiranata et al., 2021). This uniform size of the agglomerates is possibly due to the more consistent brushing (e.g., brushing pressure and brushing speed) in the brushing machine than in the manual brushing process. The agglomerates can affect the quality of the sensor. We expect that smaller agglomerates produce less noise in the sensor reading when the sensor is at a higher strain (e.g., 100% strain). Magnified images on the nanometric scale show that the MWCNTs-1 are spread uniformly on the surface of the PDMS-PEIE (Figures 9A, A2). The nanometric scale image in Figure 9A1 also shows that the MWCNTs network is spread more uniformly than the previously reported research on the manual brushing methods (Wiranata et al., 2021). This uniform dispersion pattern should enhance the network connection between MWCNTs particles.
[image: Figure 9]FIGURE 9 | FE-SEM images show the surface morphology of (A−A2) PDMS-PEIE/MWCNTs-1, (B−B2) PDMS-PEIE/MWCNTs-2, and (C−C2) PDMS-PEIE/MWCNTs-3 at different magnifications (micrometric to nanometric size).
A similar pattern is also observed in MWCNTs-3, which has a larger particle size (Figures 9C1, C2). This uniform pattern on the nanometric and micrometric scales (Figure 9C) lowers the noise reading of the strain sensor. Furthermore, the structure of MWCNTs-3 (Fig, 9c1) looks stiffer than the other MWCNTs. Figure 9C1 indicates a less dense MWCNTs network structure. This less dense network structure causes a problem when the strain sensor is under high strain conditions (e.g., degradation of the sensor sensitivity). In the case of PDMS-PEIE/MWCNTs-2, Figures 9B1, B2 show black blank spaces and other areas full of MWCNTs network, which resemble the valleys and peaks on the surface of PDMS-PEIE/MWCNTs-2 respectively. This surface pattern of PDMS-PEIE/MWCNTs-2 causes the strain sensor to have a higher sensitivity since the valleys and peaks can shift easily and collide with each other when the sensor size changes due to the strain effect. Compared to the PDMS-PEIE/MWCNTs-1 surface (Figure 9A), the PDMS-PEIE/MWCNTs-2 surface (Figure 9B) has bigger agglomerates, which can stimulate noise in the reading when the strain sensor operates at a higher strain.
Electromechanical Properties of the Sensor
Figure 10 describes the characteristics of the stretchable strain sensors fabricated using PDMS-PEIE. We tested three different types of MWCNTs. As expected, the sensitivity of the stretchable strain sensor does not change significantly after 50 stretching-relaxing cycles. The stretchable strain sensor reading converges from the 2nd cycle to the 50th cycle (Figures 10A–C). PDMS-PEIE/MWCNTs-1 has the most stable readings at different tensile speeds (Figure 10A). The gauge factor (GF) of the PDMS-PEIE/MWCNTs-1 stretchable strain sensor remains nearly constant even as the pulling speed increases (Figure 10D) The PDMS-PEIE/MWCNTs-1 stretchable sensor shows less noise than the PDMS-PEIE/MWCNTs-2 stretchable strain sensor at a tensile speed of 7 mm/s (Figure 10A). (Supplementary Figure S4 provides more details about the PDMS-PEIE/MWCNTs-2 stretchable sensor at a tensile speed of 7 mm/s). The PDMS-PEIE/MWCNTs-1 stretchable sensor can be stretched up to 100% strain, and the reading result shows less noise (Supplementary Figure S5A) than PDMS-PEIE/MWCNTs-2.
[image: Figure 10]FIGURE 10 | Electromechanical characteristics of the stretchable strain sensors: (A) PDMS-PEIE/MWCNTs-1, (B) PDMS-PEIE/MWCNTs-2 and (C) PDMS-PEIE/MWCNTs-3. Gauge factors (GFs) of (D) PDMS-PEIE/MWCNTs-1, (E) PDMS-PEIE/MWCNTs-2, and (F) PDMS-PEIE/MWCNTs-3.
PDMS-PEIE/MWCNTs-2 (Figure 10B) shows a higher GF (Figure 10E) compared to the other stretchable strain sensors. The GF is also sensitive to the tensile speed (Figure 10E). PDMS-PEIE/MWCNTs-2 also has higher noise when it is stretched up to 100% strain (Supplementary Figure S5B). For the PDMS-PEIE/MWCNTs-3, the GF changes as the strain increase (Figure 10C). A smaller GF value appears at a strain above 20% strain. Although the PDMS-PEIE/MWCNTs-3 sensor can be stretched up to 100% strain, it has a lower linearity than the other two sensors. All of the fabricated sensors show a high repeatability since all readings have repeatable stretching and relaxing patterns during the cyclic tensile tests (Figure 10). Additionally, we tested a single PDMS-PEIE/MWNTs-1 for three different tensile speed with a total cycle of 3,000 cycles (Supplementary Figure S6). We found that the PDMS-PEIE/MWNTs-1 shows a stable performance since the curve shows a repeatable pattern at every tensile speed.
