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Résumé 

CAPTEURS MINIATURISÉS DE PH ET DE SPO2 POUR LA SURVEILLANCE 

CONTINUE DE LA SANTÉ FŒTALE 

 

La surveillance du bien-être du fœtus pendant le travail est une pratique courante dans les 

activités obstétricales quotidiennes. Assurer une bonne oxygénation du fœtus est important 

pour prévenir le risque d'asphyxie et ses conséquences les plus graves : la mort péripartum 

et les séquelles à distance, en particulier les troubles neurologiques. Dans ce travail, nous 

définissons l'importance de la mesure du pH et de la saturation en oxygène ou SpO2 pour la 

santé humaine en général et la surveillance de la santé fœtale en particulier. L'aspect 

biologique du déséquilibre du pH et la pertinence de la SpO2 sont expliqués, ainsi que la 

nécessité d'une mesure en temps réel afin de surmonter les limites de la technique actuelle 

d'analyse du sang. Un prototype, qui constitue une première tentative de surveillance 

continue de la santé du fœtus pendant le travail, est conçu et fabriqué dans cette thèse. Ce 

système est capable de mesurer simultanément le pH, la SpO2 et de fournir un 

photopléthysmogramme (PPG) clair en temps réel. La microélectrode constitutive du capteur 

de pH a été fabriquée en utilisant du nitrure de titane (TiN) comme matériau de détection 

potentiométrique pour les variations de pH. Un capteur optique à réflectance a été utilisé 

pour la surveillance de la SpO2. Les sondes de pH et de SpO2 sont de dimensions réduites au 

minimum et fabriquées sur un substrat souple (polyimide) afin de respecter les contraintes 

futures de tests in-vivo. 

L'exigence la plus critique du capteur de pH pour la surveillance de la santé du fœtus est une 

précision de 0.01 unité de pH, avec une conception miniaturisée appropriée. Les capteurs de 

pH potentiométriques sont les systèmes électrochimiques les plus courants en raison de leur 

conception simple et de la possibilité de les miniaturiser.  Il existe évidemment différents 

groupes de matériaux sensibles aux variations de pH, par exemple les oxydes métalliques 

tels que l'oxyde d’iridium (IV) (IrO2), l'oxyde de ruthénium (IV) (RuO2), le trioxyde de 

tungstène (WO3) et le dioxyde de titane (TiO2), les polymères conducteurs tels que la poly-

aniline, le poly-pyrrole, etc. et, typiquement, l'électrode de pH en verre avec une sensibilité 

de Nernst idéale. Toutefois, ces dispositifs présentent encore quelques inconvénients en 

termes de dérive potentielle et de sélectivité (oxydes métalliques), de stabilité et de stockage 

à long terme (polymères), de fragilité et de non adaptation au contexte biomédical 

implantable (électrode de verre). Le nitrure métallique est un autre groupe de matériaux 

prometteur pour le développement d'un capteur de pH potentiométrique. Un exemple de la 

littérature a montré que des films minces de nitrure de titane pouvaient permettre 
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d’atteindre une précision de 0.01 pH, ce qui est essentiel pour notre application, mais ces 

films n'ont pas été conçus pour des électrodes miniatures. À notre connaissance, le nitrure de 

titane est le seul nitrure métallique rapporté pour les capteurs de pH potentiométriques, et 

il est considéré comme un matériau alternatif de détection du pH. Par conséquent, la 

première partie de notre travail se concentre sur le développement d'un micro-capteur de pH 

potentiométrique en TiN en salle blanche avec sa caractérisation complète in vitro. 

En complément, un capteur de SpO2 par réflectance a été conçu, utilisant deux LED à 630 nm 

et 940 nm de longueur d'onde avec une photodiode à large bande, le tout contrôlé par un 

microcontrôleur MSP432. Plusieurs versions du capteur SpO2 ont été fabriquées. Les 

résultats enregistrés par le premier prototype du circuit imprimé classique de type PCB 

montrent un comportement proche de celui d'un dispositif commercial. Nous avons optimisé 

le circuit d’amplification et l'avons transféré sur un circuit imprimé flexible, en fabriquant 

un deuxième prototype. Enfin, nous avons mis au point un prototype de capteur SpO2 

miniature sur un substrat souple, qui pourrait enregistrer le signal PPG brut et être utilisé 

comme outil de mesure supplémentaire pour valider notre mesure du pH. À ce stade des 

travaux, les capteurs de pH et SPO2 sont séparés, mais un ensemble intégré est envisagé 

pour la prochaine étape, en utilisant à la fois un circuit électronique flexible pour le SpO2 et 

un substrat flexible pour le capteur de pH. Ce travail d'intégration devrait permettre 

d'obtenir un dispositif intégrant tous les capteurs mentionnés ci-dessus dans une solution 

flexible pour des tests in vivo ultérieurs, mais compatible avec les contraintes médicales 

(biocompatibilité des matériaux, stérilisation, manipulation aisée du dispositif final par le 

personnel médical...). 

Les principales contributions et résultats sont les suivants : 

- Un procédé de microfabrication développé et optimisé sur polyimide souple 

- Un nouveau matériau d'électrode de travail testé (TiN standard et poreux) 

- Plusieurs niveaux de masques conçus et mis en œuvre 

- Un protocole complet de caractérisation in vitro développé et utilisé pour toutes les sondes 

(OCV, CV, PEIS, influence de la température) 

- Le développement d'un capteur de SpO2 permettant l'enregistrement continu des données 

PPG 

- Des tests préliminaires in-vivo effectués sur des souris montrant la preuve de concept 

- Une sensibilité et une précision du capteur de pH proches de l'objectif attendu pour 

l'application fœtale (précision atteinte jusqu'à 0.02 unité selon les capteurs), compte tenu des 

contraintes de miniaturisation et de matériaux. 
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Résumé du chapitre 1 

Cette thèse a été organisée en collaboration avec trois partenaires : Le laboratoire ESYCOM 

(UMR 9007 CNRS), où l'essentiel du travail a été réalisé ; l'ENS Paris Saclay, qui a assuré 

la supervision de la partie SpO2 ; et le Centre Hospitalier Intercommunal de Créteil (CHIC) 

avec l'Institut Mondor de Recherche Biomédicale (IMRB) - UMR 955, qui a contribué aux 

aspects médicaux et in vivo. L'application médicale a été proposée par le Professeur Edouard 

Lecarpentier de l'INSERM et sera décrite en détail dans le chapitre d'introduction. 

- La surveillance du bien-être fœtal pendant le travail est une pratique courante des activités 

obstétricales quotidiennes. Assurer une bonne oxygénation du fœtus est important pour 

prévenir le risque d'asphyxie et ses conséquences les plus graves : le décès péripartum et les 

séquelles à distance, en particulier les troubles neurologiques, y compris le handicap 

psychomoteur ou l'infirmité motrice cérébrale. Dans ce chapitre, nous définissons 

l'importance de la mesure du pH et de la SpO2 pour la santé humaine en général et la 

surveillance de la santé fœtale en particulier. L'aspect biologique du déséquilibre du pH et 

sa pertinence pour la SpO2 sont expliqués, ainsi que la nécessité d'une mesure en temps réel 

afin de dépasser les limites de la technique actuelle d'analyse du sang.  

- L'objectif principal de la thèse est de concevoir un prototype, qui constitue une première 

tentative de surveillance continue de la santé du fœtus pendant le travail. Le système décrit 

dans cette étude est capable de mesurer simultanément le pH, la SpO2 et de fournir un 

photopléthysmogramme clair en temps réel. 

Résumé du chapitre 2 

L'exigence la plus importante d'un capteur de pH pour la surveillance de la santé fœtale est 

une précision de 0.01 unité de pH, avec une conception miniaturisée appropriée. Les capteurs 

de pH potentiométriques sont les systèmes électrochimiques retenus en raison de leur 

conception simple et de la possibilité de les miniaturiser.  Il existe évidemment différents 

groupes de matériaux sensibles aux variations de pH, par exemple les oxydes métalliques, 

les polymères conducteurs, etc. Toutefois, ces dispositifs présentent encore certains 

inconvénients en termes de dérive potentielle et de sélectivité (oxydes métalliques), de 

stabilité et de stockage à long terme (polymères), de fragilité et non adaptation aux tests in-

vivo. Il est donc difficile de procéder à une validation médicale. Un autre groupe de matériaux 

prometteur pour le développement d'un capteur de pH potentiométrique est les nitrures 

métalliques. Certains matériaux tels que le nitrure de ruthénium (RuN), les nitrures de 

carbone (α-BCxNy) et le nitrure de silicium (Si3N4) ont été principalement utilisés pour les 

capteurs de pH de type transistor à effet de champ sélectif d'ions (ISFET). Fait remarquable, 

des films minces de nitrure de titane (TiN) ont été signalés une fois pour atteindre une 

précision de 0.01 pH, ce qui est essentiel pour notre application, mais ces films n'ont pas été 
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conçus pour des électrodes miniatures. À notre connaissance, le nitrure de titane (TiN) est le 

seul nitrure métallique rapporté pour les capteurs de pH potentiométriques, et il est 

considéré comme un matériau alternatif de détection du pH. Par conséquent, la première 

partie de notre travail se concentre sur le développement d'un micro-capteur de pH 

potentiométrique en TiN. 

Résumé du chapitre 3 

Dans ce chapitre, nous présentons un prototype qui est notre première tentative pour obtenir 

une mesure continue de la SpO2 et fournir un photopléthysmogramme (PPG) clair en temps 

réel, considéré comme une mesure complémentaire de seconde ligne sur le fœtus pendant le 

travail. Ce travail vise à fabriquer un capteur de SpO2 capable d'enregistrer les signaux bruts 

d'oxymétrie de pouls à des fins de recherche biologique. En outre, la mesure de la SpO2 est 

utile pour évaluer notre mesure du pH car il existe une corrélation entre une faible 

oxygénation des tissus et un pH plus bas.   Un capteur de SpO2 par réflectance a été conçu, 

utilisant deux LED à 630 nm et 940 nm de longueur d'onde avec une photodiode à large 

bande, contrôlé par un microcontrôleur MSP432. Plusieurs versions du capteur SpO2 ont été 

fabriquées. Les résultats enregistrés par le premier prototype sur PCB montrent un 

comportement proche de celui d'un dispositif commercial. Nous avons optimisé le circuit, en 

fabriquant un deuxième prototype. D'autres développements visant à améliorer la précision 

du capteur ont été envisagés sur la base de cette étude préliminaire. 

Conclusion 

Dans ce travail, nous définissons l'importance de la mesure du pH et de la SpO2 pour la santé 

humaine en général et la surveillance de la santé fœtale en particulier. L'aspect biologique 

du déséquilibre du pH et la pertinence de la SpO2 sont expliqués, ainsi que la nécessité d'une 

mesure en temps réel afin de surmonter les limites de la technique actuelle d'analyse du 

sang. Un prototype, qui constitue une première tentative de surveillance continue de la santé 

du fœtus pendant le travail, est conçu, fabriqué et testé de façon complète in-vitro puis in-

vivo. La microélectrode constitutive du capteur de pH a été fabriquée en utilisant du nitrure 

de titane (TiN) comme matériau de détection potentiométrique pour les variations de pH. Un 

capteur optique à réflectance a été utilisé pour la surveillance de la SpO2. Les sondes de pH 

et de SpO2 sont de dimensions réduites au minimum et fabriquées sur un substrat souple 

pour les derniers prototypes (polyimide). 

La première partie du travail concerne sur le développement d'un micro-capteur de pH 

potentiométrique TiN en salle blanche avec sa caractérisation complète in vitro. La seconde 

partie est une étude complémentaire, dans laquelle nous présentons un prototype qui 

constitue notre première tentative pour obtenir une mesure continue de la SpO2 et qui fournit 

un photopléthysmogramme clair en temps réel, considéré comme une mesure dite de seconde 
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ligne sur le fœtus pendant l'accouchement. Nous rappelons que la mesure de la SpO2 est utile 

pour évaluer notre mesure du pH, car il existe une corrélation entre une faible oxygénation 

des tissus et un pH plus bas.    

Nous avons également envisagé de nouvelles applications médicales, par exemple la 

détection de l'ischémie cardiaque. De nouveaux tests sont en cours sur différents modèles 

animaux à l'Ecole Vétérinaire d'Alfort pour compléter le travail dans un futur proche.  

En tant que perspectives, dans la forme finale du dispositif, les électrodes pH flexibles 

pourraient être considérées comme étant attachées à une aiguille spécifique, qui est 

adaptable à l'insertion cutanée clinique. Cette aiguille de détection du pH sera fixée à la carte 

de détection de la SpO2 à l'aide d'un substrat de polyimide flexible dans un boitier 

personnalisé. 
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Abstract 

Monitoring fetal well-being during labor is a common practice of daily obstetrical 

activities. Ensuring the good oxygenation of the fetus is important to prevent the risk of 

asphyxiation and its most serious consequences: peripartum death and distant sequelae, in 

particular neurological disorders. In this work, we define the significance of pH and SpO2 

measurement to human health in general and fetal health monitoring in particular. 

Biological aspect of pH imbalance and the relevant to SpO2 is explained, along with the need 

of real time measurement in order to get over the limitation of the current blood analyzing 

technique. A prototype, which is a first attempt to get continuous fetal health monitoring 

during labor, is designed and fabricated. This system is capable of simultaneously measuring 

pH, SpO2 and provides a clear photoplethysmogram (PPG) in real time. Microelectrode was 

fabricated using Titanium nitride (TiN) as the potentiometric sensing material for pH 

variations. A reflectance optical sensor was used for SpO2 monitoring. Both pH and SpO2 

probes are minimized and fabricated on flexible substrate (polyimide). 

The most critical requirement of the pH sensor for fetal health monitoring is a precision 

of 0.01 in pH, with an appropriate miniaturized design. Potentiometric based pH sensors are 

the most favored electrochemical systems due to their simple design and possibility to be 

miniaturized.  Evidently, there are different material groups that are sensitive to pH change, 

for example metal oxides such as Iridium (IV) oxide (IrO2), Ruthenium (IV) oxide (RuO2), 

Tungsten trioxide (WO3) and Titanium dioxide (TiO2), conductive polymers such as poly-

aniline, poly-pyrrole, etc., and typically, the glass pH electrode with an ideal Nernstian 

sensitivity, etc. However, these devices still have some drawbacks in terms of potential drift 

and selectivity (metal oxides), stability and long-term storage (polymers), fragility and 

improbability of biomedical application (glass electrode). An alternative material group 

promising for developing a potentiomentric-based pH sensor is Metal Nitride. Remarkably, 

thin Titanium Nitride films have been reported once to reach 0.01 pH precision which is 

critical for our application but these films were not designed for miniature electrodes. To the 

best of our knowledge, Titanium nitride is the only metal nitride reported for potentiometric 

pH sensors, and is considered as an alternative pH-sensing material. Therefore, the first part 

of our work focuses on developing a TiN potentiometric pH micro-sensor in clean room with 

its complete characterization in vitro. 

A reflectance SpO2 sensor was designed, employed two LEDs at 630 nm and 940 nm 

wavelengths with one wideband photodiode and was monitored by a MSP432 microcontroller. 

Several versions of the SpO2 sensor were fabricated. Result recorded of the first prototype of 

the classical hard-type PCB shows close behavior to a commercial device. We optimized the 



      | Thuy NGUYEN 

 

11 PhD Manuscript: pH And SpO2 Miniaturized Sensors for Fetal Health Monitoring 

analog front end (AFE) circuit and transferred it to a flexible PCB, fabricating a second 

prototype. Finally, we developed a prototype of miniature SpO2 sensor on a flexible substrate, 

which could register raw PPG signal and could be used as a supplementary measurement 

tool to validate our pH measurement. At this stage, the sensors are separated but an 

integrated package is considered for the next step using both a flexible electronic circuit for 

SpO2 and a flexible substrate fabrication for the pH sensor. This integration work is expected 

to provide a device embedding all above-mentioned sensors into a flexible solution for later 

in vivo testing but compatible with medical constraints (material biocompatibility, 

sterilization, easy manipulation of the final device by the medical staff…). 

 

Main contributions and results: 

- A microfabrication process developed and optimized on flexible polyimide 

- A new working electrode material tested (TiN flat and porous) 

- Several mask levels designed and implemented 

- A full in vitro characterization protocol developed and used for all the probes (OCV, 

CV, PEIS, influence of the Temperature) 

- A SpO2 sensor developed allowing continuous PPG data recording 

- Some in-vivo preliminary test done on mice showing the POC 

- pH sensitivity and accuracy achieved close to the expected target for the fetal 

application (precision down to 0.02 unit) taking in consideration the miniaturization 

and material constraints 
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Glossary of terms 

Term Definition 

Performance 

Including sensitivity, stability, 

reproducibility, response time, hysteresis, 

precision 

Accuracy  Sensitivity and precision 

Sensitivity Slope of the curve OCV vs pH 

Precision Hysteresis devided by sensitivity 

Response time 
Time for the electrode to reach 90% of 

stable potential 

Reproducibility 
Possibility to have similar OCV level in 

repreated measurement 

Stability OCV level over time at one pH 

E0 
Standard potential, tendency for a given 
chemical species to be reduced 

Pulse 
A rhythmical throbbing of the arteries as 
blood is propelled through them 
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Chapter 1 

 

 

1. INTRODUCTION 
_____________________________________________________________________________________ 

Abstract of Chapter 1 

This thesis has been organized in collaboration with three partners: ESYCOM (UMR 

9007 CNRS) lab, where the main part of the work was conducted; ENS Paris Saclay, which 

provided supervision for SpO2 part; and the Intercommunal Hospital of Creteil (CHIC) with 

Institut Mondor de Recherche Biomédicale (IMRB) - UMR 955, which contributed to the 

medical and in vivo aspects. This work was partially supported by Comue University Paris 

Est. The medical application was proposed by Prof. Edouard Lecarpentier from INSERM and 

will be described in detail in this introduction chapter. 

Monitoring fetal well-being during labor is a common practice of daily obstetrical 

activities. Ensuring the good oxygenation of the fetus is important to prevent the risk of 

asphyxiation and its most serious consequences: peripartum death and distant sequelae, in 

particular neurological disorders including psychomotor disability or cerebral palsy [1]. In 

this chapter, we define the significance of pH and SpO2 measurement to human health in 

general and fetal health monitoring in particular. Biological aspect of pH imbalance and the 

relevance to SpO2 is explained, along with the need of real time measurement in order to get 

over the limitation of the current blood analyzing technique.  

The main goal of the thesis is to design a prototype, which is a first attempt to get 

continuous fetal health monitoring during labor. The system described in this study is 

capable of simultaneously measuring pH, SpO2 and provides a clear photoplethysmogram 

(PPG) in real time. The in vitro and in vivo validation will be discussed in chapters 2 and 3. 
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Content of chapter 1 
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1.1 Detection of pH and practical issue of fetal health monitoring  

1.1.1. Definition of pH and effect of temperature on pH measurement  

The pH of a solution represents the power of Hydrogen ion (H+), expressing the acidity or 

alkalinity of a solution and defined by (1-1):  

pH = - log [H+]                  (1-1) 

where [H+] is the proton concentration in the solution in moles per liter (mol/l). A solution, 

which has a neutral pH, is said to be pH 7, a lower pH indicates a more acidic solution and a 

higher pH indicates a more alkaline solution (Figure 1-1). Some well-known pH solutions are 

illustrated on Figure 1-2.   

 

Figure 1-1 pH of a solution. 

 

Figure 1-2 The pH Scale of Common Chemicals. 

https://sciencenotes.org/the-ph-scale-of-common-chemicals/ 

It is notable that pH measurement is temperature-dependent, due to two factors: the increase 

of ion concentrations and the change of potential of working electrode when the temperature 

changes. Indeed, the water autoproteolysis is expressed as (1-2): 

H2O   «   H+ + OH-                       (1-2) 

Since free hydrogen ions cannot exist in aqueous solution, [H+] denotes the activity of 

hydronium ions H3O+ and higher associates [H3O.nH2O]+, n = 1, 2, 3, 4, 5, 6. The more the 

temperature increases the more water dissociates into ions, leading to a higher concentration 
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of hydrogen ions (or H3O+).  A higher concentration of H3O+ results in lower pH, but it does 

not mean the sample has changed.  

The second factor is the dependance of electrode potential (E) to temperature (T). Consider 

this chemical equation (1-3) happens at the electrode: 

xA + ne-  «  yB                                                          (1-3) 

In which, A is oxidized form of the considered species and B is corresponding reduced form. 

According to Nernst Equation (1-4): 

E = E!	 −	
#$

%&
lnK'(	                                                (1-4) 

Or also equivalent to: 

E = 	E!	 −
#$

%&
lg(10)

[*]!

[,]"
                                                                  (1-5) 

In which, E is the electrode potential in Volt (V); E0 is the standard potential (V); R is ideal 

gas constant, equal to 8.314 462 1 Jmol−1 K−1; n is the number of electrons transferred in the 

half-reaction; F is Faraday's constant, equal to 96.485 Cmol−1; K'( is the equilibrium constant 

of reaction; [A] and [B] are molar concentration of oxidant and reducing agents respectively.  

A potentiometric pH sensor indicates pH level based on the change in the potential difference 

between the reference electrode and the working electrode, therefore the measurement is also 

affected. 

