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Abstract

:

Environmental monitoring of land, water and air, is an area receiving greater attention because of human health and safety concerns. Monitoring the type of pollution and concentration levels is vital, so that appropriate contingency plans can be determined. To effectively monitor the environment, there is a need for new sensors and sensor systems that suits these type of measurements. However, the diversity of sensors suitable for low, battery powered- and large area sensor systems are limited. We have manufactured and characterized a flexible pH sensor using laser processing and blade coating techniques that is able to measure pH between 2.94 and 11.80. The sensor consists of an interdigital capacitance with a pH sensitive hydrogel coating. Thin sensors can reach 95% of their final value value within 3 min, and are stable after 4 min. Good repeatability was achieved in regard to cycling of the sensor with different pH and multiple measurements from dry state. We have also studied the relation between an interdigital capacitance penetration depth and hydrogels expansion. We believe that our passive sensor is suitable to be used in low power and large area sensor networks.
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1. Introduction


The increase of environmental problems on land, in water and air from pollution, over fertilization and insufficient waste-water treatment are receiving greater attention in the technical and scientific area. Contaminants tend to accumulate in the environment, which eventually becomes a hazard to most living organisms [1]. Therefore, it is vital to determine the type of pollution and the concentration, such that appropriate actions can be made [2,3]. Specific areas of interest for monitoring include advanced industrial processes, aquatic biological communities and waste-stream effluents [4]. Heavy metals can spread from waste-stream effluents in landfills, recycling areas and mine deposits, which contaminate the surrounding environment [5,6,7,8,9]. Connel et al. [10] could show that there is a link between desorption of heavy metals and the pH level of the surrounding soil and water. Hence, by measuring the pH level, the level of heavy metal leakage in the environment can be monitored.



pH-levels can be measured by using for example, litmus papers, pH glass electrodes, pH sensitive polymers, optical pH sensors, fluorimetric pH sensors, radiometric pH sensors and ion sensitive FET pH sensors [11]. In the field of environmental monitoring there is a special need for distributed sensors to cover large areas. Printed sensors on flexible substrates can offer cost effective manufacturing of sensors for environmental monitoring on a large scale. In addition, printed sensors with a stimuli responsive hydrogel used as a sensing layer can show high sensitivity to small variations of environmental parameters such as pH, temperature, moisture and ions etc. Flexible pH sensors that use Iridium Oxide, carbon nanotubes/polyaniline as well as hydrogel as sensing layers have previously been reported [12,13,14]. However, most of the pH-sensors reported so far are not fully passive components, often complex to manufacture and therefore not optimal for low energy systems or mass producing.



One promising class of pH-sensitive hydrogels is acryl terminated oligo beta-amino ester’s (AOBAE). This biocompatible AOBAE, which is synthesized from 1,3-butanediol diacrylate (1,3-BDDA) and piperazine (PIP) is easy to prepare and without the need for any solvents [15]. Here we demonstrate a printed interdigital capacitive pH sensor that utilizes such pH sensitive AOBAE as a sensing material. The resulting solvent uptake within the AOBAE alters the relative permittivity in/of the surroundings of the metal layer, which is detected as a change in the capacitance. We also investigated the relation between the hydrogels thickness change and the penetration depth of the electric field of the interdigital capacitor. This relation has, to our knowledge, not been addressed previously. The produced sensor is found to be sensitive to pH levels between 2.94 and 11.80 and with a deviation of less than   ± 0.7  % between repeated pH measurements of pH 7.12.




2. Theory


The hydrogel will respond to pH level by uptaking or releasing water, resulting in a swelling/deswelling of the hydrogel and an effective relative permittivity change. The change in permittivity is detected by an interdigital capacitor structure. Capacitive sensors are used in a wide range of sensing applications, for example non-destructive testing (NDT), chemical sensing, bio-sensing [16], humidity and moisture sensing [17], monitoring of curing processes [18], wireless sensing [19] and surface acoustic waves (SAW) [20]. An overview of the most important concepts related to interdigital electrode sensors are available in references [16,21,22,23,24,25,26].



