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Abstract

:

Compression and tension sensors with a porous structure have attracted attention recently. Porous sponge sensors have the advantage of a wide deformation range owing to their structural characteristics. In this study, a porous sponge structure was prepared by absorbing polydimethylsiloxane (PDMS) into the matrix of porous commercial sugar cubes. A conductive network was formed by coating the outside of the sponge skeleton with silver nanowires (AgNWs), which have a high aspect ratio. In addition, a liquid metal (LM), which does not directly form an electrical network but changes from zero-dimensional to one-dimensional under an external force was introduced into this porous sponge structure. The effects of the LM on the sensor sensitivity to pressure and strain were analyzed by comparing the electrical resistance changes of PDMS/AgNW and LM/PDMS/AgNW sponge sensors under tension and pressure. This study shows that the use of a porous structure and an LM may be useful for future wearable sensor design.
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1. Introduction


Flexible and stretchable materials for robotic sensory skins and wearable devices are being studied because conventional sensors have intrinsic limitations under deformation. In sensors made of elastic materials, a conductive filler such as carbon nanotubes [1,2,3], carbon black [4,5], or silver nanowires (AgNWs) [6] is typically dispersed in a polymer material such as polyimide, polydimethylsiloxane (PDMS), or thermoplastic polyurethane [7,8,9].



AgNWs are nanoscale materials with excellent aspect ratios [10,11]. They are suitable for use as a conductive filler in composites. Because AgNWs are one-dimensional (1D), sensors containing them can sense the electrical resistance more easily under an external force such as tension or pressure. AgNWs form a conducting network when such forces are applied to a sensor. Even if the AgNWs are not physically in contact, the tunneling effect promotes electron transport between AgNWs to form an electrical pathway [12]. However, AgNWs are brittle and vulnerable to fracture, and thus their use in sensors is clearly limited.



Liquid metals (LMs), however, may be useful for supporting conductive nanofillers inside sensors. The LM, Galinstan, has the advantage of low toxicity to the human skin [13,14], which can be applied as a tension and pressure sensor in the movement of the finger [15]. Galinstan is liquid at room temperature but has metallic properties such as high thermal and electrical conductivity [16]. Because of their size and the oxide shells covering them, LMs are difficult to use as a single conducting filler at low strength, for example, a few kilopascals, which is typical of sensors [16,17,18]. However, because of their phase, they can deform freely under an external force from zero-dimensional (0D) to 1D [19].



Here, we fabricated a porous PDMS sponge sensor with an embedded LM and a AgNW coating. The porous structure is cost-effective, lightweight, and highly flexible [20,21]. By simply replicating the structural properties of commercial white sugar cubes using PDMS, we easily obtained a porous sponge body. Sugar cubes were soaked in PDMS and LM/PDMS solutions, and the sugar was removed after sponges formed. The sponge skeleton was coated with AgNWs to enhance its piezoresistivity. The performance of PDMS/AgNW and LM/PDMS/AgNW porous sponge sensors was compared, and the main function of the LM was experimentally demonstrated. These foam sensors have excellent potential for use as strain or pressure sensors in wearable devices, robotic fingers, and healthcare instruments [1,22,23,24].




2. Materials and Methods


2.1. Materials


The AgNWs used as a filler in the sponge sensor were purchased from DS Hi-Metal (Ulsan, Republic of Korea). Their average length was 20 μm, and the diameter was 40 nm. PDMS (Sylgard 184) from Dow Corning (Midland, MI, USA) was used as a matrix resin. The LM alloy (Galinstan, 61% Ga/25% In/13% Sn/1% Zn, by weight) used to enhance the electrical conductivity of the sensor was obtained from RND Korea (Gyeonggi, Republic of Korea). White sugar (Q.One, Seoul, Republic of Korea) was purchased from Samyang Corp. (Gyeonggi, Republic of Korea) to provide the porous structure of the sponge sensor. The dimensions of the sugar cubes were 15 × 15 × 15 mm3.




