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ABSTRACT 

 
A pH SENSOR BASED ON A FLEXIBLE SUBSTRATE 

 

Wen-Ding Huang, PhD 

 

The University of Texas at Arlington, 2010 

 

Supervising Professor:  Jung-Chih Chiao 

pH sensor is an essential component used in many chemical, food, and bio-material 

industries. Conventional glass electrodes have been used to construct pH sensors, however, 

have some disadvantages. Glass electrodes are easily affected by alkaline or HF solution, they 

require a high input impedance pH meter, they often exhibit a sluggish response. In some 

specific applications, it is also difficult to use glass electrodes for in vivo biomedical or food 

monitoring applications due to the difficulty of size miniaturization, planarization and 

polymerization based on current manufacturing technologies.  

In this work, we have demonstrated a novel flexible pH sensor based on low-cost sol-

gel fabrication process of iridium oxide (IrOx) sensing film (IROF). A pair of flexible miniature 

IrOx/AgCl electrode generated the action potential from the solution by electrochemical 

mechanism to obtain the pH level of the reagent. The fabrication process including sol-gel, 

thermal oxidation, and the electro-plating process of the silver chloride (AgCl) reference 

electrode were reported in the work.  

The IrOx film was verified and characterized using electron dispersive analysis (EDAX), 

scanning electron microscope (SEM), and x-ray diffraction (XRD). The flexible pH sensor’s 
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performance and characterization have been investigated with different testing parameters such 

as sensitivity, response time, stability, reversibility, repeatability, selectivity and temperature 

dependence. The flexible IrOx pH sensors exhibited promising sensing performance with a 

near-Nernstian response of sensitivity which is between –51.1mV/pH and –51.7mV/pH in 

different pH levels ranging from 1.5 to 12 at 25°C.  

Two applications including gastroesophageal reflux disease (GERD) diagnosis and food 

freshness wireless monitoring using our micro-flexible IrOx pH sensors were demonstrated. For 

the GERD diagnosing system, we embedded the micro flexible pH sensor on a 1.2cmx3.8cm of 

the capsule size of wireless sensor implanted inside the esophagus. Our pH electrode can 

monitor the pH changes of gastric juice in real time when the reflux happening in the esophagus. 

Our micro flexible pH sensor performed clear responses in each distinct pH reflux episode 

quickly and accurately comparing with the other commercial pH monitoring system.  

For the food freshness monitoring applications, we used the flexible pH sensor as a 

freshness indicator to monitor the pH changing profile during the food spoilage procedure. The 

sensor was then embedded with radio frequency identification (RFID) based passive telemetry 

enabling remote monitoring of food freshness. In the result, our pH-wireless RFID system 

presented 633Hz/pH of the sensitivity in the frequency calibration. The calibration of stability 

and dynamical response of the RFID system were also demonstrated before the test on food 

freshness monitoring. Finally, a white fish meat for long term spoilage procedure monitoring was 

applied and tested by using our wireless IrOx pH sensing system. Our RFID pH sensing module 

is able to monitor, collect and transmit the pH information continuously for 18 hours during the 

food spoilage procedure.   

In this dissertation, a micro size of IrOx/AgCl pH sensor was fabricated on a flexible 

substrate. The physical properties of the IrOx thin film was verified in the work. The different 

sensing capability such as the sensitivity, stability, reversibility, response time, repeatability, 

selectivity, and temperature dependence was then demonstrated in this work. After the different 
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in-vitro tests, the pH sensor were embedded with our passive RFID circuitry for the in-vivo 

GERD diagnosis and food freshness monitoring application. Our wireless pH sensing system 

was able to deliver the accurate and quick pH sensing data wirelessly. 

In conclusion, our deformable IrOx pH electrodes have been demonstrated with the 

advantages of accommodating and conforming sensors in small spaces or curved surfaces. 

This miniature IrOx pH sensor can respond to distinct potentials of the various pH levels as 

traditional glass electrodes, however, the miniature, bio-compatible and flexible substrate and 

the ability to be integrated in batterryless telemetry enable the pH sensor to be applied on many 

new medical, bio-chemical and biological field.  
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation 

The pH measurement is the most widely performed test which reflects the grade of 

solvents in chemical laboratory since 1909. Therefore, pH sensor has become an essential 

component used in many applications such as chemical, food, and bio-material industries. In 

the 90 years since the first use of the electrode to determine hydrogen ion concentration, the 

glass type electrode has been a matured routine tool to classify the pH level of the chemical 

solvents. The glass pH electrodes performed good sensitivity, selectivity, stability and long life 

time in pH sensing test. However, glass electrodes have several disadvantages due to the 

physical nature of the glass membrane. Glass material is easily affected or dissolved by alkaline 

or Hydro-Fluoride (HF) acid. Moreover, the size of electrode is bulky which hard to reduce the 

size for micro-scale or implant testing requirement such as in food or bio-medical in-vivo testing 

environment. The brittle nature of the glass also increases the risk of leaving sharp debris 

during the experiment. Therefore, to achieve small sizes and reliable performance in pH 

sensing applications, a deformable, biomechanically-compatible and implantable pH sensors 

then are needed. 

1.2 Proposed Approach 

To achieve small sizes and robust design, ion-sensitive field-effect transistor (iSFET) 

pH sensors [1.1-1.5], optical fiber pH sensors [1.1, 1.6-1.11], hydrogel film pH sensors [1.12-

1.14], and solid state pH sensors [1.1, 1.15-1.18] have been proposed. iSFET sensors have 

power consumption concerns due to the FET operation requirement [1.19]. Hydrogel film pH 

sensors utilize the physical properties of the pH-response swelling and shrinking polymer to 
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measure resistance changes [1.12]. The sensor structure design and polymer layer fabrication 

process could be complicated and expensive [1.13]. Optical pH sensors also have power 

consumption issues due to the use of light sources. The system including optical devices could 

be expensive and unsuitable for implantation [1.1, 1.7-1.8, 1.10-1.11].  

1.3 Innovation Work 

In order to achieve cost effectiveness, simpler fabrication and lower power 

consumption, a metal-oxide pH sensor with deformable flexible substrate was proposed in our 

work. Various solid state metal oxides have been investigated for pH sensing electrodes [1.1, 

1.15] including PtO2, IrOx, RuO2, OsO2, Ta2O5, RhO2, TiO2 and SnO2 as the pH sensing films. 

The pH sensitivity, selectivity, working range, and hysteresis indicate sensing performance. 

IrOx, RuO2 and SnO2 have been demonstrated with more advantages in sensor performance for 

various applications [1.22]. RuO2 [1.18, 1.20] and SnO2 [1.21] show near Nernstian responses 

in wide pH ranges. However, SnO2 and RuO2 presented hysteresis and drift problems leading to 

potential calibration issues and unstable responses [1.20, 1.21]. PtO2 and Ta2O5 can only 

perform the limited pH sensing range from 5 to 10 [1.15]. Furthermore, higher redox cation 

interference is mentioned on TiO2, RuO2, RhO2, PtO2 and OsO2 sensing film [1.15, 1.20]. 

According to some literature researches, Iridium oxide film (IROF) has been proposed 

with outstanding stability over wide pH ranges, rapid responses, less potential drift and high 

durability, which have also been demonstrated at high temperature up to 250ºC [1.23].  

In this work, we developed a miniature pH sensor array based on flexible Kapton 

substrates using iridium oxide sol-gel fabrication techniques. The purpose was to develop a 

smart electronic litmus pH sensing film. The amorphous iridium oxide thin film was formed by 

dip-coating and sequential heat treatment techniques [1.24] which have been used in industry. 

We investigated design considerations, fabrication processes and experimental results of the 

deformable miniature pH sensors.  
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1.4 Dissertation Architecture 

 There are three major parts presented in this dissertation. First part will be the 

fabrication and the performance test of the IrOx pH sensor which is from chapter 2 to chapter 4. 

The objectives of the first part are to build a low cost, small size, non-glass base, and quick 

response of pH sensor. According to the goals of the sensor design, we used the low-cost IrOx 

sol-gel process to simplify the fabrication procedure. The IrOx sol-gel film showed the good pH 

sensing performances by doing in vitro test of sensitivity, stability, response time, reversibility, 

repeatability, selectivity, and temperature dependence. In the first section, we finish a micro size 

of IrOx pH sensor on flexible substrate. The good pH sensing performances were then 

demonstrated in these chapters. Finally, In order to target on the wound healing or other high 

pH sensitive applications, we built and demonstrated a 4x4 pH sensor array for dynamical pH 

distributing detection. The multi-solutions, temporal, and spatial test were presented and 

applied. 

In the second parts of dissertation, we are going to present two applications of our 

flexible pH sensor on freshness indicator, and GERD diagnosis. A flexible IrOx pH sensor was 

embedded with a passive battery-less RFID circuitry to reach the wireless pH sensing. The first 

application is the smart wireless freshness indicator. Our pH sensor was used to monitor the 

food quality. The freshness indicator can be attached with the food package, and monitor the 

food condition in order to reduce the risk of spoilage or contamination during the delivery or 

storage. In the GERD diagnosis, the in vitro and in vivo test were applied and demonstrated in 

chapter 5. Our wireless pH sensing system was able to catch the gastric juice reflux wirelessly, 

quickly and precisely. It can reduce the risk of esophagus cancer happening.   

   In the chapter 6, we proposed the possibility of the pH sensing by using smaller 

electrode size in order to target on micro- or nano- scale of the pH measurement potential. In 

order to target on the applications of medical environment such as the wound healing 

monitoring, we demonstrated three sizes of the exposure area on the sensor. The sensitivity 
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kept similar even that the sensor size is in micro scale. These two works represented that our 

flexible pH sensor is able to used and applied on the medical or bio-medical applications in the 

future. Finally, two future works for new applications are proposed by using the iridium oxide 

material. One is the nerve simulator needle, and another is the immune-sensor. The IrOx 

material contains excellent physical properties such as the high conductivity, porosity, and 

redox capability. These applications can be able to apply for bio-medical or industrial in the next 

generation.       
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CHAPTER 2 

LITERATURE REVIEW OF IRIDIM OXIDE 

2.1 Iridium (Ir) and Iridium oxide (IrOx) 

The iridium (Ir) has been confirmed as a noble metal which is stable in all pH levels of 

aqueous solutions [2.1]. Iridium has very high resistance to aggressive chemical reagents such 

as the aqueous solutions of caustic alkalis, acids and oxidizing agents [2.1]. In finely divided 

state, iridium most probably takes place through the formation of complex ions in which iridium 

has a valence of +3 (ex. Ir2O3) or +4 (ex. IrO2). At atmospheric pressure and 25ºC iridium can 

absorb 807 times its own volume of hydrogen. When used as an anode, iridium is not usually 

attacked, even in the presence of chlorine liberated by electrolysis. Oxygen is adsorbed onto 

the metal surface when an iridium anode is polarized in the presence of dilute sulfuric acid or 

dilute caustic soda, even when the potential is low. When used as a cathode, iridium absorbs 

hydrogen, which gradually penetrates into the metal [2.1]. On heating in air or oxygen, iridium 

will be tarnished, and owned to superficial oxidation to IrO2; at temperatures of 750-1000ºC, 

iridium loses weight through volatilization, most likely as IrO4; the anhydrous oxide Ir2O3 is 

normally hard to prepare. The hydrated form of Ir (III) is Ir2O3 xH2O which is soluble in acids and 

alkaline, and is easily oxidized to Ir (II) of IrO2.2H2O by the common oxidizing agents such as 

air. 

Therefore, iridium can be oxidized and tarnished to different types of iridium oxide (IrOx) 

depending on the different fabrication methods. The characteristics of IrOx are generally very 

sensitive to its structure and composition which very depends on varies fabrication methods. 

Basically, for the stable structure of IrO2 as shown in Fig. 2.1, it crystallizes in the tetragonal 

rutile structure [2.2]. The rutile structure has edge-sharing octahedrally coordinated metal ions 
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which are form chains along the [001] direction. The feature of the rutile structure is that the O-

O bonds are not equal, so the base of the octahedron is not square, the shared edge being 

shorter than the edge parallel to the c axis.  

According to the differences of structure and composition of iridium oxide (IrOx) films 

and their influence on the kinetics and mechanism effect, the various applications was proposed 

[2.3] such as the oxygen deficiency of the iridium oxide as Ir2O3-Ir(III) and Ir2O2-Ir(II). The 

experimental results show that the charge carrier concentration and plasma frequency of iridium 

oxide increase significantly as oxygen is removed from the unit cell. In addition, highly 

conducting iridium oxide films are excellent electro-catalysts for O2 evolution and serve as 

stable anode materials for C12 evolution. 

 

 

 

 

 

 

 

To form an IrOx, thermal and electrochemical base of preparing methods are the 

standard process in different fabrication methods. Generally speaking, anodic iridium oxide film 

(AIROF) can be done by electrochemical fabrication. The poorly crystallized structure and highly 

hydrated surface are the basic properties of these kinds of iridium oxide films [1.22]. Sputtering 

iridium oxide (SIROF) and sol-gel (SG) IrOx are based on thermal preparing method. Annealing 

oxidation is required in the fabrication process. The different heating profile and temperature 

point will change the morphology of the iridium oxide [2.4]. The different structure of iridium 

oxide can be an important factor for different applications. For example, the higher crystalline 

IrOx structures were used to improve the electro-chromic properties such as light dispersion for 

 
 

Figure 2.1 The arrangement of the atoms inside a unit cell of tetragonal IrO2 [2.2]. 
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the better absorption of the solar cell in energy harvesting system [2.4]. However, for the pH 

sensing requirement, a stable sensing film with low crystalline properties of IrOx is required 

because the stability of the surface quality is controlled by the crystallization of the structure. 

