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Abstract: A number of different research methodologies have been developed to increase the con-
ductivity and mechanical properties of stretchable or flexible conductors. One of the promising
techniques recommended for applying metallic nanoparticles (NPs) to PDMS (polydimethylsiloxane)
substrate is to develop a thin-film that gives possible conductivity and good mechanical strain. This
article discusses the preparation of silver nanoparticles using the chemical reduction method with
silver nitrate as the precursor, and uses glucose as a reducing agent. In addition, polyvinyl pyrroli-
done (PVP) is used to prevent the nanoparticles’ oxidation and agglomeration once they have been
synthesized successfully. Moreover, we utilize the power of diethylamine to accelerate the evolution
of nanoparticles, and deionized water is used to prevent any possible contamination. The prepared
Ag-NPs are then deposited on the solidified PDMS substrate through sintering. A multimeter is used
to measure the electrical resistance. Ag-NPs are confirmed by UV-Vis at a 400-nm peak. Furthermore,
we discuss the surface morphologies, particle sizes and thicknesses of the film and substrate when
studied using different microscopy techniques. The prepared stretchable conductor is found to be
suitable to use in biosensing and electronic devices.

Keywords: stretchable conductors; silver nanoparticles; polydimethylsiloxane; polyvinyl pyrrolidone
(PVP); thin-film; coating; electrical resistance

1. Introduction

Stretchable electronics is a thrilling research area that combines numerous engineering
fields such as materials, fabrication, electronics and mechanics. In stretchable electronics,
the fabricated device maintains its electrical functionality under the application of axial,
biaxial and/or repeated stretching loads [1]. This specific feature of the device could
open a doorway for sensational and innovative applications of electronics such as artificial
skin, strain sensors, artificial muscles or actuators, stretchable and flexible solar cells, and
nanogenerators. Physical-sensing electronic devices that provide a sense of touch are
receiving increased attention nowadays for futuristic applications [2–4].

Patterned structures of flexible, stretchable and electrically conductive materials on
soft substrates could lead to the development of unique electronic devices with distinc-
tive mechanical properties allowing them to bend, fold, stretch or fit the environmental
conditions. Exploratory research on how we can improve the stretchability of circuits on
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elastomeric substrates has made outstanding progress. One of the promising advantages of
large-area electronic devices is that they are thin and light enough to be placed easily on
rooftops and walls. Besides their lightweight properties, the focus has now moved to their
bending and rolling [5–7]. Large-area flexible sensors and actuator components, such as
transistors and diodes, may be embedded in rubber sheets and joined with wavy metal
wires by carefully monitoring the strains in thin-films. Their electrical circuits have high
mechanical durability and show good electrical performance under stretching conditions as
all the circuit components are stretchable [8–11]. To achieve this, a soft substrate is needed
that includes many elastomers, i.e., silicon-based elastomers with versatile properties such
as biocompatibility, flexibility, non-toxicity, hydrophobicity, and stretchability, etc. [12].
These samples are coated with thin-films of metals that can conduct electricity.

In this project, we used polydimethylsiloxane, commonly known as PDMS, as a soft
elastomeric substrate because of its versatile properties such as stretchability, biocom-
patibility, bendability, etc. The key aim was to fabricate an elastic conductor that could
conduct electricity under an applied strain. To do so, we synthesized silver nanoparticles
that acted as a conducting thin-film on the PDMS substrate. A green nanotechnology
route taking a chemical reduction method was developed to synthesize Ag-NPs using an
environmentally friendly and low-cost method. The chemical reduction method has the
advantage of effectively synthesizing nanoparticles both at the laboratory scale and when
upscaled for mass production, as well. In our research, the prepared nanoparticles were
then deposited on the PDMS substrate. PDMS was used to provide strong elastomeric
properties against mechanical strain, in addition to its effect on the conductivity of the
produced nanocomposites.