At room temperature (25 °C = 298.15  K ), the potential of electrode can be calculated as: 

E = 	E!	 − 0.05916
[*]!

[,]"
                                                  (1-6) 

which demonstrate that a working electrode which oxidation-reduction chemical reaction 

involved ideally one transfer electron (n = 1) has 59.16 mV sensitivity at room temperature 

(25°C). This is also called Nernstian sensitivity. In particular,  glass pH electrodes, based on 

their potentiometric membrane which selectively sensitive to hydrogen ion, show ideal 

Nernstian response of 59 mV independent of redox interferences [2]. 

1.1.2. Significance of pH in biological systems and impact of pH imbalances on 

health 

In human body, each part operates optimally at a specific pH level. There are a lot of 

biological process being pH dependent, since the activity of most chemical reactions mediated 

by enzyme proteins depends on the pH of the body fluid [3]. Human blood has a pH level at 

7.4 within a very small variation between 7.386 - 7.462 [4]. Meanwhile, pH level in different 

position of healthy organs or tissues could be found ranging from 6 to 8, for example: pH 
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6.0 - 7.0 in saliva, pH 6.2 - 8.0 in urinary tract or 7.3 - 7.7 in healthy tear [5]. In diagnosis of 

abnormal condition and disease, an acidic pH level was discovered in extracellular tumor 

(6.5 - 7.2), inflamed tissue (4.5) or cardiac ischemia (5.7) [5].  Figure 1.2 and Figure 1-3 recited 

pH level of different locations in human body and pH value of human body fluids. 

 
Figure 1-3 pH of different locations in human body.[5] 

 
Figure 1-4 pH value of human body fluids.[4] 

Level of pH in the body is a fundamental indicator to evaluate abnormal status of organs and 

alert various illnesses (acidosis status, tumor diagnostic, drug delivery, wound and fetal 
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health monitoring). pH also affects skin barrier function, lipid synthesis and aggregation, 

epidermal differentiation and desquamation [6]. A slight imbalance in pH level can create a 

disorder functioning at the cell level and to the overall health, or lead to a serious 

consequence such as: 

• Respiratory disorders such as acidosis or alkalosis 

• Metabolic disorders such as diabetic ketoacidosis or lactic acidosis 

• Kidney failure 

• Liver diseases 

• Cardiovascular problems 

• Seizures and muscle weakness 

• Impairment of enzymes and other proteins 

• Poor immune function and increased risk of infections 

• Disturbance of the nervous system and brain function 

• Coma or death in severe cases. 

Acidosis is a condition in which there is too much acid in the body fluids, which is the opposite 

of alkalosis. There are two types of acidosis:   respiratory acidosis and metabolism acidosis. 

 

Figure 1-5 Percentage of blood components. 

Respiratory acidosis happens when the ventilation is disrupted, which means the lung could 

not functionally remove CO2 out of the body. This failure leads to overly accumulating CO2 

inside the body. According to Henderson-Hasselbach reaction, CO2 comes from the 

breakdown of glucose contained in food that occurred in mitochondrial (a compartment of the 

cell). This reaction releases chemical energy and produces CO2 and H2O as waste (7).  

 

(Glucose)      (Oxygen)      (Carbon dioxide)   (Water)                                (1-7) 

The released energy is stored in an energy-rich compound Adenosine triphosphate (ATP) to 

drive other cellular processes. It was acknowledged that there is 91% of water in blood plasma 
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and plasma is accounting for 55% of the whole blood. CO2 molecules easily interact with water 

to form acid carbonate (H2CO3) which is dissociated in the form of bicarbonate (HCO3-) and 

hydrogen ion (H+). Majority of CO2 amount is transported to lung in the form of bicarbonate, 

the other is in combination with hemoglobin (Hb) and in the form of bicarbonate in blood 

plasma. When this bicarbonate-rich blood reaches the lungs, the bicarbonate is converted to 

carbon dioxide according to the reverse reaction described above. The carbon dioxide will then 

diffuse from the blood into the lungs and be exhaled. Therefore, when the respiratory acidosis 

happens, the amount of CO2 kept inside the body increases which led to the right shift of 

reaction (according to Le Chatelier's principle), thus increasing the amount of bicarbonate 

(HCO3-) and hydrogen ion (H+). Consequently, the pH of the blood decreases.  

Metabolic acidosis happens when the body produced too much acid or when the kidneys fail 

to remove enough acid out of the body. It could be in the form of diabetic acidosis developed 

when substances called ketone bodies (which are acidic) buildup. It could also concern lactic 

acidosis when lactate level elevates and pH of the individual's blood serum decreases to equal 

to or less than 7.38, hyperchloremic acidosis (which caused by the loss of sodium bicarbonate 

due to severe diarrhea). 

1.1.3. Explanation of fetal acidosis and the relevance to the dropping of pH in skin 

tissue 

In case of fetal acidosis, respiratory acidosis is not caused by the dysfunctionality of the lung, 

but of the placenta, which ensures oxygen and CO2 exchange between the fetus and the 

mother. This can occur very fast in a few minutes and can be rapidly restored as soon as the 

fetus is delivered and can breathe the air. With only a few exceptions, the respiratory acidosis 

does not cause a long-term consequence including neurological sequelae for the infant. On 

the other hand, metabolic acidosis might induce irreversible organ damage. It appears slower 

after a long period of fetal tissue hypoxia. Production of lactic acid leads to a decrease in pH 

and the formed lactic acid levels may remain high several hours after hypoxia correction. 

Ensuring the good oxygenation of the fetus is of high importance to prevent the risk of 

intrapartum hypoxic-ischemic encephalopathy (HIE) and neonatal encephalopathy [7]. 

1.1.4. The need of high accuracy pH measurement for fetal health mornitoring and 

pH detection in real time 

Measuring pH levels of fetuses requires a critical precision of 0.01 in pH in the range of pH 

from 6 to 8. The first line examination to monitor fetal status is heart rate via a 

cardiotocograph. However, it was reported that even the fetal heart rate was shown normal, 

one half of these fetus was in hypoxia state. Therefore, scalp blood sampling to determine pH 
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and lactate were referred as the second line examination to reduce false positives rate for 

predicting fetal intrapartum asphyxia. However, the technique to collect capillary samples 

from fetal scalp has many limitations in term of discontinuity and high rate of failures. 

Figure 1-6 describes the blood sampling by capillary tube, in which a small cut on the fetal 

scalp is occurred to collect blood droplets for analysis. In addition, the skills from operators 

can cause patient discomfort or reluctance to repeat the test, which limits the ability to 

observe a trend in fetal pH measurement throughout labor. Indeed, the variation in pH 

capillary per minute from 0.02 to 0.05 is potentially critical from a decision point of obstetric 

view (continued labor vs. birth within 30 minutes vs. immediate birth, table 1-1) [8]. Thus, 

taking a discontinuous sample every 30 minutes appears obviously non efficient in some 

obstetrical situations. 

 

Figure 1-6 Blood sampling to analyze pH of fetus during labor. [1] 

 

 

Table 1-1 Interpretation bases on pH level during labor. [8] 

 

Analyzing the blood pH from fetal scalp was first proposed by Saling in 1963 [9]. The first 

experience with continuous pH measurement on 22 cases fetus was reported in 1978, showed 

eight failures, seven were acceptable quality and seven of poor quality, which indicates that 

the pH electrode was not suitable for routine use. Probable reasons for these failures were 

related to the drawback of the size of the electrodes in relation with the excessive depth of 

penetration. It was also concluded that perpendicular position of the electrode in the fetal 

scalp is an important condition for obtaining reliable pH values  [10].  
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It was testified that the correlation between tissular pH and capillary blood at birth is good. 

In 1978, clinical evaluation of tissue pH monitoring was obtained on 61 cases during labor, 

determining a correlation coefficient between tissular pH and capillary blood pH being 0.94 

and the correlation coefficient between the last intrapartum tissue pH and the umbilical 

arterial blood pH being 0.84. This study opened a research strategy toward continuous 

measurement of tissular pH on the scalp of fetus during labor as an alternative method to 

blood sampling. However, the research on this topic stopped after the 80s as it was 

challenging for miniaturization due to limitation of technology in that period.  

Not only in fetal health monitoring, but accuracy of pH detection is also critical in general 

medical application. It was found that intracellular pH falls by 0.5–1 unit during cerebral 

ischemia [11]. The extracellular space begins to go acid within 20 s of beginning anoxia or 

global ischemia. Intracellular pH follows a similar time course, beginning to fall within 1 min 

and reaching a minimal value after 2 min [12]. An important determinant is that the pH fall 

usually correlates with increased lactate concentration as blood glucose is increased.  

Therefore, spatially and temporarily addressed pH measurements in vivo are of considerable 

clinical interest, which lead to the need of real-time pH sensing in medical application. 

Miniaturized pH sensors have also become a necessary equipment to be developed and 

processed in clinical studies. Nowadays, the development of micro-fabrication technology and 

the notable growing in the industry of materials allows to potentially originate the 

miniaturized sensors for in vivo experiments. Thanks to our collaboration with the CHIC, 

our work focuses on fetal health mornitoring application, to prevent the risk of acidocis for 

the fetus during laboring process, but it can be extended to more medical applications.         

1.1.5. Overview of pH sensors for fetal health monitoring 

Potentiometric based pH sensors are the most favored electrochemical systems due to their 

simple design and possibility to be miniaturized [13]. A potentiometric based sensor includes 

one working electrode (WE) and one reference electrode (RE). In principle, when the sensor 

is immersed in the test solutions, a potential difference between the WE and the RE (open 

circuit voltage) is produced and proportional to the pH variation. The most common material 

of RE is Ag/AgCl, due to its stable potential. Some pH-sensitive materials have been reported 

for the WE including metal oxides such as Iridium (IV) oxide (IrO2), Ruthenium (IV) oxide 

(RuO2), Tungsten trioxide (WO3) and Titanium dioxide (TiO2) etc., conductive polymers such 

as poly-aniline, poly-pyrrole, etc., and typically, the glass pH electrode with an ideal 

Nernstian sensitivity. However, these devices still have some drawbacks in terms of potential 

drift and selectivity (metal oxides), stability and long-term storage (polymers), fragility and 

improbability of biomedical application (glass electrode), and the difficulty of miniaturization 

and conformation for the in vivo test. Since 1976, some teams have developed continuous 
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measurement systems for tissue pH at the fetal scalp during labor, using miniaturized [14], 

optical fiber and indicator pH colorimetric [15]. The methodologies set out in these 

publications seemed promising, yet despite progress, it was eventually stagnant because of 

technical limitations mainly related to the fabrication technique of miniaturization of the 

measuring device.  

An alternative material group promising for developing a potentiomentric-based pH sensor 

is Metal Nitride. Remarkably, thin Titanium Nitride (TiN) films have been reported once to 

reach 0.01 pH precision [16] which is critical for our application but these films were not 

designed for miniature electrodes. To the best of our knowledge, Titanium nitride (TiN) is 

the only metal nitride reported for potentiometric pH sensors [17], and is considered as an 

alternative pH-sensing material. Therefore, the first part of our work (chapter 2) focuses on 

developing a TiN potentiometric pH micro-sensor in clean room with its complete 

characterization in vitro. 

1.2 Relevance of SpO2 measurement for pH measurement 

As mentioned in session 1.1, heart rate has been used as the first line examination to 

surveillance fetal status and scalp blood sampling were referred as the second line 

examination to reduce false positives rate for predicting fetal intrapartum asphyxia. When 

the fetus suffocates, both pH and SpO2 will decrease. 

Beside heart rate, oxygen saturation is also relevant to oxygen level of our body. Oxygen 

saturation in arterial blood (SaO2) is a parameter indicating the amount of hemoglobin 

carrying oxygen (HbO2) in the blood relative to the amount of hemoglobin not carrying oxygen 

(Hb). SaO2 is calculated as in (1-8): 

SaO2 =  
[-./#]

[-./#]	0[-.]	
                                                            (1-8) 

In which, [HbO1] and [Hb]	are concerntration of hemoglobin carried oxygen and not carrying 

oxygen, respectively.  

SpO2 is the oxygen saturation measurement conducted by pulse oximetry technique. It was 

reported that SpO2 measurement has an accuracy of 2%, reflects an expected error of 4% to 

5% of the examinations done simultaneously with SaO2 measurement in healthy individuals. 

This is said to be sufficient for the detection of a significant decline in respiratory function 

and thus pulse oximetry has been accepted as a reliable technique [18]. Principle of pulse 

oximetry is based on the different absorption spectra of the oxygenated and deoxygenated 

hemoglobin at two different wavelengths. Optical probe of a SpO2 sensor is made of two LEDs 

and one photodiode. By emitting the light to the skin and measuring the reflected or 

transmitted light, the percentage of oxygen in the red blood cell can be determined.  



Chapter 1: Introduction | Thuy NGUYEN 

 

36 PhD Manuscript: pH And SpO2 Miniaturized Sensors for Fetal Health Monitoring 

 

Figure 1-7 Reflectance SpO2 probe. 

Is it reported that SpO2 measured at different positions on our body provides information in 

certain medical condition. SpO2 measured by transmittance technique is widely used in daily 

health care, for example to position the sensor on finger, toes, and ears or at nasal alar if the 

patient is peripherally shut down and on Inotropes. Meanwhile, reflectance principle is 

required in some specific positions, such as force head, temple, and belly of pregnant woman 

to determined heart rate, respiratory rate, and pulse oxygenation of the fetus. In our work, 

we try to design a SpO2 probe to put on the scalp of the fetus (in contact with skin) during 

laboring process. Therefore, it requires a reflectance sensor (example on Figure 1-7). This 

part of the work will be detailed in chapter 3. 

1.3 A miniaturized device model proposal to fulfill medical 

requirements 

In this thesis, we design a prototype for the first time to continuously monitor fetal tissue pH 

during labor, combined with fetal oxygen saturation (SpO2) as control. Microelectrode was 

fabricated using Titanium nitride (TiN) as the potentiometric sensing material for pH 

variations. A reflectance optical sensor was used for SpO2 monitoring. The signal waveform 

also known as photoplethysmogram can be useful to determine pulse wave characteristics, 

such as dicrotic notch, systolic and diastolic phases, and was also made available.  

Figure 1-8 Idea of prototype device capable of measuring fetal tissue pH and fetal SpO2 continuously in real time. 
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Figure 1-8 illustrates the idea of our prototype device capable of measuring fetal tissue pH 

and fetal SpO2 continuously in real time. Both pH and SpO2 probe sizes are minimized and 

fabricated on flexible substrate (polyimide) to be inserted through birth canal of the mother 

and attached to the scalp of the fetus. It is notable that during labor stage, the fetus is 

ensured to have turn the head facing the opening of the birth canal, so that it is possible to 

attract the device. The rigid and bigger components, in particular batteries, electronic 

components for signal processing (analog front end, microcontroller, filters, SD card, etc.) are 

placed externally.  The data acquired from these sensors including pH, SpO2, heart rate and 

PPG are saved in a SD card and be displayed on an LCD touchscreen for real time monitoring 

needs. It is our target to have the 2 values at the same time continuously, and no need of 

high accuracy for spO2 but only the trends of decrease or increase in SpO2 is enough. System 

is designed to be compact, however wireless communication between the sensor probes and 

the external elements is forbiden because it is unacceptable to lose the device inside the 

mother.  

 

Figure 1-9 Prototype idea for miniaturized pH and SpO2 sensors for fetal health monitoring. 

Figure 1-9 describe the idea of the probe head, which will be inserted inside the mother. 

Considering the size of the guide tube used in blood sampling technique (Figure 1-10), we 

expect to achieve a probe with a size smaller than 3 cm x 3 cm, making it easy to manipulate 

by the doctor. It is important to note that the sensing part in contact with the fetus will be 

significantly smaller that it could adapt to 1-2 mm insertion (for the pH probe) and 5 mm2 on 

the scalp surface (for the SpO2 probe).  

  

On top of the skin 
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Figure 1-10 Image of the guide tube to insert equipment to the birth canal for blood sampling. 

This prototype is proposed to fulfill the medical requirement in term of size and usage. The 

additional constraints will be on the sensitivity, accuracy and reproducibility of both 

developed sensors (pH ans SpO2). 

1.4. Thesis objectives and manuscript structure 

This section outlines the objectives of the thesis and provides an overview of the manuscript's 

structure. It establishes the research goals and highlights the organization of the subsequent 

chapters. 

1.4.1. Thesis Objectives 

The primary objectives of this thesis are as follows: 

1. To investigate a new material (TiN) to pH sensing and its microfabrication process  

2. To develop an in vitro characterization protocol and conduct a complete 

characterization of the fabricated pH sensors 

3. To archive a high sensitivity and accuracy of pH sensor, targeting the fetal health 

monitoring application (accuracy of 0.01) 

4. To develop a SpO2 sensor which can provide a clear raw PPG recording 

5. To attempt to test the fabricated sensors in vivo  

 

1.4.2.  Manuscript Structure 

The thesis is structured as follows: 

 

Chapter 1: Introduction 

This chapter provides an overview of the research background, problem statement, and 

significance of the study. It also outlines the research objectives, research questions, and the 

structure of the thesis. 
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Chapter 2: pH sensors 

This chapter includes a bibliography study on the state of art of pH sensors and a detailed 

presentation on our work on producing a prototype of pH sensor with high accuracy. 

Methodology including materials, fabrication process and characterization protocol in vitro 

and in vivo is explained, followed by a complete characterization result on the performance 

of the sensor (sensitivity, stability, hysteresis, reproducibility, response time) and the 

properties of TiN material (geomorphology study, PEIS, CV).  An evaluation of uniformity of 

fabrication process is also provided. Preliminary in vivo demonstration of pH sensors will be 

presented and challenge faced during the tests will be discussed. Additionally, it discusses 

the limitations and potential biases of the methodology. 

 

Chapter 3: SpO2 sensors 

This chapter first provides the state of art for SpO2 sensors and then described our study to 

develop SpO2 sensors. The system to measure SpO2 will be described, including the optical 

probe design, analog front end (AFE) circuit design and data collection methods. It outlines 

our achievement to collect raw PPG and SpO2 signal.  

 

Chapter 4: Conclusion and Perspective 

The final chapter summarizes the key achievements of the two sensors (pH and SpO2), draws 

conclusions based on the research objectives, and highlights the contributions of the study to 

the field. It also provides recommendations for future research and practical applications. 

 

Annex 

Some supplementary materials, such as bibliography study, or additional data, are included 

in the annex. 

 

References  
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Chapter 2 

 

 

 

 

2. PH SENSORS 
_____________________________________________________________________________________ 

Abstract of Chapter 2 

The most critical requirement of a pH sensor for fetal health monitoring is a precision of 

0.01 in pH, with an appropriate miniaturized design. Potentiometric based pH sensors are 

the most favored electrochemical systems due to their simple design and possibility to be 

miniaturized.  Evidently, there are different material groups that are sensitive to pH change, 

for example metal oxides such as Iridium (IV) oxide (IrO2), Ruthenium (IV) oxide (RuO2), 

Tungsten trioxide (WO3) and Titanium dioxide (TiO2), conductive polymers such as poly-

aniline, poly-pyrrole, etc., and typically, the glass pH electrode with an ideal Nernstian 

sensitivity, etc. However, these devices still have some drawbacks in terms of potential drift 

and selectivity (metal oxides), stability and long-term storage (polymers), fragility and 

improbability of biomedical application (glass electrode). Hence, it is difficult for medical 

validation process. An alternative material group promising for developing a potentiometric-

based pH sensors is Metal Nitride. Some materials such as Ruthenium Nitride (RuN), Carbon 

Nitrides (α-BCxNy), and Silicon Nitride (Si3N4) have been mainly used for Ion Selective Field 

Effect Transistor (ISFET) type of pH sensors. Remarkably, thin Titanium Nitride (TiN) films 

have been reported once to reach 0.01 pH precision which is critical for the fetal scalp tissue 

pH measurements but these films were not designed for miniature electrodes. To the best of 

our knowledge, Titanium nitride (TiN) is the only metal nitride reported for potentiometric 

pH sensors, and is considered as an alternative pH-sensing material. Therefore, the first part 

of our work focuses on developing a TiN potentiometric pH micro-sensor. 
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2.1. Bibliography study/ State of art of pH sensor 

2.1.1. Overview on methods to measure pH – State of Art  

In the early 14th century, Arna ldus de Villa Nova invented litmus paper for studying acids 

and bases. In 1909, Søren Peter Lauritz Sørensen developed the pH scale from 0 to 14 and 

for the first time introduced the concept of pH and pH paper. Over the last one hundred-

years, detection technique to measure pH has been investigated from conventional glass 

electrode to optical-based pH sensor, acoustic-based pH sensor and electrical-based sensor. 

Within these approaches, electrical-based pH sensors are the most dominantly-studied type 

of pH sensor because of the diversity of materials which are electrochemically sensitive to 

pH, and the development of miniaturized technology. There exist electrical-based pH sensors 

such as ion sensitive field induced transistors (ISFET), conductiometric, amperometric, AC 

impedance spectroscopy-based, capacitive pH sensor and potentiometric sensor. Among 

them, potentiometric sensors are the most accurate type of measurement and are widely used 

due to its simple design and easy adaptation for miniaturization. The following section 

provides a brief explanation of the principles behind the above-mentioned types of pH 

sensors, allowing us to better understand why a potentiometric pH sensor was chosen in our 

study. 