The lower crystalline structure is a physically stable structure which the iridium atom is aligned 

and stacked in the same order. Therefore, regarding higher crystalline properties containing 

more disorder iridium oxide atoms, the structure of the higher crystallization will be very loose 

which is not suitable for long term sensing.      

2.2 Iridium Oxide Fabrication Methods 

2.2.1 Electro-deposition 

In the IrOx electrodeposition fabrication process, iridium oxide film can be deposited on 

a variety of electronically conducting substrates, such as Ti, Pt, or glassy carbon. This method 

is useful to produce the micro-electrode and is less expensive than electrochemical and thermal 

oxidization since it doesn’t require Ir substrates. Yamanaka [2.5] deposited IrOx film on indium 

tin oxide (ITO) conductive polymer by using iridium tetrachloride (IrCl4), hydrogen peroxide 

(H2O2), oxalic acid (CH3COOH) and potassium carbonate (K2CO3) as a soluble iridium 

precursor. IrOx was deposited by driving 2-3 A/m2 current for 15 minutes at 10°C either on 

anode or cathode. The results show the deposited film has very small crystals about 15 

Angstrom diameters. However, in this fabrication process, the pH value of the deposition 

solution, solution temperature and current density control may easily affect the deposition 

efficiency. A precise costly power supply system such as potentiostat is also required in the 

electro-deposition process for thickness and film quality control. The crystallization of the IROF 

is not strong as the film from thermal oxidation fabrication process. Those concerns are easy to 

complicate and influence the film quality of IrOx. 

2.2.2 Electro-chemical deposition 

In the electro-chemical deposition, a hydrous iridium oxide layer is grown on the surface 

of pure iridium when it is electrochemically activated in an electrolyte. The IrOx can be prepared 
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by cycling its potential called cyclic voltammetry (CV) method in a solution such as H2SO4 or 

NaOH. In cyclic voltammetry experiment, the working electrode (Iridium) potential is ramped 

linearly versus time like linear sweep voltammetry. Cyclic voltammetry takes the experiment a 

step farther than linear sweep voltammetry which ends when it reaches a set potential. When 

cyclic voltammetry reaches a set potential, the working electrode's potential ramp is inverted. 

The complete process is finished by the internal material oxidation-reduction as shown in Fig. 

2.2. During the fabrication, the current will increase by precise control from potentiostat until the 

potential reaches the reduction potential of the analyte at point (3), then falls off as the 

concentration of the analyte is depleted close to the electrode surface. If the redox couple is 

reversible then when the applied potential is reversed, it will reach the potential that will 

reoxidize the product formed in the first reduction reaction, and produce a current of reverse 

polarity from the forward scan. As a result, a thin film of iridium oxide created by redox potential 

and electrochemical reaction will be obtained and compounded on the surface of the working 

electrode (Ir). This single process can be repeated multi-time in order to get thicker layer of IrOx. 

 

 

 

 

 

 

 

 

 

 

The morphology of the hydrous IrOx film depends on the electrolyte. This kind of IrOx is 

hydrous, very porous and provides a high degree of transport for water, protons and other ions 

 
 

Figure 2.2 The multi-layer iridium oxide film by using cyclic voltammetry fabrication. 
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[2.6]. However, in this fabrication process, the current also need to be under very precise 

controlled, and potential must exceed critical upper (E+
g) and lower (E-

g) potential limits during 

each deposition cycles [1.22]. The costly potentitiostat and pure iridium oxide substrate are 

needed by using this fabrication. 

2.2.3 Sputtering 

Sputtering deposition of IrOx electrodes has become quite popular. However, the 

SIROF deposition process is costly due to the target cost. At room temperature, the SIROF 

appear amorphous and a distinctive rutile pattern emerges from films deposited at 200ºC and 

above. The most stable films are generally deposited at very slow rates (<2 nm/min) controlled 

by the parameter set up of sputtering machine. Therefore, the oxygen and argon pressure 

ratios, position of the target, deposition rate, and RF powers during the fabrication processes all 

affect the pH sensing parameters such as potential drifts and redox interferences [1.22]. 

2.2.4 Thermal deposition - Iridium oxidation 

On heating in air or oxygen, iridium metal will be oxidized to IrOx. Michael L. Hitchman 

[2.7] presented the oxidation of Ir wire in air at 800°C. Thermally prepared Iridium oxide film can 

be made much thicker than AIROFs, and provide more reliable potential values. Generally, 

thermally prepared IrOx films are comparable in nature to SIROF. Both are anhydrous films 

called “dry” oxide film as they are less hydrous than AIROF. However, thermally prepared 

procedure limits the fabrication material because of the highly heating treatment especially for 

the use of polymer and photoresist as sacrificial material, which often cannot survive at a 

temperature above 200ºC. Beside the material issue, the film surface has a tendency to crack 

after the high temperature treatment. The adhesion property of the cracked film then becomes 

an issue.  

2.2.5 Thermal deposition – Sol-Gel (SG) IrOx deposition     

The sol-gel IROF deposition process has been demonstrated with dip coating [2.8, 2.9] 

and heat treatment [2.4] procedures. K. Nishio, [2.8] established a method for the preparation of 
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iridium oxide thin films by the sol-gel dip-coating process where iridium tetrachloride (IrCl4) was 

used as a starting material. The coating solution was prepared by reacting iridium chloride, 

ethanol and acetic acid. The iridium oxide coating was formed at a 2.0 cm/min withdraw rate, 

and IROF films did not contain impurities under the heat-treated at 300ºC. Iridium oxide is 

strongly crystallized at temperatures above 450ºC. This shows we can control the parameters of 

withdraw rate and annealing temperature to have an appropriate iridium oxide sensing film by 

using the sol-gel fabrication technology. The dip coating process, and low temperature 

treatment not only provide simpler and economical fabrication approach, but also allow the 

fabrication based on micro-scale, and polymer substrate. 

2.3 pH Sensing Mechanism of Iridium Oxide 

Five different explanations of the electrode mechanism for these oxides have been 

formulated:  

• Simple ion exchange on a surface layer containing OH- groups. This mechanism is 

known from the common glass electrode.  

• A redox equilibrium between two different solid phases, i.e. a lower and a higher 

valence oxide, or an oxide and a pure metal phase, such as the antimony electrode:  

OHSbeHOSb 222 3266 +⇔++ −+  

• A redox equilibrium involves only one solid phase whose hydrogen content can be 

varied continuously by passing current through the electrode. This is known as a solid 

solution or intercalation reaction. The process scheme may be written as:  

 

 

• A single phase oxygen intercalation electrode may similarly be envisaged, though no 

examples of pH electrodes involving oxygen-deficit phases have been demonstrated.  

nyxnx MOHyeyHMOH +
−+ ⇔++
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• A steady-state corrosion of the electrode material may, in some cases, cause a pH 

dependent potential.  

Three possible mechanisms have been proposed for pH dependent redox intercalation 

equilibrium between two oxidation states of the iridium oxide [2.10] as  

                                                   OHIreHOIr 232 3266 +↔++ −+

                   

                                                  OHIreHIrO 22 244 +↔++ −+
                       

                                                  OHOIreHIrO 2322 222 +↔++ −+

                

                                                  
pHEpH

F
RTEE o 05916.0303.20 ±=−=

          

where 
0E  is the standard electrode potential with a value of 926 mV vs. standard hydrogen 

electrode (SHE) or 577 mV vs. Ag/AgCl reference electrode. F is the Faraday’s constant with a 

value of 96,487 coul/equiv, and R is the gas constant with a value of 8.314 joules/deg. RT/F is 

equal to 25.688 at 25°C. The pH potential sensitivity is –59 mV/pH if space charges are formed 

[1.22, 2.10-2.11] which is called the Nernstian response. From Fig. 4.4, a near ideal Nerstian 

slope of –52.3 mV/pH is obtained experimentally. The intercept at pH=0 showing when E equal 

to 
0E  is between 513 mV to 523 mV vs. Ag/AgCl reference electrode also close to the 

theoretical value. However, there are some effects which may cause the potential difference 

with the theoretical value of pH sensing mechanism. 
0E value is not always the same in 

different electrodes. The variation of 
0E may be caused by the variation in the stoichiometry of 

the oxide compound, and the difference of oxidation state of iridium oxide [1.22]. In addition to 

the solid phase and intercalation equilibriums, Fog and Buck [1.15] presented that pH response 

could be also due to ion exchange in surface layer containing OH- groups. The general 

equilibrium from Burke [2.12] and Olthuis [2.13] for proton exchange is 

(1) 

(2) 

(3) 

(4) 

(5) 
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OHOOHIreHOOHOIr

IrOHOHIrnHneIrOHIr n
III

x
III

n
IV

x
IV

223
3

32

23

)(223)(

]3)([32])([

+↔++

−−•−−↔++−−−−
−−+−

−
+−

 

The equilibrium of (6) indicated that the theoretical possibility of the sensitivity may be higher 

than |─59| mV/pH. 

2.4 Discussions 

 In the basic reviews of the physical properties, fabrication methods, and pH sensing 

mechanisms of Iridium oxide, we are able to decide the requirements which are suitable for the 

innovated pH sensor design. For the physical properties, we want to build a physically stable 

IrOx thin film for long term using. Therefore, the lower crystalline structure of IrOx is required and 

needed. The physically stable structure for the iridium atom is aligned and stacked in the same 

order, and the condensing density is higher than the highly crystalline IrOx film. For the 

fabrication methods, according to the requirement of polymer substrate, we should use the 

lower annealing temperature during the fabrication process. The thermal oxidation method won’t 

be suitable because of the thermal limitation of polymer’s nature property. Furthermore, the 

higher oxidation temperature also causes higher crystalline structure which will be presented on 

the next section. According to those requirements, the sol-gel method is the suitable fabrication 

process for the innovated pH sensor. The advantages of sol-gel fabrication include flexible 

parameter control for fabrication such as the dip-coating, withdraw rate, annealing temperature, 

and low-cost coating agent. Those factors are related to the film quality of iridium oxide such as 

the response time or sensitivity of the sensor. For the pH sensing mechanism, it also related to 

surface quality of the sensing film. Basically, the sensing sensitivity may follow the theoretical 

Nernstian response. The relationship and chemical reactions between the electrochemical 

potential and pH level is defined and performed as the equation shown in Eq. (1)-(4). The higher 

or lower sensing sensitivity represent the surface structure such as the porous, and thickness of 

the layer.  

(6) 
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In this dissertation, we presented the IrOx sol-gel method as our fabrication process. An 

amorphous and minor-crystalline of the iridium oxide thin film was formed and tested. The 

theoretical and experimental result will be proposed on the next two sections.      
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CHAPTER 3 

SENSOR FABRICATION PROCESS 

Our pH sensor was fabricated by standard photolithography and lift-off processes. All of 

the metal layers were deposited by electron-beam evaporation. First, a layer of 7-nm thick Cr 

was deposited on a piece of Kapton polyimide substrate, followed by a 0.1-μm thick layer of Au. 

Iridium oxide sensing film was formed by the sol-gel process [2.8] which will be discussed in the 

next section. 7-nm thick Cr and 3-nm thick Pt were evaporated for adhesion. A 30-nm thick 

silver layer then was deposited by electron-beam evaporation. Silver chloride (AgCl) reference 

electrodes were formed by electroplating. The working and reference electrode areas are 2×2 

mm². The fabrication procedure is illustrated in Fig. 3.1. 

 

 
Figure 3.1 Fabrication processes: (a) Cr and Au deposition on a Kapton polyimide substrate, (b) SU-

8-100 deposition for the sacrificial layer, (c) IrCl4 sol-gel process, (d) thermal treatment, (e) Cr, Pt 
and Ag deposition and (f) AgCl electroplating. 
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3.1 Iridium Oxide Sol-Gel Process 

3.1.1 Coating agent 

The sol-gel coating solution was based on the recipe for rigid substrates described in 

[2.8]. One gram of anhydrous iridium chloride (IrCl4) was dissolved in 42 ml of ethanol (C2H5OH) 

followed by adding 10 ml of acetic acid (CH3COOH) in the solution. The solution was stirred 

continuously by a magnetic rod at the bottom of the beaker for at least one hour. Fig. 3.2 shows 

the flowchart of the IrOx sol-gel process. The chemical reaction took place as follow:  

 

In this recipe, the IrCl4 will be just floating on the ethanol when the agent was mixed. 

The acetic acid was added in order to keep the solution at low pH level. The lower pH level will 

let the solution stable to avoid the other chemical reaction happening during the mixing 

procedure [2.8]. The dip coating process was then applied in order to get more condensers 

surface comparing with other method such as the spray or spin coating process. The detail of 

dip-coating and annealing process will be explained on the next section.  

 

 

 

 

 

 

 

 

 

 

 

 

232
300

24 632 ClHClOIrOHIrCl Co

++⎯⎯ →⎯+                 (7) 

 
 

Figure 3.2 IrOx sol-gel process. 
 



