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1.1 Introduction 

Global research and development (R&D) activities in the field of artificial sensors have 

expanded enormously during last three decades in terms of financial investment, 

published literatures, and the number of active researchers for identification and control 

of tastes and smells of materials used for living. The control and monitoring of toxic 

gases and vapors and other contaminations of industrial effluent gases and liquids and 

run-off from agriculture fields have become the crying need of the present time. Thus 

very useful sensor devices for environmental, biochemical and medical technology have 

been an utmost need to combat the challenges. In this regard, tremendous efforts have 

been put forth in the field of sensor researches. An artificial sensor is basically 

maneuvered to provide information about our physical, chemical, and biological 

environment.  

Amongst the five senses of human such as touch, sight and sound (physical 

senses), senses of taste and smell (chemical senses) are the most critical and difficult to 

reproduce, as the sensing mechanisms of these two senses in biological system are not yet 

fully understood. In particular, the research and development of an artificial taste sensor 

is somewhat behind that of artificial odour sensor due to the complex human gustatory 

system and the intricate interactions of large number of taste related substances [1].

At the advent of the modern civilization accompanied with the complexity of life, 

malnutrition, allergy, chronic diseases, stress-induced heart diseases and obesity, etc. 

have become very alarming for the potential growth of human civilisation. Therefore, the 

selection of newer materials as food supplements and additives with proper hygiene, 

soothing smell or fragrance and particularly good tastes of food, drinks and 

pharmaceutical drugs have become extremely important. So also is required for the 

security reasons to determine the smells and tastes for preventing ingestion of toxic 

substances and different other health-incompatible or uncomfortable newer materials. 

Also as there is a requirement of huge quantity of foods, drinks and beverages for humans 

with proper quality, it has become very essential to manufacture that huge quantity of 

foods, drinks, beverages and drugs with the precise control of tastes and hygiene in 

automatic plants. Hence the use of artificial sensors for monitoring and control of the 
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tastes and smells of all those items have become very essential during automated 

processing or manufacturing. Raw foods and drinks are natural which are neither all 

beneficial irrespective of tastes nor all good to the taste irrespective of benefits.

Over the last few decades, sensor devices were developed using classical 

semiconductors [2], solid electrolytes [3], insulators [4] and metals [5]/metal oxides [6]. 

Polymer based sensors [7, 8] and actuators [9] have gained a tremendous importance in 

sensor technology. Polymer based chemical sensors [10] and biosensors [11, 12], which 

are also a kind of chemical sensor, measure chemical substances by means of 

biomaterials or related materials [13]. An artificial electronic taste sensor composed of 

several kinds of lipid/polymer membrane [14], closely mimicking the mammalian tongue, 

was fabricated. The artificial taste sensors are all far from reproducing the human senses 

and most of them are for qualitative analysis used particularly for assessment of taste 

[15], freshness [16] and safety [17] of foods and drinks [18]. The key to a successful 

artificial tongue may be found in smart taste sensors consisting of chemical sensors using 

intellectual data processors [19, 20] and pattern recognition technique [21]. The multi-

channel sensor device was further miniaturized by using FET (flied-effect transistor), 

which gives the same characteristics as the above taste sensor by measuring the gate-

source voltage [22].

Polymers have attracted serious attention of the modern scientists and 

technologists due to the tremendous development of modern polymeric materials. 

Polymers have gained much importance in the construction of sensor devices by virtue of 

their tailorability with different functional groups for physical and chemical interaction 

with the environment. Polymers possess easy processability in regard to their physical 

forms like film, powder, liquid, etc. shape and other physical properties. Although a 

majority of the polymers are unable to conduct electricity, their insulating properties are 

utilized in electronic industry. It has been found in literature that polymers have acquired 

a major position as materials in various sensor devices among other materials. Either 

some intrinsically conducting polymer is being used as coating/encapsulating materials 

on electrode surfaces or non-conducting polymers are being used for immobilization of 

specific receptor agents in the sensor device.  
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1.2 Principles of sensing 

The sensory organs of human or any living system, which collect the information from 

the environment, are responsible for sensing all sorts of basic parameters of the 

environment required particularly for safety and security of the species. The basic need 

for survival is to sense the inconvenient changes of the basic environmental parameters 

like temperature, pressure, vibrations, light or radiations, taste and smell of materials, etc. 

The degree and sensitivity of sensing vary from one creature to the other depending on 

the physical and biological features of the creatures.

However, the basic principle is similar in all the creatures. The changes in the 

environmental parameters, inconvenient to the particular species, shall be initially sensed 

by the specific and respective sense organs of that creature. Then the received 

information shall be communicated through the nervous system to the intelligent system 

present in the brain of that creature and analysed there itself. The output information and 

hence the command shall be transmitted for execution to the respective functional organs 

of the creatures for protective measure and the whole of the process shall be memorised 

in the memory system of the creature. In majority of the cases, the different parameters 

and principles of sensing present in living systems are being mimicked in artificial sensor 

devices for convenience. In this regard, it is convenient to mention that different sensing 

systems used for identifying different senses make use of different basic principles of 

transduction as discussed earlier but different in receiving and processing.  

Depending on the mode of transduction or the recognition element used in the 

sensor device the sensing principle can be classified into three broad categories: 

electrochemical, electromagnetic and thermal. Electrochemical sensing principle can be 

further subdivided into amperometry, conductometry and potentiometry. Optical and 

acoustic measurements come under electromagnetic principles. Detail discussion on 

principles of these various categories is beyond the scope of this thesis. Sensing of tastes 

of food materials comes under potentiometry, Voltametry and conductometry principles. 

In a taste sensor device, basically an open circuit potential is measured across a 

membrane, which is the actual recognition element in the sensor device. Some electrolyte 
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solution, viz., KCl remains in touch with the both side of the membrane electrode. The 

substance (may be electrolytic or non electrolytic), for which the taste measurement is 

required, is added to this electrolyte solution on one side of the membrane electrode. 