Conventional glass electrode (Figure 2-1) is the earliest electrochemical method-based pH 

sensor which was first developed in 1906 by Max Cremer and first commercially successful 

by Arnold Orville Beckman in 1934 [19], [20]. Remains to this day, this is considered as a 

gold standard in pH measurement thanks to the silicate glass used in pH electrodes is 

primarily sensitive to hydrogen ions (H+). It is noteworthy to mention that glass can also 

respond to other ions present in the solution to a certain extent, such as Na+, K+, and Ca2+, 

However, due to the presence of silanol (Si-OH) groups on the surface of the glass, which can 

readily exchange with H+ ions in the solution, the sensitivity to these ions is much lower 

than the sensitivity to H+. Therefore, the sensitivity of silicate glass to other ions is relatively 

low compared to its sensitivity to H+ and the effect of these ions on pH measurement is 

typically negligible. Despite the high accuracy and  selectivity, a conventional glass pH meter 

is fragile, shows a sluggish response and especially presents unstable response for 

miniaturized system [21]. It also requires frequent calibration. For the biological application, 

its mechanical stiffness prevents from use effectively in vivo. This limitation pushed the 

research field towards alternative sensitive devices and materials. 
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Figure 2-1 Working principle of a glass pH meter. 

https://www.azosensors.com/article.aspx?ArticleID=34 

Other methods which were also early studied in the 20 centuries for pH sensing is optical 

methods. In the 1970s and 1980s, researchers began to develop new optical pH sensing 

methods, such as fluorescence and luminescence-based sensors, which offered several 

advantages over traditional glass electrodes, including higher selectivity, sensitivity, and 

flexibility. These methods which also called fluorometric-, ratiometric- pH sensors, utilized 

pH-sensitive dyes, perform both excitation and fluorescence and measure the absorbance or 

fluorescence change due to the effect of pH. In the 1990s, the development of fiber optic pH 

sensors enabled the remote sensing of pH in harsh or hard-to-reach environments. These 

sensors utilized fiber optic cables to transmit light between the sensor and the detector, 

enabling real-time, in situ pH measurements. An example of the principle of optical fiber pH 

sensor based on polymers that can sense color change is showed in Figure 2-2.  Today, there 

are a wide variety of optical pH sensing methods available, including surface plasmon 

resonance, surface-enhanced Raman spectroscopy, holographic pH sensor (to send UV laser 

to induce a specific arrangement of nanoparticles, which cause gratting effect and lead to a 

difference wavelength (color) of the out-going light, from that change, the change in 

fluoresence is measured) and CCD camera. The main problem of these type of optical-based 

sensors is that they include optical devices that might be unsuitable for miniaturized and 

movable systems.  
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Figure 2-2 Working principle of an optical fiber pH sensor  based on polymers that can sense color change. [15] 

 

Acoustic phenomena is also applied in pH detection. pH sensors designed with a cantilever 

and microcantilever was reported in [22] (Figure 2-3a). Based on pH, the aqueous solution 

produces shrinking or swelling of the hydrogel, which produces deformation in the cantilever. 

A magnetoelastic pH sensor was introduced by Cai and Grimes, 2000 (Figure 2-3b) [23]. This 

sensor sensed the vibrations induced by magnetic field on the magneto-elastic ribbons coated 

with pH responsive hydrogel. It is obvious that it is not suitable for implantable application.  

 

ISFET-based pH sensor measures the current through a conduction channel between source 

and drain originating from pH dependent threshold voltage due to sensing gate-liquid surface 

potential. Figure 2-4 illustrates an ISFET sensor integrated with a temperature sensor on 

flexible polyimide substrate used to measure pH in sweat. Disadvantages of this type of 

sensor is that it requires high power for FET operations and the fabrication process is 

sophisticated. It is also sensitive to electrostatic damage of the gate oxide and it is difficult 

to integrate into a miniaturized system due to floating gate configuration. 

Figure 2-3 a) Shcematic of microcantilever.[22] ; b) Schematic of magnetoelastic sensor.[23] 

a) b) 
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Figure 2-4 The wearable sensor based on the ISFET technique.[24] 

Figure 2-5 illustrates a conductimetric pH sensor which has interdigitated electrode (IDE) 

arrays coated with poly-aniline (PANI) as the pH sensitive material. PANI is a conducting 

polymer and has shown its suitability as a pH sensing material in many applications.  



Chapter 2: pH sensors| Thuy NGUYEN 

 

46 PhD Manuscript: pH And SpO2 Miniaturized Sensors for Fetal Health Monitoring 

 

Figure 2-5 Example of a conductimetric pH sensor.[25] 

 

The majority of pH sensing systems use either amperometric or potentiometric devices [26], 

[27]. Precise pH measurements rely on the potentiometric method rather than on optical 

methods [28]. It is also the most popular among the pH sensors due to its simple device 

structure and facility to be miniaturized.   

A potentiometric pH sensor is a type of electrochemical sensor that measures the pH of a 

solution by detecting the potential difference between two electrodes (a reference electrode 

and a pH-sensitive electrode) in contact with the solution (example in Figure 2-6). 

Principally, conventional glass electrode and ISFET can also be classified as potentiometric 

pH sensor since they operate on the principle of measuring the voltage generated by a pH 

sensitive electrode when it is in contact with a solution of known pH.  

 

Figure 2-6 Example of a potentiometric pH sensor containing a reference electrode from silver on platinum and a 

working electrode from conductive polymer on platinum in an interdigited design. 

The reference electrode has a stable and known potential that does not vary with changes in 

the pH of the solution. It is typically made of a silver/silver chloride (Ag/AgCl) electrode. The 

pH-sensitive electrode, on the other hand, is designed to respond to changes in the pH of the 

solution. It can be made of different materials, such as glass or a combination of metals. When 

the two electrodes are placed in contact with the solution being measured, a potential 

difference is established between the two electrodes due to the difference in the 

electrochemical reactions at the electrode/solution interface. This potential difference is 

directly related to the pH of the solution according to the Nernst equation. The Nernst 

equation relates the electrode potential to the concentration of hydrogen ions in the solution 

and the temperature of the solution (as this was explained in chapter 1). 
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By measuring the potential difference between the two electrodes, the pH of the solution can 

be calculated. In a potentiometric pH sensor, the open circuit potential (OCP) or open circuit 

voltage (OCV) is the voltage difference between the pH-sensitive electrode and a reference 

electrode when no current is flowing between them. The OCP is directly related to the pH of 

the solution being measured. 

Materials which are sensitive to pH change used in electrical-based pH sensors comprise a 

broad and extensively researched field. This area of study encompasses a wide range of 

materials, including but not limited to metals, metal oxides, metal nitrides, and conductive 

polymers, which will be subject to further, detailed review on advantages and disadvantages 

of these materials in Section 2.1.2.   

Overall, the choice of pH sensor depends on the specific needs of the application, including 

factors such as cost, accuracy, precision, response time, and ease of use. Potentiometric pH 

sensors are well-suited for applications which require miniaturized system where a high 

degree of accuracy is required. Therefore, we decided to develop a prototype of potentiometric 

pH sensor for our application. 

To summarize, a review on advantages and drawbacks of different types of pH sensors is 

presented in Figure 2-7 [28]. 

 

Figure 2-7 Advantages and drawbacks of different types of pH sensors.[28] 
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2.1.2. Review on materials for pH sensors as potentiometric sensors 

The performance of potentiometric pH (including sensitivity, accuracy, stability, hysteresis, 

reproducibility, which are explained in Glossary of terms) sensors largely depend on the 

materials used to construct the pH-sensitive electrodes. These materials must have specific 

characteristics, such as high sensitivity, stability and selectivity towards hydrogen ions, in 

order to accurately measure the pH of a solution. Additionally, the materials used to 

construct the reference electrode must also be carefully chosen to ensure accurate and 

reliable pH measurements.  

Some groups of material have been reported to be sensitive to pH such as metal oxides 

(iridium oxide IrO2 : 51-70.5mV/pH, ruthenium oxide RuO2: 56.6mV/pH, tungsten trioxide 

WO3 41mV/pH, titanium dioxide TiO2 55mV/pH, zinc oxide ZnO 59mV/pH, lead dioxide PbO2 

88-112 mV/pH, etc.[28], [29], [30]), conducting polymer (poly aniline 50-70 mV/pH, poly 

pyrrole: 48 mV/pH, polyaniline/zeolite blend: 310 ± 40 mV/pH, polypyrrole/zeolite blend: 1300 

± 100 mV/pH, etc. [27], [30]) and typically, the glass pH electrode with ideal Nernstian 

sensitivity. However, these types of devices still have some drawbacks in term of stability, 

potential drift and selectivity [7] and the difficulty of miniaturization and conformation for 

the in vivo test. A list of metal oxides and conductive polymers which have been reported for 

pH sensors is presented in annex along with their reference.  

Beside glass electrode that have been discussed in previous section, metal oxides and 

polymers are both majority and widely used materials for pH sensors, but the choice of 

sensing material depends on the specific need of the application. For example, metal oxide 

sensors may be preferred in harsh or high temperature environments, while polymer sensors 

may be better suited for biomedical applications where biocompatibility and flexibility are 

important factors. Most oxides are sensitive to pH in a large range of pH 2 to pH 11, and 

show a noticeable hysteresis, i.e., the electrode potential suffers a shift if the solution changes 

from pH 2 to pH 12, and back to pH 2 again. RuO2 and OsO2 (Osmium dioxide) show good 

accuracy (± 2 mV) [28]. It is important to note that various fabrication methods can result in 

differing performance factors, such as sensitivity, hysteresis, and drift effects (table 2-1 and 

table 2-2). Also, metal oxide detects pH change based on its capacity of redox reactions, for 

example:  

IrIVO2      +     e−     +     H+         è       IrIIIO(OH)                               [13] 

Therefore, the performance of such systems in pH measuring is limited because they are 

undesirably sensitive to several redox agents and exhibit a systematic deviation from the 

expected behavior.  
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Figure 2-8 Comparison of potentiometric pH sensitivity of different metal oxide materials. [31] 

 

Table 2-1 Drift effect for a few metal oxide based pH sensors. [31] 

 

 

Table 2-2  Hysteresis effect of metal oxide based pH sensors. [31] 
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The phenomenon known as hysteresis effect occurs when a pH electrode, previously used in 

the same pH buffer solution multiple times, produces a shift in output voltages. The 

hysteresis known to be smaller in acidic solutions compared to alkaline solutions due to the 

faster diffusion of H+ ions compared to OH- ions. Notably, in MOx-based sensors, it has been 

observed that the hysteresis width is dependent on the measurement loop time, with an 

increase in hysteresis width as the loop time increases. Consequently, the hysteresis width 

of MOx pH sensors is reported to be strongly influenced by factors such as the pH 

measurement loop and time, as well as the surface area and crystalline properties of the 

materials used.  [31] 

In general, polymers are more sensitive to pH changes than metal oxide [27]. In a polymer-

based pH sensor, the functional group is introduced and selectively swells and shrinks 

according to pH. This leads to a change in mass and elasticity. Other phenomenon 

encountered is a controlled surface reaction, in which reaction of H+ onto amino groups 

created local charge density excess at the electrode surface.  

The main advantage of using polymers for sensor applications is their relative low cost and 

ease of fabrication, meanwhile the drawbacks are the long-term stability and storage [25]. 

Overall, Figure 2-9 illustrate an overlook of advantage and limitation of the main material 

groups for pH sensor. 
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Figure 2-9 Advantages and disadvantages of the major material groups used for electrochemical pH sensor[31] 

Metal nitrides – an alternative approach to potentiometric pH sensors 

In our work, we would like to investigate the capability of an alternative material, titanium 

nitride, for the potentiometric pH sensors. Titanium nitride belongs to metal nitride group, 

which to the best of our knowledge, has been employed mostly for the development of Ion 

sensitive field induced (ISFET) based pH sensors. Previous studies conducted on metal 

nitrides, i.e., RuN, Br-C-N, SiN, TiN, ZiN, and HfN, as re-cited in Table 2-3 below [32]. In 

addition, Aluminum nitride (AlN) and Gallium nitride (GaN), 54mV/pH - 57. mV/pH [33], 

[34] have been described as a H+ ion-sensitive field-effect transistor (ISFET).  
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Table 2-3 Metal nitride based pH sensors. [32] 

 

TiN is the only metal nitride reported for potentiometric pH sensors [35]. Thin TiN films are 

reported once to have 0.01 precision and sensitivity of 59.1 mV/pH, which is critical in our 

case for the fetal scalp tissue pH measurement [16]. The same group recently reported a 

nafion modified titanium nitrides for pH sensor to minimize the redox shift of the potential 

E0 value from 30 mV to 2 mV [32]. 

2.1.3. Overview on the flexible substrate for pH sensor 

A recent review in 2020 by L. Manjakkal et al about properties of the substrates and 

platforms used for wearable/flexible electrochemical sensor provides us an overlook to 

consider different possibilities for the final design and packaging. Polyimide and parylene C 

are considered equivalently as a biocompatible substrate for medical application [36], [37]. 

In our work, we chose polyimide to be the flexible substrate due to convenience in fabrication. 

Polyimides have shown their judiciously certified biocompatible characteristics, which can 

accommodate in vivo conditions and function for a long time [36], [37]. Flexible polyimide 

was investigated to have rather better accommodation to tissue reaction, reduced 

inflammation and destruction caused by motion compared to the rigid-type substrate.  pH 

sensors employing polyimide as flexible substrate have been reported with various pH-

sensitive materials. Yang et al introduced their potentiometric pH sensor using zinc oxide 

(ZnO) and aluminum-doped zinc oxide (AZO) on polyimide substrate, showing a sensitivity 

of 34.82 mV/pH and 42.99 mV/pH, respectively [38].  
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Table 2-4 Substrates and platforms used for wearable/flexible pH sensor [39]. 

 

2.1.4. An overview on in vivo research of pH sensor 

Although there is a lot of pH sensors reported, to the best of our knowledge, only few works 

reported on real applications involving the in vivo determination of pH [40]. 

In 2014, Chung et al reported their demonstration on a real-time measurement of a 

stretchable, multiplexed pH sensor in IrO2 on the surfaces of explanted rabbit hearts and a 

donated human heart during ischemia–reperfusion (Figure 2-10). In this paper, a balloon 

catheter that incorporates three pH sensors and a stretchable sheet that incorporates a 

matrix array of thirty pH sensors were introduced. An average sensitivity of 

69.9 ± 2.2 mV/pH over 30 sensors was reported with 24 out of 30 sensitivity value were 

between 69 and 74 mV/pH. Influence of temperature and influence of extra-cellular ions were 

also reported to be -1.63 ± 0.02 mV/pH and (< 3.5 mV), respectively. 



Chapter 2: pH sensors| Thuy NGUYEN 

 

54 PhD Manuscript: pH And SpO2 Miniaturized Sensors for Fetal Health Monitoring 

 

Figure 2-10 Human right ventricular wedge preparation with endocardial surface in contact with pH array (left). 

Opened colored circles (navy, pink, purple) highlight the location of pH sensors. [41] 

 

          

Figure 2-11 Demonstration of IrOx-coated microneedle array on an explanted heart undergoing cycles of global 

ischemia/reper- fusion. [42] 
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Zuliani et al presented a complete biological protocol regarding the demonstration of their 

IrOx-coated microneedle array on an explanted heart undergoing cycles of global 

ischemia/reper-fusion allowing mapping the pH distribution across multiple sites of the heart 

and showing the regional dynamics of the ischemic response (Figure 2-11). The radius and 

height of the needles are 0.8 mm and 1.6 mm, respectively, and the tip diameter at the apex 

is 50–80 µm [42]. 

Mani et al in 2017, presented their microneedle pH sensor incorporated with a reference 

electrode from Ag/AgCl thick film and a working electrode from ZnO thin film on 

tungsten (W) microneedle. This system exhibited the Nernstian response of -46 mV/pH and 

demonstrated in vivo in mice cerebrospinal fluid (CSF) and bladder (Figure 2-12), which was 

found totally reversible and results were reproducible after several routine testing [43]. 

 

Figure 2-12 Schematic of complete fabrication and testing of microneedle pH sensor. [43] 

Zhou et al. created a highly sensitive pH sensor utilizing molybdenum disulfide (MoS2) 

nanosheets and polyaniline (PANI)-functionalized acupuncture needles, enabling real-time 

tracking of pH fluctuations in the rat brain (Figure 2-13). The PAN/MoS2/AN composite 

exhibited a high Nernstian response of −51.2 mV/pH over a wide pH range from 3.0 to 9.0 

[44]. 

 



Chapter 2: pH sensors| Thuy NGUYEN 

 

56 PhD Manuscript: pH And SpO2 Miniaturized Sensors for Fetal Health Monitoring 

 
Figure 2-13 pH sensor utilizing molybdenum disulfide (MoS2) nanosheets and polyaniline (PANI)-functionalized 

acupuncture needles, enabling real-time tracking of pH fluctuations in the rat brain. [44] 

Within the concept of microneedle, the most recent publish of García-Guzmán et al., 2021, 

presented a potentiometric microneedle sensor, for the first time, measure pH in 

transdermal. The ability to resist skin insertions was evaluated and calibrated in several ex 

vivo setups using three different animal skins (i.e., chicken, pork, and rat). Subcutaneous 

measurement of pH was also performed using a micro-pH meter (Figure 2-14) [40].  

 

Figure 2-14 Pictures of on-body measurements in a euthanized rat specimen: (a) shaved rat prepared for the 

insertion of the MN patch. (b) pH MN patch coupled with the potentiometric electronic board and providing 

transdermal measurements in the rat back. (c) Subcutaneous measurement of pH using a micro-pH meter. (d) Home-

made tool for ISF collection based on a hollow MN hub connected to a peristaltic pump. [40] 

2.1.5. Overall summary 

A bibliography study on the state of the art of pH sensors was presented, providing an 

overview on different aspects including pH sensing principle, pH sensitive materials, flexible 

substrate possibility. This is the base to consider and decide the design of our targeted pH 

sensor.  

Indeed, to summarise, measuring pH levels of fetuses ideally requires a critical precision of 

0.01 in pH (≥7.25: normal, continued labor vs. 7.21-7.24: borderline, birth within 30 minutes 

vs. ≤ 7.20: abnormal, immediate birth) in the range of pH from 6 to 8, as the human pH range. 
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Some pH-sensitive materials have been reported including metal oxides such as Iridium 

oxide (IrO2), Ruthenium oxide (RuO2), Tungsten trioxide (WO3) and Titanium dioxide (TiO2) 

etc., conductive polymers such as poly-aniline, poly-pyrrole, etc., and typically, the glass pH 

electrode with an ideal Nernstian sensitivity. However, these types of devices still have some 

drawbacks in terms of stability, potential drift and selectivity and the difficulty of 

miniaturization and conformation for the in vivo test. Since 1976, some teams have developed 

continuous measurement systems for tissue pH at the fetal scalp during labor, using 

miniaturized glass electrode, optical fiber and indicator pH colorimetric as presented in 

Chapter 1. The methodologies set out in these publications seemed promising, yet despite 

progress, it was eventually stagnant because of technical limitations mainly related to the 

fabrication technique linked to the difficult miniaturization of the measuring device.  

To the best of our knowledge, Titanitum Nitride (TiN) is the only metal nitride reported for 

potentiometric pH sensors. Thin TiN films were reported to have 0.01 precision in very 

specific conditions. Since potentiometric based pH sensors are the most favored 

electrochemical systems due to their simple design and possibility to be miniaturized, our 

work focuses on developing a miniaturized potentiometric pH sensor using TiN as sensing 

material. This work is targeting a real time detection of pH in fetal tissue positioned on the 

scalp.  

We also presented, to the best of our knowledge, all the in vivo experiments that have been 

reported. Despite abundant research in the field, only a few papers were found with the in 

vivo and ex vivo demonstration protocols. This information helps us to identify our work in 

the real up-to-date situations.  
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2.2. Methodology 

2.2.1. Materials and fabrication methods 

The WE of our pH sensor is constructed from multiple layers of different materials to 

optimize sensitivity, conductivity and consistancy of the sensor. At the same time, the design 

must ensure the biological compatibility and ease for sterilization. TiN is employed as the 

pH-sensing layer which will be in contact with the tested fluids, and TiN was reported to be 

biocompatible for human health. Gold which is well known as the most malleable of all 

metals,  was selected as the metalic based layer to contruct the tracklines and the contact 

pads due to its high conductivity and also to avoid cracking the structure under bending 

stress. In the final prototype, we used polyimide as flexible substrate due to its biocompability 

and ease for sterilization. Platinum and Gold were used to test the possibility to be the 

integrated reference electrodes. The other layers of material such as TiW or Ti are seed layers 

to enhance then adhesion of the metalic layer such as Au or Pt, respectively.  

Following the improvement of the pH micro-sensor prototype during the PhD period, there 

are four models of pH sensors that were designed and developed from 2020 to 2023. The 

subsequent section will provide a brief description of each model, encompassing their 

characteristics and advantages, as well as a rationale for the development of each model. A 

complete study on the characterization and demonstration results on these models will be 

later presented in chapter 2, section 2.3. 