16 
 

3.1.2 Dip coating process 

 3.1.2.1 Film formation 

In the sol-gel process, there are some ways to coat the thin film on the substrate such 

as the spin coating, dip coating, and spray method. The condensing agents such as the polymer 

or photoresist normally use the spin coating method. The advantage of spin coating is that a film 

of liquid tends to become uniform in thickness during the sample in the spin-off process. Once 

the surface becomes uniform, the thickness tends to remain the viscosity, and the thickness 

won’t diffuse varying by different substrate [2.9]. The procedures of the spin coating are 

deposition, spin-up, spin-off, and evaporation. However, in our application, our coating agent is 

based on the ethanol which is easy evaporated in few seconds. Therefore, when the coating 

agent is deposited, then the agent just evaporates. The particle inside the agents will not be 

coated uniform. On the other hand, the spray method is depended the human control which by 

hand or nozzle. The deposition area is hard to control, and the particles will not be spread 

uniformly.  

For dip coating method, it is suitable for the agents which have higher evaporation 

property. The continuous dip coating process is shown in Fig 3.3. Basically, the dip coating 

process is divided in to five steps: immersion, start-up, deposition, drainage, and evaporation 

[2.9]. The thickness of the deposited film is related to the position of the streamline dividing the 

upward- and downward-moving layers [2.9]. There are six forces: (1) viscous drag upward by 

the moving sample, (2) force of gravity, (3) resultant force of the surface tension, (4) inertial 

boundary force, (5) surface tension gradient, and (6) disjoining or conjoining pressure in order to 

control and govern the deposition position and streamline [2.9]. 
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3.1.2.2 Withdraw rate and film thickness 

In our application, the thickness of the film is an important parameter because the 

surface charge density is higher if the film is thicker. The charge density can be able to 

represent the capability of the surface electron charge as a capacitor. The thickness is also 

related to the response time of the pH sensing performance which we will present on the 

chapter 3. During the dip coating process, the relationship between the liquid viscosity (η), 

thickness (h), gravity force (ρgh), and substrate speed (U) is shown by: 

       
2/1

1 )(
g
Uch
ρ
η

•=                 (8) 

 
 

Figure 3.3 Six stages of the dip coating process from: (a) to (e), and (f) continuous withdrawing 
[2.9]. 
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where the proportionality constant c1 is about 0.8 for Newtonian liquids. The equation (8) 

represented that the faster withdraw speed will make thicker thickness of the deposition. In our 

requirement, the thickness should maintain properly due to the surface charge related to the 

response time. However, in opposite, the thicker layer will represent poorer porosity which will 

reduce the sensitivity of the sensing performance. Therefore, in order to control the sensing 

sensitivity and response speed, we should create a proper thickness which is to maintain the 

response time, but still have enough surface porosity to keep the constant sensing sensitivity. 

The experiment data is proposed on the next section. 

 3.1.2.3 Experiment 

In this experimental test, we applied different withdraw rates at 2 cm/min, 5 cm/min, 10 

cm/min, and 12 cm/min during the dip coating process. By using our homemade dip coater as 

shown in Fig. 3.4; which provided a good withdrawing stability by a stable stepper motor 

speeding control based on Microsoft Visual Basic (VB) program interface, the thickness of IrOx 

thin film did follow the theoretical equation (3). The thickness is increasing from 0.1μm to 1.2μm 

when the withdraw rate increased as shown in Table 2.1. In order to find a proper withdraw rate, 

we also measured the sensitivity test for each speed. Finally, we will use the 10 cm/min of 

withdraw rate because we can get thicker thickness with a better sensitivity value.     

  

  Table 3.1 Experimental data for different thicknesses with different withdraw rate 
 

Withdraw rate Thickness(µm) Ave. Sensitivity(mV/pH) 
2 cm/min 0.05-0.1 39.8 
5 cm/min 0.6 51.7 

10 cm/min 1.10-1.20 55.9 
12 cm/min 1.2 55.3 
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3.1.3 Annealing process 

 In the previous section, the surface quality is investigated and represented by the 

thickness of the sensing film related to the different coating method and agents. In this section, 

for the sol-gel process, the influence of temperature treatment is investigated because the 

heating temperature is also an important parameter which is related to the surface quality. 

Regarding our requirement of the sensor design, an amorphous, stable, and non-crystalline of 

the sensing film is required. We will compare the design methodology under different 

temperature treatments. The material structure during the heating process will be also 

represented in this section. Finally, the experimental result will be proposed in this and next 

chapter.    

3.1.3.1 Structure transformation 

There are two major systems defined and concerned in material structure. One is the 

amorphous system, and another one is crystalline system. In our fabrication process, the IrCl4 is 

a powder form which can address in to the amorphous system. In this dissertation, we will 

introduce the detail structure change during the annealing treatment in amorphous IrOx system.  

 
 

Figure 3.4 Homemade dip coater. 
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In the complete temperature range of the annealing process from 0°C to 700°C, there 

are three regions represented by different physical and chemical change called shrinkage. The 

Region-1 is proposed in the temperature range from 0°C to 150°C. The weight loss is caused 

by the endothermic process attributed by the desorption of the physically adsorbed water. The 

water molecular is gone because of the thermal desorption. The structure of the material 

becomes a skeleton structure which has lower thermal expansion coefficient, and is a higher 

condensed structure.  

In the Region-2 which the heating temperature is between the 150°C to 510°C, the 

shrinkage primarily caused by the removal of organics, polymerization, and structural relaxation. 

For the removal of organics, various C-H, C-O, M-OR stretching vibration will reduce the relative 

intensities of the sharp bands. The more condensed structure is produced because the 

temperature is higher. The phenomenal also shows the skeletal density accompanying with the 

weight loss. For the structural relaxation, the process is due to more free volume released by 

the mechanisms of the water desorption or organics removal. This phenomenon allows the 

structure approaching the material configuration characteristic of the metastable condition. The 

material molecule may be rearranged within the skeletal phase to higher coordination sites. 

Thus, the new structure of the material may be represented by a good alignment of lattice. The 

surface properties will be more rigid, but less flexibility. The surface is somehow easy to crack 

on particular orientation [2.8]. 

In the Region-3, the predominant shrinkage mechanism is to produce the strong 

viscous sinter. In this phenomenon, the shrinkage rate is proportional to the surface energy 

divided by the surface pore size and viscosity. The sintering kinetics is related to the surface 

energy which will create the different porous structure. Normally, the sintering phenomenon 

happens at the temperature above about 600°C. Heating to 1100°C, the surface area is 

reduced, and some atom groups or bonds may loss or change the angle because of the lack of 

exposed surface area available for rehydration [2.8]. In our application, the annealing 
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temperature is about 300°C-350°C which locate at Rigion-2. The removal of organic and 

structural relaxation will dominate the mechanisms of structure change of the IrOx thin film. The 

surface may theoretically have minor skeleton structure and weight loss. In the chapter 4, we 

have the result comparison with the sample heated at 550°C. 

H. Andreas [3.1] also presented that the IrOx surface quality such as the charge density 

and film morphology are related to different withdraw rate, the quality of dip coating process, 

and different annealing temperature.  

3.1.3.2 Experiment 

After the dip coating process, the sample was baked on the hot plate at 120ºC for about 

3 minutes in order to dry the coating agent on the opening window. The SU-8 100 sacrificial 

layer were then torn off by using tweezers, and the sample was then ready for annealing 

treatment process without the SU-8 polymer layer.  

In the heating treatment of our process, the sample was thermally treated with a heating 

profile starting at 25oC to 300oC in a 2-hour period. The temperature stayed at 300oC for 5 

hours. To obtain amorphous iridium oxide film, the surface needs to only be heated at below 

350oC [2.8-2.10]. The furnace was then cooled down in a 10-hour period to 25oC. Fig. 3.5 

shows the morphology of the IrOx surface at peak treatment temperatures of (a) 300oC and (b) 

550oC using the ZEISS Supra 55 VP scanning electron microscope (SEM). At 300oC, an 

amorphous surface was formed without cracks which means the surface still kept at the 

structure eventually the water desorption. Fig. 3.5(a) shows uniform and smooth surface; even 

at the boundaries to the gold layer where cracks form often due to thermal treatment. In 

opposite, the iridium oxide thin film crystallized at 550°C [2.8] and the surface cracked at 

multiple places across the film, as shown in Fig. 3.5(b). This phenomenon showed the structure 

was transformed to skeleton form. The lattice of IrOx was rearranged, and aligned because of 

the weight lost and structural relaxation which is Rigion-2 that we mentioned in the previous 

section. Therefore, for the pH sensor applications, a uniform film surface is required. After 
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3.2 Silver Chloride (AgCl) Reference Electrode Electro-Plating Process 

Electrochemical anodization process was used on an anodic silver electrode with a 

platinum cathode electrode in 0.1-M HCl solution. An electrical current of 0.5 mA was applied on 

electrodes in HCl solution for 5 seconds. Fig. 3.6 shows the AgCl electro-plating setup. During 

the electrolysis, a brown silver chloride layer was formed on the silver surface of the polyimide 

substrate as shown in Fig. 3.7(a). The electrode surface was rinsed by DI water and then 

immersed in 3-M KCl solution for 24 hours to saturate and stabilize potentials [3.2]. Fig. 3.7(b) 

shows the electrodes after the saturation process. Fig. 3.8 shows the SEM of the AgCl surface. 

It shows gap between each AgCl crowd is only about less than 1µm as shown in Fig. 3.8(a). 

The Fig. 3.8(b) shows the different zoom scale of the SEM photo. The surface is even and clean 

without any crack. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.6 Electroplating setup for AgCl reference electrode. 

 
 

(a) (b) 
Figure 3.7 AgCl electroplating layer (a) before and (b) after the KCl saturation process. 
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annealing process, 300°C of the heating temperature is applied to form an amorphous structure 

of IrOx thin film which is more stable and uniform for the sensor application. The X-Ray 

diffraction analysis (XRD) and electron dispersive analysis (EDAX) will be proposed on the next 

chapter.  

For the AgCl fabrication, we applied a traditional electro deposition process on the 

polymer flexible substrate. The good adhesion and condensation of the AgCl surface were 

shown in SEM picture. The surface was then soaked in KCl agent in order to keep the stability 

of the standard constant potential.      

In conclusion, an entire IrOx sol-gel fabrication process was investigated and 

completed. The dip coating method is applied with the 10cm/min of withdraw rate which 

reached a proper pH sensing sensitivity and response time. The amorphous structure was 

formed by proper annealing temperature. For AgCl electroplating process, the surface is even 

and uniform. The pH sensor based on the IrOx/AgCl is ready for the test. 
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CHAPTER 4 

RESULTS AND DICUSSIONS 

4.1 Testing Setup 

Fig. 4.1 shows the measurement setup. An Agilent 34401A digital multi-meter with 

GPIB interface operated with a LabVIEW program was used for real-time analog potential 

recording. In between the IrOx pH sensor and multi-meter, a unit gain amplifier made by Texas 

Instrument TLC074 op-amp was added as the buffer to provide an appropriate impedance 

match. A commercial pH meter was used to verify the pH values of testing solution. During the 

experiment, our pH sensor was immersed in acid or alkaline based diluted test solution. We 

used hydrochloric acid (HCl) for acidic tests while potassium hydroxide (KOH) solutions were 

used for alkaline tests. The potential and pH values were displayed and recorded in a computer 

simultaneously. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 4.1 pH titration and measurement setup. 
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produced weaker diffraction due to lower crystallinity. This indicated our iridium oxide thin film 

was close to amorphous and fine grain structures. Our data showed clearly stronger diffraction 

peaks for the 550°C annealing temperature. The wide line widths and peak shifts were probably 

due to local disorders and/or micro-crystallinity [4.1] which we discussed in the previous 

chapter. 

4.3 Sensitivity 

The sensitivity of IrOx pH sensor was tested and validated by dipping the sensor in 

different pH levels of solutions at the room temperature. 0.1 M of HCl and KOH were used to 

adjust the pH level of testing solution. We tested each sensor electrode three times in the same 

solution in order to demonstrate the near-Nernstian response and the consistency of our 

electrodes. The sensors were immersed in the solution, and then taken out to be washed with 

DI water, dried by compressed air and tested again. The tests were conducted by measuring 

the sensor in the most acidic solution (pH=1.5) first and gradually increasing the pH levels of 

solution to the most alkaline level (pH 12.10). 

Fig. 4.4(a) shows the potential responses with eight different pH levels of solution from 

1.5 to 12.10. The results showed consistent sensitivity –51.1mV/pH, –51.6mV/pH, and –

51.7mV/pH with high correlation coefficient r2 values between 0.95 and 0.959. Fig. 4.4(b) shows 

the reverse pH responses tested with eight different solutions from 12.10 to 1.5. The sensitivity 

 
(a)                                                                        (b) 

Figure 4.3 XRD patterns for IrOx with thermal treatment at (a) 350°C and (b) 550°C. 
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results were –48.9mV/pH, –50.1mV/pH and –51.1mV/pH. The r2 values of these linear 

regressions were between 0.95 and 0.953. 