Addition of such taste substance to the electrolyte solution, initially present, alters the 

electric potential across the membrane. Variation in the concentration of the taste 

substance varies the potential and hence a potential-concentration pattern is obtained. 

Recently a new principle, viz., impedentiometry technique has been reported for the 

measurement of taste by an electronic tongue, which measures variations of electric 

impedance of the polymer membrane in contact with the solution of the substance for 

taste measurement [23]. A general principle of sensing of an analyte is shown in Figure 

1.1.

Figure 1.1: A general sensing principle
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1.3.   Materials in sensor devices 

1.3.1 Classical materials 

The principle of solid-state sensor devices is based on their electrical response to the 

chemical environment for which the sensing measurement needs to be done. Classical 

semiconductor materials, solid electrolytes, insulators, metals and catalytic materials, 

different types of organic membranes are normally used in the fabrication of solid-state 

sensors. Catalytic reactions helps functioning of such solid-state sensors, for example, 

sensors based on semi conducting oxides [24]. Either the semiconductor oxide or an 

externally added catalyst provides sensitivity, selectivity and rapid response to changes in 

composition of the ambient gas/vapor. Si, GaAs based semiconductor sensor devices 

were constructed for detection of H+ ion, O2, CO2, H2S and propane gases [25]. 

Semiconducting SnO2 was used for detection of reducing gases in air [26]. Ytria (Y2O3)

stabilized zirconia (ZrO2) [27] was used for the detection of oxygen in exhaust gases of 

automobiles, boilers, etc. Ion-exchange membranes [28-31], neutral carrier membranes 

[32-34] and charged carrier membranes [35,36] were used for the detection of various 

ions. Apart from inorganic semiconductor materials, organic semiconductor materials 

[37-40], viz., polyphenyl acetylene, pthalocyanine, polypyrrole, polyamides and 

polyimides were used for the detection of gases like CO, CO2, CH4, NO, NO2, NH3 and 

various chlorinated hydrocarbons.

1.3.2 Polymers as sensing materials 

1.3.2.1 Different useful aspects of polymers in sensor applications

Polymers have found wide applications in various sensor devices. Special characteristics 

of polymers, which have placed them as most suitable materials today in various sensor 

applications, are good film forming ability, easy processability and tailorability. Although 

majority of polymers are electrically insulating in nature but some polymers having 

extended -electron conjugation have found most important place in sensor applications. 

Due to having high tailorability, chemically modified polymers, polymer electrolytes, 

copolymers, polymer nanocomposites, polymer blends, interpenetrating polymer 
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networks (IPN) and both doped and undoped conducting polymers are available today for 

providing improved sensor properties. Table 1.1 shows some examples of polymers used 

in various sensor applications. Elaborate information on application of polymers in the 

fabrication of different sensor devices can be available from one of our review articles 

[41].  Utilizing polymers in sensor devices needs some understanding in polymer science 

and technology. Since there is no scope for elaborate discussion on these aspects, it will 

be appropriate here providing some basic information related to polymer classification, 

synthesis and modification, etc.     

Table 1.1: Few examples of polymers used in different types of sensors [41]. 

Sensor Polymers Fields of applications Special features 

Polyaniline Estimation of glucose, 
urea, triglycerides 

Electrochemical deposition of 
polymer and enzyme 
immobilization  

Biosensor 

Nafion Estimation of glucose Sensor based on polymer 
modified electrodes optimized by 
chemometrics method 

Chemical 
sensor 

Polyaniline and its 
derivatives,  
Polyvinyl pyrrolidone, 
Polyacrylamide

Sensing aliphatic 
alcohols

Extent of change governed by 
chain length of alcohol and its 
chemical 

Ion 
selective 
sensor 

Polyvinyl chloride, 
Polyelectrolytes 

Detection of sodium ion All-solid-state ion-selective 
electrode based on calixerene 
ionophore in PVC membrane 
with polypyrrole solid contact 

pH sensor Polyaniline pH sensing Optical method 
Odor 
sensor 

Poly (3-ethylthiophen), 
Polypyrrole, 
Polyaniline 

Discriminate among 
different virgin olive 
oils 

Doping agents used 

Gas sensor Polyaniline, 
Polypyrrole 
nanocomposite 

Sensing CO2, N2, CH4
gases at varying 
pressures 

Nanocomposites of iron oxide 
polypyrrole were prepared by 
simultaneous gelation and 
polymerisation  

Humidity 
sensor 

Polyvinyl alcohol, 
Poly(hydroxyethylmethac
rylate)

Optical humidity 
sensing 

Crystal violet and Methylene blue 
are incorporated in PVA/H3PO4

Optical
sensor 

Polyvinyl alcohol,
Polyvinyl chloride, 
poly(tetrafluoroethylene), 
Nafion®, Nylon 

Optical sensing of 
nitro-aromatic 
compounds 

Fluorescence quenching of  
benzo[K]fluoranthene in PVA 
film 

Taste
sensor 

Polyvinyl chloride, 
polyvinyl alcohol, 
polyaniline,  
poly (m-aminophenol) 

Can detect sour, salty, 
bitter, sweet and umami 

Sensing membrane was prepared 
immobilizing lipids in PVC. 
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1.3.2.2 Classification of polymers 

Polymers are classified according to their origin, thermal response, mode of formation, 

line structure, application, tacticity and crystallinity, etc. From the genesis point of view 

there are three classes: natural polymers, semisynthetic and synthetic polymers. The 

sources of natural polymers are plants and animals. Common examples are: natural 

rubber, cellulose, natural silk, proteins, starch, etc. Semisynthetic polymers are basically 

chemically modified natural polymers. Regenerated cellulose, cellulose nitrate, esters and 

ethers of cellulose and halogenated natural rubbers are few examples. 