Model 1 – Glass strip/ Flat TiN 

This model was initially fabricated to evaluate the sensitivity to pH of TiN, because the 

process on glass substrate is less complicated compared to flexible substrate. The design 

contains only the working electrode and without integrated reference electrode (Figure 2-15). 

The working electrode has sensitive area of a circle shape with various diameter: 100 µm, 

200 µm, 400 µm and 600 µm to preliminarily evaluate the performance by size. This model 

was fabricated based on available masks in clean room and  was tested later with an external 

commercial Ag/AgCl reference electrode from World Precision Instruments.  
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Figure 2-15 pH sensor Model 1 – Glass substrate/ Flat TiN. 

Model 2 – Glass strip/ Porous TiN 

The porosity of TiN was created by applying a specific treatment (see chapter 2, section 2.3.2) 

to the surface of the working electrode with the same design as model 1. The purpose of 

having porous TiN is to reduce hysteresis and increase the precision of the pH measurement. 

Result demonstrated that the sensitivity is maintained the same as the flat TiN, however the 

precision is improved from 0.14 to 0.02 in pH (see chapter 2, section 2.3.2.2). The porous TiN 

could be recognized by the darker color of the surface area as in Figure 2-16, and was 

confirmed by the impedance spectroscopy measurement (see section 2.3.2.2). 

 

Figure 2-16 pH sensor Model 2- Glass substrate/ Porous TiN. Picture taken under microscope. Flat TiN (model 1) 

on the left and  porous TiN (model 2) on the right. 

Model 3: Flexible polyimide substrate/ Flat TiN 

• Model 3-a: After validating our fabricated TiN can be sensitive to the pH change 

at a high precision (0.02 in pH), a prototype of flexible pH microsensor was 

designed and fabricated, which contains a working electrode and an integrated 

pseudo reference electrode from Platinum (Figure 2-17). Specific mask levels 

were designed before fabrication. Result on the characterization of this model 3 

will be presented in chapter 2, section 2.3.3, and be later compared with the next 

model of porous TiN on flexible substrate (model 4-a).  
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• Model 3-b: On this model, the geometric structure was improved (see Figure 2-18) 

and made the fabrication process more complete. This model 3-b employed flat 

TiN and new masks were designed for this optimization (Figure 2-19). During 

optimization process, we changed the thickness of TiN layer from 200nm to 

300nm to evaluate the sensitivity to this parameter. We also attempted to 

integrate a reference electrode (RE) from various materials such as Platinum, 

Gold and Ag/AgCL. A supplementary study about the sensitivity of the pH sensor 

while using the integrated RE will be presented in chapter 2, section 2.3.3.  

 

 

 

 

Figure 2-17  Sensor Model 3a Flexible polyimide substrate/ Flat TiN. Reference electrode is Platinum. 

 

WE 

RE 
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Figure 2-18 Improvement in geometric structure of model 3-b. 

 

Figure 2-19 Mask design of model 3-b. 

Model 4: Flexible polyimide substrate/ Porous TiN 

The final prototype is introduced with an improvement from model 3, from flat TiN to porous 

TiN working electrode, using the same geometries and mask levels. In this model 4, we 
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introduced 2 sub-models to optimize the performance and suitability of design for practical 

application, which was re-evaluated after a few trials of demonstration on mice at Animal 

Facility of the Mondor Institute for Biomedical Research (IMRB, U955 Inserm –Université 

Paris Est Créteil, UPEC).  

• Model 4-a: This is basically the same design as model 3-a but with a porous TiN 

surface. We fabricated a similar TiN layer of 200nm thick and then applied the 

treatment to create the porosity. This model 4-a is tested and compared to model 3-

a, which shows an advantage in precision from 0.1 to 0.05 while mantaining the same 

sensitivity. This is in agreement with the above-mentioned models on glass substrate.  

• Model 4-b: This is basically the same design as model 3-b but with a porous TiN 

surface. We fabricated a similar TiN layer and then applied the treatment to create 

the porosity. This model 4-b employed porous TiN in an optimized geometric design 

(Figure 2-20). Results on this model will be presented in chapter 2, section 2.3.4.  

 

Figure 2-20 Photo under microscope of etched TiN flexible – new mask. Reference electrode is Gold. 

The detailed structure of each model and its characterization results and comparisons will 

be presented in chapter 2, section 2.3. This is however demonstrated that our final model 4-

b is the optimized prototype for a pH microsensor.  

The materials used in these models and their fabrication methods are listed in table 2-5. 

Principle of each fabrication methods are explained in annex. The fabrication methods step 

by step of each model are detailed in chapter 2, section 2.3. 

  

200 µm 
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Table 2-5 Materials and equipment used in pH sensor fabrication. 

Component Material Formula 
Fabrication 

method 
Equipment/supplier 

WE Titanium Nitride TiN Sputtering Plassys 

WE/RE 
Gold/ Titanium 

Tungsten 
Au/TiW Sputtering Alcatel 

RE Titanium/Platinum Ti/Pt Sputtering Plassys 

RE Silver/Silver Chloride Ag/AgCl Commercial 
From World Precision 

Instruments 

RE Silver/Silver Chloride Ag/AgCl Paste From Sigma Aldrich 

Flexible 
substrate 

Polyimide PI Spin coating SÜSS 

Insulator 
layer 

SU-8 SU-8 Spin coating SÜSS 

Wafer Glass SiO2 Commercial 
From Plan 

Optik/Wafer Universe 

Wafer Silicon Si Commercial From Sil’Troni 

Sacrificial 
layer 

Aluminum Al Sputtering Plassys 

2.2.2. Methods to study material properties 

Morphology of our TiN surfaces was studied by using Scanning Electron Microscopy (SEM, 

Neon 40, Zeiss). 

Potentiostatic Electro Impedance Spectroscopy (PEIS) and Cyclic Voltammetry (CV) were 

carried out to study electrochemical properties of materials, using a three electrodes 

potentiostate (SP-200 from Biologic Science Instrument), Figure 2-21. A Silver/Silver 

Chloride (Ag/AgCl) and a Platinum (Pt) wire were used as an external reference electrode 

and counter electrode, respectively. PEIS measurements were conducted in Phosphate Buffer 

Saline (PBS) 0.01 M. CV measurements were carried out in Lithium Perchlorate (LiClO4) 

0.1 M, with potential window from - 0.8 V to 0.8 V and at different scan rates (from 50 mV/s 

to 500 mV/s). 
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Figure 2-21. Experimental setup to measure CV and PEIS. 

Experimental results including a comparison of PEIS and CV between flat TiN and porous 

TiN in case of glass strip and flexible substrate is presented accordingly in chapter 2, section 

2.3.  

2.2.3. Method to study the performance of our pH sensors 

            

Figure 2-22 Experimental set up to test sensitivity of flexible TiN electrode in PBS solution at different pH levels. 

The pH sensing performance of the fabricated electrodes was studied by measuring open 

circuit voltage (OCV) or open circuit potential, also using the potentiostat SP-200 from 

Biologic Science Instrument. OCV was measured in phosphate-buffered saline (PBS) test 

solutions with pH ranging from 6 to 8 at room temperature, with 0.2 pH step to determine 

sensitivity, stability, response time, hysteresis and reproducibility of the pH sensor. pH 

solutions, Figure 2-24, were prepared from DPBS 10X, Gibco 14200-067, diluted to 1X with 

distilled water; NaOH 1N, VWR 28222-290 and HCl 3,7 %, VWR 20252-290, by INSERM. An 

Ag/AgCl electrode was used as an external RE (Figure 2-23). The WE and the RE were 

submerged sequentially in the test solutions disregarding cross-contamination. A commercial 

glass electrode from Atlas Scientific was used to confirm the pH level of the solution under 

testing.  

WE 

RE 
Ag/AgCl 
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Figure 2-23 RE (Ag/AgCl) and fabricated pH probe. 

Measuring the OCP with a potentiometric pH sensor has some remarks during manipulation: 

1. Make sure that the electrodes are in close proximity to each other but are not 

touching while immerse both the pH-sensitive electrode and the reference electrode in 

the solution being measured. 

2. Measure the voltage difference (without current) between the pH-sensitive 

electrode and the reference electrode. In some cases, the electrodes need to be 

equilibrated in the solution for a few minutes to ensure that the OCP has stabilized. 

 

Figure 2-24 Test solution PBS at different pH levels. 

 We also tested the performance of our fabricated sensors at 37°C (body’s temperature). The 

experimental set up is described as in Figure 2-25. Hot plate 2 (5) is used to heat and 

maintain the PBS test solutions at different pH levels at 37°C during the experiment. The 

measurements are performed sequentially in each PBS solution placed on hot plate 1 (2). 

Thermometer 1 (3) and 2 (4) are used to check the temperature of the solutions heated by the 

two hot plates to ensure they have the same temperature of 37°C. The RE and WE are fixed 

above the test solution and are connected to the input of potentiostat SP-200 (9) in order to 

WE 
RE 
Ag/AgCl 
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register the signal. Output of potentiostat is connected to a computer which has installed EC-

Lab software (8) to monitor the data acquisition of multiple experimental protocols (e.g.  OCV, 

PEIS, CV).  

The system to measure pH of the test solutions (6) is showed on Figure 2-26, in which the 

above-mentioned commercial glass electrode from Atlas Scientific (7) is connected to an 

EZO™ pH Chip from Atlas Scientific. A customized LCD screen is controlled via Arduino 

(programed by Antoine Bessiere, Intern, ESIEE) for data visualization and data storage in a 

SD card. This system could be also used for OCV measurement by replacing the EZO™ pH 

Chip by the EZO™ ORP Chip from Atlas Scientific and the corresponding connection pins to 

Arduino.  

A homemade Faraday cage is used to avoid noise from electronic equipment in the lab, or the 

contact to tissue during experiment conducted by potentiostat SP-200. Practical experiments 

show that the EZO™ ORP Chip could filter the noise better than the potentiostat, especially 

in case measuring in vivo, while the electrode is placed with the skin of animal.  

 

 

Figure 2-25. Experimental setup to run experiment at higher temperature. 
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Figure 2-26. pH reading system using EZO™ pH Chip connected to a customized LCD screen controlled via 

Arduino and data storage in a SD card. EZO™ ORP Chip could be replaced incase measuring OCV. 

Experimental result will be given in chapter 2, session 2.3. 

2.2.4. In vivo demonstration procedure 

Three demonstrations on mice were conducted at Animal Facility of the Mondor Institute for 

Biomedical Research (IMRB, U955 Inserm –Université Paris Est Créteil , UPEC) during the 

development of the prototype, as follow:  

- Demonstration 1: included 2 sessions occured on 20th and 27th, June, 2022. 

Demonstrated on model 3, wafer 1, 2 sensors on 5 mice (4 male, 1 female).  

- Demonstration 2: included 3 sessions occured on 29th September, 6th and 13th October, 

2022. Demonstrated on model 3 and model 4 wafer 2, 5 sensors on 6 mice (2 male, 4 

female).  

The in vivo test was conducted on mice with the pH probe implanted under the skin either 

at the tail or the leg, under #35095-2022013116589573 v11 authorisation. OCV signal was 

recorded under anesthesia conditions. For the anesthesia protocol, buprenorphine at the 

concentration of 0.05 mg/kg was injected subcutaneously 30 min before the general 

anesthesia, which is performed under 2% isoflurane. 

A compact measurement system was designed with a customized LCD screen for real time 

signal visualization, an EZO™ ORP Circuit for data acquisition and an integrated SD card 

for data storage. 
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2.3. Fabrication and characterization results  

2.3.1. Model 1 – Glass strip/ Flat TiN 

A microelectrode of 600 µm diameter was fabricated using Titanium nitride (TiN) as the 

potentiometric sensing material for pH variations.  

2.3.1.1. Fabrication process of model 1  

Electrodes of 600 µm diameter in size were fabricated following the process illustrated on 

Figure 2-27: (1) a gold/titanium tungsten (Au/TiW) layer of 520 nm in thickness was 

deposited on a glass substrate (Alcatel sputtering), (2) a positive photoresist was spin coated 

on top of the gold layer for photolithography, development and etching, (3) the photoresist 

was removed, (4) the process was repeated with the second layer which is then TiN of 200 nm 

thick (Plassys sputtering) and (5) completed with the third layer of 1.7 µm thick photoresist 

SU8 used as an insulator with the openings on the electrode and contact pad areas. Figure 

2-28 illustrates the design of the electrode with the corresponding microscope image on 

Figure 2-29.  

 

 

Figure 2-27 Fabrication steps of pH sensor model 1 - Glass strip/ Flat TiN. 
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Figure 2-28 pH sensing electrode design with three layers TiW/Au, TiN and SU8 on a glass substrate, top/cut view, 

bottom/top view. 

 

 

Figure 2-29 Image of the fabricated pH sensing electrode under microscope. 

2.3.1.2. Results and discussion on model 1 

TiN electrode characterization for pH sensing application. 

The sensitivity of the TiN electrodes fabricated with the above-described clean room 

process as a potentiometric sensor was determined by measuring the OCV values at different 

pH levels of the test solutions during 100 s. The recorded data from 50 s to 100 s were 

averaged to calculate the sensitivity of TiN electrode as shown in Figure 2-30. The slope of 

the curve is 62.8 mV/pH corresponding to the sensitivity of the TiN electrode. The correlation 

coefficient was calculated to be 0.998 and the standard reduction potential E is 402.6 mV, 

corresponding to the intercept of the curve. 

This sensitivity is higher than the reported results of sputtered TiN film with the same 

thickness of TiN layer (57.5 mV/pH, R2 = 0.9999), [16], TiN nanotube array (TiN NTA, 

55.33 mV/pH, R2 = 0.995), and TiN nano powder (TiN NP, 46.48 mV/pH, R2 = 0.992), (Liu et 

al., 2016). 
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Figure 2-30 OCV curve and sensitivity of our fabricated TiN electrode. 

Data from Table 2-7 show that we should achieve a better sensitivity than most of the 

other materials. Especially compared to IrO2, which has been developed for in vivo and in 

vitro applications, our TiN electrode has shown a comparable sensitivity. It was however 

reported a greater sensitivity in conductive polymer - based sensors such as polyaniline and 

polypyrrole blends (310 ± 40 mV/pH and 1300 ± 100 mV/pH, respectively) [27]. Yet, their 

application is still limited due to its tendency to become unstable over time.  

 

Table 2-6 Potentiometric pH sensor performance of different materials. 

Material Sensitivity 

(mV/pH) 

Response 

time (s) 

Reference 

TiN NP 46.48 5.2 [35] 

TiN NTA 55.33 4.4 [35] 

TiN thin film 57.5 - [16] 

IrO2 69.9 ± 2.2 0.5 s [45] 

IrO2 51 0.9 to 2 s [46] 

Polyaniline 58 ± 0.3 20 [47] 

Polyaniline 62.4 12.8 [48] 

Polyaniline/Zeolite 

blend 

310 ± 40 - [49] 

Polypyrrole/Zeolite 

blend 

1300 ± 100 - [49] 

 

The response time of the TiN electrode was measured by immersing the WE and the RE 

continuously in PBS solutions with pH levels from 6.10 to pH 7.74. The time for the signal to 

reach 90 % of equilibrium value is 10 s (Figure 2-31) which is comparable and even better 

than some reported polymer-based potentiometric pH sensors (Table 2-6). This response time 

is slower than that of TiN NTA (4.4 s), TiN NP (5.2 s) [35] and IrO2 (0.5 s to 2s) (Manjakkal 
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et al., 2020). This can be explained by the low porosity of the surface of our TiN layer (ability 

to trap more ions in a certain area), which is expected to be improved in the next fabrication 

process after a specific surface treatment.  

 

Figure 2-31 The response time of TiN in PBS. The parasite signal in between two pH levels is only due to 

manipulation during the experiment.  

Figure 2-32 shows the stability of the open circuit potential of the same electrode in 

different pH levels during 200 s. A potential drift of less than 3 mV was observed during the 

first 50 s but stabilized after that. This drift might have been caused by the hydrogen ion 

trapping and diffusion phenomena into the lattice of the material. 

 

Figure 2-32 The stability of one TiN electrode at different pH levels of PBS solutions during 200 s. 

A hysteresis of 10 mV was observed with the pH range from 6 to 7.6 during 6 cycles, as 

shown in Figure 2-33. The hysteresis could be caused by the cross-contamination and possibly 

by condition differences in the testing process, such as the stability of pH test solutions, 

temperature and connection problems. Since we are looking at a small variation of pH in a 
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narrow clinical-related pH range, the experiment still needs to be improved to evaluate 

accurately the performance of the electrode including operation at 37°C. This temperature 

dependence will be detailed in section 2.3.3.2c. 

 

Figure 2-33 OCV of one TiN electrode during 6 cycles. 

Reproducibility during 3 loops of measurements on the same electrode is presented in 

Figure 2-34. The variation of the pH value was calculated to be 0.14 (by hysteresis over 

sensitivity), which represented the precision of our electrode. It is not yet sufficient for the 

fetal tissue pH monitoring application but already interesting for other applications. The 

optimization was then proposed by varying the TiN fabrication parameters, changing its 

surface properties (roughness) and creating porous TiN to improve the performance of the 

TiN electrodes. 

 

Figure 2-34 The reproducibility of one TiN electrode during 3 loops measurements in 4 pH levels: 6.10, 6.83, 7,24, 

7.60. 
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2.3.1.3. Conclusion on model 1 

A prototype, model 1, capable of measuring pH has been developed showing promising initial 

performance. To summaries, a 600 µm diameter pH sensing electrode that was constructed 

from Titanium nitride (TiN), performed a linear Nernstian sensitivity of 62.8 mV/pH within 

the pH range from 6 to 8 with a precision of 0.14.  

2.3.2. Model 2 – Glass strip/ Porous TiN 

As the precision of pH measurement of model 1- flat TiN - based prototype (0.14 in pH) has 

not yet reached the medical requirements, this section presents the development of porous 

TiN as pH sensing material on glass substrate. The idea is to enhance the precision of the 

sensor. By applying an additional wet etching process, the porosity of TiN surface can be 

controlled. Improvements in chemical properties and performances are presented and 

compared to flat TiN. 

2.3.2.1. Fabrication process of model 2 

The flat TiN electrodes of 600 µm diameter and 200 nm in TiN thickness were prepared 

on glass substrate with the technique described in the previous section. Electrodes were 

prepared by O2 plasma cleaning and then etched in a mixture solution of H2O2 30% + TBR, 

at 40° C. Porosity of the TiN surface has been obtained after 6-minutes etching time 

(Figure 2-35). Electrodes were then rinsed in DI water during 3 minutes. 

  
Figure 2-35 Fabrication process of a porous TiN electrode. 

2.3.2.2. Results and discussion on model 2 

Morphology Study 

SEM images of TiN surface etched 6 minutes and flat TiN surface are shown in Figure 2-36. 

Porosity of the TiN surfaces appeared obviously on the etched electrode.  

a) b) 
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Figure 2-36 SEM images of a) flat TiN, b) 6-minute etched TiN at 100 KX (top) and 200 KX (bottom) magnification. 

Images of the flat TiN and porous TiN electrodes are also illustrated in Figure 2-37. A darker 

color of the porous TiN surface can be easily recognized under a simple microscope. 

 

Figure 2-37 Images of a) TiN flat electrode and b) porous TiN (6-minute etched). 

Electrochemical Property Improvements 

Impedance of the two electrodes etched in 4 and 6 minutes were measured and compared to 

that of flat electrodes. In our application, the impedance at low frequencies is concerned 

rather than at high frequencies. Indeed, the OCV is measured at a very low current condition.  

Figure 2-38 shows a 6.3 time decrease in impedance (2.089 kΩ at 100 Hz) on the 6-minute 

etched electrode compared to the flat electrode (13.183 kΩ at 100 Hz). This demonstrates that 

the working effective surface area was significantly increased with our wet etching 

technique. To clarify the optimized etching time, the impedance in module and phase at 4-

minute etching time are plotted, showing a slightly higher impedance module of 4-minute 

a) b) 

600 µm 
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etched TiN compared to that of 6-minute etched TiN. The visible change in the capacitive 

behaviour at low frequency confirms the surface porosity has been increased. 

 
Figure 2-38 Impedance module/phase of flat TiN, 4-minute etched TiN and 6- minute etched TiN in PBS 0.01 M. 

Electrode diameter is 600 µm. 

CV curve of the flat TiN electrode was compared to the 6 - minutes etched TiN electrode at 

0.1 V/s scan rate in Figure 2-39. We observed a quasi-rectangular shape of CV curve on flat 

and porous TiN which is in coherence with literature [50], [51], [52], and indicates capacitive 

charge transfer behaviour by charging and discharging the TiN electrolyte double layer. 

Porous TiN is indicative of a higher capacitance compared to flat TiN. Furthermore, this 

shape of CV curve of the porous TiN electrode remained unchanged while experiment was 

performed at different scan rates from 50 to 500 mV/s (Figure 2-40). This signifies our porous 

TiN could be for instance a good candidate for supercapacitor electrode materials.  

