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Chapter 1 

SYNTHESIS OF GOLD, SILVER AND BIMETALLIC NANOPARTICLES 

1. d 

1.1.  Introduction 

On December 29, 1959, popular physicist Richard Feynman gave a 

lecture on the topic “There’s plenty of room at the Bottom: An Invitation to 

enter a new field of Physics” at the annual American Physical Society 

meeting at Caltech, considering numerous possibilities of manipulating 

matter on an atomic scale, produce components of smaller size which can 

be more efficient. Perhaps now we are living in the world Feynman dreamt 

of. Earlier, computers which occupied big rooms were good enough only 

for performing calculations which can now be done on our Scientific 

Calculators! Although Feynman didn’t use the word ‘Nano’ in his lecture, 

we see the advantages of making things small. 

 

The scope of ‘Nanoscience’ or ‘Nanotechnology has improved over the 

past two decades. Being an interdisciplinary science, it requires a good 

knowledge in Physics, Chemistry and Biology to exploit it to the fullest, for 

the welfare of mankind.  

 

1.2.  Nanomaterials and their size-dependent properties 

The term ‘Nano’ literally translates to ‘dwarf’. Scientifically speaking, 

Nano is one billionth (10-9) of a given scale. Generally, materials whose 

size lies in the range of 1-100 nm are termed as nanomaterials. The study 

of nanomaterials gained importance because they exhibit different 

properties compared to their bulk materials. Increased relative surface 

area and Quantum effects are two significant factors which cause the 

properties of nanomaterials to differ significantly from their respective bulk 

materials. For example, Gold (Au) is yellow coloured in bulk phase but 
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gold particles can exhibit different colours such as purple and red in the 

nanoscale, depending on their size. Also, nanomaterials show increased 

catalytic activity due to their increase in the relative surface area. 

 

1.3. Synthesis of Nanomaterials 

Nanomaterials can be synthesized by both physical and chemical 

methods. The techniques can be broadly classified into top-down and 

bottom-up approaches. The top-down approach is a subtractive method 

in which the bulk material is reduced to nanomaterials by destructive 

means such as etching and stripping. Ball milling and lithography are 

some of the most commonly used top-down methods. These methods are 

expensive. On the other hand, bottom-up methods begin from the 

atomic scale with further self-assembly process leading to the formation 

of nanostructures. During self-assembly, the physical forces operating at 

the nanoscale are used to combine basic units into larger stable 

structures. Atomic layer deposition and formation of nanoparticles from 

colloidal dispersion are typical examples of the bottom-up approach. 

Generally, the bottom-up techniques are cheaper and efficient 

compared to the top-down methods. 

 

1.4. Gold and Silver nanoparticles: an introduction 

Gold and Silver Nanoparticles can help us understand nanotechnology 

better, as they show a significant colour change as their size get reduced. 

Gold, which is yellow in colour, can change to purple, blue or wine-red, 

depending on the particle size. Similarly, Silver, which is lustrous white can 

exhibit light yellow colour at nanoscale. 

 

Gold and Silver Nanoparticles are used in many areas, especially in the 

areas of biotechnology and biomedicals, in applications such as 

diagnosis and therapy. Being noble metals, gold and silver nanoparticles 

proved to be the safest metals for drug delivery. Gold nanoparticles are 
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also used in the design of sensors, probes, conducting structures and so 

on. 

 

Silver Nanoparticles are antibacterial in nature and because of this 

particular property, they are incorporated in clothing, footwear, 

cosmetics and so on. Silver nanoparticles are used to efficiently harvest 

light and for enhanced optical spectroscopies including metal-

enhanced fluorescence (MEF) and surface-enhanced Raman scattering 

(SERS). Gold and Silver nanoparticles are also used as pigments. 

 

1.5. Synthesis of Gold and Silver nanoparticles from their salts by Chemical 

reduction: Effects of various parameters 

Gold and Silver Nanoparticles can be synthesized using many 

techniques. However physical methods involve high energy, temperature 

and sophisticated machinery. Hence, we usually go for chemical 

methods. The most commonly used chemical method is Chemical 

reduction, where metals are obtained from their salts by treating them 

with certain reducing agents. Or in other words reduction can be termed 

as reducing the oxidation state of the metal.  

 

Synthesis of Nanoparticles in aqueous phase is the best method for 

large scale synthesis. Michael Faraday synthesized Colloidal Gold in 1857 

and His samples are still in British Museum U.K. Synthesis of Colloidal Gold 

is studied by many people like Cushing, Turkevich, Slot and Gueze and so 

on. All the protocols differ only by the use of the reducing agent, metal 

salt and stabilizing agent used. 

 

The usage of stabilizing agent is important, especially if we are 

concerned about the size of the nanoparticles synthesized. Otherwise the 

particles might agglomerate as a result of intermolecular interactions. 

Tannic Acid (C76H52O46) is a compound which is known to reduce the 
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Gold and silver salts as well as stabilize the metallic nanoparticles in the 

solution. Leaving the mechanism of reduction and stabilization aside, 

tannic acid is known to reduce the salts even at room temperatures. 

Hence the project was aimed at synthesizing gold and silver nanoparticles 

at room temperature. 

