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Abstract

:

A novel capacitive sensor for measuring the water-level and monitoring the water quality has been developed in this work by using an enhanced screen printing technology. A commonly used environment-friendly conductive polymer poly(3,4-ethylenedioxythiophene):poly (styrenesulfonate) (PEDOT:PSS) for conductive sensors has a limited conductivity due to its high sheet resistance. A physical treatment performed during the printing process has reduced the sheet resistance of printed PEDOT:PSS on polyethylenterephthalat (PET) substrate from 264.39 Ω/sq to 23.44 Ω/sq. The adhesion bonding force between printed PEDOT:PSS and the substrate PET is increased by using chemical treatment and tested using a newly designed adhesive peeling force test. Using the economical conductive ink PEDOT:PSS with this new physical treatment, our capacitive sensors are cost-efficient and have a sensitivity of up to 1.25 pF/mm.
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1. Introduction


Sensors and microsystems appear widely in different areas, especially in this explosively growing digitalization era. With further developments and studies on material science, this field has many more divisions and refinements due to all kinds of purposes and working environments. Unlike conventional semiconductor sensors, the new generation of sensors and microsystems focus more on environment-friendly, flexible, and cost-efficient materials and processes, such as conductive polymers and flexible devices [1,2,3].



Water-level and water quality sensing have a wide application in both industrial and environmental monitoring. When the pollutants change the water quality, sensors can measure this change by detecting the surrounding electromagnetic field. Paczesny et al. [4] reported a silver nanoparticle printed capacitive sensor by using inkjet printing technology, with a sensitivity of 0.074 pF/mm. Due to the satellite droplet, the inkjet printing technology enlarges the chance of conductive failure of electrodes. Based on [4], using inkjet printing technology, Yang et al. [5] improved the sensitivity of printed sensors to around 1.9 pF/mm in test fluids of high ion concentrations. However, the conductive material using silver nanoparticles has been proved highly toxic [6,7,8]. Even a small leak of silver nanoparticles from the printed sensor could pollute water sources seriously. More environment-friendly materials can be used.



One of the biocompatible conductive polymers is the poly(3,4-ethylenedioxythiophene) (PEDOT) [9]. Thanks to its electrical conductivity and environmental stability [10,11,12,13], PEDOT is widely used in many kinds of applications, such as the discharge in the fabrication of OLEDs [14,15], electrochromic devices [16,17] and sensors [18,19,20,21,22], etc. The most common use of PEDOT in the market is a complex of PEDOT and poly(styrenesulfonate) (PSS), named PEDOT:PSS. It has the advantage of being applied as conductive ink in printed electronics. The hydrophobic PEDOT is dispersed into the hydrophilic PSS. In PSS, the sulfo group acts as a soluble matrix for the PEDOT domain and helps to maintain the electrical neutrality by introducing counter ions. This morphological feature results in adhesive bonding with sub-layers and also a lower electrical conductivity of about 1–10 S/cm [23].



There are few pieces of literature on the measurement of the adhesive bonding force for printed electronics. In 2019, Woehrmann et al. proposed a method of the adhesive peeling test for measuring the bonding force of thin film [24], but it cannot be applied for the bonding test of printed electronics directly. In 2019, Xu et al. mentioned an adhesive peeling test measurement [25] but did not provide many details about the measurement setup and the dependence on the peeling angle and peeling speed.



Moreover, the sheet resistance of the PEDOT:PSS is 190 Ω/sq given by the datasheet [26]. The conductivity of the PEDOT:PSS is particularly affected by different printing and curing methods, which can limit its potential as an electrically conductive material. Several methods have been proposed to improve the conductivity of the PEDOT:PSS, such as treatment with various nanocomposites [14,27,28], which is rather expensive both in material and processing, and chemical treatment using solvents [23,29,30].



In our work, we developed our sensor using this biocompatible PEDOT:PSS. A simpler physical treatment by using a modified multilayer printing process was performed. Together with the screen printing technology, the conductivity of this PEDOT:PSS ink was largely improved. The chemical bonding of the interface between the printed ink and the substrate were studied. A simple chemical treatment to the substrate was performed to increase the bonding force in between the substrate and the PEDOT:PSS ink. Section 2 will provide details of the methodology, including the sensor design, processing, characterization, adhesion peeling test, and capacitive measurement setup. The results and discussion of the thickness of printed layers, sheet resistance, printed sensor, adhesion peeling test, and the capacitive sensing on different water-levels and pH values will be presented in Section 3. This work concludes in Section 4.




2. Methodology: Processing and Characterization


The contents of this methodology section are briefly mentioned here to give an overview. Section 2.1 is about sensor design. The principle that a good conductivity of printed electrodes facilitates the better performance of capacitive sensing is illustrated here using a simplified lumped-element model. Section 2.2 presents the processing workflow of the enhancement to improve the conductivity of the printed electrodes. After that, in Section 2.3, the bonding force between printed PEDOT:PSS and polyethylenterephthalat (PET) substrate is investigated and improved via simple chemical treatment. In Section 2.4, the characterization includes the thickness of printed layers, the sheet resistance, cross section morphology, and the adhesion bonding force for which a modified adhesion peeling force test was established and analyzed. For more stable capacitive sensing, a capacitive measurement setup is presented in Section 2.5.