Comparing with the sensitivity of anodic iridium oxide film (AIROF) [1.22, 2.13], the 

sensitivity of the IrOx film done by sol-gel thermal oxidation process was less. The main reason 

is that AIROF have higher porous surface which causes the presence of many hydroxyl groups 

to ensure high ionic conduction [2.13, 4.2]. The anhydrous IrOx film such as sputtered iridium 

oxide film (SIROF) [4.3] and sol-gel (SG) [2.4, 2.8 ,3.1] have very little numbers of hydrophilic 

site which is responsible for proton and electron transfer during redox process in the oxide film, 

because the surface of SIROF or SG-IrOx film is covered by oxide completely without any 

porosity. Therefore, the anhydrous IrOx film doesn’t show the extra effect of sensitivity caused 

by the dissociation of hydroxyl groups [2.13].  In this test, our flexible pH electrode showed a 

consistent sensitivity, compared to the electrode formed by other methods which typically have 

sensitivities in the range of 50–70mV/pH [1.22, 4.4-4.7]. 
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(a) 

 
(b) 

 
Figure 4.4 Measured Nernstian potential sensitivity responses of IrOx flexible pH sensor from 

(a) pH=1.5 to pH=12.10, and (b) from pH=12.10 to pH=1.5. 
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4.4 Response Time 

The response time of our flexible pH sensor was measured in three different tests. The 

first test was from acid to alkaline conditions by quickly dripping KOH into an acidic solution 

while the sensor was in the solution. The second one was from alkaline to acid conditions by 

quickly dripping HCl into an alkaline solution with the sensor in the solution. The third one was 

tested by dripping diluted HCl droplets directly on the dry sensing electrode surface of the 

sensor. The sensor response time has not been universally defined since the environmental 

parameters are quite different under different sensing scenarios. In our work, the response time 

is defined as the time needed for the potential change to reach 90% within the equilibrium value 

of potential [1.22].  

Fig. 4.5(a) shows about 0.9 second of response time with measured potential step 

change of our flexible pH electrode from pH 3.9 to pH 11 verified by commercial pH electrode. 

Fig. 4.5(b) shows the result from pH 12 to pH 3.5. The response time is about 2 second. Fig. 

4.5(c) shows the result from dry surface condition to pH 4.01. The response time is about 0.8 

second. In this work, our flexible pH sensor performed about 0.9 to 2 second of response time. 

To compare with the 5-15 seconds of response time reported from other literature’s 

experiment [4.8-4.10], the response time of our IrOx flexible pH sensor was much shorter and 

more consistent in between the different pH level change. The short and consistent response 

time represent that the quality of our IrOx surface was well fabricated by the appropriate 

withdraw rate and annealing temperature during the sol-gel fabrication process. The Olthuis 

[2.13] presented that the response time may be affected by the porous properties of the film. 

The ion which is trapped in the porous of the iridium oxide film needs to equilibrate the solution 

in the bulk area. The phenomenon may affect the speed of the ion exchanging, and increase 

the response time.    
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Figure 4.5 Response times in titration (a) from pH=3.9 to pH=11, (b) form pH=8.1 to pH=1.5, and 
(c) from dry condition to pH=4.01. 

(c)  

(b)  

(a)  
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4.5 Stability and Repeatability 

In the previous sensitivity test, the electrode exhibited distinct potential responses at 

each different pH levels. The measurements were carried out by placing the sensor in individual 

solutions of various pH values. The sensor was washed with DI water between the experiments. 

The potential generated in each solution with static pH was not affected by other environmental 

parameters.  

Different literatures defined stability and repeatability differently for their respective 

applications and general terms could not be found, to the best of our knowledge. For 

clarification purpose, the terms are defined by us in Fig. 4.6. In the following measurements, for 

each pH level, our sensor was tested continuously, in a solution to identify potential fluctuation 

(∆V), potential deviation (δV), and potential drift (V′), shown in Fig. 4.6(a). The ∆V is defined as 

a stable, small, and non-random voltage fluctuating range which happens after the detected 

electrochemical potential reaching the stable condition. The potential fluctuation may be caused 

by the noise of the recording instrument or unstable source interference such as the liquid 

flowing or stirring during the test. The δV is defined as a potential difference between the 

different testing episodes by using the same pH electrode in the same test solution. The 

potential deviation may be caused by the different factors such as the oxidation state, and the 

surface OH─ ion exchange of iridium oxide. These phenomenons may generate new equilibrium 

which causes the higher or surface charge [1.22, 2.12-2.13]. For the potential drift V′, we 

defined it as the potential shift which is from the peak potential value to 90% of the equilibrium 

potential value as showed in Fig. 4.6(a). The potential drift may be caused by some reasons 

such as the procedure of ion neutralization, sensor age, temperature affection, and different 

fabrication method [1.22]. In this measurement, our flexible pH electrode was immersed and 

tested by using eight different pH buffer solutions at room temperature. In each pH level test, 

the sensor was tested for three times and four minutes to test sensor’s stability and 
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repeatability. The sensor was cleaned by DI water and dried between each test of the different 

pH level episode.  

 

 

 

 

 

 

 

 

 

Fig.4.7 shows that the result of eight different potential levels which responded to eight 

pH levels of solutions. The values of the potentials are almost constant for four minutes at each 

pH levels with only ±0.3mV to ± 1mV of potential fluctuation (∆V). According to this result, the 

∆V were small enough, and fairly well for reorganization of the distinct pH level without the 

noise interference. For the potential deviations (δV), it was about only 5mV difference at each 

pH level of solutions, and the value is smaller than the 15mV to 200mV presented in [4.11-4.13]. 

For potential drift (V′), our pH sensor performed about 3mV of voltage drifting from the highest 

potential response value to 90% of equilibrium potential value. The small δV and V′ values 

explain that our sol-gel fabrication produced a high quality of IrOx thin film. As we mentioned 

before, the oxidation state and hydration oxide film are important factors for long-term stability of 

the electrode. The oxidation and hydration state may be changed or created by a new 

equilibrium reaction because of the disturbance of the surface quality change [1.22]. In 

conclusion, our pH sensor performed very little potential fluctuation (∆V), potential deviation 

(δV), and potential drift (V′) presenting the good stability and repeatability. 

  

 
 
                                           (a)                                                                             (b) 

 
Figure 4.6 The definitions of (a) potential drift & deviation, and (b) hysteresis. 
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4.6 Reversibility 

In the previous measurements, stability and repeatability of the sensor has been 

demonstrated by showing three parameters such as small potential fluctuation (∆V), deviation 

(δV) and drift (V′). The sensor were cleaned by DI water and dried with compressed air between 

each test episode. However, in the random pH environment, the sensor will be used not only for 

the long term condition, but also in the random pH level conditions. Therefore, in order to test 

the reversibility of our sensor, our sensor was tested by using the test in a complete pH titrated 

loop cycle in pH=1.5-pH=13.1-pH=1.5 continuously without the surface cleaning and drying 

procedure. During the measurement, the output voltage at the same pH level may be different 

because of the delay of the pH response between the buffer solution and the insulator interface 

[1.20]. The phenomenon is called memory effect or hysteresis which is defined as dV showed in 

Fig. 4.6(b). The hysteresis phenomenon happens when the same device tested in a complete 

pH cycle which is from alkaline to acid then back to alkaline or vice versa. The hysteresis 

phenomenon of IROF or some other metal oxide films were also reported in other studies [2.13]. 

The phenomenon may be caused by various factors such as different oxidation state and 

 
Figure 4.7 The Stability tests of eight different pH levels. 
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degree of hydration which may establish a new equilibrium in the redox reaction. Then the 

electrochemical potential will be changed in the reversible reaction [1.22, 2.13].  

Fig. 4.8 shows that the results of reversibility test by using our flexible IrOx pH 

electrode. The potential generated by the sensor represented the clear reversible cycle from 

pH=1.5 to pH=13.1 then back to pH=1.5 condition. The distinct and constant potentials were 

able to response and recognize eight different pH levels in the complete titration from acid to 

alkaline then back to acid again.  In Fig. 4.9, we presented the standard error measurements 

(SEM) values of hysteresis (dV) range which is from about ±2mV to ±15mV at seven different 

pH levels. The results were less than 26mV to 30mV of hysteresis values derived from other 

different IrOx fabrication process [4.12-4.13], and different sensing materials such as WO2 and 

RuO2 [1.18-1.21]. To minimize the hysteresis phenomenon, the key is also only to produce a 

high quality of iridium oxide film which response the more precise reacting potential [1.22]. 

Therefore, this miniature hysteresis shows that our sol-gel fabrication process successfully 

developed a good quality of iridium oxide sensing film on flexible substrate, and this sensing 

electrode response to the pH level very precisely. 

  

 
Figure 4.8 Three times of reversibility and repeatability tests with the pH 1.5 – 13.1 – 1.5 sequences. 
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Figure 4.9 Drifting measurements at different pH levels during the reversibility test. 

 

 
Figure 4.10 The effect of interference cation on pH sensitivity slope. 
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4.7 Selectivity 

The effects of experimentally controlled parameters on the physical and electrochemical 

properties of IROF have been studied for many years. Katube et al. [4.3] presented the effect of 

some cations on the IrOx pH sensing electrode. Their paper mentioned that the presence of the 

metal cations caused up to 8 mV of potential shift which may confuse the pH level judgment 

during the measurement. The ionic interference became a non-neglected problem related to 

different ion’s effect to ion-selective electrode (ISE). The sensing selectivity of ISE should be 

concerned in the evaluation of sensor’s performance. Therefore, the selectivity test of our 

flexible pH electrodes were investigated by the fixed interference method (FIM) and 

potentiometric selective coefficients, which were calculated by the Nikolskii-Eisenman equation 

is written as [4.14] 
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where E  is the experimentally determined galvanic potential difference of ISE in voltage. 
0E  is 

the standard electrode potential with a value of 926mV vs. standard hydrogen electrode (SHE) 

or 577mV vs. Ag/AgCl reference electrode. F is the Faraday’s constant with a value of 96,487 

coul/equiv, and R is the gas constant with a value of 8.314 joules/deg. RT/F is equal to 25.688 

at 25°C. ia and ja are the sample activities of the primary ion +1zI  such as H+ ,and interfering 

ion  
+jzJ such as Na+ , K+ or Ca2+. Iz  and jz are the charge number of the principal ion I and 

interfering ion j. pot
IjK is the Nikolskii coefficient. In this section, the effect of three addition 

cations were compared and discussed by the pH sensitivity and selectivity coefficient. 0.1 M of 

NaCl, KCl, and MgCl2 were used for interference cations agents. The presence of cations didn’t 

exert large effect on the response slope, and the pH sensitivity kept in between –50.1 to –55.4 

(7) 

(8) 
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mV/pH as shown in Fig. 4.10. The selectivity coefficient of our flexible IrOx pH electrode were 

calculated and summarized in Table 4.1. It is shown that the ranges of selectivity coefficients for 

potassium, sodium and magnesium cation are about below 3108 −×  factors. Comparing the 

result from [4.15], although our pot
IjK  are higher, the change of pH sensitivity of our sensor still 

kept in the small ranges from –1 mV/pH to –5 mV/pH after the ion-interference. The different 

selectivity may be attributed or affected by different cation’s mobility in the solution [4.4]. The 

literature data [4.16-4.17] also shows that the proper and acceptable range of pot
IjK

 
is about 

less than 210 − for the ion-selective electrodes. 

 

 

 

 

 

4.8 Temperature Dependence 

In this section, the temperature dependence of IrOx pH sensor was investigated and 

presented. Based on the Nerestian Eq.(4) introduced in section 2.3, at fixed number of pH value 

and chloride concentration, E/T should exhibit a linear relationship. According to the equation, 

the temperature change may cause the fluctuation of the pH value as we described in stability 

test part. Therefore, to investigate the temperature dependence is very important in the pH 

sensor calibration procedure. In this measurement, our pH sensor was tested by using four 

different pH levels of buffer solutions in three distinct temperatures separately. The sensor was 

cleaned and air dried between each testing episode.                  

Fig. 4.11(a) shows the temperature response of the flexible IrOx pH sensor at 3.8°C, 

21.2°C, and 50.8°C in the pH range from 2 to 10. The temperature coefficients are 

0.1 M of 
interference ion 

in pH=4.05 buffer 

Slope 
mV/pH(Before)

Slope 
mV/pH(After) 

pot
IjK (selectivity 

Coeff.) 
Log pot

IjK  

K+ –51.5 –55.4 3106.5 −×  –2.24 
Na+ –56 –50.2 3103.8 −×  –2.07 
Mg2+ –48.5 –47 41002.8 −×  –3.09 

Table 4.1 The selectivity coefficients of the electrode. 
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approximately from 0.3 to 2 mV/°C which are smaller than other sensing material [4.18]. The 

smaller temperature coefficient represents that the pH sensor have minor temperature 

dependence under the test in different pH levels and temperature environment. The linearity 

response is also presented in Fig. 4.11(b) at three different temperatures’ condition. The results 

showed consistent sensitivity –78.9 mV/pH, –74 mV/pH and –73.7 mV/pH with high correlation 

coefficient r2 values between 0.98 and 0.99 at three different temperature levels. The test of 

temperature dependence provides important information for sensor calibration before the 

measurement.         
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(a) 

 
 

(b) 
 

Figure 4.11 The temperature dependence represented by (a) temperature coefficients and (b) linear 
response in three different temperatures. 
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4.9 Flexible IrOx pH Sensor Array 

4.9.1 4x4 (16) pH micro IrOx electrodes on the flexible substrate 

 In this section, we demonstrated a 4x4 pH sensor array fabricated on a 5cmx5cm size 

of polyimide flexible substrate by using the same fabrication process which was presented in 

chapter 3. This size of each working and reference electrodes are 1mmx1mm which are smaller 

than the previous design as shown in Fig. 4.12. The purpose of this design of sensor array is to 

target at the ability of micro-scale pH sensing for bio-medical applications which require more 

precise, dynamical, and smaller variously pH sensing conditions such as the wound condition, 

cell milieu, and fermentative monitoring. In these applications, pH levels may be changed by 

many small factors such as the temperature, flowing diffusion, various concentration, and other 

factors which will caused the variation of the micro ecology, chemical reaction, and biological 

derivatives. By using the micro pH sensor array, any of events happened in micro- or nano- 

scale will be caught and recorded in order to do the properly treatment to each applications.       