2. Materials and Methods

PDMS in powder form with 97% purity was used as a substrate, purchased from Dow
Corning Corporation. Silver nitrate, used for the formation of Ag-NPs, was purchased from
Merck (Pvt.) Ltd., Karachi, Pakistan. with a purity of 99.95%. Di-ethyl amine and glucose
were purchased from the local market, both of commercial grade and 95% purity. PVP with
an average of 35,000 mol. wt. was purchased from Sigma-Aldrich, Burlington, MA, USA.

2.1. Synthesis of Ag-NPs

Initially, PDMS substrates were fabricated using the solution processing method. The
silicone elastomeric base and silicone elastomeric hardener were mixed with a ratio of
10:1 g. The prepared 2.5 g of PDMS solution was then poured into the mold (5 × 5 cm)
to achieve 1 mm-thick PDMS [13–15]. The film thickness of the sample was measured
by stereomicroscope (MOTIC DMW-143). The Ag-NPs (<100 nm) were then prepared
chemically via reduction (a green nanotechnology approach) using the glucose-gluconic
acid oxidation-reduction method in diethylamine, with silver nitrate as a source of silver
ions. The prepared Ag-NPs were then deposited as a thin-film by inkjet printing and
sintering at 100 ◦C for 30 min. A straightforward in-house technique was used to prepare
the thin-film of the nanocomposites via the inkjet printing method. Finally, the samples
were characterized through different techniques.

As mentioned, the Ag-NPs solution was prepared by chemical reduction (a green
nanotechnology route). An aqueous solution of 100 mM silver nitrate and 50 mM glucose
was mixed and stirred using a magnetic stirrer at room temperature for 20 min to obtain
a homogeneous solution. An aqueous solution of 115 mM molarity diethylamine (DEA)
was added, and the solution was mixed quickly and vigorously [16–18]. The color of
the solution changed from yellow to brown and finally to black, a possible indication of
Ag-NPs [19–21], as shown in Figure 1.
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Figure 1. Synthesis process of Ag-NPs; (a) yellow color appeared during the mixing of silver nitrate
and glucose with diethylamine (b) yellow color of the solution change to orange and (c) the orange
color of the solution is turned to black indicating the formation of Ag-NPs

The recommended mechanism for this reaction is similar to the silver mirror tech-
nique, where the amine is dissolved in water to remove hydrogen ions, leaving hydroxyl
ions in the solution. The hydrated amine ion further reacts with silver nitrate to form
a complex of silver ions. The remaining hydroxyl ions oxidize the aldehyde groups of
the glucose molecules to form gluconic acid, and an electron is released into the solution.
This electron reduces the silver ions of the silver complex to get metallic nanoparticles of
silver. Diethylamine (DEA) can be used as a catalyst. To prevent agglomeration of the
particles, polyvinylpyrrolidone (PVP) is used as a capping agent, as shown in Figure 2.
The maximum amount of 3 wt.% PVP is used in the solution, which acts as a stabilizer
preventing the agglomeration of the synthesized nanoparticles. Small wt. percentage
of PVP was used because the greater the added amount of PVP can makes the particles
nonconductive. Nonetheless, when using PVP as the stabilizing agent, producing just small
quantities of the synthesized particles is efficient to form the thin-films.
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2.2. Preparation of Ag-NPs/Ethylene Glycol Ink

The prepared solution of silver nanoparticles was then used for ink preparation by
centrifugation (at a 3000-rpm speed for 10 min at 220 volts), using ethylene glycol as a
dispersing agent, as shown in Figure 3.
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Figure 3. Ag-NPs after centrifugations (left). Silver nanoparticle ink dispersed in ethylene glycol
(right).

The silver nanoparticle ink was then placed in a vial and subjected to jet ultrasonication,
to break the bonds between agglomerated nanoparticles and thus disperse the nanoparticles
in the freshly prepared ink. The nanoparticle ink was stored in a vial that underwent
sonication using an ultrasonic cleaning machine.