2.1. Interdigital Capacitance Sensors with Hydrogels


In general, stimuli-responsive hydrogels can change their volume significantly in response to small variations of different environmental parameters, such as pH, temp, moisture, current, ions etc. [27,28,29,30,31]. Sensors based on hydrogel will, depending on stimuli (pH, temperature, magnetism etc.), uptake different amounts of water that results in an effective relative permittivity change. The relative permittivity,   ϵ r  , of water is 80 and the hydrogel (AOBAE) used in this work has a relative permittivity of 5.5. A change of the permittivity within the capacitors electric field changes the capacitance and therefore it is possible to correlate the stimuli of the hydrogel to a change in capacitance.



The interdigital capacitor consists of two electrodes with interspersed “fingers”, with finger length L, electrode width W and gap G, as shown in Figure 1. The sensor structure consists of the interdigital capacitor, an electrically insulating layer,   D P   (to avoid short circuit) and the hydrogel sensing layer D.



The capacitance is given by Equation (1) [32]


  C =  ϵ r   ϵ 0    A G    



(1)




where   ϵ r   is the relative permittivity of the medium and   ϵ 0   is the dielectric constant, A the effective electrode area (  A = L W n / 2  , where n is the number of electrodes in the capacitance) and G the effective spacing G between the electrodes.



It is important to consider the penetration depth of the electric field out from the electrodes as this will determine how the hydrogel layer and water will affect the capacitance. The electric field penetration depth,   E  P D    is defined as where (at a distance z) the capacitance C (z =   E  P D   ) equals 3% of the difference between the highest and the lowest values of the terminal impedance [33], see Figure 2. The distance   E  P D    can be calculated as one third of the width of the electrode plus the gap between electrodes,    E  P D   ≈  ( W + G )  / 3   [34].



Because the hydrogel thickness change   ( Δ D )   depends on the stimuli, it is important to consider how the capacitance is affected by this thickness change. Note that the protective layer thickness,   D P  , is neglected in the following discussion of three different cases displayed in Figure 3




	(a)

	
If   E  P D    < D, the capacitance will be affected only by the permittivity change that occurs in the hydrogel by the uptake or release of water (Figure 3a). The total capacitance will be    C  t o t   =  E  P D    C  P H    , where   C  P H    is defined as the capacitance of the hydrogel per unit thickness.




	(b)

	
If   E  P D    >   D + Δ D  , the total capacitance consists of two parts   C 1   and   C 2  . The capacitance contribution from   C 1   is affected by the effective relative permittivity within the hydrogel and   C 2   is affected from the relative permittivity of the surrounding media (water), see Figure 3b. The total capacitance then becomes    C  t o t   =  C 1  +  C 2  =  ( D + Δ D )   C  P H   +  [  E  P D   −  ( D + Δ D )  ]   C W   , where   C W   is defined as the capacitance of the water per unit thickness.




	(c)

	
For the case when    E  P D   < D + Δ  D  m a x     and    E  P D   > D  , which means that the thickness of the hydrogel is very close to the depth of the electric field, the capacitance will alternate between cases (a) or (b) depending on the thickness change of the hydrogel, see Figure 3c.









Case (a) gives a predictable responsitivity to stimuli change, as   E  P D    is fully contained within the hydrogel layer. The effect of stimuli change will then only come from the effective relative permittivity change within the hydrogel. The change in capacitance is not as easy to predict for cases (b) and (c). This is beacuse the change in capacitance is also affected by the relative permittivity of the second layer (here denoted as water, but can be any other substance).




2.2. Simulation


A numerical simulation have been conducted to visualize the behaviour of the three different sensor cases displayed in Figure 3. The simulation assumes that the electric field strength is equal in the whole penetration depth   E  P D   , though in reality the electric field is strongest closest to the electrical conductors and decays exponentially with distance [25]. Also, the insulator layer   D P   is omitted from this simulation. In the simulation the total sensor capacitance   C  t o t    is calculated as


   C  t o t   =  C 1  +  C 2        C 2  = 0     if   D + Δ D ⩾  E  P D     ( single  layer  sensor )        C 2  =  C 2      if   D + Δ D <  E  P D     ( double  layer  sensor )       



(2)




where   C  t o t    is the total capacitance,   C 1   is the capacitance contribution from the hydrogel layer and   C 2   is capacitance contribution originating from the outside of the hydrogel (e.g., water or air). A complete description of the calculation for the simulation can be found in the Appendix A.