  

 
 

Figure 4.12 4x4 pH sensor array on flexible substrate.  
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  4.9.2 pH distribution demonstration 

 4.9.2.1 Multi-solution test 

In this section, we demonstrated a test including different pH levels of liquids by using 

our IrOx pH sensor array simultaneously. We tested the agents of pH=2, 4, 7, 10, 12, tap water, 

and orange juice on seven different sensors of our 4x4 pH sensor array. The liquid was dripped 

on each sensor by using the burette, and the response potential was then recorded by using NI 

USB6210 DAQ card with LabView program in the computer as shown in Fig. 4.13.  

 

 

 

 

 

 

 

As shown in Fig. 4.14, seven distinct potentials represented seven different pH levels of 

testing solutions, and keep at the constant level for 10 minutes. Comparing with the traditional 

pH sensor, our sensor array is able to sense multi-solution simultaneously but not just the only 

one bulky glass electrode for single solution test.  

  

 
 

Figure 4.13 Measurement setup for 4x4 IrOx pH sensor array.  
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4.9.2.2 Temporal test 

 For multi-solution test, the sensor array demonstrated the sensing ability for multi-

solution test. In this section, we reported a temporal test which can simulate and demonstrate 

the solution diffusion crossing the surface of pH sensor array. We dripped the same level of pH 

agents on 8 sensors separately. The time of dripping interval was about 1 minute. Fig. 4.15(a) 

and (b) show the temporal test at pH=2, 4, 7, 10, and 12 of solution in about 30 minutes. The 

sensor was dried and washed by DI water between each different test episode. As shown in 

Fig. 4.15, the clearly potentials responded to the different pH level solutions which were dripped 

on eight sensors, and the interval timing was also presented. Fig. 4.16 shows the distribution of 

pH level and timing for eight sensors simultaneously. The arrows show that the time delay 

shifting are around 1-3 minutes in each pH level testing episode. By doing the test, we proved 

that our pH sensor array is able to detect and response to the dynamical variation of pH level 

from a small area.      

 
Figure 4.14 The test of seven pH agents by pH sensor array.  
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(a) 

 
 

(b) 
 

Figure 4.15 Temporal tests on (a) sensor No.1-4, and (b) sensor No.5-8.   
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4.9.2.3 Spatial test 

 In this section, we demonstrated the spatial test by using four sensors on pH sensor 

array. The purpose of the spatial test is to demonstrate the dynamical multi-selectivity and 

repeatability of this pH sensor array. For the bio-medical application, the pH sensor array may 

be used for not only the monitoring of dynamical pH distribution, but also the dynamical multi-pH 

level monitoring such as the cell feature or drug reorganization. The pH level may be different in 

each testing agent. According this requirement, we applied a layer of PDMS polymer to 

separate each sensing area. The size of each exposure area on the sensor is about 2 mm 

diameter as shown in Fig. 4.17. In this experiment, we used pH=2, 4, 5, 7, 10, and 12 of the 

buffer solutions for each episode test, and this test was repeated for three times in order to test 

the sensor’s repeatability. The buffer solution was dripped in the exposed area separately, and 

each test was kept for four minutes. The sensor was then cleaned and dried for the next test. In 

Fig. 4.18, four sensors represented clear responding potential separately to show the selectivity. 

Three testing episodes also demonstrated the sensor’s repeatability with the constant potential 

 
 

Figure 4.16 Dynamical pH-temporal tests.     
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response for each pH level of solution. Therefore, according to the spatial test, the massive 

liquid detecting may be able to apply, and the array design will definitely save the charge in 

labor, instrument, and space.    

  

 
 

Figure 4.17 Spatial tests by using PDMS polymer as the testing window.  

 
 

Figure 4.18 Spatial test of our pH sensor array. 
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4.9.3 Conclusions 

 In this section, we fabricated a 4x4 IrOx pH sensor array on flexible substrate. This 

sensor array was tested by different ways in order to demonstrate the innovation pH 

measurement of the pH sensing method. In the first experiment, our sensor array presented an 

ability which is for simultaneous multi-solution test. In the second experiment, the nature pH 

level diffusion and distribution were mimicked by doing the temporal test. Our pH sensor array 

was able to demonstrate one minute of interval time delay which represented the dynamical ion 

concentration changing and switching on the detecting surface. The dynamical pH variations 

were able to recorded and monitored by using our IrOx pH sensor array. Finally, the spatial tests 

were presented in order to target on bio-chemical or bio-medical test. The selectivity and 

repeatability test for multi-solutions were proved in this experiment. In conclusion, our flexible 

pH sensor array is a new novel design for the micro-scale of pH measurement. This innovation 

haven’t and can’t been done by using the traditional glass electrode in only 2cmx2cm of sensing 

area.  
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CHAPTER 5 

PROPOSED APPLICATIONS OF IROF pH SENSOR 

5.1 Wireless Freshness Monitoring System 

5.1.1 Motivation 

Food freshness is a key characteristic of food safety. Overall, the food safety is the 

result of all the desirable characteristics that make food acceptable to eat. Therefore, the control 

and monitor of food quality are very important in transit and storage. The food safety issue is a 

vital concern as shown by the introduction of the Hazard and Critical Control Point (HACCP) of 

U.S. Food and Drug Administration (FDA). In each year, there are up to 81 million Americans 

suffer food-borne illnesses, and 9,100 die [5.1]. The majority of food-borne disease outbreaks 

result from unintentional contamination of a product as the inappropriate processing or handling. 

In 1985, an estimated 350 school children and staff at a Georgia elementary school developed 

febrile gastroenteritis associated with the bacteria Salmonella enteritis [5.1]. The food source 

was identified as turkey salad that had been refrigerated improperly before it was served.  

To avoid the blind risk of uncertain food spoilage, three different types of sensing 

principles was invented in some researches’ work. The most popular freshness monitor is gas 

sensor which can be made by metal oxide semiconductor (MOS), conducting organic polymer 

(CP) and piezoelectric crystal. These sensors rely on change of conductivity induced by the 

adsorption of gases and subsequent surface reactions [5.2-5.3]. However, the sensitivity of 

MOS and CP sensor are easily influenced by temperature and moisture conditions. For 

piezoelectric sensor, the good quality of coating process is required during the fabrication to 

maintain good sensitivity of the sensor [5.3]. Generally speaking, gas sensor is easily affected 

and depended by the environment moisture and temperature conditions. The other two types of 
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freshness sensors are based on enzyme [5.4-5.7] and temperature [5.8] sensing principle. 

However, the selectivity and sensitivity of these sensors are still depended on many factors. For 

enzyme sensor, the different type of food require different specific enzyme sensor. For instance, 

total volatile basic nitrogen (TVB-N) [5.4-5.5] and Histamin [5.6-5.7] enzyme sensor are widely 

using for seafood freshness monitoring and sensing. [5.9] reported the different spoilage 

mechanism also happen at different race of fish in different water area. In addition, glutamate 

dehydrogenase and glucose oxidase (GOD) [5.10] are widely using for freshness monitoring on 

fruit, vegetable, and related food products such as juice or wine. In conclusion, to monitor 

different kinds of food require different enzyme freshness indicators. For temperature sensor, it 

is easily affected and confused by the environment temperature. The temperature information is 

not accurate enough to present the freshness grade of the food. In conclusion, the sensitivity 

and selectivity of the enzyme and temperature sensors are strongly depended on the specific 

species of food sources and environment conditions. Furthermore, the enzyme sensors also 

require complicated fabrication process such as the polymer treatment, temperature control, 

and chemical compound mixing to keep the sensing performance [5.4]. The chemical agents, 

specific treatment, and complicated fabrication process will increase the producing cost which is 

very difficult for commercializing and industrial applications. Therefore, in order to build a 

simpler, more accurate, and more general using freshness monitoring system, we applied the 

pH level profile sensing mechanism on the food spoilage procedure.   

The freshness indicator is a new approach to monitor the condition of food especially 

for high risk items such as seafood, poultry, meat and dairy. Currently, some of commercial 

freshness indicators [5.11] only contain the information of the expiration date and food 

temperature. Some of researches used pH sensitive dye [5.12] to detect the food spoilage. 

Those indicator systems have less accuracy and information to show the food spoilage. 

Furthermore, without the wireless, in transit or warehouse, it’s very difficult to monitor and 

collect the correct information from every single food package. 
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To reach a simple, accurate, and low cost freshness monitoring system, we proposed 

and fabricated a passive pH-RFID tag based on a flexible IrOx/AgCl as a freshness sensing 

electrode. First, we fabricated the IrOx/AgCl material on a bio-compatible polymer by using the 

simple and low cost sol-gel fabrication process presented in our previous sections. Second, a 

passive RFID circuit [5.13] has been then designed to cooperate with our flexible IrOx pH 

sensor. The pH-RFID sensor transponder harvests radio frequency (RF) power transmitted from 

an external reader, and sends the modulated pH data as frequency shifts back to the reader. 

Finally, a prototype of the batteryless, wireless, real-time, and bio-compatible pH-RFID tag for 

freshness monitoring is presented in this work. We proposed the easiest, most accurate, and 

lowest cost way to monitor the food quality during the storage or delivery through the RFID 

technology. 

5.1.2 Approach 

5.1.2.1 Flexible freshness (pH) indicator 

In this work, we have designed and fabricated a miniature iridium oxide (IrOx) pH 

sensor on flexible substrate as Fig.3.6. Both iridium oxide sensing films and Ag/AgCl reference 

electrodes were formed on a flexible polyimide substrate by sol-gel, dip-coating and thermal 

oxidation processes. The pH-dependent redox equilibrium of two materials generated potential 

difference when pH was changed. We used our IrOx pH sensor as the indicator to recognize the 

time line in the meat spoilage process. 

5.1.2.2 The relationship between the pH and food spoilage  

After livestock is killed, the oxygen stops to deliver into muscle which induces several 

different biochemical reaction changes. These changes contribute various meat flavors and 

stages of spoilage. Generally speaking, meat property variations follow three stages [5.14]:  

Step 1: Rigor mortis (pH reduces) 

Because of the lack of oxygen in the dead muscle, the glycogen will be decomposed 

and become the lactic acid. On the other hand, the Adenosine Tri Phosphate (ATP) is 
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hydrolyzed to be phosphoric acid too. The pH level of the muscle group will reduce, and muscle 

becomes hard. We call the phenomenon “Rigor Mortis”. 

Step 2: Autolysis (pH slightly increases) 

After the rigor mortis, the muscle will be dissolved to become the smaller molecule by 

enzyme. The muscle will become much softer as called off-rigor. The protein in the dead muscle 

also dissolves to be the amino acid which includes different types of structure ex. Amine. On 

this moment, the pH level of muscle group will increase.    

Step 3: Spoilage (pH increase) 

With amino acid producing, some microbes start to grow and absorb the amino acid 

and proteins. There are different chemicals such as indole, skatole, ammonia, and sulfide 

created after the absorbing processes created by bacteria. The ammonia-based chemicals 

increase pH level of the meat/fish and bad odors.  

5.1.3 Method 

Described above, we are able to relate the pH variations of the fish meat to three 

transitions during the spoilage process. In this section, we demonstrated the comparison of the 

fish meat properties under different temperatures. One Tilapia fillet was covered and stored in 

refrigerator at 5°C, as shown in Fig. 5.1(a) for about 18 hours. Another Tilapia fillet was tested 

at the room temperature of 25°C as shown in Fig. 5.1(b). Two pairs of flexible IROF pH sensors 

were placed on the bottom of the fish meat in the both samples. The sensing potentials 

responded from fish meats were detected and recorded by our IrOx flexible pH sensor 

continuously in about 18 hours. After the demonstration of freshness sensor, we connected our 

non-invasive radio frequency identification (RFID) circuit with IrOx pH sensor to wirelessly sense 

the spoilage process which we just described in the previous paragraph. 

  



53 
 

 

 

 

 

 

 

 

 

 

5.1.4 Wireless-freshness monitoring system 

This RFID wireless pH sensing module includes a flexible IrOx pH electrode, RFID 

transponder (tag) circuit, and reader circuit. The sensing concept relies on inducting coupling 

between coil antennas (L) and capacitance (C) to form the resonant frequency to reach the 

coupling efficiency. Fig. 5.2 shows the system blocks diagram of the pH wireless sensing 

module. 

  

 
 

Figure 5.2 Block diagram of the passive wireless pH-RFID integrated system. 

                                                             
      (a)                                                                                (b) 

Figure 5.1 The test of our freshness indicator in different temperature at (a) 5°C and (b) 25°C. 
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5.1.4.1 Transponder (tag) design 

According to the previous work [5.13], a transponder circuit was built by two parts which 

are voltage multiplier [5.15] and frequency generator [5.16]. For the concept of inducting 

coupling, the voltage induced across the transponder antenna will also reduce by distance 

simultaneously. The received voltage becomes too low to operate the whole transponder circuit. 

Therefore, a series of diodes and capacitors was applied to form a voltage multiplier called 

charge pump circuit. In the output of our charge pump circuit, 2.5 V of DC voltages will be 

generated through a voltage regulator to support stable voltage source for our frequency 

generator. In order to transform the electrochemical potential generated by our pH sensor to 

frequency signal for our wireless sensing configuration, we designed a relaxation oscillator 

based on the voltage level switch at the input of the comparator [5.16] as shown in Fig. 5.3. The 

measured frequency decreased approximately from 22 kHz to 17 kHz responding to the pH 

level from 2 to 12. 

