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Abstract

This paper reviews the various fabrication methodologies explored for the polydimethylsiloxane (PDMS)
based nanocomposites along with their applications in sensing and other domains. PDMS is well known
for its biocompatibility, durability, transparency, and adoptability to any size and shape via replication
technique. Envisioning its potential and prospects in flexible device realization, this review discusses
various methods used by researchers to develop PDMS-based nanocomposites and approaches to improve
their functional properties along with their associated applications. This review article aims to provide
insights into the state-of-the-art work carried out in this province which will certainly be helpful for
researchers of a similar field.
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1 Introduction

Technological innovations have raised the level of current microfabrication approaches to develop
affordable, compact, and efficient systems and devices. These devices have enormous applications in
diversified domains such as microfluidics, biomedical, sensing, communication, tissues engineering so and
so forth. In the miniaturized domain, selective substrates have been known to be utilized such as Si, glass,
and certain distinct class of polymers [1-3]. Usage of the polymers arises due to some dimensional and
functional constraints in the hard substrates viz. Si, glass, etc. Among various fabrication approaches in
micro and nanotechnology viz., photolithography, sputtering, molecular beam epitaxy, chemical/physical
vapor deposition, and many more, there are a few options available when it comes to fabricating
flexible/stretchable functional devices [4-9]. To date, various polymers such as polycarbonate, polyimides,
polyurethane, polymethyl methacrylate, polystyrene, polydimethylsiloxane (PDMS), and other
prepolymers have been explored for flexible device manufacturing. Soft polymers, such as
polydimethylsiloxane (PDMS), are very flexible and may be structured to the required dimensions,
especially by integrating nanoparticles to produce smart materials, which has gained attention in
microfluidic systems and sensing technologies[10, 11]. Due to the two dimensions of homogeneity and
stability, the process of synthesizing such nanocomposite-based PDMS nanocomposite is significantly
difficult. From the past few years, the main research continues to focus on coordinating the needed
processing stages, which is critical for developing better, smarter, and more sensitive materials for high-
performance sensing applications. The choice of nanoparticles in the polymer matrix helps to improve the
conductivity of the insulating polymer and changes in different electrical characteristics of the material
impacted by external physical or chemical changes. PDMS is a non-conductive silicone-based elastomer
that has been utilized for over a decade for fast prototyping microdevices for various sensing
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applications[12—17]. Table 1 describes several polymer materials and their characteristics. PDMS, for
example, is widely known in the realm of polymer science and has been intensively researched for the
flexible device[18-21]. Similar nanocomposites have been studied by a number of researchers for various
sensing applications[22-28]. Figure 1 depicts the number of research completed in the field of PDMS-based
nanocomposites and associated applications during the last 20 years.

1400
0
1200
g
g 1000 m
T
2 goo-
= O
2
g. 600 < i)
S i
= 400+ T T
200 -
z ] T L
NITIILLLI S
2000 2005 2010 2015 2020
Years
Figure 1. Graph showing the variation in a paper published in the past two decades.
Table 1. Polymers used for microfabrication and their properties[29-32].
Polymers Density | Transmittance | Toughness Refractive | Chemical Heat Application
and Tensile | index Resistance Resistance
Strength
Polycarbonate | 1.27 to Able to Toughness 1.584 Good chemical Thermally safety helmets,
1.38 transmite 90% =6.683 resistance against | stable up to | bullet-proof
g/cm? of light MPa.m'? diluted acids, 135°C glass, car
Strength = aliphatic headlamp
165 MPa hydrocarbons, lenses, baby
and alcohols feeding bottles
Polyimides 1.31to Transparent in Toughness = | 1.50 Good chemical Thermally aerospace and
1.43 nature 60-112 J/m resistance to stable < automotive
g/cm® Strength = acetone, benzene, | 500°C industry
120 MPa ethanol, and
kerosene
Polyurethane 1.22 to Generally 1.52 to Chemical Can be used | Synthetic fibers,
1.27 Opaque. 1.57 property depends | in the Carpet underlay
g/cm? (TPU) on types of temperature
isocyanates and range of -
polyols used to 62° Cto
make it 93°C




Polymethyl 1.17 to Able to Toughness = | 1.49 susceptible Thermally car windows,
methacrylate 1.20 transmite 92% 2.26 MPa. to organic solvent | stable upto | LCD/LED tv
g/cm® of light m!? attacks 80°C screens, drug
Strength = 75 testing devices
MPa
Polystyrene 0.96 to Excellent Toughness = | 1.6 Good chemical Thermally General
1.05 15 to 20 J/m resistance to stable up to | household
g/cm’ Strength =75 diluted acid and 249°C appliance,
MPa bases. packaging, toys,
beakers

Although PDMS has poor chemical compatibility and low hardness due to which it has restrictions in some
chemical and high-pressure applications, it has additional advantages in terms of its visibility, capability to
be molded to any 2-, 3- dimensional features.