2.1. Sensor Design


Capacitive sensors belong to the proximity sensing technology. They have been widely used in industries and daily life [31,32,33,34] due to their advantages in facile fabrication, effective cost, and quick response. A capacitive sensor works basically like an open capacitator, which forms an electromagnetic field between and surrounding the measuring electrode (ME) and the ground electrode (GND), such as the sensor shown in Figure 1. It detects the nearby objects by sensing whether the field distribution has been changed.



A commonly used model for dimensioning purposes of interdigital capacitive sensor systems was developed and reported by Abu-Abed et al. [35]. Our previous work further modeled and simulated the interdigital structure and the capacitance, as reported by Baeuscher et al. [18]. Based on these, we newly designed the printed PEDOT:PSS sensors for water-level and water quality monitoring sensing in two different structures, i.e., 1 and 1.5 mm electrode width. The spacing between the interdigital electrodes was set identical to the electrode width of each sensor. All the printed electrodes were designed to be connected with 3-mm width printed conductors on both sides. The novel organic, biocompatible, conductive screen printing ink PEDOT:PSS PE-EL-P5015 (from AGFA ORGACON, Morzer, Belgium, viscosity >50 Pa·s) [26] was used as our electrode material. The electric conductivity of the PEDOT:PSS was indicated by measuring sheet resistance Rsq. The sheet resistance of a screen printed single layer was measured as having a mean value of 264.39 Ω/sq. However, the conductivity is not good enough for effective sensing.



Better conductivity leads to more effective capacitive sensing. As shown in Figure 1, a brief expression was made by applying the lumped-element model. In the lumped-element model, the capacitive sensor was modeled by several identical units highlighted in pink and green in Figure 1. If we ignore the effect of parasitic inductance and parasitic capacitance, each unit can be modeled as an electrical circuit with the measuring capacitance   ∆ C   and parasitic resistances    R p   , along both printed electrodes. The units were connected in parallel to their adjacent units. The entire sensor was measured at the end of the modeled circuits. The measured capacitance of the sensor is defined as    C a   .



According to the Kirchhoff laws, under ideal conditions,    C a    is expected to be the sum of capacitance   ∆ C   of each unit, as shown by the simplified model in Figure 1. In actual fact, the parasitic resistances do affect the measured capacitance, as shown by the lumped-element model in Figure 1. Only if the parasitic resistance becomes negligibly small would the measured capacitance become close to the expected value in the simplified model, which has no measurement error caused by the parasitic resistance    R p   . Therefore, to bring the measured capacitance    C a    closer to the ideal expected value and lower the measurement error, the parasitic resistance    R p    needs to be reduced. This means that the conductivity between printed electrodes needs to be improved, which could be achieved via the enhancement in Section 2.2.




2.2. Processing


An enhanced multilayer printing process has been performed to improve the conductivity of printed PEDOT:PSS. Challenging problems always appear during the multilayer printing process of mm- or even μm-scale structures, especially the processing starting from the second layer. For instance, both the spread-out of inks before curing and the calibration of layers after curing lead to damage of printed designed structures. These problems are due to the high viscosity of inks and high surface tension. In this work, the PEDOT:PSS printed structures were partially-cured during the printing process in order to approach a semi-crystalline state. This state has lower surface energy compared with before curing, which can facilitate further printing of multilayers.



Our process workflow, as presented in Figure 2, contains four main important steps. In the first step, the preprocess, a photomask with designed sensors covered the UV-light-sensitive emulation layer on the stencil of a screen. The part of the screen beneath the designed structure was blocked off during the exposure to UV-light. Only the blocked area was not cured by the UV-light and was dissolvable in water, which opened the corresponding spaces on the emulation layer. The ink (PEDOT:PSS) could penetrate through these spaces on the substrate surface during printing. In the second step, the printing process, a heating plate was used to heat the printed ink for 2 min at 40 °C to shape the sensors preliminarily. The increasing molecular thermal activity reduced the cohesive force inside the liquid ink, thereby lowering the surface tension. This heating process ensured sharper boundaries of printed structures and also prevented the sticking of the printed ink during the iterations of printing. In the third step, the curing process, the printed sensors were cured in a thermal oven for 1 h at 80 °C, as described in previous work [18]. In the fourth step, the coating process, for protection purposes, the cured sensors were coated with acrylonitrile butadiene styrene (ABS) layers by applying a laminator at 80 °C. The protective ABS layers can isolate the oxygen, prevent chemical reactions, slow down the aging of printed ink, and protect the sensors from mechanical damage, such as scratches and frictions.




2.3. Bonding and Chemical Treatment


Like the conventional sensor manufacturing process, the performance of the printed sensor also depends on reliable bonding between the functional layers and the substrate.



Studying the chemical structures of PEDOT:PSS ink and the PET substrate as shown in Figure 3, we suppose that the bonding between PEDOT:PSS and PET is mainly hydrogen bonding. As the hydrophobic PEDOT dispersed into the hydrophilic sulfo group PSS, the hydrogen of the PSS group bonded with the oxygen in PET, forming the hydrogen bonding at the interface of the materials. Figure 4a shows a hydrogen bonding test in the cleanroom. During this test, two cured PEDOT:PSS printed sensors were placed into deionized water (DI water) for 5 h. After that, the PEDOT:PSS ink could be easily separated from the PET substrate. This indicated that the hydrogen in the PSS group bonded priorly with a large amount of oxygen in water molecules, thus lessening the hydrogen bonding between the PEDOT:PSS and PET substrate, as shown in Figure 4b. The bonding force, therefore, became much weaker, and the reliability of the printed sensors was reduced. A much larger bonding force is needed for more reliable printed sensors.