  

 
 

Figure 5.3 The relaxation oscillator design of the transponder circuitry. 
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5.1.4.2 Reader design 

In our reader circuit, a class-E amplifier, envelope detector, and band-pass filter are 

included. The class-E amplifier [5.17-5.19] was connected to a function generator provided 0 V 

to 5 V of square wave with 1.34 MHz of operating frequency followed by the recommended 

maximum permissible exposure (MPE) of magnetic field. This operating frequency is used as 

carrier frequency which is adjusted to the resonant frequency of the LC circuit in a high voltage 

supported by this class-E amplifier at the reader coil antenna. Relying on the high efficiency of 

class-E amplifier, the changing of frequency signal is able to be detected and recognized by the 

envelope detector [5.20] through the high power support between the reader and transponder 

coil antenna. The band-pass filter then filters out the noise from 0.5 KHz to 75 KHz to keep the 

signal clean. At the final stage, a comparator was used to convert the sinusoidal signals to 

square wave which can be digitally processed by the spectrum analyzer or data acquisition 

instrument. 

5.1.4.3 Wireless pH sensor 

To reach the wireless pH sensing, a flexible fabricated IrOx pH sensor is connected to 

the relaxation oscillator in our transponder circuit. The input of pH sensor is connected with non-

inverting input of comparator. In the circuit, the shift of electrochemical potential sensing by our 

pH sensor at input of comparator will change the frequency output of comparator 

simultaneously. Then we can transfer the detected voltage level change to frequency variation 

which can be transmitted wirelessly using our reader circuit. The block diagram of the whole 

sensing setup was described in Fig. 5.2. 

5.1.5 Results 

5.1.5.1 pH sensor calibration 

Sensitivity: We demonstrated the linearity with different potential responses for the 

different pH levels in order to calibrate our pH sensor before we do the food freshness test. In 

this experiment, an IrOx pH sensor was tested by eight different pH buffer solutions from pH=2 
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to 12 separately. The result showed that the calibrated sensitivity is –49.7mV/pH with high 

correlation coefficient r2 values 0.97, and the potential kept in a linear equation relationship 

between the range from pH=2 to 12 as showed in Fig. 5.4. Therefore, for food freshness 

monitoring system, we can identify and classify the pH level of the food by using the linear 

relationship and calibrated sensitivity. 

 

 

 

 

 

 

 

 

 

 

 

Stability: For the food freshness monitoring procedure, it requires a stable and long 

term measurement and monitoring procedure. Therefore, the stability test of the pH sensor is 

required for freshness monitoring procedure. In this work, we used eight different buffer 

solutions which is from pH=1.5 to pH=12 to test our sensor. Each buffer solution was dripped on 

the sensor, and tested for 5 minutes. Fig. 5.5 shows that eight different potential levels which 

are 511 mV, 429 mV, 354 mV, 239 mV, 206 mV, 175 mV, 46.9 mV and –23 mV represent eight 

different pH buffer solutions at pH=1.5, 2.85, 3.9, 6.35, 7.86, 9.15, 10.15 and 12. The sensor is 

able to obtain the stable potential for five minutes with less 5 mV of potential drift. In this work, 

the stability test of our pH sensor is performed, and proved for long term food freshness 

detection. 

 
Figure 5.4 The linear potential response from pH=1.5 to pH=12. 



57 
 

 

 

 

 

 

 

 

 

 

 

Reversibility: For a long term freshness monitoring, the sensor will be used and tested 

under the random dynamic pH environment. Therefore, to prove the dynamical reversibility, we 

test the sensor by using the way of a pH cycle in pH=2.85-pH=12-pH=1.5 continuously without 

the surface cleaning and drying procedure. Fig.5.6 shows that the results of reversibility test by 

using our pH electrode. The potential responded by our sensor represented the clear 

reversibility from pH=2.85 to pH=12 then back to pH=1.5 condition. Each distinct and constant 

potential is able to response and recognize each pH level continuously. The reversibility test will 

help us to verify our sensor’s performance under the highly dynamical and random pH changing 

environment such as the meat or food. 

5.1.5.2 pH-wireless sensing system calibration 

Wireless sensitivity calibration: In order to observe the relationship between the 

frequency domain and pH sensing potential, the pH-frequency sensitivity calibration is needed 

for wireless freshness sensor. In the test, our pH sensor was connected to the batteryless tag 

circuit and the sensing potentials were then transferred to frequency change by the frequency 

generator. The changing signals were then transmitted by inducting coupling method, and read 

by our reader circuit. The detected frequency signals were monitored and recorded by an 

 
Figure 5.5 Long term stability test for our IrOx pH sensor. 
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Agilent spectrum analyzer. In this experiment, we used the pH level at 2, 4, 7, 10, and 12 of 

buffer solutions to test our pH sensor. The potential and frequency were measured and 

recorded simultaneously in each pH level of buffer solution. The sensor was washed by DI 

water and dried by compressed air in between each testing episode. Fig. 5.7 shows the 

potential and frequency responses from pH=2 to pH=12 separately. The result showed that the 

sensitivity of sensing pH potential is –51.9mV/pH with high correlation coefficient r2 values 0.99 

which is still closed with our previous test of calibration at 3.1. For frequency detected by our 

circuit, the sensitivity of the pH-wireless circuitry represented 633 Hz/pH with the correlation 

coefficient r2 values 0.99. The result showed that our circuit is able to transfer the pH sensing 

potential of different pH buffer solutions to frequency domain wirelessly. The frequency 

sensitivity can be read by spectrum analyzer and to recognize the different distinct pH levels. In 

addition, the frequency sensitivity is very important, because it can be used for pH value 

judgment on the end of wireless reader monitoring system. 

  

 
Figure 5.6 The continuous reversibility test of our IrOx pH sensor. 
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Wireless stability calibration: In order to present the long term performance of the pH-

wireless freshness monitoring system, we used pH=2, 4, 7, 10 and 12 of the buffer solution for 

wireless transmission stability test. In this test, each buffer solution was dripped on our sensor 

and tested for 8 minutes, and the sensor was then cleaned and dried for the next testing 

episode. The response frequencies were recorded continuously by National Instrument USB 

6216 data acquisition card simultaneously since the solution was dripped on the sensor. Fig. 5.8 

shows the eight minutes of stable frequency responses for five different pH levels of buffer 

solution.  Five different frequency levels recorded by DAQ card are 22 kHz, 20.9 kHz, 18 kHz, 

16.9 kHz and 15.9 kHz corresponded to pH level at 2, 4, 7, 10, and 12 of buffer solutions 

separately. From this result, our pH-wireless circuit system was able to transfer and recognize 

the different pH sensing frequencies stably and clearly with very less noises. The noises 

happened at pH level 2 and 4 were about less than 50Hz which may caused by the 

contamination from the residual of previous testing solution. This also explained our sensor are 

sensitive enough even at the small amount of pH condition changes. Otherwise, our pH-

 
Figure 5.7 Linear response of our wireless pH sensing system in frequency and  

potential domain. 
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wireless freshness monitoring system provided the stable and consistent sensing ability, and it 

is ready for the food spoilage test. 

 

 

 

 

 

 

 

 

 

 

 

 

Wireless dynamical pH level test: In this test, we are targeting on the simulation of 

random pH level change which may happen during the food spoilage process. The response 

time of the pH sensor and wireless circuitry is an important parameter showing the responding 

ability of our pH-wireless-freshness monitoring system. In the case, our pH sensor was tested 

by using the continuous titration at three pH levels of 5, 7 and 12. On the beginning, the pH=5 of 

testing solution was dripped on the sensing electrode for 4 seconds, and then the KOH solution 

was dripped in the pH=5 of testing solution. This titration episode raised the pH level of the 

testing solution to 7. After the frequency stable at pH=7, the same process was repeated again 

to reach the pH level of the solution to 12. The sensor wasn’t clean during the whole experiment 

in order to mimic the real testing environment wirelessly. The data were recorded by NI-6216 

USB data acquisition card continuously. Fig. 5.9 shows three clear frequency response steps 

happened when the KOH was dripped. The transition time between each pH level was about 

 
Figure 5.8 Stability test of our wireless pH sensing system. 
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less than 2 seconds. The response time was defined as the time needed for the potential 

change to reach 90% within the equilibrium value of potential [2.10]. In the result, our sensor 

was performed less than 1 second of response time in each titration episode. The short 

response time and clear frequency responses show that our pH-freshness monitoring system is 

able to catch the pH change precisely, dynamically and wirelessly. 

 

 

 

 

 

 

 

 

 

 

 

 

5.1.5.3 Fish spoilage test  

In order to demonstrate the relationship between the pH level and spoilage process, we 

used one gram of Tilapia fillet as our testing sample. As shown in Fig. 5.10(a), two Tilapia 

samples were treated under two different temperature conditions. One Tilapia meat was stored 

in about 25°C of room temperature in order to induce the process of fish spoilage, and another 

one of Tilapia sample was stored in refrigerator which was under 5°C of constant temperature to 

be the comparison of the spoilage test. We put two pH sensors on the bottom of both fish 

samples to record and compare the pH-potential changing profiles for two different temperature 

 

 
Figure 5.9 Dynamical titration and response time test of our wireless pH sensing system. 
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treatments on the fish meats. The potential data were recorded by Agilent 34970A multi-channel 

digital data acquisition system and LabView program in the personal computer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Statistic and long term test results: In order to demonstrate the complete spoilage 

procedure, we did two tests by using the same pH sensor, and the Tilapia fillets were from the 

same purchase. Fig. 5.11 shows the results after 68 hours recording. The one stored in the 

refrigerator (black dash line) has no dramatic potential changes which mean the pH value kept 

constant around the same level. This may indicate that there were no microbes growing and no 

obvious odor was detected. However, the sensor attached on the fillet without the refrigeration 

(red solid line) has dramatic potential variations within the 68-hour period. The three spoilage 

stages of transition pattern were clearly showed in Fig. 5.11. The pH level changed probably 

 
(a) 

 
(b) 

 
Figure 5.10 The experiment setup of (a) pH-freshness sensing system, and (b) pH-wireless-

freshness sensing system. 
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because of the chemical reaction and microbes growing as mentioned before as we described 

on 5.1.2 section.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.12 shows two tests of the spoilage procedure monitored by our IrOx pH sensor. In 

these two tests, the spoilage fish meat all performed the tendency of the pH potential change as 

the low-high-low profile. The difference of the potential slope and happening event between two 

tests were compared in Table 5.1 and Table 5.2. The discrepancy on the potential changing 

rate may be caused by the room temperature or humidity of the air which will be the factors for 

the microbe growing. For example, in Fig. 5.12(b), it was the icy day that the room temperature 

was lower than the testing day of the Fig. 5.12(a). Therefore, the happening event in Fig. 

5.12(b) was delayed for about an hour. This phenomenon represented that the lower growing 

rate of the yeast or microbe were because of the cold temperature. In this section, we presented 

a long term fish spoilage monitoring, and our sensor were able to sense the differences 

between the fresh and spoilage fish meet. 

 
 

Figure 5.11 Long term monitoring of a tilapia fillet by our flexible IROF pH sensor. 
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Short term test result: In the previous section, we demonstrated long term test. The 

complete spoilage process were monitored and proved by using our pH sensor. In this section, 

we define a spoilage window in 18 hours which is easier for spoilage judgment and monitoring 

procedure. According the data presented in Table 3 and Table 4, we observed that the potential 

changing event was happened obviously in 18 hours. Therefore, we can use the 18 hours as a 

standard spoilage moment (SSM) which the food quality may change and is not suitable for 

eating. In the SSM window as shown in Fig. 5.13, the sample stored in room temperature 

Table 5.1 Tilapia meat spoilage test No.1. 

Time (second) Potential (V) 

(1) 1.56 hr 0.230 

(2) 2.80 hr -0.3275 

(3) 6.79 hr 0.09814 

Event  

lowest -0.3275 

Highest 0.230 

Time (second) Potential (V) 

(1) 2.13 hr 0.26 

(2) 3.46 hr -0.2649 

(3) 12.61 hr 0.145 

Event  

lowest -0.265 

Highest 0.26 

Table 5.2 Tilapia meat spoilage test No.2. 

 

 
                (a)                                                                              (b) 

Figure 5.12 Two times test for long term monitoring of a tilapia fillet on different days. 
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without the ice preservation did follow the food spoilage procedure discussed in 5.1.2. In the 

first 11 hours, the potential increased from 45.8mV to 101.7mV which represented the pH level 

reduction caused by the releasing of lactic acid. We call the first step as “Rigor Mortis”. Right 

after 11 hours, the potential started to drop from 101.7mV to 96.4mV in one hour. The declined 

rate is –5.3mV/hour. This is the second step in the spoilage process called autolysis. The pH 

level will slightly increase because the releasing of amino group from dead muscle. From the 

12th to 17th hour, the potential detected by our sensor dramatically dropped from 96.4mV to 

34.8mV. The decline rate is –12.32mV/hour. This phenomenal will explain the last step in 

spoilage process. The pH level will increase very fast, because the microbes start to grow and 

absorb the amino and protein groups. Then the microbes will create different chemicals such as 

indole and skatole which are all alkaline making the pH level increase. However, the fish sample 

stored in the 5°C of refrigerator kept the potential rising slowly and constantly in 18 hours. This 

is a clear and distinct difference between the fresh and spoiled fish meat showing in the result. 