2.3. Fabrication of Ag-NP Thin-Film

The prepared Ag-NPs were then deposited as a thin-film using the inkjet printing
technique. The coated film on the substrate (PDMS/Ag-NPS) was then consolidated in the
oven for 1 h at 100 ◦C, and cooled in a dry oven for good adhesion. Figure 4 shows the
uncoated and coated substrate samples produced after solidification.

Crystals 2022, 12, x FOR PEER REVIEW 5 of 11 
 

 

 

Figure 4. Thin-layer coats of Ag-NP ink on the PDMS substrate. 

2.4. Characterization of the Ag-NPs and the Ag-NP-PDMS Thin-Film 

The surface of the prepared samples was investigated using an Olympus Microscope 

model GX-51 (Center Valley, PA, USA), while scanning electron microscope (SEM) model 

Quanta 200 (Hillsboro, OR, USA) was used to determine the surface morphologies and 

particle sizes and shapes of the prepared Ag-NPs. A UV-Vis spectrophotometer model 

Spectrumlab 22PC (Shanghai. Lengguang Technology Co. Ltd., Shanghai, China) was 

used to determine the absorption spectrum of the prepared silver nanoparticles. The la-

boratory apparatus was designed to measure the strain versus the electrical resistance of 

the sintered thin-film samples when increasing the applied load, by assessing the electrical 

resistance of the sintered thin-films at different strain loads using a multimeter. The elec-

trical measurements were recorded before and after applying each load [22,23]. 

3. Results and Discussion 

3.1. Ag-NPs’ Characterization 

Investigations of the produced Ag-NPs were carried out using a field emission scan-

ning electron microscope at a standard high voltage of 25~30 kV to study the particle 

shapes, sizes, and morphologies. Figure 5 shows SEM images with different magnifica-

tions of the prepared Ag-NPs. In Figure 5a, the particles are at the nanoscale and we can 

see some agglomerations. The particle size range is between 108 and 189.6 nm, and some 

particles are agglomerated in different areas. Undesirable agglomeration of particles re-

sults due to the conglomeration and pileup of the particles, resulting in the deterioration 

of the size range [24-26]. Figure 5b–d show SEM images with high magnifications, in 

which the phenomenon of particle agglomeration can be observed more clearly and effec-

tively. The particle size of one particle was measured as 108.3~189.6 nm, but agglomera-

tion appeared in various regions, resulting in vast increments in the size range. Particle 

pile-up was obvious in the region of the red box, resulting in a dramatic increase in the 

sizes of the particles [27]. 

Figure 4. Thin-layer coats of Ag-NP ink on the PDMS substrate.

2.4. Characterization of the Ag-NPs and the Ag-NP-PDMS Thin-Film

The surface of the prepared samples was investigated using an Olympus Microscope
model GX-51 (Center Valley, PA, USA), while scanning electron microscope (SEM) model
Quanta 200 (Hillsboro, OR, USA) was used to determine the surface morphologies and
particle sizes and shapes of the prepared Ag-NPs. A UV-Vis spectrophotometer model
Spectrumlab 22PC (Shanghai. Lengguang Technology Co. Ltd., Shanghai, China) was
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used to determine the absorption spectrum of the prepared silver nanoparticles. The
laboratory apparatus was designed to measure the strain versus the electrical resistance of
the sintered thin-film samples when increasing the applied load, by assessing the electrical
resistance of the sintered thin-films at different strain loads using a multimeter. The
electrical measurements were recorded before and after applying each load [22,23].

3. Results and Discussion
3.1. Ag-NPs’ Characterization

Investigations of the produced Ag-NPs were carried out using a field emission scan-
ning electron microscope at a standard high voltage of 25–30 kV to study the particle
shapes, sizes, and morphologies. Figure 5 shows SEM images with different magnifications
of the prepared Ag-NPs. In Figure 5a, the particles are at the nanoscale and we can see
some agglomerations. The particle size range is between 108 and 189.6 nm, and some
particles are agglomerated in different areas. Undesirable agglomeration of particles results
due to the conglomeration and pileup of the particles, resulting in the deterioration of the
size range [24–26]. Figure 5b–d show SEM images with high magnifications, in which the
phenomenon of particle agglomeration can be observed more clearly and effectively. The
particle size of one particle was measured as 108.3–189.6 nm, but agglomeration appeared
in various regions, resulting in vast increments in the size range. Particle pile-up was
obvious in the region of the red box, resulting in a dramatic increase in the sizes of the
particles [27].