Synthetic polymers are artificially prepared from different organic compounds, 

known as monomers, which are obtained as by-products of petrochemicals. Polyethylene, 

polystyrene, polyvinyl chloride, polyacrylonitrile, polycarbonate, polyaniline, polyvinyl 

alcohol, polyesters, phenol-formaldehyde resins, styrene butadiene rubber, polychloprene 

rubber, nitrile rubber, butyl rubber, silicone rubber, polytetrafluroethylene, etc. are 

examples of synthetic polymers. On the basis of application and physical properties 

polymers are classified into rubbers, plastics and fibers. Depending on the degree of 

alignment of molecules, i.e., on the degree of crystallinity, the same polymer can be 

converted to plastic, rubber or fiber. The order of their crystallinity is fibers > plastics > 

rubbers. Based on the mode of formation, the polymers are classified as addition 

polymers and condensation polymers. On the basis of thermal response, polymers are 

classified as thermoplastics and thermosets. Thermoplastic polymers soften on heating 

and hardens on cooling whereas, thermoset polymers set permanently to a three-

dimensional network structure on heating but once formed they do not soften further on 

cooling.

1.3.3 Principles of polymer formation 

One of the most important advantages of polymers over other classical materials used in 

sensor devices is their ability of in situ formation/deposition directly from respective 

monomers. Polymers are, in general, prepared/synthesized following two basic 

principles, viz., addition polymerization and condensation polymerization.  
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1.3.3.1 Addition polymerization

Addition polymerization is applicable to olefinic or vinyl monomers having double bonds 

(CH2=CHX). Some initiator is required to initiate the polymerization by opening the 

double bond. The sequences of events that occur during this polymerization are: 

initiation, propagation and termination. This polymerization is very fast and formation of 

one polymer molecule completes from its initiation to termination within a fraction of 

second time. The termination of growing chain occurs either by combination or 

disproportionation reactions. Scheme 1.1 shows radical polymerization of monomers 

containing olefinic unsaturation.

Initiator decomposition:

.2RI dk

Where, I  denotes initiator molecule and .R  is initiator radical and dk  is rate constant for 

initiator decomposition. 

Initiation:
.
1

. RMMR ik

Where, M is monomer, ik is initiation rate constant and .
1RM  is initiated monomer 

radical.

Propagation:
.
2

.
1 RMMRM kp

.
3

.
2 RMMRM pk

              …………………….. 
..

1 n
k

n RMMRM p

Where, .
2RM , .

3RM , .
nRM , etc. are growing polymer chain radicals formed during 

propagation. pk is rate constant for chain propagation. 
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Termination: 

                                                                                                  RMR nm
ktc (Dead polymer)                  

..
nm RMRM

mn
k RMRMtd    (Dead polymer) 

Where, tck  is the rate constant for termination by coupling of two growing chain radicals 

and tdk  is the rate constant for termination by disproportination of two growing chain 

radicals.

Scheme 1.1 Addition polymerization of olefinic monomers

1.3.3.2 Condensation polymerisation 

Condensation polymerization occurs by reaction between two reactive functional groups 

attached to a molecule used for polymerization. For condensation polymerization to occur 

at least two different reactive functional groups should be present in one compound or 

two different compounds.  Exclusively a linear polymer will be formed if two 

bifunctional monomers are reacted in stoichiometric quantity. During condensation of 

two functional groups of opposite nature a biproduct molecule is eliminated. These ways 

monomers are converted in steps to dimer, trimer, tetramer, pentamer and so on till 

adequate length of the molecule is achieved beyond a threshold value.  For this reason 

this type of polymerization is known as step polymerization, which is slow in nature as 

compared to addition polymerization. One typical example of a condensation 

polymerization to form a polyester is shown below:

n HO-R-OH  + n HOOC-R'-COOH             HO-[ROOC- R'-COO]-H  + (2n-1) H2O

1.3.4 Polymerization techniques 

Polymers can be prepared by any of the following major techniques [42]. These 

techniques are followed for both laboratory preparation and commercial manufacture of 

different polymers. 
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1.3.4.1 Bulk polymerization 

In bulk polymerization the polymer is formed from its monomer in presence of a suitable 

monomer-soluble initiator without using any diluent. This technique provides purest form 

of polymer. Thus, the polymer produced will be free from contaminants excepting traces 

of unreacted monomers. The polymer formed gets soluble in the monomer and 

consequently the viscosity of the polymer-monomer mass increases with increase in the 

extent of polymerization. As a result proper heat transfer system should be used in order 

to avoid runaway reaction and deterioration of the quality of the product.

1.3.4.2 Solution polymerization  

This is a homogenous polymerization system. In this polymerization technique the 

monomer is dissolved in a suitable solvent including the initiator. During polymerization 

the polymer gets dissolved in the solvent. Due to the presence of the solvent the viscosity 

of the polymer solution remains controlled and using a condenser can easily do heat 

transfer. This also allows more efficient agitation of the system effecting better heat 

dissipation. Solution polymerization method often involves handling of flammable or 

hazardous solvents. As complete removal of the solvent used may not occur, purity of the 

polymer may be inferior as compared to that obtained by bulk polymerization. Solution 

polymerization is advantageous in cases where polymer has to be applied in solutions, 

such as paints and surface coatings applications, etc.

1.3.4.3 Suspension polymerization  

This is a case of heterogeneous polymerization in contrast to two previously described 

techniques. This technique involves dispersion of the liquid monomer into tiny droplets 

(> 10-4 cm) in a large continuous mass of a dispersion medium, which is immiscible with 

the monomer, by efficient agitation. Being cheapest, water is invariably used as the 

dispersion medium for all water insoluble monomers because of ready availability, non-

toxic nature, ease of storage and handling without the necessity of recovery. But the 

boiling point of water limits the polymerization temperature of vinyl polymerizations at 
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100 oC. A low concentration of water-soluble polymer like carboxymethyl cellulose 

(CMC), polyvinyl alcohol (PVA), gelatin, etc., is used as stabilizers to prevent the 

suspended droplets to coalesce together during the intermediate course of polymerization. 