The pH-potential profile of the fish meat without the appropriate storing temperature 

represented the fluctuation of low-high-low tendency. The pH potential profile of the fish meat 

with the appropriate storing temperature represented a stable tendency. According to these pH 

potential profiles, we can simply recognize the food spoilage process, and easily apply on the 

real freshness monitoring system.   
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             5.1.5.4 Wireless freshness monitoring 

In this test, our wireless freshness monitoring system was demonstrated as the setting 

showing in Fig. 5.10(b). Two Tilapia fillets were tested in two different storage temperatures 

which are in 25° of room temperature for spoilage monitoring and 5°C of refrigerator 

preservation for comparison by using our pH sensor. Two sensors were then connected to our 

transponder circuitry separately, and the sensing potential was then transferred to frequency in 

the tag circuitry. The frequency changes were transmitted by inducting coupling through the coil 

antenna to the reader circuit on another end. The detected frequency signals were monitored 

and recorded by NI 6210 USB data acquisition card with LabView program continuously in 18 

hours for the sample treated as in room temperature. For the sample stored in refrigerator, the 

frequency signals were monitored and recorded by the system in each 2 to 4 hours.  

Fig. 5.14 shows the result of wireless freshness monitoring procedure for two Tilapia 

samples. In the result, there are still two distinct frequency profiles showing the difference 

 
Figure 5.13 Spoilage potential monitoring result of our pH-freshness monitoring system. 
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between the fish sample treated by 25°C of room temperature and 5°C in refrigerator. The fish 

sample stored in 25°C of room temperature for 18 hours SSM presented the low-high-low 

frequency change showing the standard spoilage procedure mentioned in chapter 2. The 

frequency raised in first 6.39 hours from 17 kHz to 17.35 kHz corresponded to the rigor mortis 

step. From the 6.39th to 11.57th hour, the frequency drop from 17.35 to 16.99 kHz represented 

about –69.49 Hz/hour of frequency decline rate which explain the second step of the spoilage 

procedure. Right after the 11.57 hours, the frequency drop from 16.99 to 16.39 kHz represented 

the –123 Hz/hour of frequency decline rate. This phenomenal explains the pH level increased 

more in the last step of the spoilage process. In opposite, the frequency showed almost stable 

at about 17.3-17.4 kHz in 17 hours for the sample treated in the 5°C of refrigerator.  

To compare with the calibration data in Fig. 5.7, we can roughly understand and 

calculate the change of pH level during the spoilage process. In Fig. 5.14, the pH level started 

at around 10 and rise to pH=9.35 in 6.39 hours. The pH level then drops back to 9.5, 10.5 and 

11 in the rest of 10 hours profile.  

 In this experiment, we proved that our pH freshness system was able to recognize the 

food spoilage procedure in the long term monitoring by using RFID wireless technology. The 

low-high-low frequency profile is clearly defined as a spoilage condition comparing with the 

constant frequency for fresh sample. The food quality will be easily control and monitor by using 

our system. 
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5.1.6 Discussions and Conclusions 

 Our pH-freshness wireless monitoring system here is the first RFID based chemical 

sensor to apply electrochemical potential as the transduction on the target of food safety issue. 

The IrOx pH electrodes were fabricated on the biocompatible and flexible substrate which is 

easy to deform for food or medical applications. In the result, it shows good correlation between 

the measured pH, electrochemical potential, and frequency detected by using our sensor and 

wireless circuitry. The sensing system was applied and used on the detection of fish meat 

spoilage wirelessly, and the result matched with the spoilage procedure which is high-low-high 

of the pH changing profile. Comparing with the traditional freshness sensor such as the 

electronic nose, enzyme, and temperature sensor which we mentioned earlier, our sensor 

provide a simple fabrication, stable response, reusable material, and recordable data for the 

requirement of food safety control. The features of our pH sensor and wireless circuit are the 

passive, non-glass or silicon base, and machine-readable for the mass detection requirement. 

The sensitivity was presented as 633 Hz/pH in the range from pH level at 2 to 12. The stability 

 
Figure 5.14 Spoilage frequency monitoring result of our wireless pH-freshness monitoring system. 
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and dynamical test were also presented the sensor’s ability in short and long term monitoring. 

Finally, our freshness wireless sensing module was applied on the detection of fish meat 

spoilage procedure. The pH level changing profile was monitored and recorded as pH=10-9.5-

9.35-9.5-10.5-11 in 18 hours of SSM for the fish meat stored in 25°C of room temperature. The 

pH level of the fish sample stored in 5°C refrigerator kept at pH level at 8 to 9 in 18 hours. This 

result proved that our wireless sensing system was able to recognize the food spoilage 

wirelessly. The concept of our system design will reduce the risk of the food poison disease 

caused by the non-fresh or bad quality of the food. The customer and retailer will be able to use 

this sensing system to recognize the quality of the products wirelessly. To this end, the 

prototype of the pH-freshness wireless monitoring system is built and tested. The sensitivity, 

stability, response time and fish meat spoilage monitoring were presented and verified 

wirelessly. This design may be refined in the future applications of the wireless freshness 

monitoring as the commercial product that can be found in every super market.           
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5.2 Gastroesophageal Reflux Disease (GERD) Sensor 

5.2.1 Motivation 

Gastro-Esophageal Reflux Disease (GERD) is a condition in which food or liquid travels 

backwards from the stomach to the esophagus [5.21]. This unusual reflux can irritate the 

esophagus, and cause belching, heartburn, nausea, and other symptoms. The disease affects 

approximately 15% of the adult population in the United States, and is one of the most prevalent 

clinical conditions afflicting the gastrointestinal tract. GERD can also lead to complications such 

as esophageal cancer and lung damage. There are two common forms of esophageal cancer 

which are squamous cell carcinoma and adenocarcinoma. In the United States, esophageal 

carcinoma accounts for 10,000 to 11,000 deaths per year. The incidence of esophageal 

carcinoma is approximately 3-6 cases per 100,000 people. These increased rates are strongly 

related to GERD which is the primary risk factor recognized [5.22]. Over the past 25 years, the 

incidence of esophageal cancer has increased 350%, faster than any other malignancy in the 

western world. Therefore, to monitor the GERD symptoms comfortably and reliably is becoming 

the most important and popular issue for diagnosis of esophageal cancer. 

5.2.2 Approach 

For the GERD diagnosing system, we embedded our micro flexible pH sensor as 

shown in Fig. 5.15 on a surface size of 1.2cmx3.8cm in a wireless capsule sensor implant 

allowing to detect the pH changes of gastric juice reflux inside the esophagus. Based on the 

work [5.3, 5.20], the system consists of an implanted device and an external reader as shown in 

Fig. 5.16. Two approaches were proposed to realize passive sensing of the acid reflux. The first 

approach is using the application of resonance frequency shifting of passive components on the 

implant sensor capsule. The second approach utilizes RFID principles to detect the frequency 

generated from a circuitry on the capsule powered by an external reader. The action potential 

change generated by our pH sensor will represent by the change of frequency which can be 

monitored by the reader circuit. 
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(a)                                                                       (b) 

Figure 5.15 Micro-fabricated (a) dual-sensors (pH and impedance) on flexible substrate and (b) 
pH/impedance RF-ID tag. 

 
 

Figure 5.16 Schematics of an implant and an external reader for wireless GERD sensor. 



72 
 

5.2.3 Methods and Results 

5.2.3.1 In vitro experiment 

The experiment was done by putting the capsule in a 3-cm diameter glass tube to 

simulate conditions in the esophagus. The implant and Medtronic BravoTM commercial pH 

sensor were attached on the wall of the tube simultaneously as shown in Fig. 5.17. The external 

coil was placed outside of the tube at a distance of 3 cm from the implant. The external coil was 

connected to an amplifier in a shield box. The different pH levels of solutions were supplied 

through another tube from the bottom to simulate the reflux from the human stomach. Fig. 5.18 

shows the result of the in vitro test, our system responded to every simulated reflux episode 

immediately while commercially available pH sensor remained the same reading during the 

short test period. During the reflux of three pH episodes at levels of 2, 3, and 5, the frequency 

shows distinct down-shift from about 30 to 26 KHz which respond to each three clear reflux 

episode.      

  

 
Figure 5.17 Schematic in-vitro experiment setup. 
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Figure 5.18 In-vitro GERD sensor test results. 

 
 

Figure 5.19 In-vivo GERD sensor test results. 
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5.2.3.2 In-vivo experiment 

Our GERD sensor was also tested by three live animal experiments with the porcine 

model of female pigs weighted around 108 lbs., and the chest perimeter around 79cm. Our pH 

electrode was able to distinguish solutions with various pH levels from air so every reflux 

episode was detected. The pH value of each reflux episode was monitored with our pH sensor 

and BravoTM commercial pH sensor simultaneously. During the test, the BravoTM sensor did not 

detect water reflux episodes and failed to detect alkaline solutions with pH>10. Our pH sensor 

indicated the reflux episode at pH 2, 3, 5, and 11 clearly with the frequency shift down from 30 

to 24 KHz. Our pH sensor not only can test on regular pH buffer solution, but also indicated the 

pH level of different solutions reflux such as the orange juice. The result shown in Fig. 5.19 

represented our pH sensor indicated distinct pH sensing episodes much more precise, and 

quicker than commercial pH sensor. 

5.2.4 Conclusions and discussions 

 In this section, a capsule size of GERD diagnosis system is designed, fabricated, and 

tested. The sensor includes two sensors which are impedance sensor and micro IrOx/AgCl pH 

sensor. Our pH sensor is able to detect the electrochemical potential when different pH levels of 

solution reflux from the stomach, and the circuitry transfer the signal to frequency domain. The 

outside reader circuit is able to read the frequency shift. In this work, our flexible pH sensor 

embedded with the micro wireless transponder circuit design applied on GERD diagnosis was 

demonstrated and tested. The in vitro and in vivo tests were presented in this chapter.     
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions 

In this dissertation, a complete work of micro flexible IrOx pH sensor has been 

investigated, fabricated, and applied on the real applications. To begin with, the literature, 

market, and production survey of the recent commercial pH sensor were reported and analyzed 

in order to design an innovated micro-pH sensor for bio-chemical or medical application. The 

comparisons of sensing mechanisms, material, fabrication, and performance evaluation of each 

pH sensing methods were also studied and considered. According to the result of literature 

survey and study, a flexible pH sensor based on economical sol-gel fabrication process by 

using the high stability of IrOx sensing film were investigated and made. 

About the sensor fabrication, a complete sensor fabrication including standard CMOS 

photolithography, economical sol-gel process, and anode electro-deposition were designed and 

proposed. For the working electrode, the IrOx sol-gel process was applied on the flexible 

substrate. A stable and amorphous of IrOx thin film was formed by this sol-gel method. The 

surface and material properties were then verified and compared by using the SEM, XRD and 

EDAX analysis. The different temperature affections to the surface were then proposed in this 

work. For the reference electrode, the electroplating process was applied to form AgCl thin film. 

The surface quality was verified by using SEM and EDAX as well. In this section, we fabricated 

a flexible pH sensor based on the IrOx sensing film. The material and physical analyses of this 

sensor was considered and finished. 

In the sensor test section, we performed different sensing properties of this flexible IrOx 

pH sensor in order to verify the sensing performance. First, the sensitivity of the sensor was 
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measured by wide pH range from 2 to 12. Our sensor performed near Nernstian response 

which is about ─51.5 mV/pH. Second, the response time of our pH sensor was measured by 

using acid-alkaline, alkaline-acid, and dry-acid titration method. In the result, less than one 

second of response time was presented in the tests. Third, the sensor’s stability and 

repeatability were proposed by doing 5 minutes of test. In this measurement, the sensor 

performed stable and repeatable response for the long term test. Three parameters such as 

potential fluctuation, deviation, and drift potential were also defined and calculated in this testing 

section. Those factors represented the detail sensing performance of the pH sensor. After the 

stability test, the sensor was tested by continuous pH level titration in order to show the 

reversibility. Finally, the physical properties such as the cation selectivity and temperature 

dependence of our pH sensor were then proposed. In this sensor’s in vitro test, our flexible pH 

sensor performed stable and repeatable sensing properties under different tests. Finally, a 4x4 

pH sensor array was then fabricated and tested on multi-solution, temporal, and spatial 

experiment in order to focus on the micro- or nano- scale environment. In this section, a 

completely pH sensor test was applied and finished. An innovated micro-flexible pH sensor 

array was also performed in this section. 

After the in vitro test, the sensor was then applied on two applications which are the 

food freshness monitoring and GERD diagnosis system. Our sensor was embedded with our 

batteryless, non-invasive wireless RF-ID circuit. The sensing pH level was able to transmit 

wirelessly through this circuitry.  

For the freshness monitoring, the flexible pH sensor provided a stable, bio-compatible, 

and reversible sensing tool for food quality control system. A complete test procedure was 

performed which is from the sensor calibration to the fish meat spoilage test. Finally, we 

demonstrated wireless monitoring on fish spoilage in this section. Our freshness monitoring 

system was able to catch the signal caught by our pH sensor wirelessly. 
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For GERD diagnosis, our sensor was embedded with a wireless capsule which is 

suitable for implantation in esophagus. The complete in vivo and in vitro were purposed in this 

work. Our sensor was able to catch the reflux moment when the GERD syndrome happened 

unexpectedly.  

In summary, an innovated flexible micro-IrOx pH sensor was investigated and fabricated 

in this dissertation. A completely physical and chemical test were performed and confirmed for 

our pH sensor. Two real applications were then applied and tested. The performance of this 

sensor was not only able to reach the requirement of basic pH measurement, but also target on 

the novel application on bio-medical or chemical fields. 