2.2. Fabrication of Silver-Nanowire-Coated Porous Sponge Sensor


Commercial white sugar cubes were used to form the porous structure of the sponge sensor. To replicate the structure of white sugar cubes, low-viscosity PDMS and LM/PDMS solutions were poured over white sugar cubes. The fabrication of the sponge sensors is illustrated schematically in Figure 1a. In (step I), the PDMS and LM/PDMS solutions were evenly mixed using a paste mixer (Daehwa, Seoul, Republic of Korea) for 1.5 min. PDMS was prepared by mixing a prepolymer and PDMS curing agent (10:1 wt. ratio for PDMS prepolymer to curing agent), and the LM was added at a weight ratio of 50 wt.% relative to the mass of the PDMS. The mixed pastes were gently poured over the white sugar cubes to minimize air bubbles (step II), and a vacuum oven was used to allow the PDMS and LM/PDMS paste to thoroughly impregnate the sugar cubes. The mixtures were incubated overnight in a vacuum to ensure that paste reproduced the structure of sugar (step III). Next, each mixture was placed in deionized (DI) water at 80 °C for 1 h to solidify the polymers and remove the sugar (step IV). After all the sugar was removed, the sponges were held at room temperature for one day to evaporate residual DI water (step V). The sponge sensors were then submerged in an ethanol-based AgNW solution (step VI) to coat the outside of the sponge skeleton with AgNWs. The sponge was held in the solution for one day and then placed in an oven at 100 °C for 1 h to evaporate the solvent and stabilize the electrical conducting network. Finally, the dried samples were removed from the oven to obtain AgNW-coated PDMS and LM/PDMS porous sponge sensors (step VII). Figure 1b shows optical images of each sponge sensor and a sugar cube.




2.3. Measurement of Electrical Resistance under Applied Pressure or Tension


The electrical resistance of the PDMS/AgNW and PDMS/LM/AgNW sponge sensors was measured by a DMM 7510 digital multimeter (Keithley, Cleveland, OH, USA) using the two-wire method. As each electrode of the sponge sensor was connected to the multimeter, the sensor was loaded to a homemade XYZ three-dimensional stretching/pressing machine (Namil Optical Instruments Co., Incheon, Republic of Korea) that applied both pressure and tension. In tension mode, the machine stretched the sample at 12 mm/min. In load cell mode, the sample was stretched at 10 mm/min, and in cyclic mode it was stretched at 100 mm/min. The cyclic test was performed 500 times in a specific range to test the repeatability and durability of the sensor. The resistance recorded by the multimeter was plotted as the normalized resistance (R/R0), where R is the measured resistance, and R0 is the initial resistance.





3. Results and Discussion


3.1. Sample Morphology


Figure 2 depicts the morphology of the PDMS/AgNW and PDMS/LM/AgNW foams. The PDMS sponge shows a smooth surface and random pores that resemble the structure of a white sugar cube [25,26]. Both sponges were well made, as shown by the SEM images in Figure 2a,b. Low- and high-magnification SEM images (Figure 2c,d) show that the LM is distributed on the surface of the LM/PDMS/AgNW sponge, where it was well dispersed by the centrifugal force of the paste mixer. The LM, which is a liquid at room temperature, is separated into regions of various sizes by centrifugal force [17,27]. It promotes the formation of an electrical network by AgNWs in the sponge sensor, as described below. Figure 2e,f shows images of the AgNWs used as conductive fillers on the surfaces of the two types of sponges. The outside of the sponge skeleton was successfully coated with AgNWs simply by submerging it in the AgNW solution [25,28].




3.2. Electrical Resistance


3.2.1. Tension Sensing Properties


The electrical resistance of the sponge sensor was measured to determine the sensitivity of the sensor under an applied tensile force. The results are shown in Figure 3. The sponge sensor was strained by 50% of its initial size. The normalized resistance was measured as the sensor was stretched and restored. Figure 3a shows the electrical resistance of the PDMS/AgNW sponge sensor, which varies by up to 148% under tension compared to the initial resistance. Figure 3b shows the resistance of the LM/PDMS/AgNW sensor, which varies by up to 84% from the initial resistance. The value of the initial resistance of PDMS/AgNW and LM/PDMS/AgNW sponge sensor is 2 and 1 Ω, respectively. The sensor without the LM shows better resistance performance. The electrical path in these sensors was formed by AgNWs dispersed inside the sponge. When the electrical network is broken by tensile force, the degree of breakage with LM is less than that without LM. The reason is that 1D AgNWs and the 0D LM are mixed [19]. In addition, the LM, which is a liquid, changes to a 1D material as tension is applied [16,17,27,29]. Because tension sensors operate on the principle that the electrical resistance changes as the conductive network breaks [25,26], the PDMS/AgNW sponge sensor has better sensitivity.