In suspension polymerization, monomer-soluble initiators, e.g., organic peroxides, 

hydroperoxides or azocompounds, etc. are used. Thus each tiny droplet behaves as a 

miniature bulk polymerization system. Finally, polymers appear as tiny beads looking 

like pearls, which are filtered, washed properly to remove the stabilizers as far as 

possible, and dried. 

1.3.4.4 Emulsion polymerization   

This is also a heterogenous polymerization technique. In emulsion polymerization, a 

monomer is emulsified in water as the dispersion medium with the help of a suitable 

emulsifier. Here also the monomer should be immiscible with water and water soluble 

initiator should be taken. In general, this technique provides fastest polymerization rate 

and highest molecular weight as compared to other techniques. The monomer is 

dispersed in fine droplets (< 10-4 cm) in water with a soap or detergent as emulsifier by 

agitation to obtain a monomer emulsion. Fatty alcohol, e.g., cetyl alcohol can be used to 

minimize fluctuations in surface tension. A low concentration of water-soluble polymer 

like carboxymethyl cellulose (CMC), polyvinyl alcohol (PVA), gelatin, dextran etc., is 

used as emulsion stabilizers. Using selected efficient redox initiator systems; emulsion 

polymerization is conveniently done at ambient or slightly elevated temperatures (5-50 
oC) giving simultaneously very high rates and degrees of polymerization. After 

polymerization to optimum conversion, appropriate dose of a short-stop or inhibitor is 

added to stop further conversion. Breaking the emulsion by using salt or acid, 

coagulating, filtering, washing and drying, the polymer is isolated. This technique is 

extensively employed for the polymerization of isoprene, butadiene, vinyl monomers 

(like vinyl chloride, vinyl acetate, styrene, various acrylates and methacrylates) and for 

making different copolymers of these monomers and other related monomers. 
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1.3.4.5 Electrochemical polymerization 

Electrochemical polymerization is done for the synthesis of conducting polymers for 

direct deposition of the polymer on the electrode or a suitable substrate. Conducting 

polymer films [43] were grown electrochemically by anodic oxidation of a solution 

containing the monomer and a supporting electrolyte salt. It is usually carried out in a 

single compartment cell with a three-electrode system containing a working electrode (Pt 

or any other electrodes according to requirement), a reference electrode (calomel 

electrode) and a secondary or counter electrode (Pt, Ni or carbon). The polymer film gets 

deposited on the working electrode. Although organic solvents can be used in 

electrochemical polymerizations, aqueous solutions of monomers are also convenient. 

Oxidation can be accomplished by different methods, viz., under a constant potential, 

under a constant current or by a cyclic voltametry. The deposited polymer film is usually 

a dense film, which can sometimes be separated from the electrode as a freestanding 

flexible film.

1.3.4.6 Plasma polymerization 

This technique is also used for direct deposition of a thin conducting polymer film on a 

substrate. Plasma polymerization [44] is a method of preparation of polymers by using 

plasma state of monomers, or reactive species created in the plasma chamber. The plasma 

used in the formation of polymeric materials can be either ‘low temperature plasma’ or 

‘low pressure plasma’, where thermal equilibrium is not maintained among electrons, 

ions and neutral species. Low temperature plasma can be generated in various ways, viz., 

electric glow discharge created by using power sources as varied as DC and microwave, 

which is the most practical for the formation of polymeric materials in laboratories and in 

industrial applications. In low-pressure plasma, the population of ions is less than the 

neutral species. There are two major categories of plasma polymerization: plasma-state 

polymerization and plasma-induced polymerization. Plasma-state polymerization is the 

vacuum deposition of plasma polymers. Plasma-induced polymerization is the condensed 

phase polymerization of monomers (liquid and solid) initiated by the action of plasma. 



Cop
yri

gh
t

IIT
 K

ha
rag

pu
r

Chapter 1 General introduction to sensor materials, scope and objectives 

13

This process is used in polymerization of vinyl monomers (like styrene, acrylic acid, etc.) 

and the saturated vinyl compounds (like ethyl benzene, propionic acid, etc.). 

1.3.5 Chemical modification of polymers 

For application in sensor devices, the polymers can be suitably modified according to the 

need in a variety of ways like, isomerizations, additions, grafting, cross-linking, 

chelations, substitutions, eliminations and chain cleavages [45]. Suitable functional group 

can be substituted on a substrate polymer to make it suitable for a specific application. 

Chlorination, esterification and hydrolysis, amination and quaternization, Friedel-Crafts 

reaction, sulphonation and phosphorylation are some of the examples of substitution 

reactions for polymer modification. For application in sensor devices chemically 

modified polymers can be cast into films or membranes or the formed films/membranes 

can be chemically modified suitably using appropriate reagents, techniques and 

conditions. Such modified polymers can also be deposited on an electrode surface by 

using a solution of the polymer in an appropriate solvent. Similarly, a water soluble 

polymer film can be made insoluble by cross-linking of the polymer molecules in the film 

by using a suitable cross-linking agent. 

1.3.6 Preparation of polymer film

It is an important technique needed for the fabrication of a sensor device using polymer. 

Film preparation is easy with polymers having adequate solubility in a suitable solvent. 

But for insoluble polymers, viz., majority of conducting polymers, film preparation is 

rather difficult. For such cases, techniques like direct film deposition by electrochemical 

polymerization or plasma polymerization is convenient. Such techniques can provide 

high quality thin films of polymers.  In general, polymer films can be prepared by 

solution casting, electrodeposition, self-assembly (SA) technique, Langmuir-Blodgett 

(LB) technique, spin casting, etc. In order to prepare films by solution casting, polymer 

needs to be dissolved in a suitable solvent. Then the solution is cast on a suitable 

substrate. The substrate may be a polymer sheet, glass, or even an electrode surface. A 

freestanding film is obtained by evaporation of the solvent. If required, polymer films can 
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be cross-linked by applying heat in presence of a suitable cross-linking agent in a 

thermostatic chamber under an inert atmosphere. These techniques generally produce 

thick films (e.g., 40-500 m) and the thickness is not well controlled. But for sensor 

device preparation, thin films are generally preferred to obtain better sensitivity. Spin 

casting technique [46] uses the casting of a polymer solution on a substrate, which is kept 

rotated at high speed. In fact, the centrifugal force spreads the polymer solution on the 

substrate, and after solvent evaporation a thin layer of film remains on the substrate. 