 

 

Figure 1- 1 Structure of Tannic Acid 

 

1.6. Objectives of the Project 

1. To synthesize Gold nanoparticles from Chloroauric acid trihydrate and 

Tannic Acid 

2. To synthesize Silver nanoparticles from Silver Nitrate and Tannic Acid 

3. To synthesize Gold-Silver bimetallic particles with Gold core and Silver 

shell, using the gold nanoparticles synthesized in experiment 1. 

4. To synthesize Gold-Silver bimetallic particles with Silver core and Gold 

shell, using the silver nanoparticles synthesized in experiment 2. 
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1.7. Synthesis of Gold Nanoparticles 

For the synthesis of Gold nanoparticles, the pH becomes an important 

factor controlling the size and shape of nanoparticles. Tannic acid exists in 

the more dissociated form in basic pH, and hence acts as a better 

stabilizer; the ionic form also slightly increases its reactivity. Also, gold 

nanoparticles show multiple stages of reduction (from Au3+ to Au+ to Au0). 

Hence, a molar ratio of 16 which is less than that of the required amount 

(20) was used so as to ensure complete reduction of Chloroauric Acid 

(HAuCl4). Gold nanoparticles were synthesized by a semi-batch process. 

 

1.7.1. Materials and Apparatus used 

• Chloroauric Acid – 0.64 mM solution (Sigma Aldrich) 

• Tannic Acid – 0.04 mM solution (Merck) 

• Potassium Carbonate – 1 wt. % solution (Merck) 

• pH paper 

• Single phase ¼ HP AC Motor (Eltek BHM1706) 

• Syringe pump 

• Glass beaker, Teflon impeller and baffle 

• Micropipette (Accupipet) 

• Weighing Machine 

 

1.7.2. Procedure 

1. 1.04 mg of Tannic Acid was taken in a 100 ml beaker and dissolved in 

deionized water. 

 

2. The solution was adjusted to pH 10 using freshly prepared Potassium 

Carbonate solution and made up to 15 ml. 

3. 7.5648 mg of Chloroauric acid trihydrate (HAuCl4.3H2O) was dissolved in 

30 ml of deionized water and the solution was collected in the syringe 

pump. 
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4. The baffles were inserted in the tannic acid beaker and the impeller was 

mounted on the motor. 

 

5. The Chloroauric acid solution was added to the pool of tannic acid 

continuously at a rate of 1 ml/min. The contents of the beaker were 

constantly stirred at 1100 rpm. 

 

6. The experiment was carried out for 10 minutes and the final reaction 

mixture was collected and stored. 

 

7. Similarly, another run was carried out for 10 minutes and the reaction 

mixture was collected and stored. 

 

1.7.3. Results and discussion 

The final reaction mixtures were analyzed using a UV-Visible 

spectrometer (Multiskan Sky 1530-00560, 96 well-plate) . Following results 

were obtained: 

 

Table 1- 1 Location of peaks in the UV-Visible spectra of Final Reaction Mixtures of Gold 

Nanoparticle Synthesis 

Sample No. Peak Wavelength (nm) Absorbance 

1 520 0.6239 

2 519 0.6366 

 

 The final mixture showed red colouration and peaks were observed at 

520 and 519 nm respectively, which is characteristic to 5-10 nm Gold 

Nanoparticles. The experimental results were in close agreement with the 

ones found in the literature. 
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Figure 1- 2 UV-Visible Spectra of Final Reaction Mixtures of Gold Nanoparticle Synthesis 

 

1.8. Synthesis of Silver Nanoparticles 

Previous studies on the synthesis of Silver Nanoparticles suggest that the 

hydrodynamic diameter of Silver nanoparticles decrease with the increase 

of pH of the reaction mixture. However, after pH 8, there is no significant 

change of particle size and the reaction rate (characterized by colour 

saturation of the reacting mixture). Also, increasing the pH beyond 8 

causes rapid polymerization/oxidation of tannic acid. Hence the 

experiments were carried out at pH 8 in a semi-batch protocol. 

 

1.8.1. Materials and Apparatus used 

• Silver Nitrate – 0.64 mM solution (Merck) 

• Tannic Acid – 0.04 mM solution 

• Potassium Carbonate – 1 wt. % solution 

• pH paper 
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• Single phase ¼ HP AC Motor 

• Syringe pump 

• Glass beaker, Teflon impeller and baffle 

• Micropipette 

• Weighing Machine 

 

1.8.2. Procedure 

1. 1.04 mg of Tannic Acid was taken in a 100 ml beaker and dissolved in 

deionized water. 

 

2. The solution was adjusted to pH 8 using freshly prepared Potassium 

Carbonate solution and made up to 15 ml. 

 

3. 3.264 mg of Silver Nitrate (AgNO3) was dissolved in 30 ml of deionized 

water and the solution was collected in the syringe pump. 

 

4. The baffles were inserted in the tannic acid beaker and the impeller 

was mounted on the motor. 

 

5. The Silver Nitrate solution was added to the pool of tannic acid 

continuously at a rate of 1 ml/min. The contents of the beaker were 

constantly stirred at 1100 rpm. 

 

6. The experiment was carried out for 10 minutes and the final reaction 

mixture was collected and stored. 

 

7. Similarly, another run was carried out for 10 minutes and the reaction 

mixture was collected and stored. 

 

1.8.3. Results and discussion 

UV-Visible spectroscopy of the final reaction mixtures gave the 

following results: 
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Figure 1- 3 UV-Visible Spectra of Final Reaction Mixtures of Silver Nanoparticle Synthesis. 