Figure 3c,d shows the normalized resistance of the PDMS/AgNW and LM/PDMS/AgNW sensors, respectively, in cyclic tension tests. A tensile force of 30% was applied 500 times to test the repeatability and durability of the sensor [6,26]. The insets on the left and right show enlarged views of the beginning and end of the experiment, respectively.




3.2.2. Pressure Sensing Properties


In tension mode, the LM did not improve the sensor performance. Rather, it degraded the sensitivity, because the fillers (AgNWs) inside the sensor were cut off with increasing strain [28]. However, in compression mode, the LM offers an advantage. Figure 4a shows the real-time resistance of the two types of sensors in terms of the normalized resistance. Because the sensor is inherently porous, the conductive fillers inside the sensor have few opportunities to come into contact when a force is applied. Additionally, because of the voids in the sponge, the deformation rate is high even under low pressure. In the low-pressure range (blue region), the resistance of the sponge decreases sharply as the sponge skeleton comes into direct contact with the conductive fillers on its surface. The resistance variates up to 53% and 84.8% of the PDMS/AgNW and LM/PDMS/AgNW sensor, respectively. As the pressure gradually increases, the resistance starts to decrease relatively slowly (orange region). This section shows piezoresistivity without structural characteristics [15,30]. Pressure was also applied at a compressive strain rate of 80%. The electrical resistance of the PDMS/AgNW and LM/PDMS/AgNW sensor changes up to 94% and 69%, respectively. Figure 4b shows the normalized resistance versus compressive strain. The PDMS/AgNW and LM/PDMS/AgNW sponges begin to saturate at approximately 13 and 20 kPa, respectively, at which the compressive strain is 30%. Figure 5 illustrates the benefits of adding LM to the sensor. A cyclic test was performed at a compressive strain of 30–60%, at which piezoresistivity appeared. Because the compressive strain was varied, the force applied to each sponge was slightly different. Therefore, in Figure 5, the sensor signal observed in repeated tests was compared rather than the change in the resistance of each sensor. The results demonstrate the durability and repeatability of the sensor. The initial resistance (R0) in this figure is the same as that obtained in Figure 4. Figure 5a,b shows the results of six cycles in the given pressure range. The PDMS/AgNW sensor exhibited highly unstable performance; by contrast, the LM/PDMS/AgNW sensor was relatively stable. Figure 5c,d shows the results of 500 cycles in the same pressure range. The insets show enlarged views of the beginning and end of the experiment. The resistance signal of the PDMS/AgNW sensor (Figure 5c) is unstable. In addition, the range in which the resistance changes decreased slowly (insets). The reason is that repeated pressure damages the AgNWs coated on the sponge skeleton. Because the AgNWs are brittle, the damage makes it difficult to form an electrical network on the sponge as the length is decreased by damage. The disruption of the network results in unstable resistance and degraded performance [28]. By contrast, Figure 5d shows relatively stable behavior compared to that in Figure 5c. The length of the LM increases as it changes from 0D to 1D under pressure. Because the shape of the AgNWs does not change significantly under pressure, the LM helps the nanowires to form an electrical pathway, and because the LM is liquid, it withstands pressure. Bulk force is required to damage the LM, and in the cyclic tests performed here (Figure 5), the damage to the LM could be very minor [16]. In conclusion, the sponge sensor was stable, and a comparison of the resistance at the beginning and end of the experiment reveals that the resistance range did not change significantly. However, damage to the AgNWs appeared even in the LM/PDMS/AgNW sponge, as indicated by the peaks at the beginning and end of the test.





3.3. Mechanism of Sponge Sensor


The resistance of the sensor under tension and pressure has been demonstrated. Figure 6 shows a schematic illustration of its mechanism. Figure 6a,b shows the interior of the sponge under a tensile force. In the PDMS/AgNW sensor (Figure 6a), there are 19 contact points in the initial state. As tension is applied, the number of contact points decreases to 11. This result illustrates that the resistance increases as the number of contact points decreases, as in a composite sensor with a general conductive filler. However, in the LM/PDMS/AgNW sponge (Figure 6b), the number of contact points decreases from 19 to 16 as the tensile force increases. Although the initial state is similar to that of the sensor without the LM, as the sensor is stretched, the length of the LM increases as well, allowing it to behave as a 1D material instead of a 0D material [17]. Because the LM possesses electrical conductivity, it acts as a bridge between AgNWs, further reducing the loss of electrical connections because of tension, and the sensitivity decreases when LM is added to the sponge.