Generally, thinner films (ranging from 0.1 to 50 m) can be prepared by this technique. 

There are reports on the electrodeposition casting of polymers from aniline, pyrrole, etc. 

on the working electrode surface [47]. Applying suitable cycles of potential can control 

the thickness of the conducting polymer films. LB and SA techniques are widely used to 

prepare ultrathin films.  

1.4 Polymer applications in major sensors  

Polymers have been found to be used in various sensor devices, viz., gas sensor, pH 

sensor, ion selective sensor, humidity sensor and biosensors, which include enzyme 

sensor, odor sensor and taste sensor. Table 1.1 shows some examples of sensors and 

polymers used. A brief overview is presented below on the application of polymers in 

various sensor devices. To improve the electrical properties of the sensor devices 

conducting polymers like polyaniline, polypyrrole, etc. and solid polymer electrolyte  

(Nafion) are widely used. Polymethylmethacrylate (PMMA), polyvinyl chloride (PVC), 

polyvinyl alcohol (PVA) are also used after modification in the fabrication of different 

types of sensors due to their good film forming properties. Hydrophilic polymers like 

PVA, poly(hydroxyethylmethacrylate) [poly(HEMA)], sodium polystyrene sulfonate 

(PSSNa), poly (N,N-dimethyl-3,5-dimethylene piperidinium chloride), sodium salt of 

poly (2-acrylamide-2-methyl propane sulphonic acid), IPN of cross-linked 2-hydroxy-3-

methacryloyloxypropyl trimethyl ammonium chloride (HMPTAC) polymer and cross-

linked ethylene glycol dimethacrylate (EGDMA) polymer, poly (2-acrylamido-2-

methylpropane sulfonate) (poly-AMPS), etc. are used in the fabrication of humidity 
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sensors.  Besides these polymers, polyethylene oxide, polyethylene glycol, epoxy resin, 

polyisoprene, etc., are also found to be used in sensor device fabrication [41]. 

1.4.1 Gas sensor 

Analytical gas sensors offer a solution to problems related to hazardous gases in the 

environment. Gaseous pollutants such as SO2, NOx and other toxic gases are emitted 

from related chemical industries. Sensors are, therefore, needed to detect and measure the 

concentration of such gaseous pollutants in the environment.  Conducting polymers such 

as polyaniline(PAn), polyacetylene [48,49], polypyrrole [40] etc. were used for the 

sensing of gases having acid-base characters like HCl, NH3, etc., or oxidizing 

characteristics like that of NO2. Ultrathin PAn-isopolymolybdic acid nanocomposite 

films [50] were used for detection of NH3 and NO2 gases.

1.4.2 pH sensor 

Measurement of pH of a solution is required for carrying out a chemical reaction in a 

proper manner and also maintaining a pH has a significant effect in chemistry, 

biochemistry, clinical chemistry and environmental science. Ferguson et al. [51] used a 

poly (hydroxyethyl methacrylate) hydrogel containing acryloyl fluorescein as pH 

indicator. Among various organic materials, polyaniline has shown to be most suitable 

for pH sensing in aqueous medium [52]. Also the use of conducting polymers in the 

preparation of optical pH sensor has eliminated the need for organic dyes.  

1.4.3 Ion selective sensors 

Ion selective sensors are suitable for determination of specific ions in a solution in 

presence of other interfering ions. The quantitative analysis of ions by ion-selective 

electrodes (ISEs) is a widely used analytical method since these sensors find wide 

application in medical, environmental and industrial analysis. ISEs also used in 

measuring the hardness of water. In measurements with ISEs, chemical transduction is 

based on selectivity of ion conveyed by ionophore-ion-exchange agents, charged carriers 

and neutral carriers-doped in polymeric membranes. In addition to organic salts, several 
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macrocyclics, such as antibiotics, crown ethers and calixerenes, are also used as neutral 

carriers, which function by host-guest interactions [53]. PVC is a common polymer 

matrix in ISEs. Silicone rubber and a PU/PVC copolymer [54] were reported to be good 

screen-printable ion-selective membranes for sensing arrays. In Ca+ ion sensing, PAn 

[55] was used as the membrane matrix that transforms ionic response to an electronic 

signal.

1.4.4 Humidity sensor 

The measurement and control of humidity are necessary in paper, food and electronic 

industries, domestic environment, etc. Use of different polymers in the fabrication of 

humidity sensors is extensively reviewed [41]. Composites of acrylate resin with BaTiO3,

modified inter penetrating network (IPN) of hydrophilic and hydrophobic methacrylate 

polymers, sulphonated polystyrene grafted to polytetrafluroethylene (PTFE) were used in 

humidity sensor devices. Ions containing polymeric systems were used in humidity 

sensor devices based on variation of the electrical conductivity with water vapor. 

Polymer electrolytes containing polymeric cation/anion with its counter ions and 

mixtures or complexes of inorganic salts with polymer are the major materials for 

fabrication of humidity sensor. 

1.5 Taste sensor 

In living system, the biological membrane of the gustatory system is composed of 

proteins and lipid bilayer. The lipid molecules have a self-organising property because of 

the presence of hydrophilic tail and hydrophobic head at the two ends of a long chain 

organic compound. The hydrophilic parts are water loving and hydrophobic ends are 

water repelling and due to this the lipid molecules can automatically form the lipid 

bilayer by gathering the hydrophobic chains inside and facing the hydrophilic group 

towards the water phase. This self-organization of lipids have been utilised in developing 

biomimetic devices. The sense of taste is a chemical sense induced when chemical 

substances interact with the taste buds of a mammalian tongue [56]. Toko [57] pioneered 

on the development of taste sensor composed of several kinds of lipid/polymer 
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membranes for transforming information of taste substances into electrical signal.  