To increase the bonding force between the PEDOT:PSS and PET substrate, a chemical treatment to the PET substrate was performed with a solvent which has 10 wt % chloroform (CHCl3) mixed with 90 wt % ethanol (concentration: 95%). In this solvent, the ethanol functioned as a stabilizer and the chloroform as the activator. The PET substrate was first painted with this solvent and laid still for 20 min in a ventilated environment at a temperature of 21 °C. After that, the chemical-treated PET was washed with ethanol and dried.




2.4. Characterization


After the chemical treatment mentioned in Section 2.3, a chemical-treated zone was created between the printed layer and the substrate to increase the bonding force. Figure 5 shows the scanning electron microscope (SEM) images of the cross section view of a printed single layer and 10-layer sample. Under the platinum (Pt) deposited sacrificial layer, the cured PEDOT:PSS was stacked layer by layer on the PET substrate. The interfaces between the chemical-treated zone and the PET substrate were not clearly observable. After investigation by using the focus ion beam (FIB) and SEM, the thickness of the chemical-treated zone was measured to be about 800 nm on average, the thickness of the printed single layer was measured to be 325.2 nm and that of the printed 10-layer was measured to be 5.623 µm on average. The sheet resistance is also an essential characteristic of the printed sensors. The measured sheet resistance of different numbers of layers will be shown in the results in Section 3. Another important characteristic is the bonding force. To measure the bonding force between the printed PEDOT:PSS and its PET substrate, a modified adhesive peeling test was designed and performed, which is shown next.



Adhesive Peeling Force Test


The bonding force between printed structures and the substrate needs to be tested to ensure the reliability and functionality of sensors. Generally, the peeling force measurement is perpendicular to the device-under-test (DUT) at a fixed angle of 90°, as shown in Figure 6a. Practically in our test setup using the tensile test machine Zwick/Roell® (Zwick Roell Group, Ulm, Germany) as shown in Figure 6b, the angle between the adhesive tape and the DUT was unfixed and rose as the movable arm went up. Therefore, the expected peeling force was the perpendicular part of the measured force and could be separated from the measured result mathematically.



The test was performed with a strong double-sided adhesive tape Tesa® 56171 (Tesa, Hamburg, Germany). In the preparation phase, the adhesive tape was glued on the surface of the printed sample and put under a uniform pressure for 5 min in order to obtain sufficient adhesive contact. We took a piece of the tape of length 60 mm. Half of the tape was fixed for the adhesive contact segment, and the remaining half was set free for the test machine. This entire DUT was fixed on a t-shaped aluminum holder, which was later clamped tightly by the lower side in the test machine, as illustrated in Figure 6b. The upper side in the test machine was the measuring arm, which could move in the vertical direction. The free end of the tape was then fixed onto the tension clamp, which was bonded with the measuring arm. During the test, with the measuring arm moving up perpendicularly at a constant speed, the adhesive tape was separated from the surface of the printed samples gradually at varying angles to the test DUT, as shown in Figure 7a.



As illustrated in Figure 7a, the peeling force    F  p e e l i n g     is only the perpendicular part of the measured force  F . Moreover,    F  p e e l i n g     is highly related to the angle α. Here, we define it mathematically as


   F  p e e l i n g   = F · s i n α  



(1)







The process of the adhesive peeling test is analyzed in two phases,   α ≤ 90 °   and   90 ° < α < 180 °  .



Let the moving speed of the movable arm be  v . The free end of the adhesive tape has a length of    L 0  = 2 L  . In the first phase   α ≤ 90 °  , we describe the relation of the movement (  v · t  ) of the adhesive tape and the angle α as   c o s α =   L − v · t    L 0  + v · t   =   L +  L 0     L 0  + v · t   − 1  . Here,  t  is the measurement time (seconds). From the formula for   c o s α  , the angle α can be calculated as


  α = arccos  (    3 L   2 L + v · t   − 1  )   



(2)







Substituting Equation (2) into (1), we get the peeling force as


   F  p e e l i n  g ,  α ≤ 90 °   = F · s i n α  



(3)







In the second phase,   90 ° < α < 180 °  , let   β = 180 ° − α  . We describe the relation of the movement (  v · t  ) of the adhesive tape and the angle β as   c o s β =   v · t − L    L 0  + v · t   = 1 −   L +  L 0     L 0  + v · t    . From the formula for   c o s β  , the angle β is calculated as


  β = arccos  (  1 −   3 L   2 L + v · t    )   



(4)







Substituting Equation (4) into (1), we obtain the peeling force as


   F  p e e l i n  g ,  90 ° < α < 180 °   = F · s i n β  



(5)







The measured force  F  needs to first be calibrated with Equations (3) and (5) to obtain the peeling force, which is perpendicular to the DUT during the test. Figure 7b shows the calibrated results of the peeling force and the corresponding angle α during the test procedure. As the testing arm moving up vertically at a constant speed, the angle α increased smoothly during the measurement. Our mathematical model above describes this process exactly, including the smooth change in angle α with respect to the rising movable arm. The peeling force    F  p e e l i n g    , which is highly correlated with angle α, can be separated from the measured force  F .