By contrast, under pressure, the LM instead improves the electrical pathway. Figure 6c,d shows the interior of both types of sponge under compression. For the PDMS/AgNW sponge (Figure 6c), there are initially 23 contact points, and the number of contact points increases to 29 when pressure is applied. As in Figure 6a, this result is similar to that of a composite compression sensor with a general conductive filler [30]. In the sensor with LM (Figure 6d), as in Figure 6b, the LM changes from 0D to 1D because of compression. More notably, the physical distance between the conductive fillers decreases under compression compared to that in tension mode, making it easier to form a conductive network. Moreover, the LM forms an additional electrical path by acting as a bridge between AgNWs at distances that are difficult to cover without the LM. The number of contact points increases from 23 to 34.





4. Conclusions


In summary, an LM/PDMS/AgNW sponge sensor modeled after the porous structure of sugar cubes was developed. PDMS is a representative polymer material with great flexibility, and by fabricating the sensor with a porous structure, creates better flexibility. The durability of the sensor was reinforced by using material and structural properties. The sensor can reliably detect external forces, specifically tension and pressure. The resistance performance of the sensor in 50% tension, PDMS/AgNW and LM/PDMS/AgNW sensor’s electrical resistance varies up to 148% and 84%, respectively. The durability and repeatability of the sensor were shown by the cyclic test of 500 times in 30% strain. In compressive mode, the PDMS/AgNW and LM/PDMS/AgNW sensor shows the resistance change up to 69% and 94%, respectively. A cyclic test was also applied in the pressing mode to show the repeatability and durability of the sensor. For each external force, we discussed the effects of the LM on the stability of the sensor. Although the addition of LM does not offer a significant advantage in tension mode, it enhances the sensitivity of the sensor in pressure mode even when the conductive silver nanowires were damaged. The scaffold guarantees durability for the porous structure and material properties, and the LM supports the role of AgNW, an internal conductive filler, suggesting the possibility of extending the lifespan of the overall sensor. This multifunctional sensor is expected to be useful in wearable devices. Because the LM is harmless to human skin, it can be applied as a sensor where soft external forces are needed such as the movement of the human finger or soft robotic grippers.
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Figure 1. Soft multifunctional polydimethylsiloxane (PDMS)/silver nanowire (AgNW) and liquid metal (LM)/PDMS/AgNW porous sponge sensors. (a) Schematic illustration of fabrication of sponge sensor; (b) images of white sugar cube, PDMS/AgNW sponge, and PDMS/LM/AgNW sponge. 
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Figure 2. Cross-sectional SEM images of sponge sensors: structure of (a) PDMS/AgNW and (b) LM/PDMS/AgNW sensors. Images of LM at (c) low and (d) high magnification, and AgNWs in (e) PDMS/AgNW sponge and (f) LM/PDMS/AgNW sponge. Inset image indicates the LM particle. 
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Figure 3. Normalized resistance versus time of PDMS/AgNW and LM/PDMS/AgNW under applied tension: low-speed cyclic test (six cycles) of (a) PDMS/AgNW and (b) LM/PDMS/AgNW sponge. High-speed cyclic test (500 cycles) of (c) PDMS/AgNW and (d) LM/PDMS/AgNW sponges. The insets show magnified views of regions outlined in red. 
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Figure 4. Normalized resistance of PDMS/AgNW (red) and LM/PDMS/AgNW (black) sponge sensors. (a) Normalized resistance versus pressure under applied pressure and (b) normalized resistance versus compressive strain under applied pressure. Blue region: contact zone. Orange region: piezoresistive zone. 
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Figure 5. Normalized resistance versus time of PDMS/AgNW and LM/PDMS/AgNW sensors under applied pressure: low-speed cyclic test (six cycles) of (a) PDMS/AgNW and (b) LM/PDMS/AgNW sponges. High-speed cyclic test (500 cycles) of (c) PDMS/AgNW and (d) LM/PDMS/AgNW sponges. The insets show magnified views the regions outlined in red. 
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Figure 6. Schematic illustration of both types of sponge sensors. Internal view under applied tension of (a) PDMS/AgNW; (b) LM/PDMS/AgNW sensor and applied pressure of (c) PDMS/AgNW; (d) LM/PDMS/AgNW sensor. 
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