Crystals 2022, 12, x FOR PEER REVIEW 6 of 11 
 

 

 

Figure 5. SEM images with different magnifications, where (a) 6000×, (b) 10,000×, (c) 12,015× and (d) 

19,971× of the prepared Ag-NPs. The triangular shape of particles can be seen at different magnifi-

cation  

3.2. UV Absorption Spectrum of the Ag-NPs 

Figure 6 shows the spectrum of standard UV spectroscopy for the produced silver 

nanoparticles in the wavelength and absorbance range of UV light. The spectrum was 

scanned within the wavelength range from 380 to 420 nm. A high-intensity peak was de-

tected at 400 nm, which confirmed the formation of Ag-NPs. It is believed that the UV-Vis 

absorption peak of Ag-NPs can be detected in the range of 390–470 nm, depending on the 

particle sizes, shapes, and distribution [28]. Hence, the absorption peak presented in Fig-

ure 6 demonstrates the presence of the Ag-NPs, as revealed when investigated by SEM 

(see Figure 5). 

Figure 5. SEM images with different magnifications, where (a) 6000×, (b) 10,000×, (c) 12,015× and
(d) 19,971× of the prepared Ag-NPs. The triangular shape of particles can be seen at different magnification.

3.2. UV Absorption Spectrum of the Ag-NPs

Figure 6 shows the spectrum of standard UV spectroscopy for the produced silver
nanoparticles in the wavelength and absorbance range of UV light. The spectrum was
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scanned within the wavelength range from 380 to 420 nm. A high-intensity peak was
detected at 400 nm, which confirmed the formation of Ag-NPs. It is believed that the
UV-Vis absorption peak of Ag-NPs can be detected in the range of 390–470 nm, depending
on the particle sizes, shapes, and distribution [28]. Hence, the absorption peak presented in
Figure 6 demonstrates the presence of the Ag-NPs, as revealed when investigated by SEM
(see Figure 5).

Crystals 2022, 12, x FOR PEER REVIEW 7 of 11 
 

 

 

Figure 6. UV spectrum of the AgNPs dispersed in ethanol solution. 

3.3. Surface Characterization of Ag-NP-PDMS Thin-Film 

Figure 7a depicts the results of the stereomicrograph of the surface of the thin-film; 

the black spots show the silver particles and the grey background shows the substrate. 

The undesirable agglomeration phenomenon can be observed, confirmed by the presence 

of large black spots, such as in the lower left of the micrograph shown in Figure 7a. Figure 

7b presents a high magnification of the surface. The zones in the red boxes in the images 

capture notable agglomeration [29]. Figure 7c reveals an important property of Ag-NPs, 

i.e., shining and brightening in the presence of light from the microscope. 

 

Figure 7. (a–c) Stereomicrographs with different magnifications of the fabricated thin-film. 

The stereomicroscope technique is used to measure line spacing, as well as sample 

thickness. The results obtained from this test are shown below in Figure 8. There was great 

variation in the thicknesses of the samples when a mean of four readings was calculated. 

The variation ranged from 0.914 to 1.312 mm, with the thicknesses of the coated layers 

differing. 

Figure 6. UV spectrum of the AgNPs dispersed in ethanol solution.

3.3. Surface Characterization of Ag-NP-PDMS Thin-Film

Figure 7a depicts the results of the stereomicrograph of the surface of the thin-film;
the black spots show the silver particles and the grey background shows the substrate. The
undesirable agglomeration phenomenon can be observed, confirmed by the presence of
large black spots, such as in the lower left of the micrograph shown in Figure 7a. Figure 7b
presents a high magnification of the surface. The zones in the red boxes in the images
capture notable agglomeration [29]. Figure 7c reveals an important property of Ag-NPs,
i.e., shining and brightening in the presence of light from the microscope.
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Figure 7. (a–c) Stereomicrographs with different magnifications of the fabricated thin-film.