In the simulation shown in Figure 4, we have used three different start thicknesses of the hydrogel; 100/0% (blue dots, solid line), 60/40% (green diamonds, short dashed line) and 20/80% (grey triangles, dashed line). The number (e.g., 100/0) represent the thickness of the first (hydrogel) and second (water) layers in percent of the total electric field penetration depth. For example, in the case of the dual layer sensor (Figure 3b) we have used 20/80%, which means that 20% of the total electric field penetration depth,   E  P D    is within the hydrogel layer (  C 1  ) and 80% is within the water layer (  C 2  ). These values are given for a dry sensor. Figure 4 shows how a sensor in the three cases from Figure 3 (single, dual and mixed layer sensor) will behave when the thickness of the hydrogel increase from 1 to 100%.



From the simulation, one can see that for the single layer case (a), where   D ⩾  E  P D     (blue dots, solid line) and the whole electric field is contained within the hydrogel, the capacitance starts at a low value and increases linearly with increasing water uptake in the hydrogel, refer to Figure 3a. For case (b), the double layer sensor where   D + Δ D <  E  P D     (grey triangles, dashed line), the electric field reach outside of the hydrogel layer and is also affected by the surrounding medium (water). The capacitance starts at a high value and decreases linearly with increasing water uptake in the hydrogel, refer to Figure 3b. For a mixed layer sensor (green diamonds, short dashed line, refer to Figure 3c the sensor will act as a combination of the sensors in case (a) or (b). This sensor starts as a dual layer sensor (  D + Δ D <  E  P D    ) for low water uptake and at the point where the hydrogel thickness have increased such that   D + Δ D ⩾  E  P D     it will act as a single layer sensor. The slope for the double layer sensor is less then for the single layer sensor. The reason is there are two capacitances,   C 1   and   C 2  , adding to the total capacitance though they are working opposite to each other. When capacitance   C 1   increase with hydrogel thickness, capacitance   C 2   will decrease at the same time.   C 2   has a larger capacitance value per unit thickness change compared to   C 1  . Due to the ambiguous nature of the mixed layer sensor, where one capacitance value can represent two different pH-levels, this sensor is not very suitable for sensing applications.





3. Experimental


3.1. Materials


1,3-butanediol diacrylate (1,3-BDDA), piperazine (PIP), diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) and chemicals to make Britton–Robinson buffer (BRB) [35] were purchased from Merck and used without further purification. Gold target used was SC502-314A from Quorum Technologies (Laughton, UK). Mylar film (DuPont Teijin Films, Chester, VA, USA). SU8 2000.5 (Microchem, Westborough, MA, USA).




3.2. AOBAE


We synthesized an AOBAE with mole ratio of 2:1 (1,3-BDDA:PIP respectively) by dissolving PIP into 1,3-BDDA during stirring at 60 °C, without the use of any solvents. Stirring continued until there were no visible PIP crystals in the solution, and then for another 30 min, making it a total of 120 min. The solution was then left to cool down to room temperature before further processing. The preparation of AOBAE was made analogically with the authors previous work on characterization of pH sensitive AOBAE [15]. The AOBAE was measured to have a relative permittivity of 5.5 according to the formula    ϵ r  = C /  C 0    [36]. The relative permittivity measurement was made in air, with an expected negligible difference compared to vacuum. When the AOBAE is submerged in an acidic liquid, the nitrogen in the peperazine ring gets protonated. As the AOBAE becomes more protonated, the uptake of water will increase and the hydrogel expands.