 

Table 1- 2 Location of peaks in the UV-Visible spectra of Final Reaction Mixtures of Silver 

Nanoparticle Synthesis 

Sample No. Peak Wavelength (nm) Absorbance 

1 409 1.7374 

2 408 1.7733 

 

 The final mixture showed yellow colouration and peaks were observed 

at 409 and 408 nm respectively, which is characteristic to 10-20 nm Silver 

Nanoparticles. The experimental results were in close agreement with the 

ones found in the literature. 

 

1.9. Bimetallic Nanoparticles 

Bimetallic Nanoparticles (BNPs) are composed of two different metallic 

nanoparticles. They are expected to show not only the properties due to 
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the presence of the individual metallic nanoparticles but also new 

properties due to the combination of the two metals. The distribution of the 

metals can be in the form of random alloys, alloy with intermetallic 

compound or core-shell structures. Bimetallic nanoparticles can be 

synthesized in a variety of shapes and sizes. 

 

Core-Shell Nanoparticles are extensively used in different applications 

such as catalysis, cell labelling, bioimaging, controlled drug delivery and so 

on.  

 

1.10. Synthesis of Gold Core-Silver Shell Nanoparticles 

Generally, core-shell nanoparticles are synthesized by a two-step 

reduction process, where the core nanoparticles (also called as ‘seed’) are 

synthesized by chemical reduction, followed by the reduction of the 

second metal. However, the concentration of the reducing agent plays a 

key role in the formation of such BNPs. For example, in the synthesis of Gold-

Core, Silver-Shell particles by two-step reduction using Tannic acid, using 

high concentrations of tannic acid might cause reduction of Ag+ ions over 

galvanic replacement which usually results in Au-Ag alloys whose surfaces 

aren’t smooth.  

 

An alternative idea was conceived, involving the separation of Gold 

Nanoparticles from the reaction mixture and treating those particles with 

Silver Nitrate and Tannic acid to form the Gold Core – Silver Shell particles. 

In order to do so, the reaction mixture needs to be centrifuged. However, 

the process must be optimized and the ideal speed and time of the 

centrifuge operation so as to obtain the maximum output of Gold 

Nanoparticles. 
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1.10.1. Optimization of Centrifuge Operation 

A sample reaction mixture of Gold Nanoparticle synthesis, from one of 

the experiments carried out earlier, was filled in 1.5 ml Centrifuge tubes 

(Tarsons). The UV-Visible Spectrum of the reaction mixture showed a peak 

at 519 nm.  

 

The sample was initially centrifuged for 30 min at 10000 rpm (6931.5 g 

force) in a REMI RM-03 plus Micro Centrifuge. No significant settling of 

Gold nanoparticles was observed. Hence the sample was kept for 

centrifuging further for 45 min at 10000 rpm, making 75 min in total. Settling 

of particles was observed.  

 

Another sample was centrifuged at 12000 rpm for 30 min where no 

settling was observed, hence centrifuged further for 45 min. of deionized 

water. 

 

The speed was further increased to 15000 rpm (15596 g force) for 30 

min. For this speed, the settling was fast.  For all the samples, the 

supernatant liquid was removed and the particles were dispersed in 1 ml 

of deionized water. 

 

The above experiments indicated that more the speed of centrifuge, 

less is the time taken for the particles to settle down. Hence another run 

was conducted at 9000 rpm for 90 min and the process was repeated. 
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 UV-Visible Spectroscopy of the samples yielded the following results: 

 

Table 1- 3 Peak Positions of Gold Nanoparticles Centrifuged and Dispersed in Deionized Water 

Sample  Speed 

rpm 

Time  

min 

Peak Wavelength 

(nm) 

Absorbance 

Given - - 519 0.5486 

A 10000 75 529 0.5108 

B 12000 75 534 0.6063 

C 15000 30 536 0.6181 

D 9000 90 529 0.6797 

 

 

Figure 1- 4 UV-Visible Spectra of Various Gold Nanoparticle Solutions 

 

Sample D gave the maximum output with a lesser peak shift. Samples 

B and C gave bimodal curves and had a peak shift of 15 nm which also 

gave a different colour while dispersion, indicating agglomeration due to 

high centrifuging speeds. The effect of speed and duration of the 

centrifuge was further studied by decreasing the speed and time of 

centrifuge. 
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Two more runs were conducted for 90 min at 8000 rpm and 7000 rpm, 

respectively. After removing the supernatant and re-dispersing the 

particles in 1 ml deionized water, the UV-Visible spectroscopy yielded the 

following results: 

 

Table 1- 4 Peak Positions of Gold Nanoparticles Centrifuged at different speeds for 90 minutes. 

Sample  Speed 

rpm 

Time  

min 

Peak Wavelength 

(nm) 

Absorbance 

Given - - 519 0.5486 

D 9000 90 529 0.6797 

E 8000 90 529 0.5288 

F 7000 90 531 0.4827 

 

 

Figure 1- 5 UV-Visible Spectra of Gold Nanoparticles Centrifuged at different speeds for                    

90 minutes. 

