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Abstract 
This article investigates organic and polymeric materials, printing technology and sensing principles 

towards a reliable printed wearable pH sensor realised on textile substrates. This work systematically 

makes a literature study and experimental work of three different organic and polymeric material based 

pH sensors and their corresponding measurement methods. Initially, the three different sensors, a 

conductometric PEDOT:PSS  sensor,  a voltammetric carbon-alizarin sensor and a potentiometric PANI 

sensor were selected based on certain established criteria and were reproduced on foils for a feasibility 

study. Mass but simple production, and feasibility for fabrication on textile substrates were also being 
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the objectives of this work, and led to the deployment of printing and coating techniques for the sensor 

fabrication. These three sensors were printed on flexible foils and tested and verified for sensor 

performances. The performance measures like sensitivity, linearity and repeatability of the sensors and 

their mechanical properties were investigated with prime importance.  Based on the experimental results 

together with a literature study, a conclusive comparison between the sensing principles with respect to 

device fabrication, functionality and wearability were performed. As per this analysis, one principle was 

chosen and further developed towards a textile-based printed sensor.  A potentiometric graphene/PANI 

sensor was printed on a textile substrate and tested for a buffer solution of pH ranging from 4 to 10. The 

potentiometric sensor based on PANI shows a 45mV/pH sensitivity with linear sensor responses and 

repeatable characteristics. It proves as a potential pH sensor on textiles for wearable health applications. 

Keywords: Printed electronics, pH sensor, Textile, Wearable electronics, Organic and polymers 
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Conventional microfabrication routes are complex, time consuming, expensive and  not 

the best fit for the fabrication of textile sensor applications. Although spin coating has been 

chosen often for device fabrication in lab scale, it is not ideal for textiles, misfit for volume 

production and also causes huge material wastage25. Contemporarily, printed electronics 

grabbed more attention as an industry viable production technology, especially towards 

flexible electronics and innovative textile applications. Some of the major works in 

connection with intelligent textile-based wearable sensors for different sensing attributes 

reported in the literature include the wearable strain sensor developed on  graphene 

textile without polymer encapsulation26; worm-shaped graphene monolayer enabled 

ultrahigh tensile strain and stable conductance27; integrated smart textile bands for self-

pumping sweat sampling and analysis28; integrated smart clothing by employing multiscale 

disordered porous elastic fibers as sensing units capable of autonomous self-sensing of 

strain and temperature and self-cooling29; and bio-inspired textile sensor with conical 

micropores for human body moisture and thermal management30.  As a compatible textile 

production processing method in ambient air, it emphasizes printing and coating as the 

future of manufacturing technology31.  

Electrochemical MOx sensors are described for printing and coating based material 

deposition to produce pH sensors . However, the MOx sensors are yet to prove the repeated 

flexing and bending capabilities and also the high curing temperature is a challenge for 

textile sensors19, 32-33. Moreover, the metal oxide sensors have shortcomings in sensor 

characteristics like hysteresis, drift and cross-sensitivity that restrict them to be used in 

health monitoring applications34.  Studies of Alam et al. highlight major pH sensor works 

based on electrochemical organic compounds and conductive polymers to be a better 
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alternative for wearable biomedical applications35. Many of these materials are solution-

processable, intrinsically flexible, cheap and suitable for wearable textiles 12, 36-39. Among 

this, PANI is an intrinsically pH-sensitive, conductive polymer with good environmental 

stability and biocompatibility40-44. PANI based potentiometric sensors have demonstrated 

very promising near Nernst sensitivity of around 50-60 mV/pH with good repeatability and 

stability33, 41, 45-46. Polypyrole, Pentacene,  and P3HT are also (semi-)conducting polymers, 

which show decent activity towards pH sensing47-49. 