3.3. Instruments and Manufacturing of Sensors


Figure 5 shows the structure of the developed pH-sensor. The sensors were manufactured on a 105  μ m thick Mylar (PET) film, where a 30 nm thin gold layer was sputtered on the Mylar substrate by using a Quorum Q150T ES sputter (Quorum Technologies, UK). An interdigital capacitance structure was patterned by using a 355 nm nano-second pulsed laser ablation system allowing for a spatial resolution in the order of 10  μ m. In the present design, the width (W) of the conductive lines and distance (G) between the lines were 120  μ m and 40  μ m respectively, see Figure 1. The interdigital capacitance sensor was designed with a total of 75 lines providing an initial, dry capacitance in the order of 15 pF. The performance of the final pH-sensor will depend on the choice of width W and distance G and will be further discussed in Section 5. After laser patterning, a thin layer of SU8 2000.5 was coated on the thin gold layer to act as an electrically insulating layer and prevent direct contact between the pH-solution and the conductive lines. The thickness of the insulating layer was 4 ± 1  μ m after soft-baking at 90 °C for 1 min, UV-curing with a 365 nm LED for 10 min and hard baking at 160 °C for 10 min. The active, pH-sensitive ABOAE layer was deposited by a blade coating technique using a Zehtner ZUA 2000.80 universal applicator (Zhentner, Sissach, Switzerland), while the substrate was held on a vacuum table. Sensors with three different thicknesses of AOBAE were manufactured and evaluated, 5.5 ± 3  μ m, 18.5 ± 3.5  μ m and 30.5   ±   7  μ m. Curing of the SU8 and AOBAE were performed under ambient conditions by using a 365 nm UV-LED (M365F1, Thorlabs, Newton, MA, USA) with an intensity of 1.9 mW/cm   2  .




3.4. Capacitance Measurements


The interdigital pH-sensors were characterized by submerging each sensor in liquids with defined pH levels. The capacitance values were measured using an HP 4284A RCL meter (Keysight Technologies, Santa Rosa, CA, USA) controlled by a LabView program (National Instruments, Austin, TX, USA). The sensor was held constant in a holder with all cables fixed and kept as short as possible. A motorized labjack was used to lift up/down the different pH-buffers as seen in Figure 6, without disturbing the measurement setup. Before measurement of the sensor capacitance, the cables and holder (without sensor) was measured and values subtracted from all measurement results. For all pH measurements, BRB pH buffer solutions with pH values ranging between 2.94 and 11.80 were used. Reference pH measurements were performed on the buffers using a Metrohm 632 pH-meter (Metrohm AG, Herisau, Switzerland).





4. Results


Figure 7 shows the capacitance at a pH of 7.12 for three sensors with different hydrogel layer thicknesses, 5.5, 18.5 and 30.5  μ m respectively. In the graph, notice the followings: First, the time to reach a stable capacitance value is longer for a thicker AOBAE layer because the uptake of water is a diffusion controlled process [27,37]; Second, a thinner AOBAE layer results in a higher maximum capacitance. This is because the thinner sensors (5.5 and 18.5  μ m) also has a capacitance contribution from water; Third, for the two sensors with the thinner AOBAE layers we can see a higher initial rate increase for the capacitance. A distinct knee at 8 s and 10 s, respectively (marked by arrows in the inset), is observed after which the rate becomes lower, see inset of Figure 7. The stable point of each sensor is marked in the figure with black dots and is defined as where the capacitance deviation stays within ±1% of the mean value for at least 10 min. The time to reach the stable capacitance value (stabilization time) was approximately 4, 9 and 25 min, for the 5.5, 18.5 and 30.5  μ m thick films, respectively.



Figure 8 shows measurements on a sensor with a sensing layer thickness of 18.5  μ m. The sensor has been measured 5 times in pH 7.12 and 5 times in pH 8.38, in the order 7.12, 8.38, 7.12, … Between every test the sensor was completely dried (dried until the capacitance value returned to the first, dry value before test, approximately 41 pF). The error bars show the standard deviation at four different times, 300, 600 , 900 and 1200 s. The standard deviations at 1200 s are 3.37 and 4.69 pF for pH 7.12 and 8.38, respectively. This corresponds to a deviation of the final value that is less then   ± 0.7  % and   ± 1.1  % respectively.



Figure 9 shows a comparison between a single layer sensor (refer to Figure 3a) and a double layer sensor (refer to Figure 3b) with sensor layer thicknesses of 30.5 and 5.5  μ m respectively. The sensors were kept in the given solution for 30 min in order to reach the stable point of the thicker sensor. The deviation between the three cycles is ±0.5 and ±0.75% of the final value, for the 5.5  μ m and 30.5  μ m thick AOBAE respectively. An interesting observation is that for a single layer sensor the capacitance value for pH 8.39 is lower than for pH 7.12, while the opposite is true for a double layer sensor, pH 8.39 has a higher capacitance value then pH 7.12. This behavior is in agreement with Figure 4, which display a simulation for the three different sensor cases in Figure 3.