2 Fabrication Methodology using PDMS

Nanomaterials are often embedded, deposited, and mixed with PDMS to regulate or modify the distinctive
characteristics of PDMS in order to develop PDMS-based nanocomposite devices. Nanostructures can also
be printed on PDMS to produce nanopillars and nano-porous films. The fabrication of PDMS-based
nanocomposite materials for a range of sensor-based applications is described in this section. Among
various fabrication techniques available in microfabrication, photolithography [33, 34] is one of the widely
used processes. Designing and manufacturing of micro-level features require photolithography followed by
an etching process which offers great advantages in silicon based micro-electronics and micro-
electromechanical systems[35-39]. The drawback of photolithography is that it can be used for flat surface
application only and it has minimum feature size constraint i.e. it is difficult to manufacture the patterns
less than 100 nm[40—43]. To overcome the drawback of hard substrate-based photolithography, another
method is explored which is known as “soft lithography”. This method is a simpler and cheaper alternative
to conventional photolithography. In this technique, patterns are created on microchips using replica
molding. This same pattern is transferred from the master to the elastomer after treatment or solidification.
There are different applications of soft lithography and accordingly different micro fabrication techniques.
Herein, a summary of six different methods is discussed below[44].
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Figure 2. Steps to manufacture stamp.

In this technique, PDMS and curing agents were generally mixed in a ratio of 10:1 and then poured into the
silicon master. Liquid PDMS take shape of a master and then is heated to provide strength by cross-linking.
This element is also known as a stamp (see figure. 2).

A. Micro contact printing

PDMS stamp is used and ink (solution of CH3(CH»)15SH in ethanol) is applied to it using a cotton swab.
Then stamp is placed over a metal-coated silicon substrate. A layer of metal comes in contact with the stamp
and takes its shape. The stamp is removed from the metal layer after 10 to 20 s [45]. We get the monolayer
of alkanethiol on the silicon substrate (see figure 3(a)).
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Figure 3 (a) Diagram showing Steps for micro contact printing (b) Diagram showing micro moulding in capillaries

B. Micro moulding in capillaries

Connected channels are mounted on a substrate that is connected to a PDMS mould. In the channels,
capillary action takes place, a low viscous liquid drops at one end and comes up due to capillary action[46,
47]. The interconnected system is then heated to form a channel in PDMS. Mold can be removed thereafter
(See figure 3(b)). This method has been used to structure a variety of materials, including polymers,
prepolymers, proteins, sol-gel precursors and colloids. It also includes microfluidic and nanofluidic
technologies for the production of biochemical devices[48, 49]. Kim et al. devised a method for forming
capillary channels between an elastomeric PDMS foam and a support. The low reactivity of PDMS makes
it easier to detach from the microstructure on the substrate, and its compliant nature facilitates conformal
contact between the mould and the substrate. The elastomeric component is removed when the organic or
inorganic substance in the liquid polymerizes/crystallizes, attaches/adsorbs, or interacts with the substrate's
surface, and the pattern of the material remains on the substrate. As a result, the master pattern is repeated
in a structure that extends to the substrate's surface [47].

C. Micro transfer Moulding

PDMS stamp is poured by a small liquid drop of the prepolymer. The excess prepolymer is wiped out and
the filled mould is placed on the substrate[50]. Now heat the system and then separate the mould and
substrate, prepolymer remains on the substrate (see figure 4a). The method of micro transfer moulding has
a number of major advantages. The entire procedure is fast, with microstructures being replicated in less
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than four minutes. Structures made of two materials (such as, polymer doped dye) can be manufactured
with a homogeneous concentration of the dopant throughout the pattern using micro transfer moulding.
This process is also less susceptible to fluctuations in prepolymer viscosity during the process because of
the fast speed of the process. Micro transfer has the added benefit of being able to work with a wide range
of materials [51]. In another study, a MEMS chip was packed using the PDMS micro-transfer mould
process to assess the interconnection performance in a PCB board[52].
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Figure 4. (a) Fabrication using micro-transfer molding (b) Solvent assisted micro moulding

D. Solvent assisted micro moulding (SAMIM)

The liquid Solvent of polymer is filled in the PDMS mould. The substrate with a thin film of polymer comes
in contact with PDMS mould, polymer dissolves in a solvent. This results in taking shape of mould[53].
The mould is left till the solvent gets evaporated for some time and then separates from the substrate(see
figure 4b). The patterned surface becomes a replica of the PDMS mould surface after the solvent evaporates.
the solvent should be selected in such a manner that the PDMS mould do not get damaged. Solvent has to
evaporate quickly, thus solvents with a high vapor pressure are ideal for this. A pre-treatment to make the
PDMS surface hydrophilic is usually used when utilizing solvents that do not wet the PDMS surface, such
as water. Unlike MIMIC, this approach creates features that are interconnected by a residual layer. The
period of contact of the mould can affect the capillary rise of the material when softened with the
solvent[54].