The stereomicroscope technique is used to measure line spacing, as well as sample
thickness. The results obtained from this test are shown below in Figure 8. There was
great variation in the thicknesses of the samples when a mean of four readings was cal-
culated. The variation ranged from 0.914 to 1.312 mm, with the thicknesses of the coated
layers differing.
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Figure 8. Stereomicrograph of the cross-sectional area of the deposited Ag-NP thin-film on the
PDMS substrate.

Substrates with different roughness patterns were prepared and silver nanoparticles
were synthesized. Then, in this step, the substrates were coated with silver nanoparticles,
followed by a sintering process. Figure 9a shows a stereomicrograph of the prepared
Ag-NP thin-film on the PDMS substrate sample after sintering. Following this, the sample
was subjected to stretching using a homemade apparatus. Next, the electrical resistance
of the prepared and stretched samples was measured after applying a suitable load. The
sample surface after stretching was investigated using a stereomicroscope, as shown in
Figure 9b. It was observed from the micrograph that the sintered Ag-NP thin-film on the
PDMS substrate sample (Figure 9a) had a uniform surface morphology. However, the
sintered Ag-NP thin-film on the PDMS substrate sample (Figure 9b), after stretching by
applying a suitable load, had a deformed surface morphology with some areas marred
by grooves, potentially due to the loss of some coated materials from the surface of the
substrate during stretching [30].
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(a) before and (b) after stretching.

3.4. Electrical Conductivity of the Sintered Ag-NP-PDMS Thin-Film

After successful sintering of silver nanoparticles on the surface of the PDMS substrate,
the coated samples were subjected to a measurement of their electrical conductivity under
an applied load. Figure 10 shows the electrical resistance values of the thin-film under an
applied load with respect to changes in the length of the thin-film. In both unstretched



Crystals 2022, 12, 1098 8 of 10

and stretched sample conditions, the electrical resistance of the sample in the horizontal
directions was found to be the best, with the lowest electrical resistance [31]. For instance,
when the unstretched sample was 2.4 cm in length, the electrical resistance was found to
be 1.6 ohms. The sample was stretched slowly, and increases in electrical resistance were
observed at higher values, with the highest electrical resistance value of 3.15 ohms at the
length of 3.15 cm. In comparison, when we consider the electrical resistance measurements
in the vertical and radial directions, the resistances of the unstretched samples were 2.5 and
3.8 ohms at sample lengths of 3.5 and 2.5 cm, respectively. When stretching the sample
vertically, the electrical resistance value was observed to be 65 ohms for a maximum stretch
of 3.1 cm [32]. Meanwhile, when stretched radially, the maximum electrical resistance was
observed to be 73 ohms [33].
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4. Conclusions

Silver nanoparticles were prepared chemically with a green reduction method us-
ing glucose-gluconic acid oxidation-reduction in diethylamine, with silver nitrate as a
source of silver ions. The synthesized silver nanoparticles had an average particle size of
108.3–189.6 nm. Their presence was confirmed by UV-Vis spectrophotometry, indicating an
intense peak at a wavelength of 400 nm. PDMS was used as a substrate in the liquid form,
and it was solidified via sintering. The prepared silver nanoparticles were successfully
deposited as a thin-film on the prepared PDMS substrates by inkjet printing, followed by
sintering at 100 ◦C for 30 min. The electrical resistance of the obtained sintered samples
was measured before and after stretching by applying a suitable load in different direc-
tions. The samples stretched horizontally showed the best electrical properties. Based
on the obtained results, the prepared silver nanoparticle/PDMS stretchable conductor
has effective electrical and mechanical properties to be used in bio-sensing and electronic
devices. Future studies will be conducted to develop the technique and the properties of
the obtained nanocomposites.
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