We also assessed the dynamic performance of PDMS-PEIE/MWCNTs-1 using ET139 by Labworks, Inc. (Supplementary see Figure S7 for the experimental details). PDMS-PEIE/MWCNTs-1 shows a stable performance when the sensor is subjected to a vibration frequency of 40 Hz (period of 25 ms), (Figure 11). Based on this dynamic test, we can conclude that the PDMS-PEIE/MWCNTs-1 has a responsivity up to 25 ms. Table 1 summarizes our results. By implementing our novel DIY strategy to fabricate a stretchable strain sensor, the sensitivity of the PDMS-MWCNTs-based sensor is improved.
[image: Figure 11]FIGURE 11 | Response of a PDMS-PEIE/MWCNTs-1 stretchable sensor to the vibration at 40 Hz.
TABLE 1 | Comparison among the strain sensors fabricated using CNT and silicone elastomer as the stretchable electrodes.
[image: Table 1]After the lamination process using exoflex thin membrane, we also check the quality of the stretchable sensor. Figure 12 shows the quality of the laminated stretchable strain sensor. Comparing with the naked stretchable strain sensor characteristics (Figure 10A), the lamination process does not affect the quality of the stretchable strain sensor (Figure 12).
[image: Figure 12]FIGURE 12 | Stretchable strain sensor (PDMS-PEIE/MWCNTs-1) characteristics after the lamination process using an Ecoflex membrane at a tensile test speed of (A) 7 mm/s (B) 21 mm/s, and (C) 30 mm/s.
Stretchable Sensor Application for Detecting Object Movement
In this section, we specifically investigated the sensitivity, and the strain range of the PDMS-PEIE/MWCNTs-1 to monitor human movement since the PDMS-PEIE/MWCNTs-1 shows stable reading, lower noise than PEIE/MWCNTs-2, and has a potential to be stretched up to 100% with low noise in the sensor reading. The response of the strain sensor increases when the index finger is bent from its natural position to the fully rolled position (Figure 13A). When the index finger moved cyclically from the natural position to the rolled position several times, the sensor reading value changes according to the movement. When the movement is terminated, the sensor value returns to its original state. Similarly, the stretchable strain sensor can detect other joint bending movements such as the wrist (Figure 13B). In addition, the response intensity of the stretchable strain sensor varies when the elbow is bent at different angles (Figures 13C,D). A larger bending angle induces a higher response in the stretchable sensor (Figure 13D).
[image: Figure 13]FIGURE 13 | Response patterns of the PDMS-PEIE/MWCNTs-1 sensor fixed on (A) index finger, (B) wrist, (C) 45-degree movement of the elbow, and (D) 90-degree movement of the elbow.
DISCUSSION
The electromechanical properties of the sensor (Figure 10) confirm that each MWCNTs powder has its own strengths and weaknesses characteristics when fabricated using a brushing method. We realize that the characteristic of our stretchable sensor is affected by the MWCNTs powder agglomerates. The smaller the agglomerates of the powder can produce less noise in the sensor reading. In our case the smaller agglomerates were found in MWCNTs-1. The dispersion of the MWCNTs particles in nanometric scale can strengthen the network connection between MWCNTs particle which also realize lower noise at higher strain value of stretchable sensor. This strong and uniform dispersion of the MWCNTs powder is found in MWCNTs-1 (Figure 9a1 and 9a2). This phenomenon makes PDMS-PEIE/MWCNTs-1 has a high potential for future development of stretchable strain sensor.
On the other hand, MWCNTs-3 shows a high nonlinearity and lower noise reading of the sensor. The high nonlinearity is highly affected by the structure of the MWCNTs-3 which looks stiffer than the other MWCNTs and the less density of the MWCNTs network structure. These two combinations of less density of network structure problem and stiff structure of MWCNTs particle can cause a degradation of sensor sensitivity when the sensor is at high strain condition.