 

Both samples E and F showed peaks at 529 nm and 531 nm respectively, 

however, they had a lesser absorbance value compared to sample D, 

which means that most of the Gold Nanoparticles in the colloid still 

remained in the supernatant. Hence, centrifuging at a speed lower than 

9000 rpm did not seem to be economical. 
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The time of centrifuged was reduced to 60 min, keeping the speed at 

9000 rpm, to check the difference between the number of gold particles 

settled. The UV-Visible spectrum of the redispersed solution showed a 

peak at 530 nm with an absorbance of 0.4862.  

 

Table 1- 5 Peak Positions of Gold Nanoparticles Centrifuged for different durations at 9000 rpm. 

Sample  Speed 

rpm 

Time  

min 

Peak Wavelength 

(nm) 

Absorbance 

Given - - 519 0.5486 

D 9000 90 529 0.6797 

G 9000 60 530 0.4862 

 

 

Figure 1- 6 UV-Visible Spectra of Gold Nanoparticles Centrifuged for different durations at 

9000 rpm. 

 

Hence, centrifugation at 9000 rpm (5614.52 g force) for 90 min was 

considered to be optimal for the separation of Gold Nanoparticles from 

the final reaction mixture.  
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1.10.2. Experiment for the synthesis of Gold-Core, Silver-Shell Nanoparticles 

For the synthesis of Gold-Silver BNPs with Gold Core and Silver shell, 

centrifuged gold particles were directly used and Silver Nitrate was 

reduced using tannic acid. 

 

1.10.2.1. Materials and Apparatus used 

• Gold Nanoparticles from Experiment – I 

• Silver Nitrate – 0.12 mM solution  

• Tannic Acid – 0.03 mM solution  

• Potassium Carbonate – 1 wt. % solution  

• pH paper 

• Single phase ¼ HP AC Motor  

• Syringe pump 

• Glass beaker, Teflon impeller and baffle 

• Micropipette 

• Weighing Machine 

 

1.10.2.2. Procedure 

1. Gold Nanoparticle Solution obtained from the previous experiment was 

filled in two 1.5 ml centrifuge tubes and centrifuged at 9000 rpm for 90 

min. After this, the supernatant liquid was removed. 

 

2. 0.306 mg of Silver Nitrate (AgNO3) was dissolved in 15 ml of deionized 

water. 

 

3. Gold Nanoparticles obtained from step (1) were dispersed in the            

0.12 mM Silver Nitrate Solution prepared in step (2). 

 

4. The dispersed solution containing the Gold Nanoparticles was filled in the 

syringe of the Syringe Pump. 
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5. 0.765 mg of Tannic Acid was taken in a 100 ml beaker and dissolved in 

deionized water. 

 

6. The solution was adjusted to pH 8 using freshly prepared Potassium 

Carbonate solution and made up to 15 ml. 

 

7. The baffles were inserted in the tannic acid beaker and the impeller was 

mounted on the motor. 

 

8. The Silver Nitrate – Gold Nanoparticles mixture was added to the pool of 

tannic acid continuously at a rate of 1 ml/min. The contents of the 

beaker were constantly stirred at 1100 rpm. 

 

9. The experiment was carried out for 10 minutes and the final reaction 

mixture was collected and stored. 

 

10. Similarly, another run was carried out for 5 minutes and the reaction 

mixture was collected and stored. 

 

1.10.2.3. Results and Discussion 

 

Figure 1- 7 UV-Visible Spectra of Gold Nanoparticle Seed Solution with 0.12 mM Silver Nitrate and Final 

Reaction Mixtures of Gold Core, Silver Shell Nanoparticle Synthesis. 
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The UV-Visible Spectra of both the final reaction mixtures did not show 

any significant peak, but a slight bend in the curve was observed near 

400 nm, which indicates the presence of Silver Nanoparticles. Also, the 

hump at 530 nm found in the seed solution had disappeared. Hence, we 

can confirm the presence of Gold-Core, Silver-Shell Nanoparticles in the 

solution. 

 

1.10.2.4. Factors affecting the synthesis of Bimetallic Nanoparticles 

It was assumed that both the concentration of Silver Nitrate and the 

amount of Seed solution added to the pool of tannic acid affected the 

formation of the Gold-Core, Silver-Shell Nanoparticles. To study this, two 

more experimental runs were conducted, with Gold Nanoparticles 

dispersed in 0.2 mM of Silver Nitrate Solution and added continuously, at 

the rate of 1 ml/min, for 15 and 20 min, respectively. 

 

 

Figure 1- 8 UV-Visible Spectra of Various Gold Nanoparticle Solutions centrifuged at 9000 rpm for 90 min. 

Inset: A Closer look at the peaks. 
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However, the centrifuged Gold Nanoparticles were re-dispersed in 1 ml 

of deionized water, unlike previous runs where the particles were directly 

dispersed in the 0.12 mM Silver Nitrate Solution. Hence, 0.3 mM of Silver 

Nitrate Solution was prepared. To 10 ml of this solution, dispersed Gold 

Nanoparticles from two centrifuge tubes (2 ml) and 3 ml of deionized 

water was added. As a result, the final concentration of the seed solution 

was 0.2 mM of Silver Nitrate. After the experiment, the final mixtures were 

stirred for 10 minutes in a magnetic stirrer. 

 

1.10.2.5. Results and discussion for Runs 3 and 4 

 

Figure 1- 9 UV-Visible Spectra of Gold Nanoparticle Seed Solution with 0.2 mM Silver Nitrate and Final 

Reaction Mixtures of Gold Core, Silver Shell Nanoparticle Synthesis. 