 

Figure 2-39 CV of flat TiN electrode and porous TiN (6-minute etched) electrode in LiClO4 0.1 M, scan rate 0.1 V/s 

and potential window from - 0.8 V to 0.8 V. 
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Figure 2-40 CV of porous TiN (6-minute etched) electrode in LiClO4 0.1 M,  scan rate 0.1 V/s and potential window 

from - 0.8 V to 0.8 V. 

Figure 2-41 plots the current DI/2 (positive value at 0V) measured at each scan rate and its 

value. Slope of the linear fit curve (0.001844 µAs/mV = 0.001844 mF) corresponds to the 

capacity in µF of the electrode.  By dividing by the surface (diameter of 600µm, surface area 

is 0.002827 cm2), the capacity of the material TiN porous was found to 652 µF/cm².  

  

Figure 2-41 Plot of current DI/2 vs scan rate and the values. 
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pH Sensing Performance 

OCV measurements were conducted in PBS solution at different pH levels ranging from 

6 to 8. Data from 50 s to 100 s were averaged to determine sensitivity of the porous TiN. 

Sensitivity of the porous TiN electrodes was determined to be slightly higher than our 

reported flat electrode (67.06 mV/pH of porous TiN electrode compared to 61.8 mV/pH of flat 

electrode [53], Figure 2-42). This sensitivity is higher than the other reported TiN pH sensor 

(Table 2-6).  

 

Figure 2-42 Sensitivity of porous TiN electrode (6-minute etched). 

 

Figure 2-43 Stability of porous TiN electrode (6-minute etched) different pH levels (top) and noise level (bottom). 
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Figure 2-43 shows a stable OCV signal (a small drift of 2 mV on average) at each pH level 

during 100 s of experiment. Noise level of the OCV signal is recorded quite small at less than 

0.5 mV.     

Repeatability of the etched electrode while changing pH levels of test solution from 7.0, 7.3, 

7.4 and reverted is presented in Figure 2-44. During six measurement cycles, a drift of 2.3 

mV/cycle at pH level 7.3 was observed (Figure 2-45). This drift can be corrected by integrating 

a data post-processing in a microcontroller unit, which corresponds to calibration.   

 

Figure 2-44 Reproducibility of porous TiN electrode (6-minute etched) at three pH levels (7.0, 7.3, 7.4). 

After subtracting the drift, the maximum hysteresis of the etched electrode at pH level of 7.3 

was determined to be 1.75 mV/pH (Figure 2-45).  

 

Figure 2-45 Drift at pH 7.3 over six cycles and hysteresis maximum regarding the drift slope of of porous TiN 

electrode (6-minute etched). 

The precision of the developed pH sensor was calculated to be 0.03 in pH, by the hysteresis 

(1.75 mV/pH) divided by sensitivity (67.06 mV/pH). This result validates an improvement of 

factor 4.7 in precision of our pH sensor ( precision on flat Tin electrodes was 0.14 [53]), better 

targeting fetal health monitoring constraints.  

y = -2,3868x + 113,84

R² = 0,9289
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We tested the sensitivity and calculated the precision one several electrodes by the similar 

method. Results shows in Table 2-7 demonstrate the precision be could achive down to 0.02 

in pH.  

Table 2-7.  Sensitivity and precision calculation on several electrodes. 

Electrode Impedance 

(kΩ) 

Slope 
Sensitivity 
(mV/pH) 

(X) 

R2  
(mV/pH) 

Slope drift 
over 6 
cycles 

(mV/cycle) 

R2 drift 

over 6 

cycles 

(mV/cycle) 

Hysteresis 

MAX vs. Fit 

curve (mV) 

(Y) 

Precision 

(pH) 

(Y)/(X) 

400µm 

Full/etched 

6’– A 

1,62 63 0,9916 -4,6 ± 0,3 0,9795 1,84256 ±0,029 

400µm 

Full/etched 

6’– B 

1,74 58 0,9949 -4,8 ± 0,4 0,97959 - 1,39039 ±0,024 

400µm 

Full/etched 

6’ – C 

1,77 - - -6,5 ± 0,2 0,99634 - 1,39654 - 

600µm 

Donut/etche

d 8’ – A 

1,15 60 0,9878 -0,9 ± 0,3 0,75665 1,21135 ±0,020 

600µm 

Donut/etche

d 8’ – B 

1,11 65 0,9957 -2,7 ± 0,2 0,97599 1,37266 ±0,021 

600µm 

Donut/etche

d 8’– B* 

1,11 65 0,9957 -3,0 ± 0,1* 0,99161* - 0,66066* ±0,010* 

(*) tested again the next day/ same conditions 

2.3.2.3. Conclusion on model 2 

Model 2 of pH sensor based on porous TiN was developed and exhibits a good pH sensing 

performance. Characterisation results of pH sensor fabricated with porous TiN present a 

remarkable improvement in precision compared to flat TiN, from 0.14 to 0.03 in pH, showing 

a promising possibility to achieve the medical requirement (precision at 0.01 for fetal health 

monitoring to reach the decision threshold). The sensitivity slightly increased to 

67.06 mV/pH and a drift of 2.3 mV/cycle appeared during six experiment cycles. This study 

is an intermediate step to understand the behaviour of the porous TiN in pH sensing within 

the same conditions as on flat TiN. Transferring the current structure onto a Polyimide 
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substrate is the next process, preparing for in vivo test on mice and later aiming for the fetal 

health monitoring application. 

2.3.3. Model 3 – Miniaturized and flexible polyimide substrate/ Flat TiN 

2.3.3.1. Fabrication process of model 3-a 

The masks used in the photolithography process to fabricate different layers on the pH sensor 

were designed by Coventor software. There are seven materials in our flexible pH sensor 

design, as illustrated in Figure 2-46. 

 

Figure 2-46 Stack of layers of flexible pH sensor combined of  polyimide (top and bottom substrate), Ti/Pt (RE) 

and TiW/Au/TiN (WE). 

 
Polyimide was used as flexible substrate and deposited at the top and the bottom layers due 

to its biocompatible properties and ease for sterilization procedure [36]. Gold (Au) was used 

as material for the track lines, contact pads and the layer underneath working electrode (WE) 

to maintain a high conductivity. A thin layer of Titanium Tungsten (TiW) was used as 

adhesion layer and followed by gold deposition. Working electrode was done by TiN on top of 

Au and Platinum (Pt) was used as a pseudo reference electrode (RE). The polymer top layer 

protects the full sensor including the track lines with openings on the WE, RE and the contact 

pads to the external connectors.   

We designed several sizes of the flexible pH sensor probes, Figure 2-47, to test the 

performance of each design, in order to optimize the structure and to evaluate the feasibility 

of the small animal in vivo tests.  

There are three single-probe designs and one triple-probe design. The single-probe designs 

are structurally similar but the sizes of the WE vary (300 µm x 600 µm, 400 µm x 800 µm and 

600 µm x 1200 µm), as seen in Figure 2-47. Geometric structure and dimensions of a single-

electrode probe are illustrated on Fig 2-48 and detailed in Table 2-8. To better compare the 

performance of the WE with different sizes, the surface area of RE were maintained the same 

by modifying the width of the RE. The triple-electrode design contains three electrodes of the 

intermediate size 400 µm x 800 µm. Multi-electrode sensor allows averaging and better 

reliability during the test.  
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Figure 2-47 Design of the flexible pH sensor. Single-probe electrode designs: (a) 300 µm x 600 µm, (b) 400 µm x 800 

µm and (c) 600 µm x 1200 µm. Triple-probe electrode design: (d) 400 µm x 800 µm for each electrode. 

 

Figure 2-48 Geometric structure and Dimentions of a single-electrode probe. 



Chapter 2: pH sensors| Thuy NGUYEN 

 

82 PhD Manuscript: pH And SpO2 Miniaturized Sensors for Fetal Health Monitoring 

 

Table 2-8 Dimensions (in µm) of a single-electrode probe. 

Design 
S1 

300 µm x 600 µm 

S2 

400 µm x 800 

S3 

600 µm x 1200 µm 

a 3000 30 30 

b 7000 7000 7000 

c 1500 1620 1900 

d 390 350 290 

e 350 310 250 

f 640 840 1240 

g 600 800 1200 

h 1240 1260 1340 

i 340 440 640 

k 300 400 600 

l 20 20 20 

m 40 40 40 

n 20 20 20 

o 20 20 20 

p 20 20 20 

 

In order to successfully combine the six layers, the fabrication process was conducted from 

the bottom layer to the top layer on a silicon wafer as in Figure 2-49. The detailed description 

of the process is given in the next sections. Figure 2-50 illustrates some images under 

microscope from fabrication process step by step, for better idea about the actual colors and 

appearances of each layer once applied.  

 

Figure 2-49 Fabrication steps. a) PolyImide (PI) bottom layer; b) TiW/Au deposition and lift-off; c) TiN 

deposition and wet etching (WE); d) Ti/Pt deposition and lift-off (RE); e) PolyImide top layer.  
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Figure 2-50 Photo under microscope of fabrication process step by step. 
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1) Layer 1: Polymer Bottom 

A silicon wafer was prepared with an Aluminum layer of 500 nm thick deposited on one side, 

which plays the role of a sacrificial layer for the final releasing process. Before depositing 

bottom polymer layer, the wafer was placed on a hot plate at 110°C for 10 minutes to remove 

humidity. A positive photosensitive polyimide LTC 9320 was poured and spin-coated on top 

of the dried silicon wafer. A soft-baking was done at 110°C during 5 minutes. 

Photolithography was conducted on BSA K&W MA 1006 machine during 70 seconds 

exposure time. After the post-exposure bake, development was done in HTR solution and 

rinsed with RE 600 solutions. Finally, the wafer was left in an oven set at 230°C during 3 

hours for polymer curing process (step a of Figure 2-49). 

2) Layers 2 and 3: TiW/Au for metallization 

The TiW/Au conductive layers were patterned using lift-off procedure with TI xLift X 

(Clariant) photoresist of approximate 5 µm to 7 µm thickness.  A soft baking at 95°C was 

required before exposure during 15 seconds. The photoresist was then developed in a mixture 

of AZ400K/ Deionized water. The wafer was finally cleaned by Oxygen plasma using 

NEXTRAL RIE machine at 90 Watts. Alcatel plasma sputtering machine was used to deposit 

20 nm TiW and then 500 nm Au layers at 200 Watts. To create the patterns of electrodes and 

tracks, lift-off process was performed using acetone in ultrasonic bath for 10 minutes. Finally, 

wafer was cleaned in isopropyl alcohol (IPA) and then in deionized water (DI) in 3 minutes. 

At this stage, the metal tracks, pads and electrode shapes were defined (step b of Figure 2-

49). 

3) Layer 4: TiN as sensitive material of the working electrode 

Plassys plasma sputtering machine was used to deposit the TiN layer at 200 Watts.  The 

same TI xLift X photoresist was used again with a negative mask. A specific baking step was 

required to revert the polarization of this photoresist. Next step was TiN etching in solution 

mixture of TechniEtch TBR19 (Technic) and DI with a mass ratio of 6:100. Finally, acetone 

was used to remove the photoresist before final rinsing (step c of Figure 2-49). 

4) Layers 5 and 6: Ti/Pt for the reference electrode 

Similar to TiW/Au layers, TI X Lift X was used as photoresist for the lift off process of Ti/Pt 

layers with a negative mask. The same Plassys plasma sputtering machine was used to 

deposit Ti/Pt at 200 W. Lift-off Ti/Pt was done in an ultrasonic acetone bath for around 

4 minutes, before cleaning and rinsing (step d of Figure 2-49). 

5) Layer 7: Polymer Top and release 

A top polyimide layer was added with the same process described in step one but with a 

different mask which has openings on the WE, RE surfaces and on the contact pads. This 
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second layer is important to protect the whole sensor for better manipulation and to avoid 

electrical shortcuts. 

The last step was to release the flexible sensors out of the silicon wafer by electro-chemical 

erosion of the Al sacrificial layer. Figure 2-51 shows the sample of pH sensors fabricated with 

the above-described process with their dimensions and Figure 2-52 gives a zoom on the 

electrodes under microscope.  

  

Figure 2-51 Sample of two flexible pH sensors model 3a. 

 

Figure 2-52 The final flexible pH sensor samples. Microscope images focused on the electrodes. 

We must give some additional remarks on the process. The above mentioned technique was 

applied in the second run of fabrication in July 2022, which has succesfully manufacted 32 

implants with full structure. A first run was held on May 2022, with the same mask levels 

and structure of materials but different fabrication process in term of layering order. The 

fabrication layer was done in a different order: Polymer bottom, Platinum, Titanium 

Tungsten/ Gold, Titanium Nitride and Polmer Top. This fabrication process failed because of 

the fracture of Platinum patterns, which meant to be the RE. This failure happened after 

TiN etching process in chemical solution, which caused the peal off of Pt patterns. Another 

failure happened to be the short cuts between the WE made of TiW/Au and TiN, and RE 

made of Pt. These errors were due to the TiN etching process which could not remove 

completely the TiN residue at the narrow gap between the WE and RE. This error was fixed 

WE 

RE 
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in the second run of fabrication in July 2022, when an oxygen plasma technique was applied 

in complement to wet etching during the TiN etching process. 

2.3.3.2. In vitro - Results and discussion on model 3-a 

a) Evaluation of sensor size vs sensitivity 

We tested the functionalization of fabricated TiN on 10 single-electrode probes at 3 sizes 

(300 µm x 600 µm, 400 µm x 800 µm and 600 µm x 1200 µm) and 1 triple- electrode probe 

which contains 3 electrodes of 400 µm x 800 µm in size.  

The sensitivity of the TiN electrodes fabricated with the above-described clean room process 

was determined by measuring the OCV values at different pH levels of the test solutions 

during 100 s. Results show that seven electrodes work with a good sensitivity (53-67 mV/pH, 

Table 2-10) and six electrodes are not functional or present lower sensitivity. These results 

are based on the very first probes fabricated with the described process which was also under 

development in parallel. 

TABLE 2-9 SENSITIVITY OF FLEXIBLE PH SENSORS IN CASE USING EXTERNAL AG/AGCL REFERENCE ELECTRODE 

Electrode 
Size          

(µm x µm) 

Sensitivity 

(mV/pH) 

E0 

(mV) 
R2 

Single 01 300x600 -67.6 655.6 0.9535 

Single 04 400x800 -53.7 525.5 0.9978 

Single 05 600x1200 -54.9 226.1 0.9481 

Single 07 600x1200 -62.5 507.9 0.9997 

Single 08 600x1200 -57.7 479.4 0.9982 

Triple 01a 400x800 -53.3 482.5 0.9848 

Triple 01c 400x800 -65.5 531.1 0.9909 

(R² is correlation coefficient  and E0 is standard reduction potential ) 

Figure 2-53 illustrates the sensitivity of the seven functional electrodes after normalizing the 

OCV at pH 7 to zero.  The absolute value of sensitivity of these electrodes are shown in Table 

2-10. It is noticeable that the fabricated flexible sensor exhibits less uniform performance as 

fabricated on glass [54]. The sensitivity curve of the electrode with smaller size of 

300 µm x 600 µm is less linear (Figure 2-54) than the larger electrode size of 400 µm x 800 µm 

and 600 µm x 1200 µm (Figure 2-55 and Figure 2-56). Since the size of these large electrodes 
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are still compatible with the practical insertion to the mice for in vivo tests, 400 µm x 800 µm 

and 600 µm x 1200 µm could be chosen as an appropriate design of the flexible pH sensor.  

 

Figure 2-53 Sensitivity of flexible pH sensors tested in PBS solutions at different pH levels. 

 

 

Figure 2-54 Sensitivity of flexible pH sensor tested in PBS solutions at different pH levels. Working electrode is 

300 µm x 600 µm in size and Reference electrode is Ag/AgCl. 
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Figure 2-55 Sensitivity of flexible pH sensor tested in PBS solutions at different pH levels. Working electrode is 

400 µm x 800 µm in size and Reference electrode is Ag/AgCl. 

 

 

Figure 2-56 Sensitivity of flexible pH sensor tested in PBS solutions at different pH levels. Working electrode is 

600 µm x 1200 µm in size and Reference electrode is Ag/AgCl. 

a) Characterization of pH sensor performance at room temperature 

Figure 2-56 shows the OCV curve of the best-performance single electrode with 600x1200µm 

in size, which has sensitivity of 62.5 mV/pH. The correlation coefficient was calculated to be 

0.9977 and the standard reduction potential E0 (tendency for a given chemical species to be 

reduced) is 507.9 mV, corresponding to the intercept of the curve. This result is in agreement 

with our previous work on TiN pH sensor on glass substrate [54]. Compared to literature 

results, this sensitivity is higher than for thin film TiN of same thickness (57.5 mV/pH, 

R2 = 0.9999) [16], TiN nanotube array (55.33 mV/pH, R2 = 0.995) and TiN nano powder 

(46.48 mV/pH, R2 = 0.992) [35].  
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In addition, we achieve a better sensitivity than most of the other materials. Notably, we 

obtained a comparable sensitivity to IrO2, which has been developed for in vivo and in vitro 

applications (69.9 ± 2.2 mV/pH [41]) and 51 mV/pH [46]). However, comparing to conductive 

polymer-based sensors such as polyaniline and polypyrrole blends (310 ± 40 mV/pH and 1300 

± 100 mV/pH, respectively [27]), our material has smaller sensitivity. Yet, because of the 

tendency to become unstable over time, conductive polymers are still limited in application.  

Figure 2-57 shows the stability of the OCV of the same electrode in different pH levels during 

200 s. A potential drift of less than 3 mV was observed during the first 50 s but stabilized 

after that. This drift might have been caused by the hydrogen ion trapping and diffusion 

phenomena into the lattice of the material. 

 

Figure 2-57 The stability of one TiN electrode at different pH levels of PBS solutions during 200 s. 

A hysteresis of 6 mV maximum was observed with the pH range from 6.8 to 7.4 during 6 

cycles, as shown in Figure 2-58. The hysteresis could be caused by the cross- contamination 

and possibly also by condition differences in the testing process, such as the stability of the 

pH test solutions, or temperature and connection problems. This hysteresis will be later used 

to calculate the precision of our pH sensor. 
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Figure 2-58 The hysteresys of one TiN electrode at different pH levels (6.89, 7.12 and 7.35) during 6 cycles of OCV 

measurements. Working electrode is 600 µm x 1200 µm in size and Reference electrode is Ag/AgCl. 

 

Reproducibility during 3 loops of measurements on the same electrode is presented in Figure 

2-59. The precision of pH measurement was calculated to be slightly below 0.1 (by hysteresis 

over sensitivity). It is not yet sufficient for the fetal tissue pH monitoring application but 

already interesting for other applications. 

Figure 2-59 The reproducibility of one TiN electrode during 3 loops measurements in 3 pH levels: 6.89, 7.12, 7.35. 

Working electrode is 600 µm x 1200 µm in size and Reference electrode is Ag/AgCl 

We also tested the performance of our TiN working electrode with the integrated Platinum 

reference electrode to compare with the external Ag/AgCl. Before starting the experiment, 

the fabricated electrodes were stabilized in PBS solution during 300 s to obtain a stable 

potential. The experiment results show that in case Platinum was used as RE material, the 

sensor recorded a higher drift at each pH level (Figure 2-60). Minimum drift was 1 mV over 
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100 s, recorded at pH 7.6 and 7.8. Maximum drift was 7 mV at pH 7.2, which could be caused 

by the instability of Platinum potential or the instability of the pH solution itself.  

Figure 2-60 OCV measurements of single electrode size 600 µm x 1200 µm at different pH levels, in case of using 

integrated Platinum reference electrode.  

TABLE 2-10 SENSITIVITY OF FLEXIBLE PH SENSORS IN CASE USING INTEGRATED PLATINUM REFERENCE ELECTRODE 

Electrode Size (um) 
Sensitivity 

(mV/pH) 
E0 R2

 

Single 07 600x1200 -27.2 4.2 0.9859 

Triple 01a 400x800 -16.7 33.7 0.9576 

Triple 01b 400x800 -23.4 10.8 0.9824 

Triple 01c 400x800 -18.6 15.7 0.8390 

Triple 02b 400x800 -22.8 166.5 0.9895 

Triple 02c 400x800 -18.3 144.4 0.9936 

 

The sensitivity of the sensor when using its integrated Pt electrode was determined to be 

16.7 mV/pH – 23.4 mV/pH over 6 electrodes of size 400 µm x 800 µm and the result obtained 

from the above-described single electrode size 600 µm x1200 µm is 27.2 mV/pH (as shown in 

Figure 2-61 and table 2-11), which is lower than in case of using external Ag/AgCl as RE. 

This could be explained by the less stability in term of potentials of Pt, compared to Ag/AgCl. 

However, for applications which require an integrated and minimized pH sensor without an 

extremely high accuracy, this sensor could also be valid.  
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Figure 2-61 Sensitivity of flexible pH sensor size 600 µm x 1200 µm, tested in PBS solutions at different pH levels, 

in case of using integrated Platinum reference electrode. 