E. Replica moulding

Precursor polyurethane is coated on PDMS. Polyurethane is separated from the mould after heating in
presence of UV light, which gives a replica of the master[55]. Figure 5, shows the schematic of replica
moulding and near field contact mode lithography.
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Figure 5. Diagram showing (a) Replica moulding (b) Near field contact mode lithography.

F. Near field contact mode lithography

In this process, a photoresist material is exposed to Ultraviolet light through a mask. The exposed
photoresist material gets dissolved and takes a shape of a mask (about 100nm)[56]. The resolution of contact
mode lithography is dependent on the wavelength of light and photoresist’s refractive index. When
refractive indexes are increases the resolution is enhanced, which is feasible than reducing the wavelength
of light[57]. Paik et al. present a technology that employs a photomask made of Cr patterns implanted in an
elastomeric mask plate to provide a simple and powerful lithographic approach. Because of its near-field
alignment with the surface, it enables for the production of feature sizes below the diffraction limit of light.
Mechanically stable soft photomasks give great resolution and outstanding dependability even on a highly
curved surface when combined with near-field capabilities for sub-wavelength feature production[58].

In the next section, different methods of fabrication of PDMS nanocomposites and the associated change
in the properties of PDMS are discussed. This improvised property leads to the application of PDMS in
different fields.

2.1 Various fabrication techniques
2.1.1 Solvent-Assisted Nanoparticle Deposition

The most common method for depositing nanoparticles on PDMS is to use a sputtering and e-beam
evaporator under dry environments. These procedures, on the other hand, need costly multi-step equipment
such as photoresist lithography, etching, and lift-off operations. Solvent-assisted NP deposition, on the other
hand, is a quick and easy way to make nanoparticles, permitting alterations to the whole surface of the
PDMS [59]. Chen et al. [60] describe the manufacturing process for sandwich-like PDMS/CNTs/PDMS
composites. Firstly, 0.04wt% CNT is mixed with propanol-2 and sprayed uniformly over the surface of
polytetrafluoroethylene (PTFE) substrate. The internal content of a PDMS / CNT / PDMS composite was
defined in this research using the areal density of CNTs. Spray times can be used to alter the CNT content.
Meanwhile, the viscosity of the prepolymer PDMS was reduced by diluting it with a xylene 1:1 ratio, then
combining it with the curing agent at a 10: 1 ratio for 30 minutes with stirring. The PDMS solution (diluted)
was then placed over a CNT-coated PTFE substrate and let to evaporate the xylene solvent fully for 24



hours. The CNT-carrying PDMS film is cured for 35 minutes at 100° C, before being carefully peeled away
from the PTFE substrate. The sample and the electrode are in close proximity. The conductive layer has a
width of 0.6 cm and a distance of 2 cm between the two electrodes. To construct a sandwich-like structure,
an additional layer of PDMS was cured, and the top surface of the CNT infiltration network was covered
with Cu electrodes. Similarly, Solvent Assisted Nanoscale Embossing (SANE) was able to enhance pattern
spacing by 100% and decrease it by 50%. Furthermore, by regulating and swelling the elastomer SANE
type with a range of solvents, SANE was able to minimize the crucial structural size by up to 45 percent
compared to the original master[61]. SANE is a nanofabrication process that can produce four classes of
patterns from a single master. (a) A high-density array, (b) a low-density, (c) Various lattice symmetries,
(d) arrays with smaller significant feature sizes with the same density as the previous two. As a result,
SANE can create a huge number of novel templates and patterns that can be readily converted to functional
materials and devices utilizing conventional production processes(see figure 6). Figure 7 shows the various
methods for fabricating PDMS-based nanocomposites.
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Figure 6. The schematic representation of the nanofabrication technique involves preparing low and high-density
masters using the In-SANE technique. Reproduced with kind permission [61]).
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Figure 7. Various methods for preparing PDMS-based nanocomposite.
2.1.2 Ultrasonic wave treatment