 

UV Visible spectra indicated complete conversion of Gold 

Nanoparticles into Core – Shell particles. For 20 min run, a peak was 

observed at 410 nm with an absorbance of 0.7059 and no peaks were 

observed near 520 nm. Hence, we could confirm the presence of Gold-

Core, Silver-Shell Nanoparticles. Also, there is a chance of the presence 

of Silver Nanoparticles, which can be analysed through Microscopy. 
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Figure 1- 10 From Left: Gold Nanoparticles, Silver Nanoparticles (both dispersed in 1 ml DI water), 

Supernatant containing Gold Nanoparticles. 

 

Figure 1- 11 From Left: Final Reaction Mixtures of Gold, Silver and Gold-Core Silver-Shell Nanoparticles. 

 

1.11. An attempt to Centrifuge Silver Nanoparticles 

Similar to the synthesis of Gold-Core, Silver-Shell Nanoparticles, an 

attempt to synthesize Silver-Core, Gold-Shell Nanoparticles by the same 

procedure was also conceived. Hence, the final reaction mixture of Silver 

Nanoparticle Synthesis was taken in 1.5 ml Centrifuge tubes and 

Centrifuged for 90 min at 9000 rpm, and the supernatant was removed 

and the settled particles were re-dispersed in 1 ml of deionized water and 

UV analysed. The supernatants were also UV analysed to check the 

presence of Silver Nanoparticles. 
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Figure 1- 12 UV-Visible Spectra of Various Silver Nanoparticles Centrifuged at 9000 rpm for 90 min and a 

closer look at the peaks. 

 

From the UV-Visible Spectra, it was evident that most of the samples 

showed bimodal curves thereby indicating agglomeration of the Silver 

Nanoparticles even at a low rpm. Also, the supernatant contained some 

amount of Silver Nanoparticles. Hence, it was concluded that 

centrifugation of silver nanoparticles was not economical, as it would take 

a longer time for the particles to settle if the speed was reduced to 

prevent agglomeration. 

 

 

Figure 1- 13 UV-Visible spectra of Supernatant Liquids of Silver Nanoparticles. 
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1.12. Conclusion 

In the set of experiments which involved the synthesis of Gold, Silver and 

Gold-Silver Core-Shell Nanoparticles, the mechanism and also the stability 

of the colloid was studied. Also, the centrifuge operation required 

optimization of the speed and time of the centrifuge so as to maximize 

the output and minimize the degree of agglomeration. While centrifuging 

gold nanoparticles were successful, centrifuging silver nanoparticles and 

using them to synthesize Silver-Core, Gold-Shell particles weren’t 

promising. In such cases, the two-stage reduction can be followed. By 

chemical reduction, any metallic nanoparticle can be synthesized with a 

suitable reducing agent and a stabilizer. 
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Chapter 2 

PREPARATION OF CONDUCTING SILVER NANOSTRUCTURES AND THEIR 

APPLICATIONS AS STRAIN SENSORS 

2. d 

2.1.  Introduction 

History has shown that advancements in materials science and 

engineering have been important drivers in the development of sensor 

technologies. For instance, the temperature sensitivity of electrical 

resistance in a variety of materials was noted in the early 1800s and was 

applied by Wilhelm von Siemens in 1860 to develop a temperature sensor 

based on a copper resistor. The high resonance stability of single-crystal 

quartz, as well as its piezoelectric properties, have made possible an 

extraordinarily wide range of high performance, affordable sensors that 

have played an important role in everyday life and national defence.  

 

More recently, a new era in sensor technology was ushered in by the 

development of sensors that are wearable, printable and cheap, which 

works based on the amount of strain applied. Popularly termed as 

‘wearable strain sensors’, they have a lot of applications especially in the 

field of healthcare. This project is all about preparing nanostructures 

which could act as strain sensors. 

 

2.2.  Strain Sensing and Its Applications 

A Strain gauge (sometimes referred to as a Strain gage) is a sensor 

whose resistance varies with applied force; It converts force, pressure, 

tension, weight, etc., into a change in electrical resistance which can 

then be measured. When external forces are applied to a stationary 

object, stress and strain are the results. Stress is defined as the object's 



23 
 

internal resisting forces, and strain is defined as the displacement and 

deformation that occur. 

 

The strain gauge is one of the most important sensors of the electrical 

measurement technique applied to the measurement of mechanical 

quantities. As their name indicates, they are used for the measurement 

of strain. As a technical term "strain" consists of tensile and compressive 

strain, distinguished by a positive or negative sign. Thus, strain gauges can 

be used to pick up expansion as well as contraction. 

 

The strain of a body is always caused by an external influence or an 

internal effect. Strain might be caused by forces, pressures, moments, 

heat, structural changes of the material and the like. If certain conditions 

are fulfilled, the amount or the value of the influencing quantity can be 

derived from the measured strain value. In experimental stress analysis, 

this feature is widely used. Experimental stress analysis uses the strain 

values measured on the surface of a specimen, or structural part, to state 

the stress in the material and also to predict its safety and endurance. 

Special transducers can be designed for the measurement of forces or 

other derived quantities, e.g., moments, pressures, accelerations, 

displacements, vibrations and others. 