The performed force of the test machine was raised in an undulating way to damage the bonding between the printed ink and the substrate. In the first 20 s, the peeling force increased without significant peaks, and none of the printed ink was peeled off from the DUT. After that, the peeling force swung during the pulling up process until the printed ink was finally removed from the substrate. The peaks of the curve in Figure 8b represent the peeling force at the interface of the adhesive tape and printed PEDOT:PSS, and the valleys indicate the peeling force at the interface of the adhesive tape and the PET substrate. Therefore, the number of peaks corresponds to the number of electrodes. As shown in Figure 7b marked by the yellow dashed lines, the stripping process began at the 22nd second at the angle α = 87°, and the peeling force was about 5.5 N. After stripping for about 180 s, the adhesive tape was peeled off for a length of 30 mm. Together with 25 mm width of the adhesive tape, the entire test area was 30 mm   ×   25 mm.





2.5. Capacitance Measurements Setup


The measurement was performed by using the capacitance-to-voltage-converter IC PCAP04 (AMS AG, Premstaetten, Austria) with 7.5 V power supplied connected to a PC. The cycle clock frequency of the converter IC PCAP04 was set to 50 kHz (default working frequency), and the measuring rate was 12.5 Hz. An external 10 pF capacitance was applied as the reference capacitance.



Essentially, the measured capacitance is affected by the electromagnetic field surrounding the electrodes. The printed capacitive sensor and converter IC were connected by two wires, which must be shielded by grounded metal cladding in order to eliminate the electromagnetic interference in between. In addition, capacitive sensing is highly susceptive to its working environment. Even fluid vibrations can cause significant measurement errors. To eliminate the effect of fluid vibrations, we designed a long and narrow shaped container of the size of our sample sensors with open windows on the side, as shown in Figure 8a. Next, we placed the sample sensor into the container, and then put the container into a 500 mL volume glass beaker. We created a sub-environment connected with the test fluids by using the container, which could stabilize the fluid vibrations around the sensor. The material of the container is chemically inert to our test fluids. Although both the container and the glass beaker can cause parasitic capacitance, the former can be eliminated via calibration, and the latter is negligibly small. Figure 8b shows the entire measurement setup.





3. Results and Discussion


3.1. Thickness, Sheet Resistance, and Sensor Sample


After the physical enhancement in Section 2.2, the thickness of the printed area increased, and as a result, the sheet resistance declined dramatically. Our experimental results are shown in Figure 9. The thickness of the printed area for a single layer was 325.2 nm and increased to 8.26 µm for 20 layers, while the sheet resistance for a single-layer printed area was about 264.39 Ω/sq and sank to about 23.44 Ω/sq for a 20-layer printed area. Meanwhile, the error deviations declined from ±25% at a single layer to negligibly small at 20 layers. This decreased error indicates that the charge transfer inside the printed areas became more stable. Particularly from 10 to 20 layers, the sheet resistance only slightly reduced, from 26.23 to 23.44 Ω/sq, by about 10%, whereas the thickness increased further from 5.623 to 8.267 µm by about 47%. These results reveal that the cost of printing more than 10 layers gained little benefit in decreasing the sheet resistance. Moreover, the charge transfer remained stable after the thickness reached 5.623 µm, which corresponded to the thickness of 10 layers in our case.



Based on the results above, the designed capacitive sensor was printed in 10 layers and later coated with 80 µm-thick ABS after the curing process. The ABS is stable in water, acid, and alkali. Thus, the coated sensor was well protected during the test, and after the test could be cleaned safely with the ethanol solution (see Figure 10a).



Figure 10b shows the details about the 1-mm-width electrode sensor. The printed interdigital electrode was measured to be 937.35 µm in width uniformly, which has −6.2% error from the designed 1 mm. The spacing in the vertical and horizontal directions was 1054.31 and 1054.01 µm, respectively, which were slightly deviated from the defined 1 mm spacing.



Around the printed area, there were also the overflow areas that occurred during the printing process simultaneously. These overflow areas were mainly caused by the pressure on the ink during the printing. The overlapping of the overflow areas between neighboring electrodes could cause electrical short circuits and measurement errors. In the worst case, it could damage the sensor. With 1-mm-width spacing between neighboring electrodes, the overflow area was slightly below 300 μm. This spacing avoided overlapping overflow areas between neighboring electrodes and prevented its instability during the sensing process.




3.2. Adhesive Peeling Force Results


The bonding force and the bonding reliability of the PEDOT:PSS printed samples on the non-chemical-treated and chemical-treated PET substrate were tested. In the first case, as shown in Figure 11, a single-layer printed sample on the non-chemical-treated substrate was tested with the processing speed at 5 mm/min (marked with the blue curve). After raising the peeling force to 5.3 N, the one-layer sample was not separated from the substrate. After that, the sample was further tested at a speed of 10 mm/min. At this time, the bonding was damaged at a larger force 7.32 N, as shown by the orange curve in Figure 11. To compare the effects from different speeds, the PEDOT:PSS 10-layer samples printed on the chemical-treated PET substrate were tested at various speeds in the adhesive peeling tests. The yellow and violet curves represent the tests at the speed of 10 and 100 mm/min, respectively. In both cases, the bonding between the printed PEDOT:PSS and PET substrate was not damaged. Notably, the peeling force at the speed of 100 mm/min were increased to 16 N. In the extreme case at the maximum speed of 500 mm/min; the peeling force increased from 12 to 20 N as the green curve represented, the printed structure was still not peeled off from the substrate. These results indicate that our chemical treatment largely enhanced the bonding rate of hydrogen bonds. This enhanced boding rate is related to the increase in free hydroxyl and carboxyl groups on the chemical-treated substrate surface. These results show that the bonding became strong enough for making PEDOT:PSS printed sensors on PET substrate more reliable.