PEDOT:PSS is the most popular conductive polymer in the organic electronics domain 

due to its wide range of adjustable conductivities, transparency, modifiable bandgap, 

printability and biocompatibility50-53. PEDOT:PSS is applied to develop pH sensors, which 

are described in different research works46, 54-56. pH sensing is realized by noting the 

conductivity changes of the PEDOT:PSS layer57-59. In recent times, organic compounds are 

increasingly being used in biosensors12. Alizarin is such an abundant, cheap, solution-

processable, and biocompatible material choice60. Alizarin, basically an organic dye for 

textile fabrics, is also applied as a staining agent to identify calcium-containing osteocytes 

in cell cultures and for biosensor development61-64. pH activity of the Alizarin material is 

already reported in previous works65-67. Voltammetry based carbon-alizarin composite 

electrodes are used in pH sensing68-69. The carbon-alizarin sensor has shown a linear 

sensing behavior with a sensitivity in the range of 55 mV/pH and the sensor was equally 

good in buffered and unbuffered media70.  

Although  multiple pH sensing materials and methods are studied,  there exists  a lack of 

clarity in elucidating the best fitting one towards a wearable sensor. This work layouts an 

investigation towards highly reproducible, wearable and significantly sensitive pH sensors 
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by applying the right combination of the suitable electrochemical sensing method, the right 

materials, and compatible production techniques. This overview is a combination of own 

experiments combined with relevant literature sources and leads to an overview on 

selection criteria for wearable pH sensors. To prove this last point, we have further 

developed, based upon this selection, a wearable pH sensor on a textile substrate.   

Integrating pH sensors onto textile substrates meet the requirements of end-user 

suitability, sensing functionality, and economical feasibility.  A limited amount of research 

has been reported on printed pH sensors on textiles. Further the major concerns regarding 

a textile pH sensor are their capability to sense pH over a biologically relevant pH range 

and its  hystersis issues in pH cycles32, 71. These elements are lacking in the afore reported 

works and hence this article, apart from being a clear investigative study towards the 

selection of sensor principle, materials and production technology, also introduces a highly 

sensitive pH sensor fabricated on a textile substrate that can measure pH in a 

physiologically relevant range.  Textile substrates are desirable due to their compatibility 

with the human body, breathability, and user convenience39, 72. This work investigates 

three electrochemical organic and conductive polymer based sensor development 

principles to produce a consistent pH sensor on textiles for wearables. PANI, PEDOT:PSS 

and Alizarin are the materials of experimental interest here and they are selected for a 

couple of reasons.  

 

a) Above mentioned materials have previously been investigated for their pH 
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b) Those materials are readily available in the research domain and inexpensive for 

industrial production 

c) They are used on some flexible foils, and other textile end applications imply 

their feasibility in using them in smart textiles39, 73-74 

d) Chosen functional materials are easily processable; mostly they are proven as 

printable 

e) They are environmentally stable, biocompatible materials 

f)  These materials are previously reported for antimicrobial properties75-76 

 

This work investigates the performance, linearity, sensitivity, and repeatability of these 

three sensor types based on the experiments performed together with literature 

knowledge. The  first phase of  the experiments is set to fabricate these three sensors into 

foils applying screen printing and ultrasonic spray coating (USSC) for material deposition.  

Based on sensor wearability, feasibility to produce on textiles, and sensing features along 

with previously published work, we narrow down the objective to a single sensor that 

leads to a final printed pH sensor on textiles for health monitoring. 

 

2 Materials and methods 

2.1 Theory of the sensor working principles 
 The functioning of three different sensor principles is considered here. A first one is a  

conductometric PEDOT:PSS based sensor, a second one is a voltammetric carbon-alizarin 

sensor, and finally a potentiometric PANI sensor is investigated.  
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have shown antimicrobial properties89-90. Graphene is a 2D nanomaterial with sensational 

thermal, electrical, chemical, mechanical, and optical properties that are highly desirable 

for many applications. In a recent study, Lin et al. made a serendipitous discovery that 

porous graphene can be induced on the polyamide foil with a laser scribing at low power 

settings81. This laser source creates photochemical and photothermal changes on the 

substrate leading to the formation of 3D porous graphene. As a facile approach to get 

graphene on flexible substrates, it leads to tremendous applications in wearables91-92. 