 

 With the rapid development of human artificial intelligence and the 

inevitably expanding markets, the past two decades have witnessed an 

urgent demand for the flexible and wearable devices, especially the 

flexible strain sensors. Flexible strain sensors, incorporated the merits of 

stretchability, high sensitivity and skin-mountable, are emerging as an 

extremely charming domain in virtue of their promising applications in 

artificial intelligent realms, human-machine systems and health-care 
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devices which can monitor limb movement, pulse, pronunciation, 

breathing and so on. 

 

2.3. Inkjet Printing: an introduction 

Inkjet printing (IJP) is a well-known drop-on-demand technology for 

depositing tiny droplets onto a substrate without dependence on the 

high-speed operation of mechanical printing elements. It is a growing 

technology that enables us to deliver a small number of materials as ink 

to the specific location of the substrate. Its applications include printing 

graphical patterns with different scales, printing electronic devices such 

as circuit boards, solar cells, PLEDs, and RFIDs with precise accuracy, and 

delivering an accurate amount of drugs in the pharmaceutical industry. 

The technology finds applications even in the biological field such as DNA 

microarray or stem cell printing. Many applications are fully 

commercialized and some of them are under research and 

development. 

 

2.4. Inkjet printing as a novel approach for synthesizing nanostructures 

Ink Cartridges which are commercially available in markets can be 

reused by breaking the seal carefully and cleaning the reservoir of the 

Cartridge. By filling the reservoir with the desired solution, We can print the 

solution on any desired substrate. This can be used to print various 

nanostructures that can be used in many areas. 

 

2.5. Synthesis of Conducting Silver Nanostructures on various Substrates 

Silver Nanowire networks are conductive in nature. Silver Nanowires 

can be synthesized on a large scale by means of Chemical Methods. 

Treating Silver Salts with Potassium Halide and subjecting the reacting 

mixture to light is known to result in the formation of Silver Nanostructures. 

Generally, the use of Potassium Chloride results in the formation of Silver 

Nanoparticles while using Potassium Bromide or Potassium Iodide results in 
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the formation of Silver Nanowires. By printing multiple layers of these salts 

in a stretchable substrate, Wearable sensors can be prepared. 

 

2.5.1. Factors to consider while printing Structures for Strain Sensing 

However, there is also another factor which affects the printing of Silver 

nanostructures. Generally, the salt solutions are in the aqueous phase 

whereas the substrates which are considered suitable for wearable strain 

sensors are mostly hydrophobic in nature. To overcome this difficulty, two 

things can be done. The substrate can be treated/coated with chemicals 

which are hydrophilic. Alternatively, few substances like PET is known to 

have increased wettability if the surface is roughened. 

 

2.5.2. Objectives of the Project 

1. To Determine the loading of the Inkjet Printer 

 

2. To Print the sample with three layers each of Potassium Halide and Silver 

Nitrate in three different substrates (PET, Polyimide tape, Photopaper) 

and reduce them using Halogen Lamp 

 

3. To cure one of the samples and exfoliate them. 

 

4. To conduct Mechanical Tests on the sample. 

 

2.6. Printer Loading 

Loading of an ink cartridge can be defined as the amount of ink used 

per unit area of printing. It is usually measured in mg/cm2. The loading was 

determined as follows: 

 

1. The ink from the cartridge is removed and the cartridge is cleaned with 

deionized water and isopropyl alcohol. 

 



26 
 

2. The cartridge is filled with deionized water for a certain level and its 

initial weight is noted down. 

 

3. The cartridge is loaded into the printer (HP Deskjet 1112). 

 

4. Five Black Squares, each of area 2.5 cm ˣ 2.5 cm is printed in an A4 

sheet. 

 

5. The Cartridge is removed from the printer and is weighed again.  

 

6. The loading is determined from the following formula: 

 

Loading = 
𝐹𝑖𝑛𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡−𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡

𝑇𝑜𝑡𝑎𝑙 𝐴𝑟𝑒𝑎 𝑃𝑟𝑖𝑛𝑡𝑒𝑑
 

 

7. The process is repeated for two more times and for different cartridges. 

It was ensured that the initial weight of all cartridges was made 

constant, as the loading is also affected by gravity. 

 

 

Figure 2- 1 Weight of Cartridge before and after printing for Cartridge 1, Run 3. 
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2.6.1. Results and Discussion: 

The loading of various cartridges was determined as follows: 

Table 2- 1 Loading of Various ink Cartridges 

Cartridge No Run 
Initial Weight 

(g) 

Final Weight 

(g) 

Loading 

(mg/cm2) 

1 

1 18.63 18.43 1.6 

2 18.63 18.43 1.6 

3 18.62 18.41 1.68 

1.626667 

2 

1 18.62 18.41 1.68 

2 18.62 18.4 1.76 

3 18.62 18.4 1.76 

1.733333 

3 

1 18.62 18.34 2.24 

2 18.62 18.37 2 

3 18.62 18.37 2 

2.08 

4 

(Wide 

Reservoir) 

1 19.72 19.4 2.56 

2 19.72 19.48 1.92 

3 19.72 19.48 1.92 

4 19.72 19.5 1.76 

2.04 

 

2.7. Printing of Potassium Halide and Silver Nitrate 

1M of Silver Nitrate solution and 1M of 95:5 Potassium Bromide-

Potassium Iodide solutions are prepared. The solutions are taken in two 

different cartridges. 