PDMS-based nanocomposite may be easily made using mixing procedures. In contrast to CVD, the mixed
technique allows the thermal, electrical, and mechanical characteristics of pure PDMS to be modified
macroscopically [62]. PDMS nanocomposites may be created to modify the modulus of elasticity of pure
PDMS, allowing changeable matrix stiffness [63]. A nanocomposite material with a modulus of 0.8 MPa
is created when the volume ratio of silica NP to uncured PDMS is 1: 9. This is more than double the amount
of native PDMS [62]. Metallic nanoparticles are commonly employed to change both structural and
electrical characteristics. The elastic modulus of a 0.1 weight percent mixture of silver (Ag) NPs and PDMS
is three times that of native PDMS [63]. Furthermore, the electrical conductivity of a mixture of Ag flakes
and PDMS containing 8.6 wt. percent Ag was 5000, and the electrical conductivity of an Ag nanowires-
PDMS mixture was around 8000 S/cm[64, 65]. CNTs have poor electrical conductivity when compared to
metal nanomaterials. The PDMS-CNTs based composite, on the other hand, has better structural stability
and may be used in applications such as flexible elastic batteries, flexible electronic skins, and many
more[66]. Similarly, magnetic nanoparticles have the ability to transform magnetic energy into heat energy.
The complex combination of PDMS and ferric oxide NP may create thermal energy at five different
temperature increase rates when exposed to an alternating magnetic field [67]. The crystal structure of ferric
oxide nanoparticles is related to an overall magnetic moment. The magnetic moment may be repeatedly
disturbed or relaxed to create heat energy by introducing an external magnetic field [68].

Sun et al. reported the PDMS and multi-walled carbon nanotubes (MWCNT) based ultra-thin film. In this
work, a two-step ultrasonication treatment technique was used to fabrication PDMS-based nanocomposite.
MWCNT more than 10% gives a compact stack structure in the nanocomposites, which results in uniform
electric heating and high thermal conductivity. This treatment helps in increasing the void space of
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MWCNT to enhance the impregnation of PDMS in nano-paper(see figure8a). To prepare the nano-paper
(NP), MWCNT 0.28 wt% and 0.82 wt % sodium dodecyl sulfate (SDS) was prepared in water and then
subjected to Ultrasonic vibration for 4 hrs. Centrifugation at 4000 RPM for 8 min was done which help in
removing large size particles. Polytetrafluoroethylene (PTFE) filtration membrane of size (25%30) cm was
then used to perform vacuum filtration. After keeping it at room temperature for 0.5 h for drying, a thin
film of MWCNT is obtained. After 3h in 125°C in a vacuum, nano-paper was achieved [69-72]
Polydimethylsiloxane and the curing agent were mixed in a weight ratio of 10:1, and air bubbles were
removed in the evacuating chamber. The mixture was then applied on both sides of the nano-paper prepared
earlier. The ultrasonic wave was applied to the top surface of PDMS for 2 s at 2KW power. Now second
ultrasonic treatment was done in the same liquid of PDMS when MWCNT/PDMS NC was transferred in
it. For 0 to 100 s low power, ultrasonic waves were passed at room temperature(see figure 8b). Then roller
was used to remove the excess PDMS. Then it was thermally cured in a vacuum oven for 2 h.
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Figure 8. Two-step ultrasonication treatment (a) Manufacturing of MWCNT nano-paper (b) Manufacturing of
MWCNT/PDMS Nanocomposite film.

2.1.3 Self-assembly approach

Cao et al. reported two approaches to construct graphene oxide i.e. sheet and nanoribbon. On adding less
than 0.1 % by weight of two GO derivatives we get significant changes in flame retardancy and thermal
stability of PDMS. PDMS-OH, PDMS-H, inhibitor, and water were mixed at 1000 rpm for 5 min[73, 74].
PDMS-Vi and catalyst were added to this mixture and were then poured into a mould and foamed for 15
min at room temperature[75]. The sample was then thermally cured by putting it into an oven at 100°C for
2 Hours[76-79]. Figure 9 shows the schematic for the preparation of SiRF nanocomposites.
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Figure 9. Manufacturing process of silicone rubber foam (SiRF) nanocomposites.

Wu et al. [80] described a new and easy approach for making a porous composite of PDMS/Carbon
nanofiber using a standard dip-coating approach. Firstly, brown sugar granules are used as a template for
producing a thin layer of pure and porous PDMS. Carbon nanofiber (CNF) was then applied to the porous
PDMS by immersing it in a CNF dispersion in a GO-isopropyl alcohol solution, followed by drying in a
vacuum oven. The porous PDMS was treated in an oxygen plasma chamber before dip coating. Figure 10
shows the preparation step and SEM images of PDMS/carbon nanofiber.
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Figure 10. (A)Schematic representation of fabrication methodology used, (B-C) Typical SEM images for the dc-
PDMS/CNF nanocomposites after being stretched between 0% and 30% for 200 cycles. (Reproduced with kind
permission [80])