Chemical substances having different taste qualities such as saltiness and sourness show 

different patterns as sensor output.  Such taste sensor can detect and quantify taste 

interactions such as suppression effect between bitterness and sweetness.  

The detail insight of the gustation mechanism has brought out the fact that 

different types of proteins present in the cell membrane primarily maintain the 

unbalanced electric potential between the inside and outside of the biological membrane 

in an environment of electrolytes where inside of the cell contains K+ ions and outside 

Na+ ions. Under the action of an external stimulus, the nerve cell shows series of transient 

action potentials. This phenomenon has been exploited in the fabrication of artificial taste 

sensors using different lipids immobilized in a suitable polymer matrix. Different 

Japanese researchers have done much advancement in lipid based taste sensor 

development. In doing so, they have explored the basic science of taste sensing using 

lipid membranes [56]. 

Some of the functionality of mammalian taste bud cells has been mimicked to 

develop a taste sensor using lipid membranes in combination within electrodes [57,58]. 

Mammalian tongue consists of sandy grains called papillae [59]. One papilla contains a 

few hundred taste buds, which vary from species to species. One adult human has about 

9000 taste buds 60-80 m in length and maximum 40 m in diameter. One taste bud 

contains several taste (gustatory) cells. On receipt of chemical substance at the biological 

membrane the membrane potential of a taste cell changes at the first stage of chemical 

reception. It has been proposed that a nerve fiber connected to the taste cells shows 

excitation. The taste buds are located in depressions on tongue, where the molecular and 

ionic analytes get restricted to allow time for their identification [60,61].

Lavigne et al. [62,63] developed a chip-based chemically derivatized polymeric 

microspheres localized in micromachined cavities suitable for the digital analysis of taste 

of complex fluids mimicking many of the features exhibited by the human sense of taste. 

A major focus of this development is that multianalyte mixtures can be analyzed. For 

discriminating different basic tastes Sehra et al. [17] fabricated a novel analytical sensing 

system based upon a dual shear horizontal surface acoustic wave (SH-SAW) device. 
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They fabricated 60 MHz SH-SAW dual delay-line sensors on 360 rotated Y-cut X 

propagating LiTaO3 and placed below a miniature PTFE housing containing the liquid 

under test. This artificial electronic tongue could classify correctly the tastes of sour, salt, 

sweet and bitter substances without a selective biological or chemical coating.  L- -

phosphatidylcholine dipalmitoyl phospholipid based Langmuir-Blodgett membrane was 

prepared for detection of five basic taste substances by measuring the impedance change 

of the membrane [64]. Multichannel taste sensor was developed by immobilizing lipids, 

viz., n-decyl alcohol, oleic acid, dioctyl phosphate, trioctyl methyl ammonium chloride 

and oleyl amine lipids in PVC for the sensing of tastes such as sour, salty, bitter, sweet 

and umami [14,65].  

Majumdar et al. [66] grafted polyacrylic acid and polyacrylamide [67] on

cellulose membrane for measurement of taste sensing characteristics in terms of 

membrane potential with a good repeatability. Similar kind of taste response was also 

obtained from a functionalized polymer membrane without using any lipid molecule as 

sensor element. In fact cross-linked polyvinyl alcohol was phosphorylated to attach 

phosphoric acid functional group onto polyvinyl alcohol, thus mimicking the function of 

phospholipids [68]. Phosphorylated cellophane membrane also responded to the 

measurement of tastes of NaCl, HCl, glucose, QHCl and monosodium glutamate [69,70].

Japanese groups [71,72] also constructed membranes from cellulose ester impregnated 

with dioleyl phosphate (DOPH) and measured their changes in electrical characteristics 

according to variations in the concentration of a salt such as NaCl or KCl. DOPH is a 

synthetic lipid obtained by phosphorylating oleyl alcohol with phosphorus oxychloride 

and was first made by Kobatake et al. [73]. The structure of DOPH is 

 Taste sensor device measures electric potential between two detecting electrodes 

immersed in 10 mM KCl (containing taste substances) and 1 M KCl solution isolated by 

lipid/polymer membrane.  Due to the increase in the ion concentration of the 10 mM KCl 
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solution with increasing taste substances added, the output shows different patterns for 

the different substances. Thus the electric potential measurement shows sensitivities to 

electrolytes such as sour and salty substances and insensitivities to non-electrolytes such 

as sweet substances.  To overcome such problem measurement of admittance and optical 

transmittance along with electric potential is a good approach. In order to improve the 

sensitivity to sweet taste substances, the measurement of the admittance and optical 

transmittance of the taste-substance containing 10 mM KCl solution was done by Ishii 

and Tsubakihara [74].  They reported that the addition of the sweet substances such as 

glucose and sucrose decreased the admittance and increased the transmittance of about 

950 nm band.  The reason behind this is, as pointed out, that the sweet substances adsorb 

the ions in the solution and break up the hydrogen bonds localized at 950 nm band.  

 Cui et al. [75] studied the selectivity control in a sweetness sensor with 

lipid/polymer membranes for sucrose, fructose, and glucose, which are nonelectrolytes 

and therefore, are susceptible to interference from electrolytes and/or adsorptive 

substances. They focused on suppressing the adsorption of bitter and astringent 

substances on a membrane surface designed to be electrically neutral to avoid 

interference from electrolytes. The dynamical behavior of lipid bilayer membranes was 

experimentally studied by Nomoto et al.  [76] under superposition of random, periodic 

membrane-potential fluctuations or constant membrane potential. An analysis of the 

mutual information revealed that, in less than 10 Hz of random fluctuations, each of the 

time series of the mutual information of the transmembrane current for the five chemical 

substances (five basic tastants) had its inherent pattern, but not in a periodic fluctuation. 