 

Since PET (Polyethylene Terephthalate) and Polyimide sheets are highly 

hydrophobic, they were roughened to increase their wettability. 

Roughening is done by 220-grade sandpaper.  
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Figure 2- 2 Increased Wettability of a PET sheet after roughening with sandpaper. 

 

After roughening, seven samples were printed on each sheet. Three 

layers each of Potassium Halide and Silver Nitrate were printed, with 

Sufficient time given for drying between two successive prints on the given 

substrate. 

 

2.8. Photographic Reduction 

After printing, the Sample is exposed to light from a halogen lamp for 

10 minutes. The samples were then immersed in ID78 Photo developer 

solution for 10 minutes. The developer solution for one sample was 

prepared using the following samples: 

• Sodium Sulphite – 20 g 

• Quinol – 2.4 g 

• Sodium Carbonate – 12.4 g 

• Phenidone – 0.5 g 

• Potassium Bromide – 0.4 g 

 

 

Figure 2- 3 Dimensions of the sample printed. Seven such samples were printed per substrate. 
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All the above components were dissolved in 200 ml deionized water. 

The developer solution is poured in a tray and the sample is immersed for 

10 min. 

After 10 minutes, the sample is removed from the developer and rinsed 

with deionized water and then dried in a laminar hood. 

 

After printing, the samples were tested for their conductivity using a 

Multimeter (Amprobe AM-510-EUR). The resistance across the samples 

was measured as follows (all values in Ω): 

 

Table 2- 2 Resistance values of various samples. 

Sample 

No 

PET 

(Roughened) 

Polyimide tape 

(Roughened) 

Photo paper 

(Kodak) 

1 177.1 166.8 9760 

2 332.9 - 7560 

3 578.0 109.1 14510 

4 201.8 242.9 8790 

5 386.0 123.1 3970 

6 - 182 12850 

7 144.1 116.4 4950 

 

Some samples showed no resistance value due to improper printing. 

Also, different samples showed different values of resistance. This could 

be due to the printer as well as uneven roughness of the printing 

substance. 

  

2.9. Exfoliation  

Exfoliation is a process of peeling off layers from a substance to which 

it is strongly adhered to. The idea was to transfer the printed samples from 
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PET (which is non-stretchable) to Dragon Skin Silicone which is stretchable. 

Stretching is a desirable property for wearable sensors and would give 

close results compared to that of real-life applications. 

2.9.1. Preparation of Dragonskin and Curing 

5 grams each of Part A and Part B material was weighed and the 

viscous mass was mixed thoroughly and applied uniformly on the samples 

printed on the PET Sheet and allowed to dry for a day. 

 

 

Figure 2- 4 From left: PET Samples cured with dragonskin, Photo paper (white) and Polyimide (yellow) 

samples after photographic reduction. 

 

After Curing, the Silicone was slowly peeled off from the PET Sheet. We 

could observe that the print was transferred from the PET Sheet to the 

Dragonskin. 

 

2.10. Mechanical Characterization 

The workability of a strain sensor lies in its ability to withstand the strain. 

Hence the exfoliated sample was subject to various mechanical tests 

through which the stability of the sample was tested. 

 

2.10.1. Preparation of Sample 

Sample No. 7 from the PET Print was used for testing. The sample is cut 

carefully and placed in a Micro UTM (Mecmesin Multitest 10-i). Copper 

sheets wrapped in silicone strips were used as clamps, and the alligator 

clips were connected to the FORCE and SENSE slots of the Sourcemeter 

(Keithley 2450). Four-probe testing was carried out.  
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Figure 2- 5 Test sample mounted to the UTM. 

 

2.10.2. Two-probe and four-probe testing 

A two-probe device, say a Multimeter, measures the resistance of a 

device in the following way. It provides a small amount of voltage to the 

resistor, (via the contact probes of the Multimeter), and records the 

current flowing across the two contact points, thereby giving the 

resistance value (in accordance to Ohm's law). Prima facie, there doesn't 

seem to be anything wrong with this method of measurement, and 

indeed it is still majorly used for engineering works, one inherent flaw in this 

is that the same two contact probes are being used for providing the test 

voltage, (that is, it functions as source connections), as well as for 

recording the current flowing due to the supplied voltage (that is, it 

also functions as sense connections). 

 

Due to this fact, the internal resistance of the Multimeter gets added to 

the actual displayed value which gives a slight inaccuracy which is 

negligible for most applications. 

 

However, even this small deviation in the resistivity value may spell 

doom in nanoscale. So, resistivity measurements are done using the 

improved 4 probe method. The only difference is that, the source and 
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sense connections' functions (as mentioned above) are assigned to two 

different pairs of leads: the outer two leads serve as the source 

connections responsible for providing the test voltage, and the inner two 

leads serve as the sense connections, responsible for recording the 

current flowing through the device in response to the test voltage and 

giving the resistivity value. This method gives a more accurate reading as 

by separating the source and sense connections, the eventuality of the 

internal resistance to be added to the actual measured value is lowered 

significantly because the current does not flow through the source. 

 

 

Figure 2- 6 Four-probe testing of the Sample. 