Figure 10 shows a dual layer sensor with a 5.5  μ m thick sensing layer tested in pH between 2.94 and 11.80. As predicted by the simulation (Figure 4) the capacitance decreases as the AOBAE expands due to lower pH. We also measured in pH 2.01, though the adhesion between the AOBAE and SU8 could not withstand the physical forces from swelling and the AOBAE layer started to delaminate. The sensor was allowed to dry slightly between changing of pH buffer solutions, which can be seen by the dips between each pH. In the insets a and b in Figure 10, the behavior when changing pH is different. This comes from the fact that at position b the sensor dried out more compared to position a, as indicated by the larger decrease in capacitance.



In Figure 11, the capacitance as a function of pH from Figure 10 is shown. The capacitance values are the last value for each pH before changing to a new pH. There is an exponential relation between capacitance and the distance of measured material [25] as described in the Theory section, see Figure 2. Therefore, an exponential curve has been used for the curve fitting. However, since not all pH values in Figure 10 have stabilized, it should be seen more as a guideline for the sensor behavior. In addition, any changes to the sensors effective area A, spacing G or the hydrogel thickness will alter this curve fitting.



In Figure 12 a measurement of a 72  μ m thick AOBAE film in pH 6.07–8.89 is shown. The time constant for a hydrogel has a squared relation to the thickness [27] and the calculated time constant for the 72  μ m film is >10 h. Due to this long time constant, we chose to make the measurements for only 1 h for each pH. Therefore it can be seen in the measurements that the pH values are not stable at the times when the pH are changed. Although the time of measurement per pH was short compared to the calculated time constant, the pH change is clearly seen in the inset of Figure 12. The results are in agreement of the simulation of a single layer sensor, that the capacitance should increase with lower pH values, see Figure 4. We also measured in pH 5.00, although the AOBAE was observed to delaminate from the SU-8 layer. This happened at a higher pH then for the 5.5  μ m thick film, which started to delaminate at pH 2.01. The earlier delamination comes from that a thicker film exerts a larger physical force from swelling upon the substrate then a thinner.




5. Discussion


As stated earlier, the sensing mechanism is based on the permittivity change in AOBAE due to different uptake of water depending on the pH level. Because   ϵ r   for water is ∼80, compared to ∼5.5 for the AOBAE, the capacitance change due to water uptake is very high, see Equation (1). For thicker layers,    E  P D   < D + Δ D  , the capacitance change comes only from the permittivity change of the hydrogel.



For thinner layers,    E  P D   > D + Δ D  , the effect is more complicated as part of the electric field penetrates into the water even for low pH levels. Then, as the hydrogel releases water at increasing pH level the effective permittivity is reduced in the hydrogel. At the same time the thickness of the hydrogel decreases and the electric field penetrates more into the water resulting in a permittivity increase. These two effects counteract each other and the resulting capacitance change can be anything from smaller to even reverse of what is expected. This is clearly displayed in Figure 9, where a 30.5  μ m thick hydrogel layer show the expected capacitance change but the 5.5  μ m layer shows the opposite.



To fabricate a sensor with the most predictable capacitance change,   E  P D    should be enclosed in the hydrogel layer at all pH levels. Because, if    E  P D   > D + Δ D   the sensor also measures upon the water which can be contaminated with other substances. These other substances may also enter the hydrogel if the particles are small enough to enter the network of the hydrogel, though it might be possible to build a filter ontop of the hydrogel to minimize this risk. The   E  P D    is defined as   ( W + G ) / 3   [34] and can be adjusted by changing the width, W, and gap, G, of the electrodes. Figure 4 shows the results from a simulation considering three cases; single layer, double layer or alternating, as described in the Theory section. In Figure 4, the capacitance of the single layer sensor (blue dots, solid line) is shown to linearly increase with decreasing pH levels (hydrogel absorbs water) as the effective permittivity increases. This case corresponds to measurements made on the 72  μ m hydrogel layer as seen in Figure 12. The simulated double layer case, Figure 4 (gray triangles, dashed line) show a reverse behaviour, hence a decreasing capacitance. This corresponds to the sensor with the 5.5  μ m layer in Figure 10. In the case of a sensor where the electric field is fully inside the hydrogel layer for some pH levels and partly in the water for others a mixed case will be the result. This means that one capacitance value cannot be used to determine pH levels with certainty as some high and low levels will result in the same capacitance value, see Figure 4 (diamonds).