Phospholipids such as phosphatidic acid exert a bitterness-masking effect without 

changing other taste qualities.  Shimakawa et al. [77] detected and qualified the 

suppression of bitterness using a taste sensor whose transducer was composed of several 

kinds of lipid/polymer membranes with different characteristics.  They observed that the 

response to quinine hydrochloride decreased with increasing phospholipid concentration 

in a manner similar to human gustatory sensation.  In this study they detected the 

adsorption of quinine hydrochloride on the membrane surface and the masking effect of 

phospholipids by using an atomic force microscope (AFM).  Through AFM 
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measurements they confirmed that blocking the adsorption of bitter substances onto to the 

membrane caused the masking effect. Lipid-coated quartz-crystal microbalance (QCM) 

system can objectively measure the body, smoothness, bitterness, and astringency of a 

beer. Objective evaluation systems for beer tastes were developed by Hirotaka et al. [78] 

using a lipid-coated QCM. They reported that the adsorption and desorption on the lipid 

membrane in a water flow system showed a good correlation with beer body or 

smoothness in a sensory evaluation, respectively. Specifically the lipid-coated QCM 

responded to astringent tannins in presence of gelatin. 

Instead of PVC silicone rubber (SR) was used as a substrate for the study of taste 

sensing behaviour. Tanaka et al. [79] developed lipid membranes using SR by mixing 

only lipids in SR.  They prepared three kinds of lipid membranes and investigated their 

response characteristics for five basic taste qualities.  Taste substances with the same 

basic taste showed similar response patterns constructed from outputs of three kinds of 

membranes, whereas those with the different taste showed different patterns.  Response 

patterns for sweet substances were a little similar to those for umami taste substances. 

The saltiness of sodium chloride was evaluated in presence of bitter substances such as 

magnesium sulfate, magnesium chloride and calcium chloride [80].  In this study model 

samples consisting of sodium chloride with bitter substances were measured using a taste 

sensor with lipid/polymer membranes. Gotoh  [81]  constructed a single use disposable 

taste biosensor by using screen printed five Ag/AgCl electrodes on a PET film and lipid 

layers which are deposited in a dry form on each electrodes. An Ag/AgCl reference 

electrode was also printed on the same PET film.  Each lipid layer provided response to 

each taste, for example, bitterness, sweetness etc.  Using this device the taste of many 

kinds of beverages were evaluated by the potential pattern of five electrodes, where 

according to the kind of beverages, the potential pattern changed apparently. The 

advantage of such single use disposable taste biosensor against the conventional taste 

sensor is that there is no contamination by measurement. The tastes of 20 bottled 

Japanese commercial nutritive drinks were evaluated both in human gustatory sensation 

tests and using a multi-channel taste sensor [18].  In the gustatory sensation tests, seven 

trained healthy human volunteers were employed to score the drinks in terms of the 
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intensities of four basic tastes (sweetness, saltiness, sourness, and bitterness), for overall 

palatability (ease of drinking), and for nine components of palatability (astringency, 

pungency, fruitiness, tasting of a medicinal plant, refreshing, irritating to the throat, 

seeming beneficial, good aftertaste, and the desire to drink again). A linear correlation 

was obtained between the intensities of sourness and bitterness determined by the human 

volunteers and those predicted by the multi-channel taste sensor.  

1.6 Non-lipid taste sensor

Apart from using polymers, people fabricated taste sensor with monophthalocyanines 

(including Co and Cu phthalocyanines) and lanthanide bisphthalocyanines (comprising 

europium, gadolinium and lutetium bisphthalocyanines and the octa-tertbutyl substituted 

praseodymium bisphthalocyanine) following two different methods: Langmuir–Blodgett 

and carbon paste electrode (CPE) techniques [82]. They obtained similar responses from 

both types of electrodes, although the LB films showed better peak resolution with a very 

good repeatability. Whereas, the reproducibility of the LB film electrodes was lower than 

that of the CPE electrodes. In place of lipids Kim [83] immobilized electroactive 

materials such as valinomycin in plasticized poly (vinyl chloride) (PVC) and fabricated 

an 8-channel device for taste sensation and applied for discriminant analysis of marketed 

liquor.  This biomimetic polymer membrane was prepared through a casting procedure by 

employing PVC, bis (2-ethylhexyl) sebacate as plasticizer and electroactive materials 

such as valinomycin in the ratio of 33:66:1, and was attached over the sensitive area of 

ion-selective electrodes to construct the corresponding taste sensor array.  The signal data 

from the sensor array for 3 groups of marketed liquors like Maesilju, Soju and beer were 

analyzed by principal component analysis after normalization. It was observed that the 

1st, 2nd and 3rd principal components were responsible for most of the total data 

variance, and the analyzed liquor samples were discriminated well in 2 dimensional 

principal component planes composed of the 1st-2nd and the 1st-3rd principal 

components. Abraham et al. [84]  fabricated highly sensitive microsensor using 

horizontally polarized surface acoustic wave (SH-SAW) microsensors on 360-rotated Y 

cut X propagating LiTaO3 (36YX.LT) substrate.  The design consists of a dual delay line 
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configuration in which one line is free and other one is metalized and shielded.  Due to 

high electromechanical coupling of 36YX.LT, it could detect difference in electrical 

properties for distinguishing different soft drinks.  Different soft drinks were tested using 

this sensor device, which could distinguish between two popular soft drinks like Pepsi 

and Coca cola. 