3.3. Capacitance Sensing


We measured the sensors of 1 and 1.5 mm finger width, with and without the sub-environment container in DI water, respectively. The measured results, as shown in Figure 12, were used later as the reference for other test fluids.



Usually, the measured capacitance increases with rising water-level, which in our glass beaker is 1.6 cm per 100 mL. The capacitance of the 1-mm sensor using the container increased from 36.28 pF at 0 mL to 105.03 pF at 500 mL. Meanwhile, that of the 1.5 mm-sensor using the container increased from 30.68 pF at 0 mL to 91.27 pF at 500 mL, as shown by the blue and orange solid lines in Figure 12, respectively. The blue and orange dashed lines in Figure 12 show the measured capacitance of 1- and 1.5-mm sensors when there was no container and the volume increased from 0 to 500 mL. The solid and dashed lines (either blue or orange) have the same trends but with an average of 7.5 pF offset. This offset was caused by the container and was eliminated via a calibration without affecting the water-level testing. Moreover, the error ranges on the solid lines are much smaller than on the dashed lines, which verifies the stabilizing effect of using the container.



The sensitivities of the measured results of 1- and 1.5-mm sensors with containers were calculated and shown by the green and violet lines in the bottom left of Figure 12. The sensitivity of the sensor was calculated as the measured capacitance change per volume change. For the 1-mm sensor, as the solid blue line shows, the measured capacitance changed from 36.6 to 44 pF as the volume increased from 0 to 100 mL. Then the sensitivity of the 1-mm sensor has a sensitivity of 7.4 pF/100 mL at the volume of 100 mL. Based on the marker 1.6 cm per 100 mL on the beaker, it is 0.46 pF/mm, as the green line shows. At 500 mL, the sensitivity rose to 18.8 pF/100 mL (1.13 pF/mm). Compared with the violet line, the sensitivity of the 1-mm sensor is about 10–15% higher, which means the 1-mm sensor has a higher sensitivity than the 1.5-mm sensor. Currently, we found no other published results using PEDOT:PSS. Water-level sensors by [4] using a different printing method and the material Ag nanoparticle has a sensitivity of 0.074 pF/mm, which is much lower than ours. While based on [4], Yang et al. [5] largely improved the sensitivity to 1.9 pF/mm, which is higher than ours. Due to the small sensor size with fine electrodes and the inkjet-printing technology of [5], their processing and material were quite expensive.



These results showed that the measurement error of a sensor using the container was smaller than not using the container, and the sensitivity of the 1-mm sensor was higher than that of the 1.5-mm sensor. The extra offset in the measurement brought in by the container was calibrated afterward. We chose the 1-mm sensor with the container for the following water quality measurements. Three chemical buffer solutions with distinct pH values were used as test fluids, i.e., the citric acid/sodium hydroxide/hydrogen chloride (pH at 20 °C = 2.04), phosphate (pH at 20 °C = 7), and borate-HCl (pH at 20 °C = 8.74).



The measured capacitance was first calibrated to eliminate the offset caused by the container, as shown in Figure 13a. The calibrated capacitance for pH = 2.04 increased from 0 pF at 0 mL to 80 pF at 500 mL, which was about 12 pF more than the reference fluid. The capacitance response to the solution of pH = 8.74 was 0 pF at 0 mL and increased to 74 pF at 500 mL, which was about 2 pF higher than the reference fluid. The capacitance of pH = 7 was only slightly higher than the reference fluid. The sensitivity of the measured sensor in both acidic and alkaline solution was stronger than in the deionized water as shown in Figure 13b. The sensitivity of the sensor in the acidic solution approached 1.25 pF/mm at 500 mL. Meanwhile, the value for the deionized water was about 1.14 pF/mm. The sensitivities of capacitive sensing in the solutions pH = 7 and pH = 8.74 were both slightly below 1.16 pF/mm, which was a little higher than in the deionized water.



As shown in Figure 13, the measured capacitance varies with different pH values. More precisely, the pH value is theoretically defined as 10 based-logarithm of the molar concentration of the hydrogen ion concentration in solution. It means that the ion concentration of other chemical elements can also lead to capacitance changes, as reported in paper [26]. Principally, the capacitive sensor measurement is dependent on the dielectric constant of the solution. For instance, S. Gevorgian [36] provided a mathematical model showing the relation between the capacitance and dielectric constant by using coplanar capacitance. A decade later, A. Levy [37] developed a mathematical approximation of dielectric response of solutions of different ion concentrations. Yang et al. [5] also reported mathematically and experimentally that the capacitance measured in solution depends on the ion concentration inside the solutions. When the ion concentration is less than 10−5 M or greater than 10−2 M, the capacitance changes slightly. In this case, the dielectric constant no longer dominates the change in capacitance. It indicates that the accuracy of the capacitive sensing in solution also depends on a good understanding of the field theory in liquid, especially with different ions inside, which could be part of our future work. On the other hand, as a cost-efficient material, the conductive polymer PEDOT:PSS still needs to be further investigated and studied. Especially interesting are the sensing-related properties like sheet resistance, charge transport, and bandgap energy. More in-depth research and discussions are still required for its applications in printed electronics and thin film technology on the bonding mechanism and the material modifications, including surface treatment. With a more accurate and mathematically proved model, people can better control this material and apply it more precisely in different areas.