2.2 Sensor Fabrication 

For the sensor fabrication, this research work applying two different printing/coating 

technologies. The first one, ultrasonic spray coating (USSC), is a versatile non-impact, large-

area solution/dispersion coating technique. The printhead's ultrasonic vibration inducing 

standing waves on the solution drop leads to its atomization,  provides consistent drop size, 

and a high degree of coating uniformity on 2D and 3D surface. USSC found great 

importance in high precision thickness (from nanometer scale) and uniform active layer 

deposition of solar cells, light emitting diodes, sensors, and other functional coating 

applications, especially in large areas93-94. 

The second technology, screen printing, is a conventional technique categorized as a 

thick film material deposition method.  The setup comprises a fabric screen stretched and 

attached to a frame, and the unwanted areas of the screen are masked with a suitable 

emulsion. The functional material in the form of a printing ink is pushed through the 

unmasked areas of the screen with the help of a rubber squeegee into the substrate. 

Printed electronics heavily depend on screen printing as it's a simple, long time known 
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alkaline buffers. Similarly longer time exposure of PEDOT: PSS layer to buffer media can 

lead to its deterioration due to its dispersibility in water. 

 

Bendability, flexibility, and stretchability of the sensor are predominant attributes 

related to its wearability function. All the three sensors were rolled in a cylindrical shape 

with a diameter of ~ 1.5 cm as shown in figure S3 a&b. This step was repeated for ten times 

and subsequently, the sensors were tested. Whereas the potentiometric and voltammetric 

sensor readings (in figure S4 b&c) have not shown any significant changes from the 

previous measurements indicating their robustness. the PEDOT:PSS sensors show 5% 

resistance change in the sensor readings from its initial resistance. The PEDOT:PSS based 

pH sensor has constraints in exhibiting bending or flexing attributes as its resistance would 

change in such instances that can influence the pH sensor reading. Wearability features of 

Alizarin are not cross-examined further as it is known as a textile dye for a long time.  The 

potentiometric PANI sensor's wearability attributes and mechanical properties are also 

reported for sensing applications in other literature sources112-113. These sensors can be 

flexible and bendable in a relatively large extent45. Rahimi et al. demonstrated the PANI 

sensor on foil in a serpentine design as stretchable105. Stempien et al. has shown the 

performance of the printed PANI layer on textiles and its robustness to washing and 

mechanical flexing tests114.  Different studies investigated the selectivity of the PANI based 

sensor through the influence from the ionic presence on pH sensing. Those studies 

concluded that no significant impact is found due to the presence of ions like K, Na, which 

enhances the functionality of the sensor for wearable applications46, 113. Temperature is 

another relevent factor to be considered for pH sensing, however for the on-body 
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potentiometric sensor are experimentally investigated in terms of fabrication with printing 

techniques, sensing performance, and repeatability. According to the first phase of 

experimental results and literature background, the PANI-based potentiometric sensor is 

the most optimal choice towards the objective of the work, among the three different 

sensor materials and principles investigated. This work also utilises simple printing 

techniques for pH sensor fabrication which can be applied on foils and textiles. The printed 

PANI based pH sensor on textiles shows to be promising for a physiologically relevant 

range of pH values ranging from 4 to 9.5, has a good sensitivity of 45mV/pH, and an 

excellent repeatability. The selection of textiles and polymer based sensing materials 

enables wearability. Further, printing and coating techniques together with cheaper 

compatible materials ensure a more economical large scale production possibility of the 

wearable sensors. This work strongly asserts economicaly viable pH sensor into more 

wearable and disposable health monitoring applications which helps to realise an 

intelligent and portable health management system. 
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