A similar study was conducted with WE of 400 µm x 800 µm in size. A sensitivity of 

53.7 mV/pH was determined as in Figure 2-55. With a hysteresis of 5 mV maximum, the 

precision was calculated to be 0.09 in pH. Similarly, in case of using Pt as RE, the sensitivity 

is lowered down to 21.3 mV/pH.  

b) Long-term storage evaluation  

We stored new electrodes at room temperature in 2 months and tested their sensitivity with 

an external Ag/AgCl RE. Those electrodes were cleaned by DI water and kept at room 

temperature in 6 more months from the first tests and we measured the sensitivity again. It 

appears that after 2 months being stored at room temperatures, the electrodes still well 

functioned with a normal sensitivity (-54.93 mV/pH and - 53.65 mV/pH in case electrode ‘size 

are 600 µm x 1200 µm and 400 µm x 800 µm, respectively). However, after the first tests in 

PBS solutions and cleaned by DI water, six months later, one electrode shows a slight 

decrease in sensitivity (-53.07 mV/pH, in case electrode ‘size is 600 µm x 1200 µm, Figure 2-

62) while the other shows a bad sensitivity as seen in Figure 2-63.  
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Figure 2-62 Sensitivity of electrode 600 µm x 1200 µm in size after approximately 2 months and 8 months from 

fabrication date. Reference electrode is Ag/AgCl. 

 

 

Figure 2-63 Sensitivity of electrode 400 µm x 800 µm after approximately 2 months and 8 months from fabrication 

date. Reference electrode is Ag/AgCl. 



Chapter 2: pH sensors| Thuy NGUYEN 

 

94 PhD Manuscript: pH And SpO2 Miniaturized Sensors for Fetal Health Monitoring 

c) Characterization at 37°C (body’s temperature) 

By using the experimental setup described in Figure 2-25, section 2.2.3, OCV measurements 

were conducted at 37°C to evaluate the sensitivity of the TiN flat electrode under body 

temperature. Result in Figure 2-64 indicates a slightly higher sensitivity slope 

(56.12 mV/pH) at 37°C, compared to that of 27°C (53.07 mV/pH).  

 

Figure 2-64 Comparison of sensitivity measured at 27°C and 37°C of the same electrode (600 µm x 1200 µm). 

Reference electrode is Ag/AgCl. 

Reproducibility of the OCV measurements at different pH levels is presented in Figure 2-65. 

Five loops of measurements in PBS solutions pH 6.25, 6.59, 6.97, 7.31, 7.68 were conducted 

continuously, showing a hysteresis maximum of 10 mV as plotted on Figure 2-66. Thus, the 

precision of OCV measurement by electrode TiN flat (600 µm x 1200 µm) at 37°C, using 

Ag/AgCl as RE, is calculated to be 0.18 in pH. 
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Figure 2-65 Reproducibility of electrode TiN flat (600 µm x 1200 µm) at 37°C, in PBS solutions at pH 6.25, 6.59, 

6.97, 7.31, 7.68 and reverted. Reference electrode is Ag/AgCl. (*) is parasite signal due to manipulation. 

 

Figure 2-66  Hysteresis over 5 cycles of OCV measurement on electrode TiN flat (600 µm x 1200 µm) at 37°C, in PBS 

solutions at pH 6.25, 6.59, 6.97, 7.31, 7.68 and reverted. Reference electrode is Ag/AgCl. 

Stability of an electrode TiN flat was tested in pH 6.25, at 37°C during 1.5 hours, using an 

Ag/AgCl electrode as the RE. Result in Figure 2-67 only shows a drift of 4 mV,  which is 

smaller than ZnO-based pH sensor on polyimide substrate [55].    

* 
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Figure 2-67 Stability over time of a flat-TiN working electrode of 600 µm x 1200 µm in size. Reference electrode is 

Ag/AgCl. 

Response time of this electrode is demonstrated to be 29 s (Figure 2-68), which is longer than 

in case of model 1-glass substrate/Flat TiN (10s, see section 2.3.1.2).  

 

Figure 2-68 Response time of a flat-TiN working electrode of 600 µm x 1200 µm in size. Reference electrode is 

Ag/AgCl. 

We tried to conduct OCV measurement while changing the temperature from room 

temperature to 37°C to evaluate the change of OCV level due to effect of temperature. 

Experimental protocol still had a limitation on method to control the temperature to be stable 

and accurate during each measurement. As described in section 2.2.3, we used a basic hot 

plate and had to adjust manually the temperature to be increased step by step and measure 

the actual temperature by the thermometer after every 200s approximately. Results shown 
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below in Figure 2-69 illustrate the trend of OCV variation and its value is plotted on Figure 

2-70. 

 

Figure 2-69 Variation of OCV following the change in temperature from room temperature to 37°C. 

 

Figure 2-70 OCV measurement while changing the temperature from room temperature to 37°C. 

 

In our opinion, it is necessary to improve the experimental set up in order to control and 

follow up with the temperature in a more stable way.   
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2.3.3.3. In vivo - Demonstration on mice of model 3-a 

Experimental setup 

An in vivo test was conducted on mice with the probe implanted under the skin, at IMRB 

animal facility, under #35095-2022013116589573 v11 authorization. Figure 2-71 illustrates 

the experimental setup on mice. A small incision was performed to implement our sensor 

under the skin at the tail or the leg positions, after the mouse was anesthetized. pH sensors 

were stabilized in PBS solution at pH 7 during 5 minutes before performing any experiment 

on the mouse.  We recorded a stable OCV signal under anesthesia conditions in real time. 

The compact measurement system was designed with a customized LCD screen for signal 

visualization, an EZO™ ORP Circuit for data acquisition and an integrated SD card for data 

storage. 

 

(a)  

 

(b) 

Figure 2-71 Experimental in vivo set up for the demonstration of pH sensors on mice.  (a) Compact measurement 

system with a customized LCD screen, an EZO™ ORP Circuit for data acquisition and an integrated SD. (b) Incision 

to implement our sensor under the skin at the leg positions. 

The results tested on mice 

Some data from the trials were extracted and will be presented. It was not possible to test all 

our fabricated pH probes due to limited access to the animal facilities. There are two 
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electrodes that showed pH level at a very stable state (7.6 and 6.7) at leg position; the other 

tests were not good enough due to calibration issue. Figure 2-72 shows the recorded data of 

a flat TiN electrode of 400 µm x 800 µm in size in a triple-electrode design, which has 

sensitivity of 65 mV/pH – Table 2-9 - on a female mouse. After the insertion, during the first 

4 minutes and 25 seconds, the system recorded a stable signal at 246 mV, corresponding to 

pH 6.7. At around 5 minutes, the pH sensor was removed and re-inserted back to the mouse 

at the same position. The signal was then back to the same level as before, confirming the 

good stability. Other tests conducted at the tail of the mouse also recorded stable signals, 

however not appropriated pH levels. This could be explained by the difference in contact 

environment of the skin, regarding the contact force and volume of extracellular fluids and 

blood that requires an improvement in our calibration methods.  

We also tested once our sensor in extracted blood sample from the heart of the mouse, 

Figure 2-73. One blood sample is extracted before the mouse was dead and the other was 

extracted after the death, showing a change of 0.6 pH (decreased pH value after death), which 

is reasonalble in term of pH variation reported in literature [56], [57]. 

 

 

Figure 2-72 OCV measurement of pH sensors on mouse’s leg under anesthesia condition.  Phase (I): stable signal 

recorded, phase (II): noise due to plug in – plug out the sensor and phase (III):  stable signal restored. (*) indicates 

parasite caused by external movement.  
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Figure 2-73 OCV signal recorded by flexible pH probe in mouse’s blood. Average level of variation is obtained by 

subtracting the parasitic noise due to manipulation. 

2.3.3.4. Conclusion on model 3-a 

This session introduced the micromanufacturing process to fabricate flexible and 

miniaturized pH sensor, targeting to replace capillary sampling technique to measure blood 

pH on the fetal scalp during labor. TiN was employed as pH sensitive material, integrated 

on polyimide substrate in a potentiometric design, at a probe head size of 1.2 mm x 1.5 mm 

(width x length) on single-probe design and 0.9 mm x 2.8 mm (width x length) on triple-probe 

design. In vitro results demonstrated a compatible sensitivity on several functional 

electrodes, ranging from 53.3 to 67.6 mV/pH in case of flat TiN, with a good reproducibility 

upon 3 loops of measurement. A preliminary in vivo test was conducted on mice, recorded a 

stable OCV signal under anesthesia conditions. We introduced a compact measurement 

system for signal visualization, data acquisition and data storage.  

A wireless system can be added if required and the implementation can be further 

extrapolated to other biological application (sweet, saliva, wound, blood monitoring). Indeed, 

in human beings, each part of the body operates optimally at a specific pH level. Most tissues 

has physiological pH around 7 to 7.4 with some exceptions [58]. Meanwhile, pH level in 

different position of healthy organs or tissues could be found ranging from 6 to 8, for example: 

pH 6.0 – 7.0 in saliva, pH 6.2-8.0 in urinary tract or 7.3-7.7 in healthy tear [5]. In diagnostic 

of abnormal conditions and disease, an acidic pH level was discovered in extracellular tumor 

(6.5-7.2), inflamed tissue (4.5) or cardiac ischemia (5.7) [59]. Thus, the need of employing an 

accurate and miniaturized pH sensor is commonly motivated by daily medical practice and 

our results open the way to many applications. 
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2.3.3.5. Supplementary study on model 3-b 

As previously mentioned in section 2.2.2, on this sub-model, the geometric shape of the pH 

probe is improved and the thickness of TiN layer is varied to evaluate the performance of the 

sensor. In addition, we attempted to integrate a reference electrode (RE) from various 

materials such as Platinum, Gold and Ag/AgCl to compare with external classical RE. Figure 

2-74 illustrates the three probe designs fabricated with our improved masks. Actual shape 

and size of the probe is presented in Figure 2-75. The following section will first describe the 

work on different RE, then the characterization of the uniformity of the process, and finally 

the influence on TiN thickness. 

 

 

Figure 2-74 Three probe designs of model 3-b – Flexible/Flat TiN. 

 

 

Figure 2-75 Sample of fabricated flexible electrode model 3-b. 
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a) Comparision of the integrated Pt electrode to an external Pt wire as a counter 

electrode 

To evaluate the quality of our fabricated Platinum electrode in our integrated design, we 

compared by impedance spectroscopy the same TiN working electrode (numbered S06) used 

with the same external Ag/AgCl reference electrode, and using either our internal Pt 

electrode or an external Pt wire as couter electrode (CE). Result on Figure 2-76 shows the 

same impedence modulus and phase, which proves our fabrication technique of integrated Pt 

is correct. 

 
Figure 2-76 PEIS measurement to compare fabricated internal Pt with external Pt wire as CE. 

b) Comparision of using integrated Au electrode versus external Pt wire as a counter 

electrode 

We also attemped to use Au as a peusdo electrode instead of Pt (because it could simplify the 

fabrication process if positive results). The comparision on Figure 2-77 shows that when 

using Au as a couter electrode, the impedance is a bit higher than using Pt.  

 
Figure 2-77 PEIS measurement to compare fabricated internal Au with external Pt wire. 
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c) Reproducibility of the fabrication process 

We decided to test the sensitivity of two electrodes with the same size, same design and 

fabricated with the same process (but from different wafers). Figure 2-78 shows a similar 

sensitivity (size 400 µm x 800 µm, sensitivity -51.7 mV/pH, E0 = 470.5 mV, R2 = 0.9887) 

compared to the results presented in section 2.3.3.2 on electrode single 

04 (size 400 µm  x 800 µm, sensitivity -53.7 mV/pH, E0  = 525.5 mV, R2 = 0.9978). 

 
Figure 2-78 Sensitivity of flat TiN electrode fabricated on another wafer, with the same process as in session 

2.3.3.2 and same dimensions. 

We also test the sensitivity of several electrodes TiN flat fabricated on one wafer, 37°C, using 

Ag/AgCl as RE. Figure 2-79 illustrates the sensitivity of the five electrodes after normalizing 

the OCV at pH 7 to zero.  The absolute value of sensitivity of these electrodes are shown in 

table 2-11. Compare to Table 2-10, section 2.3.3.2a, it is noticeable that the fabricated flexible 

electrodes model 3b exhibits more uniform performance (sensitivity is in the range of 51-

60mV/pH, no non-functional electrodes, standard potential is close between 427-469 mV ), as 

the very first fabrication of model 3a.  

 
Figure 2-79. Sensitivity of electrodes TiN flat fabricated on the same wafer. 
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TABLE 2-11 SENSITIVITY OF FLEXIBLE PH SENSORS – MODEL 3B (TIN THICKNESS = 200 NM)                                                                                                     

IN CASE USING EXTERNAL AG/AGCL REFERENCE ELECTRODE 

Electrode

FLAT 

Size            

(µm x µm) 

Sensitivity 

(mV/pH) 
E0 (mV) R2 

 

W15e02 400x800 -52.38 449.72 0.9908  

W15e04 400x800 -54.72 466.57 0.9969  

W15e08 400x800 -59.65 449.31 0.9708  

W15e32b 400x800 -52.55 426.71 0.9660  

W15e16 600x1200 -50.866 469.36 0.9725  

      

To explain the variation of sensitivity slope on those experiments, we investigated the 

interference of the RE. In fact, we used one RE Ag/AgCl to run experiments on several 

fabricated WEs. Among those experiment, sometimes in the later experiments, it resulting a 

lower slope of sensitivity.  By checking the sensitivity of the same WE TiN flat, measured in 

the similar condition, in case using a new and dry Ag/AgCl RE and in case using an Ag/AgCl 

RE which used just before in measurements on several electrodes. Results on Figure 2-80 

shows that the older the Ag/AgCl RE, the lower the slope of sensitivity (45.94 mV/pH and 

52.55 mV/pH with old and new Ag/AgCl RE, respectively).   

 

Figure 2-80 Interreference of RE quality to the measurements. 

Generally, it is recommended to fill an Ag/AgCl RE with filling solution (e.g., potassium 

chloride KCl 3.5 M) before using to ensure accurate potential measurements. The filling 
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solution helps to maintain a stable potential by providing a consistent and known 

concentration of chloride ions around the reference electrode. It also prevents air bubbles 

from forming, which can interfere with accurate potential measurements. In some case, 

Ag/AgCl REs are designed with a gel filling that does not require additional filling solution. 

These gel-filled reference electrodes have a small volume of electrolyte embedded in a gel 

matrix, which provides a stable and reproducible reference potential. 

d) Characterization of the uniformity of the fabrication process  

Below are also given the PEIS characterization results in vitro in case TiN layer has 

thickness of 300 nm (Figure 2-81). On our wafer, we have in total 13 electrodes of the same 

size 400 µm x 800 µm. We tested randomly 6 electrodes among them and results of the PEIS 

show almost similar characterizations for all. This proves the reproducibility of the 

fabrication process with a uniform quality.  

 

 

Figure 2-81 Impedence of 6 pH probes fabricated on one wafer. Thichness of TiN is 300nm. 

e) Sensitivity in case thickness of TiN is 300nm 

We tested the sensitivity of several electrodes which have 300 nm thickness of TiN  instead 

of 200nm as in model 3-a. Results (Table 2-12)  show that we obtain a lower sensitivity 

(mostly around 40-45 mV/pH) at 16 °C (due to the fact that the temperature was very low in 

the lab during this time of experiment). This result is compliant with what we found in the 

case with higher temperature (results presented on Fig. 2-64, previous session 2.3.3.2c) and 

TiN thickness optimization could be done around the 200 nm range, with 10nm accuracy 

required, which is difficult to achieve with our available facilities.  
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Figure 2-82 illustrates the best-performance electrode which  has a sensitivity of 53.6mV/pH 

for a 300nm TiN thickness (first line of Table 2-12).  

 

TABLE 2-12 SENSITIVITY OF FLEXIBLE PH SENSORS – MODEL 3B (TIN THICKNESS = 300 NM)                                                                                                     

IN CASE USING EXTERNAL AG/AGCL REFERENCE ELECTRODE 

NEW MASK-Flat 

TiN thickness 300nm 
Electrode number 

Sensitivity 

(mV/pH) 

400x800um  

S02 53.6 

S03 40.0 

S04 42.2 

S06 44 

600x1200um 

S18 41.7 

S20 37 

S25 51 

S26 38.5 

 

 

Figure 2-82 Sensitivity of the best-performance electrode which has thickness of TiN at300nm. 

2.3.4. Model 4 – Miniaturized and flexible polyimide substrate/ Porous TiN 

2.3.4.1. Fabrication process of model 4-a 

To improve the precision of our pH sensors, a porous profile was created on the surface of 

working electrodes to increase the effective working area, as it was tested on the glass 

substrate samples initially. Porosity of the TiN surface has been obtained by a wet etching 

process in a mixture solution of TechniEtch TBR19 (Technic) and hydrogen peroxide (H2O2) 

30%. A complete study on the improvements of porous TiN compared to flat TiN was reported 

in our previous work [60], which indicates a lower impedance and a higher conductivity of 
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this material. The fabrication process was kept the same except this additional etching step 

of TiN. 

2.3.4.2. In vitro - Results and discussion on model 4-a 

Similarly, performances of this porous TiN pH sensor were demonstrated with the same 

methods as for its flat TiN counterpart. Figure 2-83 shows a linear sensitivity OCV curve of 

the flexible porous TiN sensor, which indicates that the porous TiN has maintained the 

sensitivity of 53.2 mV/pH compared to the flat TiN. Stability is better in the first 50s as 

shown in Figure 2-84a, with a maximum drift of 3 mV detected at pH 7.13 and 7.28. OCV 

measurement performed a small noise level of less than 0.5mV as shown in Figure 2-84b, 

which means the porous TiN WE has no defects and keeps a good quality after the above-

mentioned post-fabrication technique. Hysteresis, Figure 2-85, was found small at 3mV 

maximum after 6 cycles of OCV measurement at 3 pH levels with approximately 0.15 pH 

steps (7.13, 7.28 and 7.45). Finally, in case of porous TiN, a precision of 0.056 was determined 

which is better compared to flat TiN (with a precision just below 0.1). The sensitivity of this 

porous TiN was then re-tested after the in vivo experiment on mice, showing a slight decrease 

of sensitivity down to 50 mV/pH. This proves that the sensor could withstand the skin contact 

during implementation in the in vivo experiment and was not degraded by mechanical stress, 

keeping the material porosity and integrity.  

Reproducibility of porous TiN electrode is also presented in Figure 2-86. In case of using Pt 

reference electrode instead of external Ag/AgCl, the sensitivity (Figure 2-87) was reduced to 

23.6 mV/pH, in agreement with our flat TiN study presented above. The main advantage of 

porous TiN is to combine a good sensitivity with a higher stability and better accuracy. 
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Figure 2-83 Sensitivity of flexible pH sensor with porous TiN tested in PBS solutions at different pH levels. Working 

electrode is 400 µm x 800 µm in size and Reference electrode is Ag/AgCl. 

 

 

(a) 

 

(b) 

Figure 2-84 a) The stability of one porous TiN electrode at different pH levels of PBS solutions during 200 s. Working 

electrode is 400 µm x 800 µm in size and Reference electrode is Ag/AgCl. (b) Corresponding noise level of OCV 

measurement. 
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Figure 2-85 The hysteresis of one porous TiN electrode at different pH levels (7.13, 7.28, 7.45) during 6 cycles of 

OCV measurements. Working electrode is 400 µm x 800 µm in size and Reference electrode is Ag/AgCl. 

 

Figure 2-86 The reproducibility of one porous TiN electrode during 3 loops of measurement in 3 pH levels: 7.13, 7.28, 

7.45. Working electrode is 400 µm x 800 µm in size and Reference electrode is Ag/AgCl. 

 

Figure 2-87 Sensitivity of flexible porous TiN pH sensor with size 400 µm x 800 µm, tested in PBS solutions at 

different pH levels, in case of using integrated Platinum reference electrode instead of external Ag/AgCl. 
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2.3.4.3. In vitro - Results and discussion on model 4-b 

We chose 3 electrodes model 4-b fabricated from one wafer to test the sensitivity at 37°C. 

Table 2-14 shows 2 electrodes among them have sensitivity in the appropriate range 

(- 54.09 mV/pH and - 51.28 mV/pH) compare to sensitivity of electrode Porous TiN model 3a 

in Figure 2-88, section 2.3.4.2 above.  

We reincluded results on sensitivity of the corresponding electrode flat TiN (from Table 2-11) 

in table III below for a better comparison.  

TABLE 2-13 SENSITIVITY OF FLEXIBLE PH SENSORS – MODEL 4B (TIN THICKNESS = 200 NM)                                                                                                     

IN CASE USING EXTERNAL AG/AGCL REFERENCE ELECTRODE 

Electrode 

POROUS 

Size            

(µm x µm) 

Sensitivity 

(mV/pH) 
E0 (mV) R2 

Electrode 

FLAT 

Sensitivity 

(mV/pH) 
E0 (mV) R2 

W15e02 400x800 -43.06 466.01 0.9943 W15e02 -52.38 449.72 0.9908 

W15e08 400x800 -54.09 522.76 0.994 W15e08 -59.65 449.31 0.9708 

W15e16 600x1200 -51.28 513.20 0.9975 W15e16 -50.866 469.36 0.9725 

 

One electrode has lower sensitivity of 43.06 mV/pH. This electrode has a higher impedance 

compared to the good electrode (Figure 2-88), which could be relevant to the performance of 

pH sensing.  

 

Figure 2-88 Comparison of PEIS between a normal electrode (W15e08)with a poor sensitivity electrode (W15e02). 