In MWCNTs-2 case, the micro metric image (Figure 9B) shows that there are more agglomerates than MWCNTs-1 and MWCNTs-3. These agglomerates make the MWCNTs-2 has higher sensitivity and noise of the sensor reading at the same time. When the sensor is integrated to the system, a filtering algorithm (e.g., moving average filter or exponential filter) can remove the noise in the sensor reading of MWCNTs-2. However, in some cases, when a low-cost microcontroller is used, the filter algorithm application can cause a delay in the sensor reading. Since more terrible noise was found at a higher strain of PDMS-PEIE/MWCNTs-2 (Supplementary Figure S5B) than PDMS-PEIE/MWCNTs-1 and PDMS-PEIE/MWCNTs-3, PDMS-PEIE/MWCNTs-2 is more suitable for sensing a strain approximately between 0 and 50%.
By reviewing the strength and weakness of each type of powder when it is used as stretchable sensor, we found that PDMS-PEIE/MWCNTs-1 shows a good performance in terms of linearity and repeatability in lower and higher strain sensing areas. Hence, we recommend fabricating a combination of PDMS-PEIE and MWCNTs-1 via the brushing method for low-cost strain sensing projects (e.g., human movement detection) and wearable sensor such as smart gloves, which can detect finger movements.
In the future applications, this stretchable sensor can be used as a motion detection in soft actuator, soft bio inspired robot and human-soft robot interaction project. The flexibility of the sensor and the simple fabrication makes the stretchable sensor easily to be integrated to any device.
In this current research we integrate the stretchable sensor with a low-cost micro controller to detect finger movement. The principle is by detecting a higher or lower response of the stretchable strain sensor (due to the different movement angles shown in Figures 13C,D) and mapping the value of the sensor response through a simple transfer function to control a virtual hand. We prepared a virtual hand model using Blender (opensource software from blender.org). Blender receives the mapped signal from the strain sensor attached to the glove and mimics the human hand movement. On the instrumental side (wearable device), Supplementary Figure S8 shows the glove used to detect the hand movement and the electric instrument. In this stretchable strain sensor simulation, we used economical DIY equipment including Arduino Uno as the signal receiver and signal processor from the stretchable sensor. The electric circuit consisting of 1-MΩ resistors (Supplementary Figure S8) works as a simple voltage divider so that the analog signal can be read using Arduino Uno. Moving the glove (Supplementary Figure S8) induces a difference in the resistance of the system. This resistance change due to the hand-glove finger movement influences the voltage signal read by the analog pin in Arduino. Then the signal from the analog pin is further mapped and sent to the personal computer USB port. Finally, Blender software captures the hand movement simulation. Supplementary Figure S9 shows the detail of the electric connection circuit and peripheral of the wearable device.
To improve the movement accuracy of the wearable device (Supplementary Figure S8), a simple calibration algorithm was used to detects the maximum and minimum reading values of the sensor. This simple calibration algorithm is necessary since the movement range of every finger differs by person. A person’s hand size affects the value range of the sensor readings. Then the maximum and minimum range are further mapped to vector values that the Blender software can understand.
Figure 14 overviews the demonstration of this stretchable strain sensor attached to a cotton glove to control a virtual hand. (Supplementary Movie S2 shows a full demonstration of the control simulation, and Supplementary Figure S10 depict the strain possibility experienced by the stretchable sensor due to the finger movement). All of the materials, software, and peripherals are open-source and available in the marketplace. For instance, Sylgard 184 is commercially available with the price of $120 for 500 g, PEIE is around $100 for 100 g, MWCNTs ranges from $63 to $144 for one package. The price depends on the diameter of the MWNNTs, and one package can fabricate at least 100 samples sensors. The DIY-Kit x-y-z machine tools (SainSmart Genmitsu CNC Router 3018-PRO) is around $250, the portable enclosure glovebox (As One 3-116-01 SM-1) is around $390, while Ecoflex is around $40 per kilogram. Six nylon paintbrushes cost around $5, and the DIY-Kit Arduino is around $11. Hence, these materials and technologies are accessible and affordable for researchers studying soft robotics and stretchable sensors. Consequently, we expect that our DIY approach, which can simply fabricate an elastomer strain sensor using MWCNTs powder for a wearable sensor, can accelerate the growth of soft robotics research innovation.