2.1.4 Embedding and Stamping Nanomaterials Onto PDMS

PDMS-based nanocomposites can also be produced by stamping and embedding nanoparticles s into the
PDMS matrix. The production of aligned nanoparticle mono-layer and optically transparent layers suited
for spectroscopic applications is possible using embedding procedures that inject nanoparticles s under the
surface of PDMS. Monolayers of nanoparticles are often formed using stamping, Langmuir Blodgett (LB),
and Layer-by-Layer (LBL) techniques[81]. A stamping procedure may be used to transfer an NP
monomolecular layer from glass to a PDMS substrate, and these stacked nanoparticles layers can then be
incorporated into PDMS. Deionized water deposition of positively charged Ag-NP resulted in a
monomolecular layer of positively charged Ag- nanoparticles on the glass substrate. This layer adheres to
the negatively charged glass surface electrostatically. After washing, the negatively charged Ag
nanoparticles were immersed in deionized water to generate a second nanoparticles layer, resulting in a
double layer of Ag NP. Immersion in water repeatedly results in an aligned Ag- nanoparticles multilayer.
LB is another way of monolayer generation that relies on AuNP self-assembly at the water/hexane interface.
When hexane is added to Au nanoparticles dissolved in Deionized water, the interface of hexane-water has
high interfacial energy. Due to the anions of gold chloride and citrate, Au nanoparticles have a negative
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surface charge in this state, and all Au nanoparticles s are distributed in the aqueous phase. The surface
charge density of Au nanoparticles was dramatically lowered when ethanol was added to the solution for
protonation. To maintain equilibrium, Au nanoparticles were relocated to the hexane-water contact. The
electrostatic repulsion and van der Waals attraction of Au nanoparticles at the contact also resulted in a
monomolecular layer of Au nanoparticles that was consistently aligned [82]. After hexane was evaporated,
the Au-nanoparticle monolayer was floated on water and transferred to a wafer through a dipping and lifting
procedure [83]. Following the fabrication of the Au-nanoparticle monomolecular layer, a PDMS and curing
agent is mixed in 10:1 and poured on the substrate. The Au doped PDMS substrate may be simply removed
from the substrate once the PDMS has cured. The stamping method is comparable to embedding technology
in principle. A single layer of high-density nanoparticle was applied to a flat substrate, then transferred to
a structured PDMS stamp, and ultimately printed onto the target substrate [84].

2.1.5 Electrospinning approaches to fabricate PDMS embedded nanofibers

Wang et al. reported PDMS with embedded electrospun nanofibers. This can be achieved by the solvent
mixing process. On adding 0.5 wt % of both types (PAN and PVA), three times increase in adhesion
strength can be achieved. Polyacrylonitrile (PAN)(8% weight) and polyvinyl alcohol (PVA)(10% weight)
solution is made in dimethylformamide (DMF) and deionized water respectively [85, 86]. The
electrospinning method is used in both cases in which the needle flow rate was 20 ul min™! at a constant
distance of 10 cm from the collector and syringe tip electrode, at 15 kV and 25 kV for PAN and PVA
respectively [87, 88]. These fibers were then heated under vacuum at 2000 C[88]. Nanofibers produced
were diffused in ethyl acetate and inserted in PDMS using the solution mixing method. Ultrasonication was
done to stabilize the dispersion. Prepared dispersion and PDMS were added in the ratio of 0.3:1 and mixed
for 1 h [89, 90]. Now the mixture was kept at 550°C to remove the solvent completely and a cross-linking
agent was added[91-94]. After removing the trapped gases in the vacuum chamber, the suspension was
then placed between two glass slides. The glass slide was kept in an oven at 100°C for 2 h. This results in
an improvement in cohesive strength[87, 95-97]. Figure 11 shows various steps involve in preparing PDMS
embedded PAN and PV A nanofibers.
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Figure 11. (a) Steps for preparing PAN fiber/PDMS composite (b) Steps for preparing PVA fiber/PDMS composite
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Wang et al. [98] fabricated a conductive composite by ultrasonically doping CNTs on the surface of
thermoplastic polyurethane nanofibers and then coating them with PDMS. Figure 12 shows the schematic
of the fabrication step and SEM images of the prepared composite. Firstly, pallets of thermoplastic
polyurethane were mixed with a THF/DMF solution (1:3) and magnetically stir for 12 hours at 60° C, to
obtain a uniform TPU solution having a concentration of 14% by weight. The TPU solution was then
injected into a syringe and pushed out at a rate of 1.1 mL/h through a nozzle connected to a high voltage
power supply. The CNTs were then ultrasonicated for 30 minutes in ethanol to get a properly distributed
CNT solution. The membrane of TPU fibers was then inserted into the CNT solution. The CNTs
progressively rooted themselves to the surface of nanofibers during ultrasonication. Finally, the CNT-doped
nanofiber was washed multiple times with deionized water to eliminate impurities before being heated in
an oven at 60°C for 6 hours. The PDMS solution was made by combining the PDMS elastomer and the
curing agent in hexane in the ratio of 10:1. The CNT-doped nanofiber was then submerged in PDMS
solution and placed in an oven for 2 hours at 80 °C to obtain the final composite.