Electrode W15e02 

Electrode W15e08 
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Overall, the sensitivity tests on model 4a and 4b demonstrates the reproductivity of our 

technique to fabricate porous TiN electrodes. 

We tested the stability of one electrode with porous TiN by measuring the OCV for 1.5 hours 

at 37°C. After 1.5 hours, a drift of 13 mV was observed (Figure 2-89a, which is higher 

compared to the case of the flexible flat TiN electrode. During the first 10 minutes, the drift 

was minimal at 1 mV and started to increase at a faster rate after 10 minutes (Figure 2-89b). 

We have noticed this drifting issue with porous TiN since the prototype on the glass 

substrate. However, it is noteworthy to mention that on the newly fabricated and clean 

electrode, we observed a lesser drift effect in our OCV measurements. 

The flexible electrode size 400 µm x 800 µm with porous TiN was also tested in extended pH 

range from 4 to 10, as showed on Figure 2-90. It is observable that there is a slower response 

of OCV at high pH (>8). This also means in very base solution, our TiN electrode needs longer 

time to be stabilized. There is a similar phenomenon with glass electrode for pH sensing, so 

called acid error or alkaline error. While acid error starts approximately at pH = 2 for most 

pH glasses, the alkaline error starts at pH = 8 to 11 depending on the sources and composition 

of the glass membrane [2].  

Response time of flexible electrode size 400 µm x 800 µm with porous TiN was found to be 

12.8 s from pH 6.04 to pH 7.02 (Figure 2-91). This is better than the flexible flat TiN (29 s, 

model 3a, see section 2.3.3.2d) and in the same range as prototype on glass substrate (10 s, 

model 1, see section 2.3.1.2). 

a) b) 

Figure 2-89 Stability of electrode TiN Porous plotted in 90 minutes (a) and zoom in the first 30 minutes (b). 
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Figure 2-90 Sensitivity of the flexible electrode size 400 µm x 800 µm with flat TiN(top) and porous TiN (bottom) 

tested in extended pH range from 4 to 10. (*) is parasite signal due to manipulation. 

 

Figure 2-91. Response time Sensitivity of the flexible electrode size 400 µm x 800 µm with porous TiN. (*) is parasite 

signal due to manipulation. 
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2.3.3.4. Conclusion on model 4- Flexible Polyimide substrate/Porous TiN 

A specific treatment was applied to obtain nanoporous profile of TiN at the working electrode, 

instead of flat surface, to improve the precision of the sensor from 0.1 to 0.05 in pH. The 

sensitivity of TiN porous was slightly reduced on the polyimide flexible substrate compared 

to that of glass substrate (down to 0.02 in pH, see section 2.3.1) but still very low. In vitro 

results demonstrated a sensitivity of 53.2 mV/pH on the porous TiN flexible sensor with 

accuracy below 0.06 in pH (which is close to the initial target). A slight decrease in sensitivity 

of the porous TiN sensor after the in vivo test was observed, from 53.2 mV/pH down to 50 

mV/pH, which however validates the consistency under insertion conditions. The 

reproducibility of the fabrication process was also evaluated. Reproducibility of the process 

to obtain porous TiN was evaluated, showing the variation of sensitivity in the range of 51-

54mV/pH). 

 

2.4 Conclusion on chapter 2 and perspectives 

This chapter presented our study on designing and developing a flexible and micro pH sensor 

with a very high accuracy, targeting fetal health monitoring during labor and other biological 

application related to human and animal health.  Herein we summarize the main results 

that were accomplished, including:  

1. A microfabrication process developed and optimized on flexible polyimide; 

2. A new WE material tested (TiN flat and porous); 

3. Several mask levels designed and implemented, successfully produced a down to 

300µm x 600µm in size TiN working electrode; 

4. A full in vitro characterization protocol developed and used for all the probes (SEM, 

OCV, CV, PEIS, influence of the Temperature); 

5. Some in vivo preliminary test done on mice showing the POC; 

6. pH sensitivity and accuracy achieved close to the expected target for the fetal 

application taking in consideration the miniaturization and material constraints. 

 

As perspectives, in the final form of the device, the flexible pH electrodes could be considered 

to be attached into a specific needle, which is adaptable for clinical skin insertion. This pH 

sensing needle will be fixed with the SpO2 sensing board (later introduced in chapter 3) using 

a flexible polyimide substrate in a customized design package.  

The important challenges to be considered for this work in the future are:  
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1) to find the best mechanical design to be easily used by the medical staffs and prevent any 

damage for the fetus and the mother; 

2) to guarantee the sensitivity and accuracy in real use-case;  

3) to establish a protocol for temperature correction, sterilization and storage of the pH 

sensing electrodes. 

In addition, new applications are under evaluation, for cardiac ischemia detection for 

instance. New tests are undergoing in animal facilities on different animal models at the 

Ecole Vétérinaire d’Alfort to complete the work in the near future. 
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Chapter 3 

 

 

3. SPO2 SENSORS 
_____________________________________________________________________________________ 

Abstract 

In this chapter, we present a prototype which is our first attempt to get continuous 

measurement of SpO2 and provides a clear photoplethysmogram (PPG) in real time, 

considered as a complementary second line measurement on the foetus during labor. This 

work targets to make a SpO2 sensor which can register raw pulse oximetry signals for 

biological research purpose. In addition, SpO2 measurement is helpful to evaluate our pH 

measurement as correlation exists between low tissue oxygenation and lower pH. A 

reflectance SpO2 sensor was designed, employing two LEDs at 630 nm and 940 nm 

wavelengths with one wideband photodiode and being monitored by a MSP432 

microcontroller. Several versions of the SpO2 sensor were fabricated. Result recorded of the 

first prototype of the classical hard-type PCB shows close behavior to a commercial device. 

We optimized the analog front end (AFE) circuit and transferred it to a flexible PCB, 

fabricating a second prototype. Further developments to improve the accuracy of the sensor 

can be investigated in the future, based on this preliminary study.  
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3.1. Bibliography study/ State of Art of SpO2 sensor 

3.1.1. State of Art and literature reviews 

An overview on the history of pulse oximeter development  

As explained in chapter 1, session 1.2, SpO2 indicates the blood oxygen saturation measured 

by pulse oximetry technique using a non-invasive sensor attached to a patient's finger, 

earlobe, wrist-worn, forehead, nose, foot, or toes. or other body part. Blood oxygen saturation 

refers to the percentage of hemoglobin molecules in the blood that are bound with oxygen.  

The concept of blood oxygen saturation has been known for many decades. SpO2 sensors have 

become an essential tool in medical settings, personal health and fitness supporting for 

monitoring respiratory function and overall health. Technology behind a SpO2 sensor 

continues to evolve to meet the demands of the market, especially wearables. 

In 1935, Karl Matthes developed the original ear O2 saturation meter with red and green 

wavelengths [61]. In 1940, J.R. Squire discovered the red and infrared light transmission 

difference for calculating oxygen saturation, and in 1942, Glen Millikan developed the first 

portable pulse oximeter for pilot training during WWII. While their device was obstructed by 

the noise generated by the pulse of blood, in 1972, Dr. Takuo Aoyagi presented a solution to 

eliminate the noise from the measurement, resulting in the first conventional pulse oximeter, 

which used SpO2 sensors to measure oxygen saturation levels in the blood [62], [63]. 

The device was first commercialized in 1981, and the use of pulse oximetry for continuous 

oxygen monitoring in newborns was first described in 1986, and later is used widely in the 

delivery room during resuscitation [64]. It is also utilized to screen for congenital heart 

disease [18]. 

In the early 2000s, SpO2 sensors began to be used in home healthcare settings, allowing 

patients to monitor their own oxygen saturation levels and alerting them to potential health 

problems. More recently, SpO2 sensors have been incorporated into wearable fitness trackers 

and other consumer health devices, making them more widely accessible to the general 

public. The increasing of chronic respiratory diseases, such as chronic obstructive pulmonary 

disease (COPD) and sleep apnea, as well as the COVID-19 pandemic, has driven demand for 

SpO2 sensors in both medical market (monitoring during surgery, intensive care, home 

healthcare, telemedicine, etc.) and consumer markets (wearable fitness trackers, 

smartwatches, etc.).  
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Figure 3-1 The overall development of Pulse Oximeter. 

 

 

Evolution of pulse oximeter over time 

The world’s first pulse oximeter is ear oximeter OLV-5100 invented by Dr. Aoyagi in 1974 

(Figure 3-2). It used an earpiece with incandescent light, filters, and photo transistors. 

Looking back into history, pulse oximetry may have been invented earlier than the 

development of semiconductor devices, such as light-emitting diodes (LEDs). Therefore, a 

small probe suitable for clinical use could not be developed.  

 

Figure 3-2 The world’s first pulse oximeter is ear oximeter OLV-5100. 
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In 1977, the Minolta Company developed Yamanishi’s oximeter concept using a fingertip 

probe to take advantage of the greater pulse amplitude. Minolta’s device was marketed in 

1977 as the Oximet MET-1471 (Figure 3-3) [62], [65]. The light emitted by a light emission 

diode travel to the finger probe and the transmitted light is analyzed by a silicon photodiode 

mounted in the chassis. The incident and transmitted light travel to and from the chassis 

through the fiberoptics, respectively. 

 

Figure 3-3 OXIMET Met 1471. 

Nellcor introduced their device, the N-100 Pulse Oximeter (Nellcor) in 1983 with a great 

simplicity and considered more human factors design features (Figure 3-4), for example, 

changing sound of the pulse tone with decreasing saturation. 

 

Figure 3-3 N-100 Pulse Oximeter (1983, Nellcor). 

Nowadays, many SpO2 sensors can be found in the market with competitive optimizations 

such as: small size, ease of use, wireless, integrated in watches, phones, and for use in clinic 

as specialized medical equipment for children and fetuses (Figure 3-5). 
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Figure 3-4 Examples of Commercial SpO2 sensors on the market. a) Masimo MightySat b) Philips Respironics 

WristOx2 c) Philips Avalon Fetal Monitor d) Doppler fœtal Sonicaid SR2 e) NeoPulse Pulse Oximeter f) OxiFirstTM 

FS14 Sensor g) Nellcor OxiMax N-65 Handheld Pulse Oximeter h) iHealth Air Wireless i) Nonin Onyx Vantage 

9590. 

Despite the availability of SpO2 device on the market, we found an essential need from the 

medical study point of view, to register the raw data of the PPG signal before any signal 

processing. Indeed, the PPG signal (to be further explained in Figure 3-7) can be useful to 

determine pulse wave characteristics, contains specific and critical information that of 

dicrotic notch, systolic and diastolic phases, etc.…This information could be useful in extreme 

state of the patient for specific emergency situation. Thus, developing our own device on 

which we could control the filtering of the signal is interesting for us and could be helpful to 

support biological study. In addition, we can design our own specific package adapted to our 

application. 

 

Medical aspect of SpO2 sensors 

The normal range of SpO2 on a healthy adult is between 97% to 100%. In practice, the SpO2 

range of 92–100% is generally acceptable for most people. Some experts have suggested that 

a SpO2 level of at least 90% will prevent hypoxic tissue injury and ensure client safety [66]. 
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In February 2021, the Food and Drug Administration warned that pulse oximeters may give 

inaccurate or inconsistent readings if a person has poor circulation, dark skin pigmentation, 

thick skin, cool skin temperature, or is wearing dark fingernail polish, artificial nails, or if 

their fingers are not clean [67]. This is remarkable issues to be noticed in the measurements 

of our home-made device (chapter 3, session 3.4).  

There are two methods to calculate SpO2: the detection of transmitted or reflected light 

(Figure 3 -6). In our study, due to the targeted application which needs to place the sensor 

on the head of the fetal scalp, we choose to develop a reflectance SpO2 sensor.  

 

Figure 3-5 Reflectance and transmittance of SpO2 sensor. 

 

Literature review on the technique of reflection SpO2 sensor 

Pulse oximetry for the assessment of oxygen saturation (SaO2) is based on 

photoplethysmography (PPG). During systole, light absorption increases leading to a 

decreased of reflected light intensity. The maximal and minimal values of the PPG pulse 

reflect this phenomenon (Figure 3-7). Hemoglobin is the main source for light absorption in 

tissue in the red and near-infrared regions, but other chromophores like melanin and 

myoglobin can also absorb light in these wavelength regions.  

Figure 3-8 shows the extinction coefficients of oxygenated hemoglobin (HbO2) and non-

oxygenated hemoglobin (Hb) as a function of wavelength in the visible and near-infrared 

regions [68]. The extinction coefficient of each type of hemoglobin is defined as the absorption 

constant of the hemoglobin, divided by the hemoglobin concentration in the sample. The 

hemoglobin in blood includes HbO2 of extinction coefficient εO and Hb of extinction coefficient 

εD. 
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Figure 3-6 Principle of photoplethysmogram generation and waveform features [69]. 

 

 

Figure 3-7 Explain on the technique of pulse oximetry [18]. 

Pulse oximetry exploits the light absorption difference between Hb and oxygenated 

hemoglobin (HbO2). HbO2 absorbs more infrared light (9400 nm wavelength) and less red 

light (660 nm wavelength) than Hb. Then, the reflected light is received by a photodiode on 

the same side. The recorded light signals consist of a direct current (DC) component and 

pulsatile alternating current (AC) component. Pulse oximetry calculates the modulation ratio 

R by using the DC and AC components of the red and infrared signals as follows: 

R = AC
red

/DC
red

AC
IR

/DC
IR

                                                           (3-1) 
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An empirical calibration equation is established and could be different depending on the 

SpO2 measurement system. An example is shown on Figure 3-9. 

 

Figure 3-8  (a) Changes in ACR, ACIR, DCR, and DCIR with decreased SaO2. (b) Empirical relationship between 

modulation ratio R and SaO2 [70] . 

There have been many efforts of researchers for improving the accuracy of the SpO2 

measurement. Niwayama et al introduced  a non-contact measurement using spatially 

resolved near-infrared spectroscopy [71]. Hay et al reported their pulse oximetry with two 

infrared wavelengths without calibration in extracted arterial blood, based on the reduce of 

the difference in optical pathlength of the two wavelengths, compared to the case of one red 

and one infrared wavelength [72]. In another approach, a reflection SpO2 sensor based on 3 

LEDs (red 660 nm, green 535 nm and IR 940 nm) is introduced by Sun et al, employing a 

low-power microcontroller solution to integrate a subtraction to other blood component which 

can also absorb the light beside hemoglobin oxygenated and non-oxygenated [73]. 
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Effect of distance between the LEDs and the photodiode (PD) 

It is noteworthy to mention about the effect of distance between the LEDs for light emitter 

and the photodiode (PD) for light detector.  Kanayama et al mentioned in their work of 

developing a finger-mounted fetal tissue oximetry using near-infrared spectroscopy, that the 

distance of 6-8 mm between the pair of source-detector is appropriate (Figure 3-10), 

considered the sensitivity and size of the probe [74]. As a smaller distance could lead to a 

lower sensitivity, we started to build our prototype with the distance of 6 mm between LEDs 

and PD (see session 3.3.3).  

 

Figure 3-9  Relationship between the sensitivity and the pair of source-detector distances [74]. 

3.1.2. An overall summary  

Overall, attempt to measure blood oxygen saturation has been established since many 

decades and the first fingertip-pulse oximeter was put on the market in 1977. Since then, 

SpO2 sensors were broadly used in home healthcare and fitness support systems, making 

them more widely accessible to the general public and got a significant attention since the 

COVID-19 pandemia. 

In our project, we attemp designing our own SpO2 sensor for two purposes: i) to use SpO2 as 

a supplemental measurement to confirm our pH measurement since  both value decreases 

signify the oxygen level of the tissue or blood is changing, and ii) to provide a real time raw 

PPG signal as material for further data analysis for further biological study.  

From the technical point of view, the state-of-the-art shows that it exists several methods to 

achieve an accurate SpO2 sensor, such as using near infrared field or multiple wavelengths 

as light emitters. At this state of our project, we developed our device without targeting an 
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extremely high accuracy, with a basic principle using one RED and one IR LED and one 

photodiode (PD). The next sessions of this chapter will present our different prototypes and 

could be further developed in the future if necessary. The initial idea was also to embed the 

SpO2 sensor with the pH probe on the same miniaturized package for easy manipulation in 

the fetal scalp application. 

3.2. Methodology 

The SpO2 sensor was designed combining an optical probe to detect the light, an analog front 

end (AFE) circuit to provide an elementary filtered and amplified signal and a micro 

controller unit (MCU) to conduct signal processing, data display and storing (Figure 3-10).  

 

Figure 3-10 Scheme of SpO2 sensor system. 

All these different blocs will be described in the following sections. 

Our method to develop the analog part of the sensor has been to work at the beginning with 

usual tools and material. And for that we have designed the first boards on a classical FR4 

material. With this technology it is easy to fabricate the circuits in our laboratory to improve 

them and test different solutions. These different steps are not explained here but we present 

the scheme we obtained at the end of the first design sequence (see 3.3). 

In parallel we have been working on the digital section of the system with a microcontroller 

unit for digital signal processing and a display of the results. 

A comparison of results given by our sensing system to results given by a commercial pulse 

oximeter has also been performed. 

A final step of our work has been an attempt to change the material of our PCB material for 

a flexible one that could be possible to implement on a non-flat surface like the head of a 

baby. It is an important technical change for us, and the PCB boards cannot be fabricated in 
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the laboratory. Anyway, different tests have been conducted and we arrived at a scheme 

giving rather good results and that will be presented in this manuscript.  

3.3. Design and development of reflection SpO2 sensor on hard-type 

PCB 

3.3.1. Analog front end 

In this section we present the global Analog Front End (AFE) which is designed with an 

optoelectronic probe and an amplifying section. The scheme is given in the following figure 

(3.11). 

 

Figure 3-11 Global scheme of the optical reflectance SpO2 sensor. The power supply is not represented.  

The optoelectronic probe is built around two LEDs for light emission and a photodiode for 

light detection. The two LEDs are: a Red one (ref. LS L29K from OSRAM) with a dominant 

wavelength of 630 nm and a peak at 643 nm; an Infra-Red one (ref. IKP 2012F3C from 

Kingbright), with a peak wavelength at 940 nm. The light is transmitted through the skin 

and is detected by a PIN photodiode (ref. BP104S from OSRAM) with a maximum sensitivity 

wavelength at 850 nm. The photodiode is connected to a first stage converting the current 

delivered by the photodiode into a voltage, and called transimpedance amplifier (TIA). This 

first stage acts also as a first order filter. A second stage achieves amplification and provides 

some more filtering. The AFE is supposed to be placed on the patient, and it is connected by 

a cable to the power supply and to the second part of the system, the Digital Data Processing 

Unit. Both sections are detailed below. 

The optoelectronic emission circuit with the LEDs and the electronic driver circuit is shown 

in the Fig. 3.12.  
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Figure 3-12 Optoelectronic light emission unit. 

The LEDs (IR and Red) are switched on-off by two bipolar transistors NPN type, MMBT3904, 

noted T1 and T2. The command of the transistor is given by the microcontroller unit (input 

signals MC1 and MC2). The desired current intensities are tuned respectively by the resistors 

R4 and R5 in serial position with the LEDs, according to the datasheet characteristics. 

Measurement of the forward voltage of IR LED (Switch Red Off – Switch IR On) and red LED 

(Switch Red On – Switch IR Off) in continuous mode indicated 1.1V and 1.9V, respectively. 

Measurements also give the direct current into the LEDs when they are working alone: 

respectively 12 mA for the Red and 4.7 mA for the IR LED. 

The activation time diagram of the two LEDs, driven by pulses is illustrated on Figure 3-13. 

The pulses are generated and controlled by the microcontroller MSP432, which will be 

further explained in the next session 3.3.2. The two diagrams are not symmetric. It has been 

chosen to work with the IR LED quite continuously (its current consumption is smaller) only 

switched off to turn on the RED one. The RED LED is turned on, the IR LED is turned off 

during 180 µs and the sampling of the RED signal is performed in the middle of this time 

interval of 180 µs. Then the IR is switched on again the sampling occurring 320 µs after the 

sampling of RED LED; the Red LED is turnd off. The global period of these signals is 5 ms, 

corresponding to 200 Hz for the sampling frequency.  
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Figure 3-13 Switching time frame of the first prototype. 

As the ADC used in the MCU is working with 14 bits it is logical to make the sampling at a 

time instant such as the transient of signal can be considered as finished with the same or a 

little better resolution. As 223 = 16384 and considering transient signals of first order, 

decreasing as 𝑒4
5
67 	, we should have 𝑒4

5
67 	≤ 1

16384=  which leads to 𝑡	 ≤ 	10𝜏 between the 

switching time and the sampling time. Therefore, for the signal going through the two low 

pass filters on the AFE board, and especially when turning off the IR LED the Red LED being 

already on, the time constant need to be less than (180/2)/10	 = 	9	µs. 

On the sensing board a trans-impedance amplifier stage and a second operational amplifier 

stage, both based on operational amplifiers OPA376 (each in a SMT SOT23 case), are used 

for analog signal processing, providing amplification, and filtering and also driving the cable 

connected between the AFE and the microcontroller board. Calculation of each stage is 

detailed below. 

This trans-impedance amplifier (TIA) converts the current signal provided by the photodiode 

into a voltage signal (Figure 3.14). 