[image: Figure 14]FIGURE 14 | (B and D) Control simulation of a virtual hand using (A and C) a stretchable strain sensor attached to a cotton hand glove.
Inconclusion, herein we fabricated the first carbon powder-based stretchable strain sensor produced via a DIY-approach and an automatic brushing machine. We highly recommend PDMS-PEIE with the composition of 3.2 wt% curing agent and 0.11 wt% PEIE for the stretchable elastomer. PDMS-PEIE is 50% more stretchable than that previously reported PDMS 30-1 (Wiranata et al., 2021) and realizes a 63% stickier elastomer. Stretchability is essential to cover a wide sensing range. Furthermore, a highly sticky surface improves the physical bonding quality between the elastomer surface and the MWCNTs powder. Strong physical binding between MWCNTs and the elastomer surface enhances the electrode conductivity (Wiranata et al., 2021) and reduces the risk of self-delamination of MWCNTs powder from the elastomer surface.
We also found that material selection for the electrode powder affects the sensor quality. Each carbon powder has its own strengths and weaknesses. MWCNTs-1 has a relatively better performance in terms of linearity and repeatability. The combination of MWCNTs-1 and PDMS-PEIE has a potential for higher strain sensing. We recommend using PDMS-PEIE/MWCNTs-1 strain sensor fabricated via a brushing machine for wearable devices because our demonstration shows that this material combination has a high reliability and repeatability.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Materials; further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
AW: analysis, interpretation of data, drafting the work and revising it critically for important intellectual content YO: data acquisition and software development for the data acquisition, analysis the data, interpretation of data AM: drafting the work and revising it critically for important intellectual content and equipment setup for experiment ZM: drafting the work and revising it critically for important intellectual content HK: data acquisition and experimental setup, data analysis and interpretation of the data NH: analysis, interpretation of data and supervision of the experimental setup for sensor response SM: revising critically for important intellectual content and agree to be accountable for all aspects of the work in ensuring that integrity of any part of the work are appropriately investigated and resolved.
FUNDING
This work was supported by 1) JSPS KAKENHI (Grant Numbers 18H05473, 18H05469, and 21H01279), 2) Hoso Bunka Foundation, and 3) Urakami Foundation for Food and Food Culture Promotion.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/frobt.2021.773056/full#supplementary-material
REFERENCES
 Amjadi, M., Yoon, Y. J., and Park, I. (2015). Ultra-stretchable and Skin-Mountable Strain Sensors Using Carbon Nanotubes-Ecoflex Nanocomposites. Nanotechnology 26, 375501. doi:10.1088/0957-4484/26/37/375501
 Banala, S. K., Seok Hun Kim, S. H., Agrawal, S. K., and Scholz, J. P. (2008). “Robot Assisted Gait Training with Active Leg Exoskeleton (ALEX),” in Proceeding of the 2nd IEEE RAS & EMBS International Conference on Biomedical Robotics and Biomechatronics,  (Scottsdale, AZ, USA, Oct. 2008) ( IEEE), 653–658. doi:10.1109/BIOROB.2008.4762885
 Barlian, A. A., Park, W.-T., Mallon, J. R., Rastegar, A. J., and Pruitt, B. L. (2009). Review: Semiconductor Piezoresistance for Microsystems. Proc. IEEE 97, 513–552. doi:10.1109/JPROC.2009.2013612
 Besse, N., Rosset, S., Zarate, J. J., and Shea, H. (2017). Flexible Active Skin: Large Reconfigurable Arrays of Individually Addressed Shape Memory Polymer Actuators. Adv. Mater. Technol. 2, 1700102–1700108. doi:10.1002/admt.201700102
 Cacucciolo, V., Shintake, J., Kuwajima, Y., Maeda, S., Floreano, D., and Shea, H. (2019). Stretchable Pumps for Soft Machines. Nature 572, 516–519. doi:10.1038/s41586-019-1479-6
 Camburn, B., and Wood, K. (2018). Principles of Maker and DIY Fabrication: Enabling Design Prototypes at Low Cost. Des. Stud. 58, 63–88. doi:10.1016/j.destud.2018.04.002
 Dong, T., Gu, Y., Liu, T., and Pecht, M. (2021). Resistive and Capacitive Strain Sensors Based on Customized Compliant Electrode: Comparison and Their Wearable Applications. Sensors Actuators A: Phys. 326, 112720. doi:10.1016/j.sna.2021.112720