 

2.10.3. Static Testing 

Initially, static testing was conducted on the sample. With a current of 1 

μA, displacement rate of 30 mm/min and 24 N load, the strain was 

changed from 5% to 60% and corresponding resistances were noted. From 

the data, the relative change in resistance and the Gauge Factor were 

determined.  

 

Figure 2- 7 Strain of 60% and corresponding reading in the sourcemeter. 
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Table 2- 3 Determination of Relative Resistance Change and Gauge Factor. 

% Strain Length l (mm) Resistance (Ω) ΔR/R0 Gauge Factor 

0 28 535 0 
 

5 29.4 600 0.121495 2.429907 

10 30.8 762 0.424299 4.242991 

15 32.2 863 0.613084 4.087227 

20 33.6 1129 1.11028 5.551402 

25 35 1384 1.586916 6.347664 

30 36.4 2096 2.917757 9.725857 

40 39.2 3168 4.921495 12.30374 

50 42 4936 8.226168 16.45234 

60 44.8 27973 51.28598 85.47664 

 

 

 

 

Figure 2- 8 Resistance vs Strain. 
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Figure 2- 9 Relative Change of Resistance vs Strain. 

 

Figure 2-8 shows the change of resistance to strain and figure 2-9 shows 

the variation of the relative change of resistance with time. Both the 

graphs show that the resistance increases steadily with increase in strain. 

However, beyond 50% strain, the resistance of the sample increases 

abruptly. 

 

 
Figure 2- 10 Gauge Factor vs Strain. 
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Gauge factor (GF) is the ratio of the relative change in resistance ΔR/R0 

to the mechanical strain ε. A high value of the Gauge factor indicates a 

significant increase in the relative change of resistance. Fig 2-10 shows an 

abrupt increase of Gauge factor beyond 50%. 

 

2.10.4. Dynamic Testing 

Dynamic tests are usually conducted to check the life of the material 

and its ability to withstand strain for longer periods of time. Fatigue tests, 

where the sample is subjected to application and removal of strain in 

repeated cycles form the major part of Dynamic testing. For the Silver 

Nanostructure, the effect of varying strain rate, amount of strain and 

stability tests were conducted. The readings were recorded by a source 

meter. 

 

2.10.4.1. Effect of Strain rate 

Here, the effect of varying the strain rate or frequency was studied, 

while keeping other parameters constant. The displacement rate was 

varied from 200 mm/min to 800 mm/min in steps of 200 mm/min for every 

five cycles, at 10% . 

 

 

Figure 2- 11 Effect of Changing the displacement rate from 200 mm/min to 800 mm/min 

in steps of 200 mm/min, for every five cycles. 
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Fig 2-11 shows the variation of resistance with frequency. It is evident 

that the sample remains stable throughout the time of the application of 

load. However, minor fluctuations can be seen due to the continuous 

variation of load. 

 

2.10.4.2. Effect of Strain 

Here, the strain was increased from 4% to 16% in steps of 2%, for every 

five cycles at a displacement rate of 200 mm/min. The sample was stable 

throughout the entire duration. This can be seen in fig 2-12. 

 

 

Figure 2- 12 Effect of changing strain from 4% to 16% in steps of 2%, for 5 cycles at 200 mm/min 

 

2.10.5. Response time 

Characterizing the response time of the sample is very important. For 

practical applications especially in the field of health monitoring, the 

response time must be as low as possible. The response time can be 

considered as the time taken to attain a steady state when a certain 

amount of strain is applied to the sample.  
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The test was conducted by applying 5% and 20% strain on the sample 

at a displacement rate of 1000 mm/min and the variation of resistance 

was monitored. The variation of resistance for the application of 5% and 

20% strain is shown in figs 2-13 and 2-14 respectively. 

 

 

Figure 2- 13 Response time - 24 N, 1000 mm/min, 5% Strain 

 

 

Figure 2- 14 Response time - 24 N, 1000 mm/min, 20% Strain 
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We could observe that both the samples took less than a second to 

attain the steady state resistance value, but on the application of 20% 

strain, the system took a long time to stabilize. 

 

 

2.10.6. Stability tests 

The sample was also subjected to 1000-cycle testing at a displacement 

rate of 800 mm/min and 10% strain. However, there was a slow increase 

in the peak level during the process. So, it was assumed that such high 

frequencies for a long duration can cause the failure of the material and 

hence the cycle was interrupted.  

 

The frequency was hence reduced to 200 mm/min and the sample was 

subjected to 10% strain for 1000 cycles. The variation of resistance with 

time is shown in fig 2-15. Fig 2-16 gives a closer view of the cycles. 

 

 

Figure 2- 15 Stability test - 1000 Cycles, 10% Strain, 200 mm/min. 
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Figure 2- 16 A closer view of the cycles. 

 

It was observed that the no-strain resistance increased with every 

cycle. This wearing of the sample can be reduced by having multiple 

coatings of inks or alternate layers of Potassium and Silver Salts. 

 

2.11. Conclusion 

In this project, an attempt to prepare a conducting nanostructure 

which could act as a strain sensor was made. Instead of directly printing 

on the substrate, the print was made on another substrate and transferred 

to the desired substrate. The Silver Nanowire Structure was found to be 

very sensitive and the mechanical characterization of the sample showed 

that the sample can be very well used in strain sensing applications. 

However, by printing multiple coatings or alternate Potassium and Silver 

Salt Coating, the durability of the material can be increased further. 
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