4. Conclusions


In this paper, we presented a multilayer screen printing technology to enhance the conductivity of the PEDOT:PSS printed on PET substrates. To obtain reliable capacitive sensing, we investigated that the chemical bond at the interface between printing ink and PET substrate is mainly the hydrogen bond. Through a simple chemical treatment, we have improved the adhesion to the PET substrate. The adhesion bonding force between the printed ink and the substrate was tested using a newly designed adhesion peeling test setup. Via further characterization of the thickness and sheet resistance of the printed multilayers, we found that using 10 layers was most effective for printed PEDOT:PSS. The adhesion bonding force of the 10-layer printed sample was increased to 16–20 N at 100–500 mm/min. Based on these data, the capacitive sensor was developed and applied in water level and water quality sensing. Here, the water quality was tested mainly with three distinct pH values, which are related to the ion concentration inside the solutions.



The sensitivity of our capacitive sensor varies from 1.14–1.25 pF/mm. Available work from Paczesny et al. [4] had a sensitivity of 0.074 pF/mm, based on which Yang et al. [5] reached a sensitivity of 1.9 pF/mm. Both [4,5] adopted ink-jet printing technology, ink containing metal, and relatively complicated treatments. The sensitivity of our sensor is already quite good compared with available work in [4,5] with respect to the material and processing cost. Using the non-metallic, biocompatible conductive ink PEDOT:PSS and the cost-effective enhancement, our sensors have great potential for further industrial applications.







Author Contributions


Conceptualization, B.W. and H.-D.N.; methodology, B.W.; software, B.W. and M.B.; validation, B.W., K.B. and N.J.; formal analysis, B.W.; investigation, B.W., X.H., M.S.-R., K.-D.L. and H.-D.N.; resources, B.W., M.B. and M.W.; data curation, B.W. and X.H.; writing—original draft preparation, B.W.; writing—review and editing, B.W., M.B., X.H., P.M. and M.H.; visualization, B.W.; supervision, H.-D.N.; project administration, B.W.; funding acquisition, H.-D.N. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by AiF GmbH and BMWi.




Acknowledgments


This work was created within the framework of an AiF-funded ZIM project. We would like to thank also the BMWi for financial support. The authors gratefully acknowledge the technical support for this work provided by the University of Applied Sciences Berlin and Fraunhofer Institute for Reliability and Microintegration IZM in Berlin for their ongoing support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ngo, H.D.; Hoang, T.H.; Baeuscher, M.; Wang, B.; Mackowiak, P.; Grabbert, N.; Grudno, J. A novel low cost wireless incontinence sensor system (screen-printed flexible sensor system) for fireless urine detection in incontinence materials. In Proceedings of the 32nd Eurosensors Conference, Graz, Austria, 9–12 September 2018. [Google Scholar]

	



Thompson, B.; Yoon, H.S. Aerosol-printed strain sensor using PEDOT:PSS. IEEE Sens. J. 2013, 13, 4256–4263. [Google Scholar] [CrossRef]

	



Morais, R.M.; dos Santos Klem, M.; Nogueira, G.L.; Gomes, T.C.; Alves, N. Low cost humidity sensor based on PANI/PEDOT:PSS printed on paper. IEEE Sens. J. 2018, 18, 2647–2651. [Google Scholar] [CrossRef]

	



Paczesny, D.; Tarapata, G.; Michał, M.; Jachowicz, R. The capacitive sensor for liquid level measurement made with ink-jet printing technology. Procedia Eng. 2015, 120, 731–735. [Google Scholar] [CrossRef]

	



Yang, Q.; Yu, A.J.; Simonton, J.; Yang, G.; Dohrmann, Y.; Kang, Z.; Li, Y.; Mo, J.; Zhang, F.Y. An inkjet-printed capacitive sensor for water level or quality monitoring: Investigated theoretically and experimentally. J. Mater. Chem. A 2017, 5, 17841–17847. [Google Scholar] [CrossRef]

	



Stensberg, M.C.; Wei, Q.S.; McLamore, E.S.; Porterfield, D.M.; Wei, A.; Sepúlveda, M.S. Toxicological studies on silver nanoparticles: Challenges and opportunities in assessment, monitoring and imaging. Nanomedicine 2011, 6, 879–898. [Google Scholar] [CrossRef]

	



Hussain, S.M.; Hess, K.L.; Gearhart, J.M.; Geiss, K.T.; Schlager, J.J. In vitro toxicity of nanoparticles in BRL 3A rat liver cells. Toxicol. In Vitro 2005, 19, 975–983. [Google Scholar] [CrossRef]

	



Braydich-Stolle, L.; Hussain, S.; Schlager, J.J.; Hofmann, M.C. In vitro cytoxicity of nanoparticles in mammalian germline stem cells. Toxicol. Sci. 2005, 88, 412–419. [Google Scholar] [CrossRef]