 Grinias, J. P., Whitfield, J. T., Guetschow, E. D., and Kennedy, R. T. (2016). An Inexpensive, Open-Source USB Arduino Data Acquisition Device for Chemical Instrumentation. J. Chem. Educ. 93, 1316–1319. doi:10.1021/acs.jchemed.6b00262
 Guo, J., Elgeneidy, K., Xiang, C., Lohse, N., Justham, L., and Rossiter, J. (2018). Soft Pneumatic Grippers Embedded with Stretchable Electroadhesion. Smart Mater. Struct. 27, 055006–62022. doi:10.1088/1361-665X/aab579
 Han, S.-T., Peng, H., Sun, Q., Venkatesh, S., Chung, K.-S., Lau, S. C., et al. (2017). An Overview of the Development of Flexible Sensors. Adv. Mater. 29, 1700375–1700422. doi:10.1002/adma.201700375
 He, Y., Wu, D., Zhou, M., Zheng, Y., Wang, T., Lu, C., et al. (2021). Wearable Strain Sensors Based on a Porous Polydimethylsiloxane Hybrid with Carbon Nanotubes and Graphene. ACS Appl. Mater. Inter. 13, 15572–15583. doi:10.1021/acsami.0c22823
 Hiruta, T., Hosoya, N., Maeda, S., and Kajiwara, I. (2021). Experimental Evaluation of Frequency Response and Firmness of Apples Based on an Excitation Technique Using a Dielectric Elastomer Actuator. Sensors Actuators A: Phys. 330, 112830. doi:10.1016/j.sna.2021.112830
 Hwang, T., Frank, Z., Neubauer, J., and Kim, K. J. (2019). High-performance Polyvinyl Chloride Gel Artificial Muscle Actuator with Graphene Oxide and Plasticizer. Sci. Rep. 9, 2–10. doi:10.1038/s41598-019-46147-2
 Jeong, S. H., Zhang, S., Hjort, K., Hilborn, J., and Wu, Z. (2016). PDMS-based Elastomer Tuned Soft, Stretchable, and Sticky for Epidermal Electronics. Adv. Mater. 28, 5830–5836. doi:10.1002/adma.201505372
 Ji, X., El Haitami, A., Sorba, F., Rosset, S., Nguyen, G. T. M., Plesse, C., et al. (2018). Stretchable Composite Monolayer Electrodes for Low Voltage Dielectric Elastomer Actuators. Sensors Actuators B: Chem. 261, 135–143. doi:10.1016/j.snb.2018.01.145
 Ji, X., Liu, X., Cacucciolo, V., Imboden, M., Civet, Y., El Haitami, A., et al. (2019). An Autonomous Untethered Fast Soft Robotic Insect Driven by Low-Voltage Dielectric Elastomer Actuators. Sci. Robot. 4, eaaz6451–11. doi:10.1126/scirobotics.aaz6451
 Jin, C., Liu, D., Li, M., and Wang, Y. (2020). Application of Highly Stretchy PDMS-Based Sensing Fibers for Sensitive Weavable Strain Sensors. J. Mater. Sci. Mater. Electron. 31, 4788–4796. doi:10.1007/s10854-020-03038-x
 Johnston, I. D., McCluskey, D. K., Tan, C. K. L., and Tracey, M. C. (2014). Mechanical Characterization of Bulk Sylgard 184 for Microfluidics and Microengineering. J. Micromech. Microeng. 24, 035017–7. doi:10.1088/0960-1317/24/3/035017
 Kajiwara, I., Kitabatake, S., Hosoya, N., and Maeda, S. (2019). Design of Dielectric Elastomer Actuators for Vibration Control at High Frequencies. Int. J. Mech. Sci. 157-158, 849–857. doi:10.1016/j.ijmecsci.2019.05.019
 Keplinger, C., Sun, J., Foo, C. C., Rothemund, P., Whitesides, G. M., and Suo, Z. (2013). Stretchable, Transparent. Ionic Conductors. 
 Kim, T. K., Kim, J. K., and Jeong, O. C. (2011). Measurement of Nonlinear Mechanical Properties of PDMS Elastomer. Microelectronic Eng. 88, 1982–1985. doi:10.1016/j.mee.2010.12.108
 Kubínová, Š., and Šlégr, J. (2015). ChemDuino: Adapting Arduino for Low-Cost Chemical Measurements in Lecture and Laboratory. J. Chem. Educ. 92, 1751–1753. doi:10.1021/ed5008102
 Li, H., Yao, J., Zhou, P., Chen, X., Xu, Y., and Zhao, Y. (2020). High-force Soft Pneumatic Actuators Based on Novel Casting Method for Robotic Applications. Sensors Actuators A: Phys. 306, 111957. doi:10.1016/j.sna.2020.111957
 Luo, M., Liu, L., Liu, C., Li, B., Cao, C., Gao, X., et al. (2021). A Single-Chamber Pneumatic Soft Bending Actuator with Increased Stroke-Range by Local Electric Guidance. IEEE Trans. Ind. Electron. 68, 8455–8463. doi:10.1109/TIE.2020.3013544
 Maeda, S., Hara, Y., Sakai, T., Yoshida, R., and Hashimoto, S. (2007). Self-walking Gel. Adv. Mater. 19, 3480–3484. doi:10.1002/adma.200700625
 Maeda, S., Hara, Y., Yoshida, R., and Hashimoto, S. (2010). Active Polymer Gel Actuators. Int. J. Mol. Sci. 11, 52–66. doi:10.3390/ijms11010052
 Mao, Z., Kuroki, M., Otsuka, Y., and Maeda, S. (2020a). Contraction Waves in Self-Oscillating Polymer Gels. Extreme Mech. Lett. 39, 100830. doi:10.1016/j.eml.2020.100830
 Mao, Z., Shimamoto, G., and Maeda, S. (2020b). Conical Frustum Gel Driven by the Marangoni Effect for a Motor without a Stator. Colloids Surf. A Physicochem. Eng. Asp. 608, 125561. doi:10.1016/j.colsurfa.2020.124658
 Miao, W., Zou, W., Jin, B., Ni, C., Zheng, N., Zhao, Q., et al. (2020). On Demand Shape Memory Polymer via Light Regulated Topological Defects in a Dynamic Covalent Network. Nat. Commun. 11, 1–8. doi:10.1038/s41467-020-18116-1