PDMS

CNT decoration modification

Figure 12. (A-C) Diagrammatic representation and (D) Real image, (E-G) SEM, cross-sectional SEM, and TEM
view of the preparation of thermoplastic polyurethane-carbon nanotubes-PDMS based nanofiber. (Reproduced with
kind permission [98]).

Table 2. Change in properties due to application of different Composite on PDMS

Type of nano- | Network Methods Change in properties Applications Ref
composite added | structure
MWCNT Cylindrical two-step Leading to high stretchability, | Biomedical devices, | [99]
fullerenes ultrasonication excellent electric | wearable electronics,
treatment conductivity, and electric | and strain sensors.

heating performance.
Silicone  rubber | Dispersible Hummers method | Maximum stress values at | Oil-water separation, | [100
foams  (SiRFs), | inserted layer | via oxidation of | strain become 60% after | sensors, biomedicine, | ]
SiRF-GO and | structure natural graphite | assembling less contents of
SiRF-GONR flakes GONR or GO in comparison

with pure SiRF materials.
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The excellent flame
resistance of the SiRF sample

Polyacrylonitrile | Long-chain / | solvent mixing | Improvements of adhesion | PVA/PAN core-shell | [101
(PAN) and | molecular process and | and rheological properties. nanofibers for wound | ]
polyvinyl alcohol | chain network | Electrospinning dressing
(PVA) nanofibers method The high strength of adhesion

by enhanced viscous

dissipation and improved

reusability
TiO, chain network | Spin-coating Surfaces become | Oil-water separation | [102

method hydrophobic and keep it | device ]

hydrophobic even under UV
light incident on it.

3 Approaches to change in the properties of PDMS based nanocomposite

Table 2 summarizes the various nanocomposites, their network structures, change in properties, and their
applications. Several properties such as mechanical, surface properties are discussed in this section.

3.1 Mechanical properties

Sun et al. performed several experiments to enhance the mechanical property of PDMS some composite
with ring structure combined with PDMS. It also increases the thermal and electrical properties of PDMS.
In another study, it was discovered that the MWCNT/PDMS NC can be stretched up to 280 percent, while
the MWCNT NP will break at only 4% strain[1, 103—105]. PDMS film also failed at 180% elongation. But
after making a compound both exhibit higher strain. To know the behavior of stress-strain curves of
MWCNT/PDMS NC films in comparison to MWCNT NP and CNT[106—109]. The changes were observed
on the different samples with a change in the dimension. These samples have different thickness, swelling,
and CNT content[110-112]. Similarly, to find the effect of CNT content in MWCNT/PDMS, a
thermogravimetric analysis was performed. Cao et al. reported the case of SiRF nanocomposite having
GONR and GO sheet in a range of 0 to 0.10 wt % respectively. On the compressive test, maximum stress
is 60 percent of the pure SiRF nanocomposite at a certain strain[113, 114]. If the concentration of GONR
or GO increases in the composite correspondingly there are increases in maximum stress. The maximum
stress of SIRF-GONR is less than that of the SiRF-GO. [115-118]. The result shows the variation of
compressive stress at different concentrations of GONR and GO with pure SiRF at a different value of
strain [119-121].

3.2 Thermal and Electrical Properties

Sun et al. investigated various properties of MWCNT/PDMS that are characterized as a function of applied
voltage. The voltage ranges from 0 to 25 V. When voltage is applied electric current also starts increasing
till the 15 V of voltage supply and obeys ohm’s law[122, 123]. After 15 V voltage supply current fluctuation
started and it increased nonlinearly. The temperature starts increasing after 15 V. Sun et al. investigated the
change in the thermal properties. Their voltage range was from 1 to 20 V on one of the prepared samples.
When applied voltage changes from 2 to 5 V, there is a small change in temperature [124, 125]. When the
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constant applied voltage reaches 20 V, the temperature reached 2600 °C within 30 s and decreases to
ambient temperature when the supply voltage is stopped within 120 s. For pure SiRF 343°C is the critical
temperature after which it starts degrading due to thermal pyrolysis of pendant groups [126] and weight
remains constant above 600 °C . It can be observed from the graph that adding a small amount of (0.10 wt%
) GONR and GO increases the thermal stability of SiRF by a significant amount[127, 128]. Now the critical
temperature will become 358 °C and 353 °C for SiRF-GO and SiRF-GONR respectively at 0.10% weight.