Tsuji et al. [85] evaluated the degree of bitterness of commercial dry syrup 

preparations of three kinds of macrolide antibiotic, including erythromycin dry syrup 

(EMD), clarithromycin dry syrup (CAMD) and azithromycin dry syrup (AZMD) when 

suspended in various beverages (water, tea and acidic sports drinks) by human gustatory 

sensation testing and taste sensor measurements. An impedentiometry electronic tongue 

was developed [23]  for the discrimination of basic tastes by measuring the variations of 

the electric impedance of a sensor array. In the case of electronic tongue, mainly three 

measurement techniques are used for sample analysis, viz., potentiometry, voltametry and 

conductometry. The array composed of five sensors of three different types based on 

carbon nanotubes or carbon black dispersed in polymeric matrixes and doped 

polythiophenes.  Measurements were carried out on 15 different samples representing 

five basic tastes (sodium chloride, citric acid, glucose, glutamic acid and sodium 

dehydrocholate for salty, sour, sweet, umami and bitter respectively) at three 

concentration levels comprising the human perceptive range.  A fairly good degree of 

discrimination was reported after analyzing the data by linear and nonlinear pattern 

recognition techniques. Firmino et al. [86] showed that self-assembled artificial 

membranes of poly(o-ethoxyaniline) with sulfonated lignin can be satisfactorily used in 

the distinction of 4 brands of coffee using a.c. measurements. A review on Multichannel 

taste sensors with lipid, lipid like – polymer Membranes has been written by Szpakowska 

et al. [87]. Two types of potentiometry taste sensors, one with lipophilic compound-

polymer membranes (ISE) and the other with lipid polymer membrane and a conducting 

polymer film (all solid state electrode, ASSE) were tested in appropriate taste solutions.
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1.7 Scope and objectives of the present investigation 

1.7.1 Scope

Chemical sensors have been developed to identify the chemicals present in a foodstuff, 

but a foodstuff contains huge numbers of chemicals producing the taste. The chemical 

sensors are very selective and specific and therefore to identify the taste of a foodstuff, it 

is not practical to fabricate many chemical sensors for all the chemicals present in the 

foodstuff. Biosensors were developed to identify specific chemical involved in a 

biological event. Biosensor is also a kind of chemical sensor and is selective and hence 

can identify different chemicals present in a food but can not reproduce taste of the food. 

These difficulties of identifying tastes were overcome by the fabrication of lipid/polymer 

based artificial multi-channel taste sensor with global selectivity [14]. The different lipids 

used in the fabrication of a multi-channel taste sensor are dioctyl phosphate, cholesterol, 

oleic acid, decyl alcohol, trioctyl methyl ammonium chloride, oleyl amine, distearyl 

dimethyl ammonium bromide, trimethyl stearyl ammonium chloride. The lipids are self 

organised biomolecules and this fact is utilized in the hydrophilic and hydrophobic 

interaction of the lipid molecules in aqueous solution of the taste substances and the 

functional groups of the lipids are actually receptor in the taste sensing mechanism [13]. 

Majumdar et al. [68] developed different functionalised polymer membranes for studying 

the taste response towards different basic tastes. They used polyvinyl alcohol (PVA) 

cross-linked with 50 % by weight of PVA of maleic anhydride and phosphorylated the 

crosslinked PVA membrane. Besides this, they used cellophane and cellophane 

phosphate membrane, poly (acrylic acid) grafted cellulose, phosphorylated PVA-

cellulose grafted membrane and polyacrylamide grafted cellulose membrane. They have 

attempted at incorporating the basic functional groups like –OH, -COOH, -NH2, etc.

Literature survey reveals that different natural and synthetic polymers have been 

used in the development of taste sensors either as a conducting type alone or non-

conducting type immobilised with different receptor agents like lipids or enzymes etc. 

Although chemically modified polymers have been attempted at large in the fabrication 

of taste sensors, but the reports of using polyvinyl alcohol (PVA)-conducting polymer 

composites, pure polyelectrolytes and their blends as taste sensors have not been reported 
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in the literature. Moreover, Majumdar et al. [68] developed some functionalised polymer 

membranes without any optimisation of cross-linking of polyvinyl alcohol (PVA) and 

subsequent phosphorylation for using as taste sensing membranes. Polyvinyl alcohol is a 

polymer, which is known for its tailorability and easy processability and easy chemical 

modification with variety of functional groups. The presence of –OH groups in PVA 

makes it possible. Hence the PVA matrix can be optimally cross-linked to acquire the 

required physical and mechanical properties for taste sensing purpose thus leaving 

maximum scope for chemical modifications. The scope of optimizing the cross-linking 

density and degree of phosphorylation of PVA and preparation of PVA composites and 

blends with different conducting polymers and polyelectrolytes and conducting polymer 

composites respectively have been utilized in the present investigation to study the taste 

response behaviours of the membranes.  

1.7.2 Objective 

Based on the scope of research in taste sensor development the following points have 

been enumerated as objectives of the present investigation: 

1.  The basic objective of the present investigation is to develop an artificial taste 

sensor with functionalised polymer membranes as transducers. 

2. Development of transducers based on chemically modified polymers and their 

composites. 

3. Standardization of measuring device for taste sensing.

4. Measurement of taste sensing response of the developed membranes.  

5. Application of simple statistical techniques like principal component analysis 

(PCA) and multi discriminant analysis (MDA) in data processing for evaluating 

the membranes performances in taste sensing. 

1.7.3 Plan of work

1. Preparation of membrane 

(a) Preparation of PVA based polymer membrane with optimisation of the degree of 

cross-linking and maximum density of the active functional sites like phosphoryl 

group.
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(b) Preparation of polyacrylic acid (PAA) and PVA-PAA blend membranes.  

(c) Preparation of composite membranes of cross-linked PVA (PF2G) with 

polyaniline (PAn), cross-linked PVA (PF6G) with poly (m-aminophenol)(PmAP), 

PAA with PAn and PVA-PAA with PAn. 

2.  Characterisation of the polymer membranes in terms of moisture absorption, water 

absorption, contact angle measurement, conductivity measurement, FTIR, XRD, 

FESEM analyses, etc. Analyses of elements like phosphorous and nitrogen to 

ascertain the chemical structure of the respective membranes. 

3.  Fabrication of an electrochemical device for taste sensing measurement using 

Ag/AgCl electrodes and Keithley 6½ digit multimeter.  

4. Evaluation of taste sensing characteristics of the membranes, like temporal stability, 

response stability and reproducibility, taste response in terms of electric potential of 

different basic taste substances (analytes) and suppression or synergistic effect of 

mixture of analytes. 

5. Analysis of the measurement outputs by graphical presentation, simple mathematical 

tools and statistical techniques (PCA and MDA). 
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