 Minaminosono, A., Shigemune, H., Murakami, T., and Maeda, S. (2021). Untethered Rotational System with a Stacked Dielectric Elastomer Actuator. Smart Mater. Struct. 30, 065007. doi:10.1088/1361-665x/abf991
 Minaminosono, A., Shigemune, H., Okuno, Y., Katsumata, T., Hosoya, N., and Maeda, S. (2019). A Deformable Motor Driven by Dielectric Elastomer Actuators and Flexible Mechanisms. Front. Robot. AI 6, 1–12. doi:10.3389/frobt.2019.00001
 Mohamed, M. F., Mohd Hanif, A. S., and Faudzi, A. A. (2020). Segmentation of a Soft Body and its Bending Performance Using Thin Mckibben Muscle. Ijame 17, 7533–7541. doi:10.15282/IJAME.17.1.2020.02.0557
 Mohd Faudzi, A. A., Ooga, J., Goto, T., Takeichi, M., and Suzumori, K. (2018). Index Finger of a Human-like Robotic Hand Using Thin Soft Muscles. IEEE Robot. Autom. Lett. 3, 92–99. doi:10.1109/LRA.2017.2732059
 Murakami, T., Minaminosono, A., Wianata, A., Okabe, H., and Shigemune, H. (2021). “Characteristic Evaluation of Dielectric Elastomer Actuator Based on the Stretchable Electrode Density,” in Proceeding of the IEEE 4th International Conference on Soft Robotics (RoboSoft),  (New Haven, CT, USA, April 2021) ( IEEE), 5–8.
 Muth, J. T., Vogt, D. M., Truby, R. L., Mengüç, Y., Kolesky, D. B., Wood, R. J., et al. (2014). Embedded 3D Printing of Strain Sensors within Highly Stretchable Elastomers. Adv. Mater. 26, 6307–6312. doi:10.1002/adma.201400334
 Okuno, Y., Shigemune, H., Kuwajima, Y., and Maeda, S. (2019). Stretchable Suction Cup with Electroadhesion. Adv. Mater. Technol. 4, 1800304–1800306. doi:10.1002/admt.201800304
 Persson, B. N. J., and Guo, J. (2019). Electroadhesion for Soft Adhesive Pads and Robotics: Theory and Numerical Results. Soft Matter 15, 8032–8039. doi:10.1039/c9sm01560d
 Polygerinos, P., Wang, Z., Galloway, K. C., Wood, R. J., and Walsh, C. J. (2015). Soft Robotic Glove for Combined Assistance and at-home Rehabilitation. Robotics Autonomous Syst. 73, 135–143. doi:10.1016/j.robot.2014.08.014
 Poulin, A., Rosset, S., and Shea, H. R. (2015). Printing Low-Voltage Dielectric Elastomer Actuators. Appl. Phys. Lett. 107, 244104. doi:10.1063/1.4937735
 Ramasamy, S., and Balan, A. (2018). Wearable Sensors for ECG Measurement: a Review. Sr 38, 412–419. doi:10.1108/SR-06-2017-0110
 Roh, E., Hwang, B.-U., Kim, D., Kim, B.-Y., and Lee, N.-E. (2015). Stretchable, Transparent, Ultrasensitive, and Patchable Strain Sensor for Human-Machine Interfaces Comprising a Nanohybrid of Carbon Nanotubes and Conductive Elastomers. ACS Nano 9, 6252–6261. doi:10.1021/acsnano.5b01613
 Rosset, S., and Shea, H. R. (2013). Flexible and Stretchable Electrodes for Dielectric Elastomer Actuators. Appl. Phys. A. 110, 281–307. doi:10.1007/s00339-012-7402-8
 Scalet, G. (2020). Two-way and Multiple-Way Shape Memory Polymers for Soft Robotics: An Overview. Actuators 9, 10. doi:10.3390/act9010010
 Seki, Y., Kuwajima, Y., Shigemune, H., Yamada, Y., and Maeda, S. (2020). Optimization of the Electrode Arrangement and Reliable Fabrication of Flexible Ehd Pumps. J. Robot. Mechatron. 32, 939–946. doi:10.20965/jrm.2020.p0939
 Shigemune, H., Pradidarcheep, K., Kuwajima, Y., Seki, Y., Maeda, S., and Cacucciolo, V. (2021). Wireless Electrohydrodynamic Actuators for Propulsion and Positioning of Miniaturized Floating Robots. Adv. Intell. Syst. 3, 2100004. doi:10.1002/aisy.202100004
 Shintake, J., Piskarev, Y., Jeong, S. H., and Floreano, D. (2018). Ultrastretchable Strain Sensors Using Carbon Black‐Filled Elastomer Composites and Comparison of Capacitive versus Resistive Sensors. Adv. Mater. Technol. 3, 1700284–1700288. doi:10.1002/admt.201700284
 Shintake, J., Rosset, S., Schubert, B., Floreano, D., and Shea, H. (2016). Versatile Soft Grippers with Intrinsic Electroadhesion Based on Multifunctional Polymer Actuators. Adv. Mater. 28, 231–238. doi:10.1002/adma.201504264
 Song, P., Wang, G., and Zhang, Y. (2021). Preparation and Performance of Graphene/carbon Black Silicone Rubber Composites Used for Highly Sensitive and Flexible Strain Sensors. Sensors Actuators A: Phys. 323, 112659. doi:10.1016/j.sna.2021.112659
 Szymula, K. P., Magaraci, M. S., Patterson, M., Clark, A., Mannickarottu, S. G., and Chow, B. Y. (2019). An Open-Source Plate Reader. Biochemistry 58, 468–473. doi:10.1021/acs.biochem.8b00952
 Taccola, S., Bellacicca, A., Milani, P., Beccai, L., and Greco, F. (2018). Low-voltage Dielectric Elastomer Actuators with Stretchable Electrodes Fabricated by Supersonic Cluster Beam Implantation. J. Appl. Phys. 124, 064901. doi:10.1063/1.5038659