 

Figure 3-14 First stage: Trans-Impedance Amplifier (TIA) based on an OPA376. 
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The resistor R3 is chosen to convert the current signal to a significant voltage level. The 

capacitor C2 is used for two purposes. The first purpose is for stabilizing the structure of the 

TIA which is intrinsically oscillating without capacitor, and the second purpose is to achieve 

a low pass filtering taking advantage of the capacitor presence. The purpose of R7 is to reduce 

the offset at the output of the amplifier. The photodiode is connected to get a positive signal 

at the output of the TIA. 

The transfer function of this stage is given (𝐼89 being the current at the output of the 

photodiode) by: 𝐻! =
":

#;<
= −

$=

!%&'>(
. 

This structure is a classical first order filter with a time constant 𝜏2 = 𝑅?𝐶1 and a cut-off 

frequency equal to 𝑓!" =
"

#$.&!'"

= 159	kHz corresponding to 𝜏2 = 1	µs. 

The second amplifier stage (also based on an OPA376) has a non-inverting structure and 

provides a second filtering effect. The scheme is given in Figure 3.15. 

 

Figure 3-15 Second amplification stage: non inverter amplifier based on an OPA376. 
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The amplification at low frequency is given by 𝐴1 ; the denominator shows the desired low 

pass behaviour with a cut-off frequency 𝑓,) =
!

)-.$@/>
	 and the numerator has a behaviour of 

a high pass filter but at a higher cut-off frequency than 𝑓A1, it is 𝑓,* =
!

)-.'=
=

+@

)-.$@/>
	.  

The global transfer function of the sensor is given by: 
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We can consider that the time constant at the denominator is 𝜏D = 𝜏2 + 𝜏1 and at the 

numerator it unchanged equal to 𝜏?. 

With the values seen in Figure 3-16 we get: 

𝐴1 = 3.4 ; 𝑓A1 = 301	kHz ; 𝜏1 = 0.53	µs	, 𝑓A? = 1.025	MHz ; 𝜏? = 0.16	µs and so 𝜏D = 1.53	µs. 

The voltage of the power supply is low ± 3 V for compatibility with microcontroller boards 

and for reducing the power consumption, keeping in mind a possible use of batteries. The 

gain 𝐴1 should not be too high to avoid saturation of the second stage, considering that the 

first stage is already providing a significant signal. According to the condition determined 

previously we have a good margin of error, 𝜏D < 9	µs. 

Figure 3-16 shows experimentally, that the rise time and the fall time of the signal after 

passing by the two stages of amplifiers and filters are short enough to get a good sampling of 

the IR part of the output signal, in the middle of the pulse turning of the IR LED, the Red 

one being already activated. 

 

 

Figure 3-16 Signal going through the two amplifier stages shown in dark blue with both switching signals MC1 for 

the IR LED in green, and MC2 for the RED LED in light blue. The rise and fall times are easy to see. 

One of the solutions to achieve better signal with less noise level, will be to implement a 

digital filter by the microcontroller unit as presented in a following section. 

3.3.2. The first device on homemade hard PCB 

The global scheme is given in Figure 3.17. 
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Figure 3-17 Global SpO2 sensing board. 

 

  

Figure 3-18 SpO2 sensing board composed of a Red LED (630 nm), an IR LED (940 nm), a photodiode, a 

transimpedance amplifier and a second amplifier stage. 

Figure 3-18 shows the hard-type PCB of the first SpO2 sensor prototype with the above-

mentioned scheme. This sensor is fabricated on a classical FR4 Printed Circuit Boards (PCB) 

and will be later implemented with some improvements on a flexible substrate (session 3.4).   
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3.3.3. MCU programed for switching control, sampling, filtering, and calculation. 

 

Figure 3-19 MSP432 microcontroller development from Texas Instrument Company. 

The MSP432 board (ref MSP-EXP432P401R) is used to control the LEDs, to achieve the data 

sampling by a 14 bits Analog to Digital Converters (ADC) and to perform some signal 

processing. A band pass filter with 5 Hz high cutoff frequency and 1 Hz low cutoff frequency 

is implemented to obtain clear PPG signals. These frequencies have been chosen according 

to the heart rate of adults (for our own tests in the laboratory); they should be changed in 

case of measurement on a baby because of the higher heart rate. We see here a big advantage 

to work with digital filters easy to program. Programing of MSP432 was conducted by 

Quentin Rousset (M2 student, ENS Paris Saclay). 

As explained in the previous section 3.3.1, the LEDs are activated sequentially from pulses 

delivered by the microcontroller and the sampling frequency can be adjusted depending on 

the circuit. The LEDs information is acquired and separated in the microcontroller leading 

to two digitized signals for each wavelength. The corresponding peak-to-peak amplitudes (AC 

for Alternating Current component) and mean values (DC for Direct Current component) are 

determined to calculate the ratio (R) value as given by equation 3-1. As until now we did not 

make the complete calibration, the SpO2 is determined using the R value and an empirical 

formula (equation 3-2), based on application note AN1525 from Zhang Feng, Microchip 

Technology. 

 SpO
2 

= 119 - 32.5R                                                          (3-2) 
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3.3.4. SpO2 measurement as control for fetal monitoring 

The signal waveform also known as photoplethysmogram (PPG) can be useful to determine 

pulse wave characteristics, such as dicrotic notch, systolic and diastolic phases. The data 

acquired from sensors including pH, SpO2, heart rate and PPG can be saved in a SD card or 

in computer and be displayed on a compact screen or customized interface on computer. We 

present here the characterization of our SpO2 circuit shown in Figure 3-18.  

Figure 3-20 shows a comparison between the raw data collected from the sensing board and 

the filtered data for display purpose and easy reading. The noise, including 50 Hz, is 

significantly reduced to obtain better waveforms and we can clearly see PPG signals. 

 

Figure 3-20 Comparison between raw signals sent from the sensing board and the filtered signals by a band-pass 

filter with 5 Hz high cutoff frequency and 1 Hz low cutoff frequency. 

3.3.5. Method to calibrate and test the sensor. 

We evaluated our SpO2 sensor by measuring SpO2 in parallel with a commercial device from 

Nellcor pulse oximeter as in Figure 3-21. 

Red raw IR raw

Red filtered IR filtered
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Figure 3-21 Protocol to calibrate the SpO2 sensor. 

We have done measurements with both tools simultaneously on the middle finger of seven 

healthy individuals. In each measurement by the prototype, we waited at least one minute 

before recording data to be sure that the signal was stabilized. We accessed the results by 

comparing the average values in 2-minute intervals. The errors of measured signal by the 

prototype varied from 1 to 6% in absolute values, as seen on Figure 3.22. 

 

Figure 3-22 Comparison between the SpO2 measured by Nellcor device (green) and our prototype (yellow) on the 

middle finger of seven healthy individuals. The error bars are in absolute values. 

The average relative error of the prototype compared to the Nellcor device is -1.9%. The 

difference between the two mean values comes from the use of equation 2 for a non-calibrated 

device. Some influencing factors have been observed, which are the pressure of the finger to 

the sensing board, the skin color, the perspiration, finger temperature and the difference in 
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thickness of epidermis. This should be overcome by improving the mechanical design and 

packaging of the sensor. An ambient light filter could be added to improve the signal. 

However, the behavior of the prototype is quite close to the reference system from Nellcor, 

which was our initial goal to get relevant PPG signals on a miniaturized circuit.  

3.4. Optimization of a miniaturized SpO2 sensor on flexible PCB 

3.4.1. Optimization of AFE circuit and improvement of LED switching control 

 

Figure 3-23 Optimized circuit of AFE, the changes for the passive components are written in red. 

After the first development we decided to make some changes to the sensing part leading to 

a new version based on flexible material to be able to put it on a non-flat surface. We also 

decided, if possible, to reduce the size of the circuit 

On the optimized AFE circuit (Figure 3-23), we made some change in the selection of 

components (LED, transistor, amplifier) to improve the efficiency of the light emitting and 

optimize the lowpass filters. We also changed passive components to a smaller size (from case 

0805 to case 0603) and decreased power consumption:  

The transistors have been changed from a bipolar NPN transistor to a N Channel 

Enhancement mode MOSFET transistor (ref Sil302DL from Vishay Company). First reason 

is to reduce the power consumption (here it concerns the base current which is canceled); for 

this kind of MOSFET the voltage command applied to the gate is positive, so it is compatible 

with the signals given by the MCU. Second reason is size reduction: with a voltage command 

it is possible to suppress base resistor (so there are two resistors less on the circuit) and this 

transistor is also available in a very small package (SC070-3 in place of SOT23 for the bipolar 

one). For these MOSFET transistor the typical 𝑅EF(B9) is 0.6 Ω leading with drain current 

intensity of some mA to a very small voltage drop 𝑉EF. 

The red LED is changed into KS DELPS1.22 from OSRAM (with a peak wavelength of 637nm 

and a dominant wavelength of 628 nm); it presents a higher efficiency than the previous one. 
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For approximately the same output level for the sensor working with only the Red LED 

working and a finger on the sensor the current in the LED is approximately 3.6 mA, obtained 

with now R5 = 392 Ω. For the case of IR working alone the intensity is 3.8 mA.  

The operational amplifier is changed from OPA 376 with a package SOT23 to TSV521 with 

a smaller package SC70-5. The maximum voltage supply difference being 5 V we use +3 V / -

2 V. 

The lowpass filters at the TIA and OPA have re-calculated with new values of capacitors and 

resistors. With the new values in Figure 3-23 we get now: 

𝜏" = 𝑅(𝐶# = 1.23	µs ; 𝑓!" =
"

#$.&!'"

= 129	kHz ; 

𝐴# =
&"

&#

= 4.3 ; 𝑓!# =
"

#$.&"'#

= 179	kHz ; 𝜏# = 0.89	µs	, 𝑓!( = 1.025	MHz ; 𝜏( = 0.16	µs and 

so 𝜏D = 2.12	µs. 

The switching of the two LEDs was changed to a new diagram as seen in Figure 3-24, along 

with the signal obtained with the oscilloscope. With this new switching principle, the LEDs 

are only activated for 220 µs each so it improves the power consumption without affecting 

the sampling.  

 

Figure 3-24 The second switching time frame of the two LEDs. 

Now the sampling is done 110 µs after the switching, so the time constant need to be less 

than (110)/10	 = 	10	µs once again to have at least 14 bits resolution. We still have a good 

margin and for a future prototype we could be less careful. 

In the next Figure we can see the signal obtained at the output of the sensor with this new 

switching technique. 
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Figure 3-25 The experimental switching of the two LEDs on the output signal of the sensor. 

3.4.2. PCB design 

 

Figure 3-26 Flexible PCB of the optimized circuit. 

Figure 3-26 shows our flexible PCB with the optimized circuit, designed by technician Simon 

Lhorset (ENS Paris Saclay). Material of the substrate is Polyimide Laminate from SHENGYI 

and components were soldered at clean room in ESSIE Paris.  

The circuit shown in Figure 3-26 is the third board that we realized with flexible substrate. 

For the first one, there was an internal short circuit because of a multilayer structure. Back 

to a classical two layers material, it was finally too thin and bad contacts appeared. Material 

of the third one presented above is thicker, with a black coating to avoid light reflection. 
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3.4.3. SpO2 measurement 

       

Figure 3-27 Measurement of the signal in continuous mode (case of the RED LED on). 

We measured the signal at the output of the AFE board while turning on each LEDs in 

continuous mode by an oscilloscope as seen on Figure 3-27 for the Red LED, but for each LED 

separately.  

Measurement results (Figure 3-28 and Figure 3-29) show a quite good signal at the output of 

the AFE unit, before being filtered and amplified later by the microcontroller. The average 

values for both signals are quite similar, that was one of our goals. This could be used to 

collect the raw data for further biological data analysis if necessary. Even without signal 

processing, it is possible to see dicrotic notch and diastolic peak. 
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Figure 3-28 Output signal passing through AFE board in case IR off – Red on. 

 

Figure 3-29 Output signal passing through AFE board in case IR on – Red off. 

We also tested our system on a person. Signal was plotted real-time showing a clear PPG 

waveform after being filtered by the microcontroller, which also provided the calculated SpO2 

value and heart rate value (HR). Data were saved in the computer (Figure 3-30). 
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Figure 3-30 Signal plotted real time while testing the SpO2 sensor on a person. 

At the current stage, we are developing a more compact system with a mini screen (Wio-

terminal) for data visualization and storage in an SD card (as seen on Figure 3-30), to avoid 

the use of a laptop during in vivo experiments.  This work is under contribution of KHAZAAL 

Elio, BROCHEN Loïk, MERIEAU Lucas, ILIKOUD Maxime, NNA Alain Vaillant and 

ANTANINAS JOSEPH in R1 project. More proposals about possibility to a complete and 

appropriate system will be described in chapter 4. 
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Figure 3-31. Compact system integrating pH and SpO2 probes, with a mini screen (WIO-terminal) for data 

visualization and storage in an SD card. Project R1. 

3.5. Conclusion 

This chapter introduced our work to develop a prototype of miniature SpO2 sensor on a 

flexible substrate, which could register raw PPG signal and could be used as a supplementary 

measurement tool to validate our pH measurement.  

Indeed, as stated in the introduction, capillary pH on fetal scalp is frequently monitored as a 

second-line examination beside fetal heart rate in delivery rooms, to reduce false positives 

rate for predicting the fetal acidosis. Our project is to integrate on a unique device both SpO2 

and pH sensors with a continuous monitoring. 
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A first prototype of optical reflectance SpO2 sensor on a hard type PCB, capable of measuring 

SpO2 and register a clear PPG signal has been developed showing promising initial 

performance. A microcontroller MSP432 was employed to control the light emission and data 

acquisition at 200 Hz sampling frequency. Our SpO2 sensor produced a quite close behavior 

to commercial devices and a clear PPG signal available through a customized simple 

interface. A new optimized circuit on a flexible substrate was introduced and tested, showing 

a good output signal. However, we need to investigate more to find a more suitable flexible 

material for the final system, especially taking into account “medical requirements”.  

At this stage, the sensors are separated but an integrated package is considered for the next 

step using both a flexible electronic circuit for SpO2 and a flexible substrate fabrication for 

the pH sensor. This integration work is expected to provide a device embedding all above-

mentioned sensors into a flexible solution for later in vivo testing but compatible with medical 

constraints (material biocompatibility, sterilization, easy manipulation of the final device by 

the medical staff…). 
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Chapter 4 

 

   

4. CONCLUSION AND 

PERSPECTIVES 

_____________________________________________________________________________________ 

 

4.1 Conclusion and summarize the results achieved in the thesis. 

Monitoring fetal well-being during labor is a common practice of daily obstetrical activities. 

Ensuring the good oxygenation of the fetus is important to prevent the risk of asphyxiation 

and its most serious consequences: peripartum death and distant sequelae, in particular 

neurological disorders. In this work, we define the significance of pH and SpO2 measurement 

to human health in general and fetal health monitoring in particular. Biological aspect of pH 

imbalance and the relevant to SpO2 is explained, along with the need of real time 

measurement in order to get over the limitation of the current blood analyzing technique. A 

prototype, which is a first attempt to get continuous fetal health monitoring during labor, is 

designed and fabricated. This system is capable of simultaneously measuring pH, SpO2 and 

provides a clear photoplethysmogram (PPG) in real time. Microelectrode was fabricated using 

Titanium nitride (TiN) as the potentiometric sensing material for pH variations. A 

reflectance optical sensor was used for SpO2 monitoring. Both pH and SpO2 probes are 

minimized and fabricated on flexible substrate (polyimide). 
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The most critical requirement of the pH sensor for fetal health monitoring is a precision of 

0.01 in pH, with an appropriate miniaturized design. Potentiometric based pH sensors are 

the most favored electrochemical systems due to their simple design and possibility to be 

miniaturized.  The first part of our work focuses on developing a TiN potentiometric pH 

micro-sensor in clean room with its complete characterization in vitro. The second part is an 

additional study, in which we present a prototype which is our first attempt to get continuous 

measurement of SpO2 and provides a clear photoplethysmogram (PPG) in real time, 

considered as a complementary second line measurement on the foetus during labor. This 

work targets to make a SpO2 sensor which can register raw pulse oximetry signals for 

biological research purpose. In addition, SpO2 measurement is helpful to evaluate our pH 

measurement as correlation exists between low tissue oxygenation and lower pH.  

 

The summaries below indicate the detail properties achieved on our designed pH and SpO2 

sensors.  

Chapter 2 presented our study on designing and developing a flexible and micro pH sensor 

with a very high accuracy (below 0.06 in pH), a prototype fabricated on glass substrate could 

reach 0.02 in pH precision, which is close to the target of fetal health monitoring during labor 

and other biological applications related to human and animal health. Probe head size is 

designed with 1.2 mm x 1.5 mm (width x length) on single-probe design and 0.9 mm x 2.8 mm 

(width x length) on triple-probe design. In vitro results demonstrated a compatible sensitivity 

on several functional electrodes, ranging from 53.3 – 67.6 mV/pH in case of flat TiN, with a 

good reproducibility upon 3 loops of measurement. A specific treatment was applied to obtain 

nanoporous profile of TiN at the working electrode, instead of flat surface, to improve the 

precision of the sensor from 0.1 to 0.05 in pH. The precision of TiN porous was slightly 

reduced on the polyimide flexible substrate compared that of glass substrate (down to 0.02 in 

pH, see section 2.3.1) but still very low. A slight decrease in sensitivity of the porous TiN 

sensor after the in vivo test was observed, from 53.2 mV/pH down to 50 mV/pH, which 

however validates the consistency under insertion conditions. Reproducibility of the process 

to obtain porous TiN was evaluated, showing the variation of sensitivity in the range of 51-

54mV/pH). A preliminary in vivo test was conducted on mice, recorded a stable OCV signal 

under anesthesia conditions.  

Chapter 3 introduced our design of a reflectance SpO2 sensor, employing two LEDs at 630 nm 

and 940 nm wavelengths with one wideband photodiode and was monitored by a MSP432 

microcontroller. Several versions of the SpO2 sensor were fabricated. Result recorded of the 

first prototype of the classical hard-type PCB shows close behavior to a commercial device. 

We optimized the analog front end (AFE) circuit and transferred it to a flexible PCB, 

fabricating a second prototype. Finally, we developed a prototype of miniature SpO2 sensor 
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on a flexible substrate, which could register raw PPG signal and could be used as a 

supplementary measurement tool to validate our pH measurement.  

At this stage, the sensors are separated but an integrated package is considered for the next 

step using both a flexible electronic circuit for SpO2 and a flexible substrate fabrication for 

the pH sensor. This integration work is expected to provide a device embedding all above-

mentioned sensors into a flexible solution for later in vivo testing but compatible with medical 

constraints (material biocompatibility, sterilization, easy manipulation of the final device by 

the medical staff…). 

Main contributions and results: 

- A microfabrication process developed and optimized on flexible polyimide 

- A new working electrode material tested (TiN flat and porous) 

- Several mask levels designed and implemented 

- A full in vitro characterization protocol developed and used for all the probes (OCV, 

CV,PEIS, influence of the Temperature) 

- A SpO2 sensor developed allowing continuous PPG data recording 

- Some in-vivo preliminary test done on mice showing the POC 

4.2. Perspective and proposal 

We are doing an evaluation for new pathologies or medical appications, for cardiac ischemia 

detection for instance. New tests are under going in animal facilities on different animal 

models at the Ecole Vétérinaire d’Alfort to complete the work in the near future. 

As perspectives, in the final form of the device, the flexible pH electrodes could be considered 

to be attached into a specific needle, which is adaptable for clinical skin insertion. This pH 

sensing needle will be fixed with the SpO2 sensing board using a flexible polyimide substrate 

in a customized package.  

The important challenges to be considered for this work in the future are:  

1) to find the best mechanical design to be easily used by the medical staffs and prevent any 

damage for the fetus and the mother; 

2) to guarantee the sensitivity and accuracy in real use-case; including a full evaluation on 

the uniformity of the fabrication, complementary development on TiN material to have 

consistent sensitivity (in term of potential). For example, Paul Shylendra at all presented 

their study on adding a  Nafion layer on Titanium Nitride for their pH Sensor, which can 

minimize the potential shift E0 value[32]. This aspect is important to improve performance 

of our sensor in high redox media for multiple application. A study to improve the potential 
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stability of the reference electrode and the integration technique of this reference electrode 

close to the working electrode of our pH sensor should also be considered.  

3) to investigate a better control of the porosity of the porous TiN. 

4) to establish a protocol for temperature correction, sterilization and storage of the pH 

sensing electrodes. 

Further in vivo experiments are required to assess the proof of concept and find additional 

funding for the development of a future medical device, focusing on medical health 

mornitoring rather than only fetal scalp case. It is essential to acknowledge the multiple 

stages involved in progressing from research to a finalized product. 

A study on the optical properties (reflectance and transmittance of TiN flat and porous 

material could be considered to further investigated, as we obtained some interesting result 

on this aspect (see annex). 
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Annex 

Annex 1. Literature review details. 
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Annex 2. Thermo-optical properties of TiN 

We introduce an interesting additional result to be further investigated. We while measuring 

the reflectance on TiN sample, we saw a difference in spectra between the TiN flat sample 

and TiN porous sample.  
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