	



Yang, M.; Zhang, Y.S.; Zhang, H.; Li, Z. Characterization of PEDOT:PSS as a biocompatible conductive material. In Proceedings of the Conference on Nano/Micro Engineered and Molecular System (NEMS), Xi’an, China, 7–11 April 2015. [Google Scholar]

	



Heywang, G.; Jonas, F. Poly(alkylenedioxythiophoene)s: New, very stable conducting polymers. Adv. Mater. 1992, 4, 116–118. [Google Scholar] [CrossRef]

	



Pei, Q.B.; Zuccarello, G.; Ahlskog, M.; Inganäs, O. Electrochromic and highly stable poly(3,4-ethylenedioxythiophene) switches between opaque blue-black and transparent sky blue. Polymer 1994, 35, 1347–1351. [Google Scholar] [CrossRef]

	



Vazquez, M.; Bobacka, J.; Ivaska, A.; Lewenstam, A. Influence of oxygen and carbon dioxide on the electrochemical stability of poly(3,4-ethylenedioxy-thiophene) used as ion-to-electron transducer in all-solid-state ion-selective electrodes. Sens. Actuators B Chem. 2002, 82, 7–13. [Google Scholar] [CrossRef]

	



Kolesov, I.S.; Münstedt, H. Stabilität antielektrostatischer Beschichtungen auf der Basis von Polyethylendioxithiophenen. Mater. Werkst. 2003, 34, 542–548. [Google Scholar] [CrossRef]

	



Tao, X.M.; Wang, R.X. Fabrication and characterization of OLEDs using PEDOT:PSS and MWCNT nanocomposites. Compos. Sci. Technol. 2008, 68, 2837–2841. [Google Scholar]

	



Jonda, C.; Mayer, A.B.R.; Stolz, U.; Elschner, A.; Karbach, A. Surface roughness effects and their influence on the degradation of organic light emitting devices. J. Mater. Sci. 2000, 35, 5645–5651. [Google Scholar] [CrossRef]

	



Mecerreyreyes, D.; Marcilla, R.; Ochoteco, E.; Grande, H.; Pomposo, J.A.; Vergaz, R.; Pena, J.M.S. A simplified all-polymer flexible electrochromic device. Electrochim. Acta 2004, 49, 3555–3559. [Google Scholar] [CrossRef]

	



Anderson, E.X.; Santos, G.H.; de Souza, E.H.; Rodrigues, P.C.; Floriano, J.B.; Kamikawachi, R.C.; de Deus, J.F.; Macedo, A.G. Influence of electrolyte distribution in PEDOT:PSS based flexible electrochromic devices. Chem. Phys. Lett. 2017, 689, 212–218. [Google Scholar]

	



Baeuscher, M.; Wang, B.; Hu, X.; Mackowiak, P.; Merchau, N.; Ehrmann, O.; Schneider-Ramelow, M.; Lang, K.D.; Ngo, H.D. Simulation and electrical characterization of a novel 2D-printed incontinence sensor with conductive polymer PEDOT:PSS for medical applications. In Proceedings of the 20th Electronics Packaging Technology Conference, Singapore, 4–7 December 2018. [Google Scholar]

	



Abbasi, M.A.B.; Vryonides, P.; Nikolaou, S. Humidity sensor devices using PEDOT:PSS. In Proceedings of the IEEE International Symposium on Antennas and Propagation & USNC/URSI National Radio Science Meeting, Vancouver, BC, Canada, 19–24 July 2015. [Google Scholar]

	



Xie, M.Y.; Aw, K.C.; Gao, W. Skin force sensor using piezoresistive PEDOT:PSS with arabitol on flexible PDMS. In Proceedings of the 2015 IEEE SENSORS, Busan, Korea, 1–4 November 2015. [Google Scholar]

	



Vuorinen, T.; Niittynen, J.; Kankkunen, T.; Kraft, T.M.; Mäntysalo, M. Inkjet-printed graphene/PEDOT:PSS temperature sensors on skin-conformable polyurethane substrate. Sci. Rep. 2015, 6, 35289. [Google Scholar] [CrossRef] [PubMed]

	



Honda, W.; Harada, S.; Arie, T.; Akita, S.; Takei, K. Wearable, human-interactive, health-monitoring, wireless devices fabricated by macroscale printing techniques. Adv. Funct. Mater. 2014, 24, 3299–3304. [Google Scholar] [CrossRef]

	



Yin, Z.P.; Huang, Y.; Duan, Y.; Zhang, H. Electrohydrodynamic Direct-Writing for Flexible Electronic Manufacturing; Springer Nature Singapore Pte Ltd.: Singapore, 2018. [Google Scholar]

	



Woehrmann, M.; Toepper, M. A novel qualitative adhesion measurement method for thin film layers for microelectronic applications. In Proceedings of the Microsystem Technology Conference, Berlin, Germany, 28 October 2019. [Google Scholar]

	



Xu, D.; Shen, H.J.; Wang, W.; Xie, J.; Zhang, T.; Yuan, H.; Li, Y.; Chen, X.; He, Y.; Zhang, Y.; et al. Effect of H2SO4 solution treating on the adhesion, charge transfer and catalytic performance of screen-printed PEDOT:PSS. ChemPhysChem 2019, 20, 374–382. [Google Scholar] [CrossRef]

	



AGFA. ORGACONTM Conductive Polymer Screen-Printing Inks. 2018. Available online: https://www.agfa.com/specialty-products/wp-content/uploads/sites/8/2018/10/Screen-Printing-inks-2018v4.0.pdf (accessed on 20 March 2020).