3.3 Hydrophobicity

PDMS exhibits excellent hydrophobicity which allows application in the waterproofing and coating. To
enhance this property some metal oxide is used on the surface of PDMS. One of the widely used metal
oxides is Titanium oxide (TiO»). The static contact angle for water changes from 63°+1° to 103°+1°. The
roughness of the TiO, layer is around 0.11 nm. Liu et al. [129] suggested using PDMS of thickness 2 to 4
nm and molecular weight 5 to 15 KDa to achieve hydrophobicity. The result plotted between PDMS layer
thickness and molecular weight. It was plotted by taking the values of layer thickness as 0.6, 2.2, 4.0, and
5.5 nm, and corresponding molecular weights were taken as 1.3, 6.0, 17.3, and 28.0 KDa respectively. The
plot obtained is a straight line having a slope of 0.66 + 0.3. Corresponding to these values, grafting densities
obtain were 2.8, 2.1, 1.3, and 1.1 x 1017/m?. This shows that with an increase in molecular weight grafting
density decreases because a polymer occupies a larger volume. Due to this, the next polymer arriving will
find it difficult to form a danced layer structure[130, 131]. One of the widely used metal oxides is titanium
dioxide (Ti0,). Covering its surface with PDMS to increases its hydrophobicity under UV exposure. TiO»
was prepared from TiCls aqueous solution when spin coated at 4000 rpm for 40 s on silicon wafer[132—
135]. Keeping TiCls at 500° C for 30 min to form a thin TiO; layer of thickness around 6 nm. On to the
surface of TiO,, trimethylsiloxy terminated PDMS was grafted,[136, 137] which was then subjected to UV
light. With the help of toluene, n-hexane, and tetrahydrofuran free PDMS was washed out[138—140].

4 Applications of PDMS based nanocomposites
4.1 Gas sensing and gas separation using PDMS

Gas separation systems based on membranes may save a lot of energy compared to traditional separation
methods. The permeability and selectivity of polymeric membranes are typically limited by a trade-off: as
selectivity rises, permeability falls, and vice versa[141, 142]. To determine the applicability of PDMS for
Freon/permanent gas separations, Roberts et al. [143] measured the permeability of PDMS-based composite
membranes to different Freon and carbon tetrafluoride. They discovered that nitrogen was more permeable
than carbon tetrafluoride in PDMS. When compared to the pristine PDMS membrane, the gas permeability
of Ar, CO,, CH4, and N> was improved as a result of fabricating the membrane based on PDMS/graphene
nanocomposite. This is accomplished by producing interfacial gaps between graphene flakes and polymer
chains, which increases the nanocomposite's free volume fraction and therefore its permeability[144]. In
PDMS, 0.25 wt % graphene loading is optimal, however higher graphene loading might cause create
aggregation and hence limit the surface characteristics. The solution-diffusion mechanism controls gas
permeation through a rubberized polymer. Adsorption at the upstream border, diffusion through the
membrane, and desorption at the downstream boundary are the three processes in this mechanism. The
change in gas molecule diffusion across the composite material causes an increase in penetration for all
gases(see figure 13(A-C)). The presence of graphene in the PDMS matrix has the capacity to form
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permanent gaps at these interfaces, enabling diffusion. As a result of the addition of graphene to the PDMS
matrix, the amount of free volume within the polymer increases, resulting in increased permeation. Figure
13D compares the performance of graphene membranes to PDMS and no membrane. As can be observed,
the sensor response of the graphene-PDMS nanocomposite membrane is nearly identical to that of a
membrane that isn't there at all. When compared to the PDMS reference membrane, however, the composite
material performs significantly better, with less attenuation and a far faster reaction. This implies that the
membranes are practically transparent to gas molecules and can provide excellent solutions for monitoring
gases while keeping the sensor separated from pollutants in the environment. The hydrophobic findings of
produced membranes and response towards CO; gas are shown in figure13(E-F)).
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Figure 13. (A)Schematic of the diffusion paths, (B) the bulk and passive surface diffusion of gas molecules of pure
PDMS and graphene-embedded PDMS nanocomposites, and (C) SEM images of 0.25 wt% graphene-doped PDMS
nanocomposites showing the formation of nano—to— meso-sized voids around the flakes and that the polymer does not
efficiently make strong bonds with the surface of the flakes. (D) Response of CO;, and CH4 permeation, (E) contact
angle, and (F) response to CO, of pure PDMS and 0.5 wt% graphene-embedded PDMS. (Reproduced with kind
permission [144]).
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In another research, PDMS composites with various weight quantities of multi-walled carbon nanotubes
(MWCNT) were synthesized as membranes in order to test gas separation capabilities. To facilitate
effective and uniform dispersion of MWCNT within the PDMS, MWCNTs were first dispersed in toluene
and added in PDMS. The mixture is then placed in a magnetic stirrer and at 75 °C for 60 min to evaporate
toluene. The curing agent is then added to the prepared mixture in a 1:1 weight ratio to the PDMS elastomer,
and the mixture is mixed for 15 minutes before being placed in a petri dish, degassed, and cured at room
temperature to obtain MWCNT/PDMS membrane. The membranes' selectivity for separating hydrogen
from carbon tetrafluoride gas was tested. Membranes containing 1% MWCNT enhanced hydrogen gas
selectivity by 94.8 percent. Furthermore, at MWCNT concentrations larger than 5%, carbon tetrafluoride
permeability across membranes was virtually completely prevented. Figure 14 shows (A) gas sensing
setup, (B) SEM images of Swt% and 10wt% MWCNT/PDMS nanocomposite, and (C) sensor resistance vs
time relationship[145],[146].
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Figure 14. (A) Diagrammatic representation of gas sensing instrument with sensing film, (b) SEM images of Swt%
and 10wt% MWCNT/PDMS nanocomposite membranes, (c) membrane resistance response towards H, and CHy gas.
(Reproduced with kind permission[145]).