We have chosen the electrode width and gap (W and G) so that it was possible to build both single and double layer sensors from one interdigital pattern. This might not be optimal for a commercial sensor configuration.



The response time of the sensor depends on the hydrogel thickness, D, as the swelling kinetics of a hydrogel is governed by a diffusion process [27]. This means that to design a fast sensor, a thin hydrogel layer is needed. This also means that the interdigital capacitance structure requires narrow electrodes width (W) and gap (G) in order to build a single layer sensor.



The response time can be examined in Figure 7. The first rapid, linear change in capacitance (see inset Figure 7) occurs when the sensor is inserted in the water and thereby instantly increasing the dielectric constant for the layer outside the AOBAE. This instant change is smallest for the 30.5  μ m layer because the electric field is enclosed more in the AOBAE relative to the thinner layers.



The response time can be further examined in Figure 9 and Figure 10 where a small difference in capacitance is noted in the beginning after pH change, as marked in Figure 10. Here it should be noted that the change of pH buffer solution is not instantaneous but rather the sensor is removed from the beaker of one solution before immersed in the next. This short time makes the sensor start to sense air and dry out rather quickly. As can be seen in the insets of Figure 10, the starting capacitance level after a pH change is not the same as of the previous pH but slightly higher or even lower. This can be explained by the rapid drying out of the hydrogel, the longer time the sensor is in air the less water it retains and the lower the permittivity. The effect of air sensing and drying is not seen in Figure 12 where the 72  μ m thick AOBAE is thick enough to be outside the penetration depth   E  P D    of the sensor.



A thinner sensor should be faster then a thicker one. Though, for Figure 10 the 5.5  μ m thick sensor it can be seen that pH 11.80 has not yet stabilized during the first 500 s. While, for the rest of the pH measurements the responses are faster. We believe that this is a physical effect that the less water a hydrogel contains the harder it has to de-swell. There can be several reasons why it is hard for a hydrogel to de-swell. The rate at which a change in hydration occurs can be limited by diffusive transport of protons or by mechanical relaxation of the polymer network as a result of water movement into or out of the gel [38]. The water content of the gel can be very low, thus, the flexibility of the network chains can be hindered. De-swelling from a more swollen to a less swollen state (here, e.g., when the outer pH is considerably increased) could be hindered, because the first outermost layer shrinks and becomes less permeable. Hence, this layer hinder the release of water from the deeper layers. Swelling from a less swollen or dry state is not hindered in this way, while first the external layers swells and lets the water enter deeper.



Repeatability tests were done to test if the sensors would be effected permanently due to drying out between measurements. A sensor was cycled 10 times between pH 7.12 and 8.38 and was let to dry in between measurements, see Figure 8. The standard deviation for pH 7.12 was 3.37 pF and for pH 8.38 4.69 pF, which is   ± 0.7   and   ± 1.1  % of the respectively stable capacitance value. The deviation of cycling without drying in-between, Figure 9, is ±0.5 and ±0.75% of the final value, for a 5.5 and 30.5  μ m thick AOBAE respectively. The conclusion is that that the sensor is stable enough to be used to repeatedly measure pH levels, and not just as a one-time disposable sensor.



A feature in Figure 8 is that one also can see a pronounced peak at 100 s for pH 8.38 not seen for pH 7.12. We believe that this is a memory effect from when the sensor is submerged in pH 7.12 and the AOBAE becomes more protonated (more expanded) and contains more anions from the buffer then when submerged in pH 8.38. Thus, when it dries out the sensor gets “stuck” with that protonation and anions concentration. Because it takes time for the AOBAE to soak up water (needed for the proton H   +   to move freely). Therefore, the first capacitance response after it is again submerged in a higher pH will be as for pH 7.12. Then, as more water diffuses into the AOBAE the protons and anions can start to move freely and the sensor changes in response to the new pH value. This effect is not noticeable when the sensor goes from low towards high protonation levels. Or when the change of pH is so fast that the sensor does not have time to dry out and the H   +   protons can move freely all the time.



The AOBAE is shown to be responsive to a wide pH range, 2.94–11.80, see Figure 10. At a pH level of 2.01 the AOBAE started to delaminate from the SU8 layer as a result of the physical forces exerted due to the isotropic nature of swelling (i.e., the gel layer swells uniformly to same degree). However, there is a constraint in the lateral direction as it adheres to the substrate. It is possible that with a better adhesion between the layers, the sensor would function even at lower pH levels.