	



Gerwig, R.; Fuchsberger, K.; Schroeppel, B.; Link, G.S.; Heusel, G.; Kraushaar, U.; Schuhmann, W.; Stett, A.; Stelzle, M. PEDOT-CNT composite microelectrodes for recording and electrostimulation applications: Fabrication, morphology, and electrical properties. Front. Neuroeng. 2012, 5, 8. [Google Scholar] [CrossRef]

	



Kim, J.Y.; Lee, W.; Kang, Y.H.; Cho, S.Y.; Jang, K.S. Wet-spinning and post-treatment of CNT/PEDOT:PSS composites for use in organic fiber-based thermoelectric generators. Carbon 2018, 133, 293–299. [Google Scholar] [CrossRef]

	



Wu, X.K.; Liu, J.; He, G. A highly conductive PEDOT:PSS film with the dipping treatment by hydroiodic acid as anode for organic light emitting diode. Org. Electron. 2015, 22, 160–165. [Google Scholar] [CrossRef]

	



Desalegn, D.; Wei, H.Y.; Ho, K.C.; Chu, C.W. Highly conductive PEDOT:PSS electrode by simple film treatment with methanol for ITO-free polymer solar cells. Energy Environ. Sci. 2012, 5, 9662. [Google Scholar]

	



Wang, X.L.; Li, T.; Adams, J.; Yang, J. Transparent, stretchable, carbon-nanotube-inlaid conductors enabled by standard replication technology for capacitive pressure, strain and touch sensors. J. Mater. Chem. A 2013, 1, 3580–3586. [Google Scholar] [CrossRef]

	



Chetpattananondh, K.; Tapoanoi, T.; Phukpattaranont, P.; Jindapetch, N. A self-calibration water level measurement using an interdigital capacitive sensor. Sens. Actuators A 2014, 209, 175–182. [Google Scholar] [CrossRef]

	



Kumar, B.; Rajita, G.; Mandal, N. A review on capacitive-type sensor for measurement of height of liquid level. Sens Meas. Control 2014, 47, 219–224. [Google Scholar] [CrossRef]

	



Quoc, T.V.; Dac, H.N.; Quoc, T.P.; Dinh, D.N.; Duc, T.C. A printed circuit board capacitive sensor for air bubble inside fluidic flow detection. Microsyst. Technol. 2015, 21, 911–918. [Google Scholar] [CrossRef]

	



Abu-Abed, A.S.; Lindquist, R.G. Capacitive interdigital sensor with inhomogeneous nematic liquid crystal film. Electromagn. Res. 2008, 7, 75–87. [Google Scholar] [CrossRef]

	



Gevorgian, S.; Berg, H. Line capacitance and impedance of coplanar-strip waveguides on substrates with multiple dielectric layers. In Proceedings of the 31st European Microwave Conference, London, UK, 4–6 October 2001. [Google Scholar]

	



Levy, A.; Andelman, D.; Orland, H. Dielectric constant of ionic solutions: A field-theory approach. Phys. Rev. Lett. 2012, 22, 108. [Google Scholar] [CrossRef]








[image: Micromachines 11 00474 g001 550] 





Figure 1. Lumped-element model of capacitive sensing and its relation with the resistance. 
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Figure 2. The workflow for multilayer screen printing: (a) preprocess: preparing the screen; (b) multilayer printing process; (c) curing process; (d–f) the coating process. The illustration of printing in cross section: (g) the printing process corresponding to steps (a,b); (h) the curing process corresponding to (c) and (i) the protective coating process corresponding to (d–f). 
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Figure 3. Chemical structures of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), polyethylenterephthalat (PET) and their chemical bonds. 
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Figure 4. (a) Hydrogen bonding test; (b) the schematic of hydrogen bonding between PEDOT:PSS and deionized (DI) water. 
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Figure 5. SEM cross section images of (a) single-layer printed PEDOT:PSS and (b) of a 10-layer printed PEDOT:PSS. 
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Figure 6. Schematic. (a) The peeling force test; (b) the entire device-under-test (DUT) and test machine in the laboratory. 
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Figure 7. Schematic: (a) peeling force test related to angle α. The tape is of length 4 L. (b) Measured results of a 10-layer printed sample at a constant speed of 10 mm/min. 
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Figure 8. (a) Three-dimensional design of the sub-environment container; (b) measurement setup of capacitive water sensing. 
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Figure 9. The sheet resistance and thickness with respect to the number of layers. 
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Figure 10. (a) Printed samples of PEDOT:PSS capacitive sensors; (b) photo image of 1-mm electrode sensor. 
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Figure 11. Peeling force tests of printed samples on non-chemical-treated (1-layer samples) and chemical-treated substrates (10-layer samples). 
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Figure 12. Capacitance measurement of sample sensors with and without container in DI water, and the related sensitivity. 
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Figure 13. (a) Measured capacitance in response to the deionized water and buffer solutions with pH values of 2.04, 7 and 8.74; (b) their sensitivities. 
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