 Takagi, K., Kitazaki, Y., and Kondo, K. (2021). A Simple Dynamic Characterization Method for Thin Stacked Dielectric Elastomer Actuators by Suspending a Weight in Air and Electrical Excitation. Actuators 10, 40. doi:10.3390/act10030040
 Teixeira, J., Horta-Romarís, L., Abad, M.-J., Costa, P., and Lanceros-Méndez, S. (2018). Piezoresistive Response of Extruded Polyaniline/(styrene-Butadiene-Styrene) Polymer Blends for Force and Deformation Sensors. Mater. Des. 141, 1–8. doi:10.1016/j.matdes.2017.12.011
 Tschiersky, M., Hekman, E. E. G., Brouwer, D. M., Herder, J. L., and Suzumori, K. (2020). A Compact McKibben Muscle Based Bending Actuator for Close-To-Body Application in Assistive Wearable Robots. IEEE Robot. Autom. Lett. 5, 3042–3049. doi:10.1109/lra.2020.2975732
 Vallejo, W., Diaz-Uribe, C., and Fajardo, C. (2020). Do-it-yourself Methodology for Calorimeter Construction Based in Arduino Data Acquisition Device for Introductory Chemical Laboratories. Heliyon 6, e03591. doi:10.1016/j.heliyon.2020.e03591
 Wang, J., Li, S., Gao, D., Xiong, J., and Lee, P. S. (2019). Reconfigurable and Programmable Origami Dielectric Elastomer Actuators with 3D Shape Morphing and Emissive Architectures. NPG Asia Mater. 11, 1–7. doi:10.1038/s41427-019-0173-3
 Wehner, M., Quinlivan, B., Aubin, P. M., Martinez-villalpando, E., Stirling, L., Holt, K., et al. (2013). “A Lightweight Soft Exosuit for Gait Assistance Michael,” in Proceeding of the IEEE International Conference on Robotics and Automation.,  (Karlsruhe, Germany, May 2013) ( IEEE), 3347–3354. 
 Wiranata, A., Ishii, Y., Hosoya, N., and Maeda, S. (2021). Simple and Reliable Fabrication Method for Polydimethylsiloxane Dielectric Elastomer Actuators Using Carbon Nanotube Powder Electrodes. Adv. Eng. Mater. 23, 1–11. doi:10.1002/adem.202001181
 Wiranata, A., and Maeda, S. (2021). A Deformable Linear Dielectric Elastomer Actuator. Kem 884, 430–436. doi:10.4028/www.scientific.net/kem.884.430
 Wolf, M., and Mcquitty, S. (2011). Understanding the Do-it-yourself Consumer: DIY Motivations and Outcomes. AMS Rev. 1, 154–170. doi:10.1007/s13162-011-0021-2
 Wong, B. G., Mancuso, C. P., Kiriakov, S., Bashor, C. J., and Khalil, A. S. (2018). Precise, Automated Control of Conditions for High-Throughput Growth of Yeast and Bacteria with eVOLVER. Nat. Biotechnol. 36, 614–623. doi:10.1038/nbt.4151
 Yamamoto, Y., Yamamoto, D., Takada, M., Naito, H., Arie, T., Akita, S., et al. (2017). Efficient Skin Temperature Sensor and Stable Gel-Less Sticky ECG Sensor for a Wearable Flexible Healthcare Patch. Adv. Healthc. Mater. 6, 1700495–1700497. doi:10.1002/adhm.201700495
 Yang, Z., Pang, Y., Han, X.-l., Yang, Y., Ling, J., Jian, M., et al. (2018). Graphene Textile Strain Sensor with Negative Resistance Variation for Human Motion Detection. ACS Nano 12, 9134–9141. doi:10.1021/acsnano.8b03391
 Ying, S. Z., Al-Shammari, N. K., Faudzi, A. A., and Sabzehmeidani, Y. (2020). Continuous Progressive Actuator Robot for Hand Rehabilitation. Eng. Technol. Appl. Sci. Res. 10, 5276–5280. doi:10.48084/etasr.3212
 Zeng, C., Liu, L., Bian, W., Liu, Y., and Leng, J. (2020). 4D Printed Electro-Induced Continuous Carbon Fiber Reinforced Shape Memory Polymer Composites with Excellent Bending Resistance. Composites B: Eng. 194, 108034. doi:10.1016/j.compositesb.2020.108034
 Zhang, X., Xu, X., Chen, L., Zhang, C., and Liao, L. (2020). Multi-responsive Hydrogel Actuator with Photo-Switchable Color Changing Behaviors. Dyes Pigm. 174, 108042. doi:10.1016/j.dyepig.2019.108042
 Zhao, P., Cai, Y., Liu, C., Ge, D., Li, B., and Chen, H. (2021). Study on the Bio-Inspired Electrochromic Device Enabled via Dielectric Elastomer Actuator. Opt. Mater. 111, 110569. doi:10.1016/j.optmat.2020.110569
 Zoss, A. B., Kazerooni, H., and Chu, A. (2006). Biomechanical Design of the Berkeley Lower Extremity Exoskeleton (BLEEX). Ieee/asme Trans. Mechatron. 11, 128–138. doi:10.1109/TMECH.2006.871087
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.The handling Editor declared a past co-authorship with one of the authors (SM).
Copyright © 2021 Wiranata, Ohsugi, Minaminosono, Mao, Kurata, Hosoya and Maeda. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/frobt-08-773056-g013.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		A DIY Fabrication Approach of Stretchable Sensors Using Carbon Nano Tube Powder for Wearable Device		Introduction