To summarize, single layer sensors are to be preferred, since they have the best sensitivity and most predictable outcome. Thinner hydrogel layer gives a faster response, although there is a risk that the sensor becomes a double layer sensor. A thick layer,    E  P D   < < D + Δ D  , have more resistance to physical damages, thus possible longer life time. Thick layers exerts a larger physical force on the substrate compared to thinner, but good adhesion is needed.



All steps for manufacturing of this sensor are compatible with roll-to-roll (R2R) processes. Hence, it is possible to mass-produce this sensor which may reduce the manufacturing cost.




6. Conclusions


We have shown that the sensor behavior varies with different electrical field penetration depths,   E  P D   , and hydrogel dry thickness, D, as well as maximum thickness change,   Δ D  . Where we have concluded that depending on if   D + Δ D   is larger, smaller or about the same as   E  P D   , the sensor system will behave differently. The most predictable sensor system is built as a single layer sensor, i.e.,    E  P D   > D + Δ D  . This has, to our knowledge, not been addressed in any earlier reports. An interdigital pH sensor that is suitable to be used in environmental monitoring systems has been built and characterized. The sensor utilizes a biocompatible hydrogel (AOBAE) as sensing material. This AOBAE swells or deswells (thus alters its relative permittivity) depending on the pH it is exposed to and is at least sensitive in the pH range 2.94–11.80.
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Appendix A. Simulation


In the simulation the total sensor capacitance   C  t o t    is calculated as


   C  t o t   =  C 1  +  C 2        C 2  = 0     if   D + Δ D ⩾  E  P D     ( single  layer  sensor )        C 2  =  C 2      if   D + Δ D <  E  P D     ( double  layer  sensor )       



(A1)




where   C  t o t    is the total capacitance.   C 1   is the capacitance contribution that comes from the hydrogel layer and   C 2   is the capacitance contribution that comes from measure water (or air). Depending on the hydrogels start thickness, D.   C 1   and   C 2   will have different contribution within the penetration depth   E  P D   , where   E  C 1 %    is the contribution for   C 1   and   E  C 2 %    for   C 2   and   E  C 1 %    +   E  C 2 %    = 100% of the penetration depth   E  P D   . Taking this into account then Equation (A1) becomes


   C  t o t   =  C 1   E  C 1 %   +  C 2   E  C 2 %    



(A2)







As relative permittivity of the hydrogel we have used    ϵ h  = 5.5  , water    ϵ W  = 80   and air    ϵ  a i r   = 1  . And the effective relative permittivity   ϵ  h w    of water soaked hydrogel has been calculated with the linear formula


   ϵ  h w   =    ϵ h   100 −   s %  2   +  ϵ w    s %  2   100   



(A3)




where   s %   is the thickness increase in % of the hydrogel,    ϵ h   100 −   s %  2     equals the permittivity part from the hydrogel and    ϵ w    s %  2    is the permittivity from the water uptake. The simulation is based on the capacitance equation   C =  ϵ r   ϵ 0  A / d  , where the physical dimension parameters A, d and   ϵ 0   are constant therefore we can set    ϵ 0  A / d = k  , the capacitance C then becomes   C =  ϵ r  k  . Thus for this simulation we can substitute   C 1   in formula (A2) with formula (A3) and   C 2   with    ϵ w    s %  2    since   C 2   is water (or air if completely dry). But then we also needs to adjust the start thicknesses   E  C 1 %    and   E  C 2 %   , with the swelling degree of the hydrogel.   C  t o t    then becomes


       C  t o t   =  C 1   E  C 1 %   +  C 2   E  C 2 %   =          ϵ h   100 −   s %  2   +  ϵ w    s %  2   100  k   E  C 1 %   +  E  C 2 %     s %  100   +  ϵ w    s %  2  k   E  C 2 %   −  E  C 1 %     s %  100              ϵ w    s %  2  = 0     if   D + Δ D ⩾  E  P D     ( single  layer  sensor )        ϵ w    s %  2  =  ϵ w    s %  2      if   D + Δ D <  E  P D     ( double  layer  sensor )        ϵ w    s %  2  =  ϵ  a i r   = 1     if    s %  = 0           