6.2 Future Work-Micro Scale of pH Sensing Test 

 In our recent research, the size of our sensing electrode is about 1mmx1mm. However, 

in order to target on the micro- or nano- scale of pH sensing environment such as the cell 

metabolism monitoring [6.1]. The size of electrode should be minimized to at least below 700-

800 μm2. Thus, we demonstrated the pH sensitivity test by using smaller exposure area on our 

electrode. The different exposure sensing areas were tested and compared its sensitivity 

performance of our pH sensor. 

6.2.1 Test setup 

 In our sensor design, two types of the sensing electrode were made. One is 

1.5mmx1.5mm, and another one is 1mmx1mm. In order to test the smaller exposure area, we 

covered a layer of Kapton polymer pocked by 500μm diameter of needle as shown in Fig. 6.1 (a) 

on the top of our 1.5mmx1.5mm sensing electrode. In sequentially, we also applied double and 

triple holes on the Kapton polymer in order to demonstrate and test the different exposure area 

for our IrOx pH sensor. Fig. 6.1(b) shows that three holes of exposure area on the Kapton 

isolation layer.  
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6.2.3 Conclusions 

 In this section, we demonstrated the feature of small exposure size of IrOx pH sensor 

test. The pH sensing sensitivity still kept at the similar result as the larger exposure size what 

we mentioned on chapter 3. According to the result, in the future work, the pH sensor can be 

able to make as the micro- or nano- size in order to treat or test for some spectacular 

applications such as the wound condition or cell milieu condition monitoring. Furthermore, 

micro- or nano- scale of pH sensor array can be embedded with micro-fluid channel that can 

monitor cell metabolism in cell culture volumes or other related applications.   

                

  

Table 6.1 Sensitivity comparison between different exposure areas 
 

Size (mm²) Slope (mV/pH) E° (mV vs. AgCl) r² 

0.28 -56.7 531.7 0.9805 

0.56 -57.1 550.7 0.9935 

0.84 -57.3 521 0.9888 

 Figure 6.3 The comparisons of pH sensitivity between different exposure areas 
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6.3 Future Work- IrOx material application 

Generally speaking, iridium oxide has several features including low impedance, high 

charge capacity, and high porosity of physical properties. Furthermore, the IrOx behaves as 

highly porous and high surface area redox metal similar to conductive polymers such as the 

polypyrrole and polyaniline. However, the IrOx is unlike the polymer which is exceeding stable to 

irreversible reactions when the environment is fixed. The IrOx can be oxidized and reduced over 

a wide range of pH which we already presented previously. These properties are able easily to 

be applied in some bio-medical or neural science field. On the following sections, two research 

future works are proposed, and discussed by showing the capability of the IrOx material.   

6.3.1 Micro neural stimulator 

6.3.1.1 Motivation 

In clinic application, there some body disorders caused by the nerve damage such as 

the blind vision and some paralyzation syndrome. Therefore, in order to recover or record the 

signal from our neural system, a good quality of the micro needle or stimulating system is 

required. There are some researches used the IrOx material as the neural stimulator. Jessica 

[6.2] reported that the IrOx stimulating electrode for the retinal and optic nerves. The concept of 

their prosthetic vision is using the electronic components to convert light into an electrical signal 

that stimulates neurons in the visual pathway. The neural signal is then processed by the brain 

to generate phosphenes. The IrOx electrode will be located on the bottom of the retinal in order 

to stimulate the nerve and transmit the electrical signal to the brain. Therefore, the IrOx played a 

very important role which should hold enough charge capacity current, and be a good 

conductive material in order to transmit the signal. The transformation between the different 

oxide state Ir(III)-Ir(IV) play a important role because the electrochemical redox energy releases 

the inflow-outflow current which is a good stimulation source and capability of the electrode for 

the nerve stimulation mechanism [6.3]. 
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6.3.2 Flexible Immuno-Sensor 

 6.3.2.1 Motivation 

An immunosensor is a device comprising an antigen or antibody species coupled to a 

signal transducer, which detects the binding of the complementary species. An indirect 

immunosensor uses a separate labeled species that is detected after binding such as the 

fluorescence or luminescence. The immuno-device detects the binding by a change in potential 

difference, current, resistance, mass, heat, or optical properties.  

Electrochemical immuno-sensor is the novel way to detect the virus, and may also 

design to trap the antigen. By using the porous feature of the IrOx, the immunosensor is usually 

designed and fabricated by immobilizing antibodies onto the surface of the IrOx by using the 

adsorption or entrapment process [6.4]. The three dimensional matrix of the iridium oxide film 

are available for immunological binding, and trap the antibodies as shown in Fig. 6.5.  

 6.3.2.2 Future Design 

In the design methodology of the immunosensor, the surface porosity and the capability 

of capacity charge are the major issue for the immunosensor’s performance. By using the 

economical sol-gel process as we mentioned before, the sensing performance is not only 

related to the thickness, but also related to the porosity of the surface. For the immunosensor, 

the quality of porous structure decides the capability of the antigen binding. The more uniform 

binding surface will create more stable sensitivity because the surface will be dominated by the 

binding of the antibody. On the other hand, the thickness also presents capability of the capacity 

charge. It represents the response time of the sensing performance. 

During the sol-gel process, the precursor structure will explain the size and extent of 

branching of solution prior to film deposition. It also presents relative rates of evaporation and 

condensation during film deposition controlling the pore volume, pore size, and surface area of 

the final film. Fig. 6.6 shows the detail precursor steady-state deposition stage of the dip coating 

process [6.5]. The size of porous structure is addressed by the factors such as the size, 
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composition, pressure, and evaporation rate of the coating agent cluster. In order to make a 

good sensing film for immunosensor, the precise surface quality control is the first priority 

concern in the design methodology.   

  

 
 

Figure 6.5 Sensing principle of IrOx immune-sensor: (a)-(b) Antibody surface trap, (c) incubation 
of the sensor-target catching, (d) antibody bounding, and (e) labeled indication. 

 
 

Figure 6.6 The schematic of the steady state sol-gel process [2.9]. 
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6.4 Future Work- Wireless wound condition monitoring 

6.4.1 Motivation           

Wound healing is a sophisticated immune process which is represented by intercalating 

degradation, tissue re-assembly, and epidermal layer [6.6]. It is important to monitor the wound 

condition while the patient wears a bandage for two reasons: (1) the bandage should be 

changed according to the wound conditions, and (2) the different therapy agents need to be 

applied with respect to the wound conditions during various stages in wound healing.  

For serious wound conditions, the bandage changes are done by doctors or nurses. In 

a hospital or trauma center, frequent changes of bandage add significant manual labors and 

therefore costs. Currently, the changes of bandages are done at fixed time schedules. This is 

not cost effective since sometimes the bandages may not need to be changed. Unnecessary 

changes of bandages may cause further damage to the wounds. It is also not result effective 

since some of the bandages need more frequent changes at certain stages of therapy, while 

others should not be changed in order to avoid tissue damages. However, the caretakers may 

not know when is the best time to change the bandages since most of the bandages are not 

transparent. The bandages need to be removed in order to examine the conditions of the 

wounds. In addition, the frequently removal of bandage will not only lose the efficiency and cost, 

but also result the high rate of wound infection. The patients may be infected by different yeast 

or microbe during the removal or change of the bandage. Therefore, with the fast growing of 

healthcare costs, active wound monitoring and infection management are crucial during this 

stage to ameliorate the likelihood and severity of infections. 

6.4.2 Proposed Methods 

For normal wound conditions, patients who wear bandages also need to know the 

wound conditions before replacement or seeking for further medical cares. This can be 

categorized into two general applications. For therapy purposes, wound conditions are 

monitoring to reduce scar forming and promote stable tissue regrowth. For protection purposes, 
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the wounds are monitored to prevent infection. Current solutions rely mainly on passive 

bandages for wound management without a monitoring mechanism. There is a strong need for 

a continuous, systematic yet flexible and reconfigurable wound monitoring that is lightweight, 

easy to implement and that provides ability to track patient’s conditions.  

pH value is an important indication to determine wound conditions with respect to its 

bacterial level. The pH distribution in the large wound area is useful information during the 

recovering and therapy procedures. Our pH sensor array on flexible substrates can be used to 

monitor pH level changes across an area of wound site. The metal oxide pH sensors allow 

continuous and long-term monitoring of pH, compared to the short lifetime disadvantage in 

enzyme-based or electrochemical sensing. The sensor is in an array configuration and on a 

flexible substrate allowing the sensor array to deform onto body parts to monitor multiple points 

in an area as shown in Fig. 6.7. The invented pH sensor produces a linear relationship between 

pH and potentials, which can be used in our batteryless wireless telemetry system. By detecting 

the responding shifted frequency of the modulated signals, we can remotely monitor the pH 

changes on the tissue.  

6.4.3 The pH level of different skin conditions 

1. pH value of normal skin 

The normal pH level of human skin is between pH 4-7 [6.6] which depends on age, sex, 

and race of the person. The different location of skin also performs different pH value. Harrison 

and Walker mentioned that the pH of human’s dermis was 7.54±0.09 tested by glass pH 

electrode [6.7]. The physiological pH value is caused by amino acids, fatty acids, and others 

produced by the skin appendages [6.6].    

2. pH value and Bacterial Infection 

In the beginning of infection, the pH level of tissue may decrease because the bacteria 

share the nutrients and oxygen with the tissue cells. The phenomenon is called ischemic 
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condition which may result the metabolism of tissue cells becoming anaerobic and therefore 

acidic [6.8].   

3. pH value and Bacterial Thriving 

In chronic wound, there are different bacteria as staphylococcus aureus and enzymes 

as staphylococci may contaminate the wound area and delay the healing process. Those 

microbes perform the overgrowth and highly activity in higher pH level milieu during the in-vitro 

experiment [6.6].  In other present study, the high level pH environment will slow down the cell 

migration and DNA synthesis during the healing process [6.9]. 

4. Result from the literature 

In [6.8], the animal and clinical study has been done and shown the approximate linear 

response with the number of bacteria and pH level. With increasing of bacteria counts, the pH 

level decreased. In [6.6], the wound pH was measured by invasive glass electrode. The pH 

value drop from 7.4 to 6.6, and the wound condition was improved with the pH decreased. 

   

 
Figure 6.7 The novel flexible wound condition monitoring system is on (a) flexible substrate, (b) 
pH sensor array configuration across the wound area, (c) monitor pH values across the wound 

area to prevent infection, (d) batteryless and wireless communication. 

(a) (b) 

(d) 

(c) 
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APPENDIX A 

CYCLIC VOLTAMMETRY ANAYSIS OF IRIDIUM OXIDE pH ELECTRODE 
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which m0 is the mass-transfer coefficient, and the C is the surface charge as the voltage. 

Therefore, from the equation A.3 and A.4, we know the information of the surface charge when 

the electrode reacts with the agents. The electrochemical potential and current were also 

presented in these equations. After the definition of the surface current, if the kinetics of electron 

transfer are rapid, the charge of the surface (C0) and bulk solution (CR) can be assumed to be at 

equilibrium with the electrode potential as governed by the Nerestian equation which we 

mentioned at the chapter 2 as shown in equation A.5: 

 

 

 

 

 

 

 

where D is diffusion coefficient. In equation A.6, the diffusion equation between the electrode 

surface region and bulk solution is concerned. However, the surface not only includes linear but 

also includes the other coordinates system such as the spherical electrode. Therefore, the 

complete current also can be derived by: 

 

 

A.3 CYCLIC VOLTAMMETRY 

 On the last section, we derived the surface current which will happen in the electrode 

redox process. In this section, the complete cyclic voltammetry will be presented and explained. 

In our application, what we care is the surface quality which is the sensor’s response rate (v) 

and the performance of the redox ability. As shown in Fig. A.3, the basic volammograms chart is 

presented as two different oxidation states in the surface redox process. Basically, the different 
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where the ip is the peak current, and Ep is the peak potential. To compare with the theoretical 

data in Fig. A.5, the hydrogen underpotential deposited peak (upd) peak current is about 

0.042mA which is close with our theoretical data. Normally, higher upd peak value (about 1mA) 

is easy to find in AIROF (anodic electrodeposition) fabrication process, because the high degree 

of porosity of the films done by electrodeposited process. In our case, the Ir nanoparticle is 

converted to IrOx completely by sol-gel process. Therefore our upd peak is much lower than 

1mA. General speaking, when the H upd peak is higher, the charge density is lower. The 

phenomenon also presented that the IrOx film is not covered well. In the Fig. A.5, it showed 

clear peak at the 1st and 2nd oxidation states which are from Ir(III) to Ir(IV), and from Ir(IV) to 

Ir(V). The current and surface charges are all clear and obvious. The result shows that our sol-

gel IrOx film has a good oxidation performance. In the reduction peak, the value is not clear but 

still can be recognized. The phenomenon may show that our sensor have weaker surface 

charge during the reduction process. However, for the reduction reaction, our pH sensing 

potential is showing the negative potential which matches with the negative surface charge 

showing in CV analysis. By using the CV curve, we can easily inspect the sensor’s performance 

by the scientific way.  
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A.4.3 Discussions 

In this section, we demonstrated an electrochemical analysis method which can be 

easily applied on the deposited reversible redox material. The sensing performance and 

chemical event can easily be inspected by using the cyclic voltammetry analysis method. In the 

future work, the CV analysis is a necessary tool to verify the film quality and capability. For 

example, the thickness, and surface porosity are related to the sensing performance. The CV 

curves can easily identify the special event happen and compare the difference between the 

variety of parameters in fabrication process in order to find the properly recipe.   

 
 

Figure A.5 Experimental CV curve of our IrOx thin film. 
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