		Materials and Methods		Elastomer Fabrication

		Sensor Fabrication

		Electromechanical Sensor Testing

		Sensor Lamination Process





		Results		Elastomer Mechanical Properties

		Surface Condition of the Brushed CNT on the Elastomer

		Electromechanical Properties of the Sensor

		Stretchable Sensor Application for Detecting Object Movement





		Discussion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Supplementary Material

		References









OPS/images/frobt-08-773056-g012.gif
o





OPS/images/frobt-08-773056-t001.jpg
Material

PDMS-PEIE/
MWCNTs-1
PDMS-PEIE/
MWCNTs-2
PDMS-PEIE/
MWCNTs-3
Ecoflex—Carbon
Black
Ecoflex-CNT

PDMS-CNT
Plasticized PVC-CNT

Fabrication method

Brushing of GNT powder on the elastomer
surface

Brushing of CNT powder on the elastomer
surface

Brushing of GNT powder on the elastomer
surface

Mixed material (composite-Ecoflex and
carbon black)

Mixed material (composite-Ecoflex

and CNT)

Coating

Mixing of CNT with a substrate and
sandwiching electrodes with an elastomer

Stretchability

Up to 100%

Less noise up
10 50%

High linearity up
t0 20%

500%

500%

100%
100%

Gauge factor

6282
19.8-27.6
6-10 (at 0-20%
strain)
1.62-3.37
1.75

18
1.16

Number of
cycle

50

50

50

10100

2000

20
3,000

Response

25ms
25ms
25ms
Stable at tensile speed
of 10 mmv/s.

~332ms

1000 ms
182 ms

References

This work
This work
This work

Shintake et
(2018)

Amjadi et a
(2015)

Jin et al. (2020)
Dong et al.
(2021)





OPS/images/frobt-08-773056-g014.gif





OPS/images/frobt-08-773056-g011.gif
0.0100
o080
< 00060
% o000
o0

o0

T
Thstes (asis





OPS/images/frobt-08-773056-g010.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
1N Robotics and Al





OPS/images/frobt-08-773056-g005.gif





OPS/images/frobt-08-773056-g006.gif





OPS/images/frobt-08-773056-g003.gif





OPS/images/frobt-08-773056-g004.gif
Pulling direction

3D-prid e
(moving )

——

R
Semr (st iy

Magetc poe.

D prines
e e s
ipne)

St






OPS/images/frobt-08-773056-g009.gif





OPS/images/frobt-08-773056-g007.gif





OPS/images/frobt-08-773056-g008.gif
1
fas
o

03

(T N ¢
f
:
)

Mot ek






OPS/images/cover.jpg
frontiers
In Robotics and Al

A DIY Fabrication Approach of
Stretchable Sensors Using

Carbon Nano Tube Powder for
Wearable Device





OPS/images/frobt-08-773056-g001.gif





OPS/images/frobt-08-773056-g002.gif





OPS/images/math_2.gif
“"’wfz,“””"i“"(“*”x'





OPS/images/math_1.gif
[0





OPS/images/math_3.gif
Lo ep-1)