(A4)
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Figure 1. Layout of an interdigital capacitor where W is the width of the electrode, G the gap between two electrodes and L is the length of the electrodes. 
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Figure 2. Relation between capacitance and the distance to a material under test, which is placed a distance z from an interdigital capacitance. The distance z is orthogonal to the capacitance x-y plane. 
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Figure 3. Principle function for interdigital capacitors coated with a hydrogel and their equivalent electric circuit. D represent the minimum thickness of the hydrogel,   Δ D   is the thickness change of the hydrogel and   E  P D    is the electric field penetration depth. Case (a) is a single layer sensor, where the sensing hydrogel layer (  D + Δ D  ) is always thicker then   E  P D   ; Case (b) is a double layer sensor, i.e., two different dielectrics (hydrogel and water) within the sensing penetration depth (  E  P D   ) contributes to the total capacitance; Case (c) shows a situation where the thickness of the hydrogel layer is close to the penetration depth of the electric field. This result represent a mixed sensor that, depending on circumstances can act as a double layer sensor (hydrogel contracted) and a single layer sensor (hydrogel expanded). For simplicity the electric protection layer   D P   is omitted from this figure. 
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Figure 4. Simulation of the behavior depending of type of sensor, single layer sensor (Figure 3a), double layer sensor (Figure 3b) and a mixed layer sensor (Figure 3c). The simulation calculates the capacitance as a function of the thickness increase from 1 to 100% (100% = twice the thickness). It can be seen that the behaviour of the sensor depends on how the sensor is built, as a single, dual or a mixed layer sensor. 
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Figure 5. Schematic of the different sensor layers and their thicknesses (left picture). Layers from bottom and up are, Mylar as substrate, interdigital pattern made of gold, SU8 as electric protection layer and AOBAE is the pH sensitive layer. The middle pictures is a photo of a manufactured sensor (with SU8 and AOBAE on top). The right picture shows an enlargement of the middle pictures lower part, with measurements of conductor width, W, and the gap, G, between the conductors. 
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Figure 6. Schematic of the pH-measurement setup. 
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Figure 7. Capacitance response to pH 7.12 for three sensors with different thicknesses of the sensing AOBAE layer 5.5, 18.5 and 30.5  μ m. Thinner sensors have a higher capacitance and reach stable value faster then thicker sensors. This, because the thinner sensors (5.5 and 18.5  μ m) also measure upon water directly and water absorption is a diffusing process. The inset show the rise time for the three sensors, where the the time before the arrows (at 8 and 10 s) are when the sensors are in the immersion phase (i.e., not fully covered by the pH solution). Black dots are points where the capacitance of each sensor is considered stable. 
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Figure 8. 10 measurements on a sensor with 18.5  μ m thick sensing layer, where the sensor was completely dried between the measurements. 5 measurements in each pH solution, pH 7.12 and 8.38. Error bars are the standard deviation at 300, 600, 900 and 1200 s. 
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Figure 9. Cycling measurements of two sensors with AOBAE layer thicknesses of 5.5 and 30.5  μ m respectively. The 5.5  μ m sensor is a dual layer sensor and the 30.5  μ m sensor is a single layer sensor. For the single layer sensor the capacitance value for pH 8.39 is lower than for pH 7.12. While for a double layer sensor it is the opposite. This is in agreement with the simulation (Figure 4). The dips in the graph are when the pH was changed. 
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Figure 10. A 5.5  μ m thick dual layer sensor tested in pH from 11.80 to 2.94. In the two insets a and b the behavior of the sensor when changing pH is different. This comes from that in b the sensor dried out more then in a, as can bee seen by the deeper dip. Which are from when the pH solutions are changed. The results are in agreement with the simulation for a dual layer sensor, see Figure 4. 
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Figure 11. The graph show the capacitance value as a function of pH of the sensor measured in Figure 10. The points are the last capacitance value measured for each pH in Figure 11 before change of pH was made. 
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Figure 12. A 72  μ m thick single layer sensor tested in pH from 8.97 to 6.07. The sensor measurements are not stable at point of pH change. This because the time constant to equilibrium for this 72  μ m thick AOBAE film is very long, therefore we choose to only make 1 h measurement for each pH. Though, the results are still in agreement with the simulation for a single layer sensor, see Figure 4. 
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