In another research, Firpo et al. [147] investigate the He and CO, permeability of PDMS membranes with
thicknesses less than 55 microns using a high vacuum setup with a quadrupole mass spectrometer. A thick
PDMS layer is supported by a glass coverslip. A 10:1 PDMS elastomer and its curing agent are combined
and placed in a vacuum desiccator for 20 minutes to eliminate any bubbles before spinning for 1 minute on
a glass coverslip and heating for 60 minutes at 100 °C. The layer is then treated with an oxygen plasma for
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1 min before being silanized in a vacuum chamber for 30 minutes using an anti-stiction agent. The PDMS
membrane is then spin-coated on the anti-stiction layer and baked at 70°C. The PDMS membrane is now
gently squeezed with tweezers and baked for 15 minutes at 60°C. Finally, the PDMS membrane is placed
on the previously prepared support. For thicknesses lower than a few micrometers, the analysis reveals a
thickness-dependent permeability. Hwang et al.[148] introduce a robust and cost-effective approach for
uniform deposition of oxide Nanowires across a specific electrode region by coating with a solution
containing Nanowires following PDMS patterning. The hydrophobic PDMS guiding barrier prevented the
deposited solution from extending out, allowing the density of the Nanowires in the sensor to be easily
adjusted. The high-density NW sensor enhanced NO,, CO, C,HsOH, and C3Hjs sensitivity while reducing
the speed of gas recovery and response. With the help of Sn metal, tin oxide nanowires are developed in
the gas phase. On the Al,O; boat, the source is loaded. An Au-coated Si wafer was put 5 cm downstream
from the source and reacted for 20 minutes in a horizontal furnace with the source and 0.5 sccm of O, gas
to create a nanowire. Using a DC sputtering approach, a layer of Ti and Pt with thicknesses of 50 and 300
nm is deposited on a silicon dioxide/silicon wafer, and comb-like electrodes are created using a lift-off
procedure(see figure 15 (A)). The PDMS elastomer and curing agent were then mixed 9:1 and poured on
top of the substrate, which was then cured for 5 hours at 60°C. Above the electrode region, square holes are
cut to generate PDMS patterning, which is then removed using tweezers (see figure 15(B)). Ultrasonication
was used to disperse the as-grown 0.01 g tin oxide Nanowires in a solution containing 10 ml of DI water
and propanol-2. Using a micro-pipette, a slurry droplet comprising tin oxide nanowires was deposited onto
the PDMS patterned substrate and dried gradually (see figure 15(C-E)). , Very-low density, Low-density,
and high-density nanowires sensors were made by varying the number of droplets of the slurry, respectively.
At 400°C, the gas sensing properties of 100 ppm CsHs, CO, and C,HsOH are measured. The gas response
was found to be (a)1.6, 1.81, and 3.3, (b) 1,8, 1,6, and 23.8, (c) 2.98, 3.95, and 42.6, for very low density,
low density, and high density respectively. By increasing the density of the nanowires, the gas sensitivity
was enhanced by approximately 13 times, but the response rate and recovery rate dropped.
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Figure 15. Schematic representation of fabrication step for the nanowire networked-based gas sensor. (Reproduced
with kind permission [148]).

According to Gao et al. [149], covering a gas sensor with a hydrophobic PDMS layer enhances moisture
resistance substantially. An ambient temperature gas sensor, titanium oxide nanotubes(NTs) coated with
Pd were used. A simple thermal evaporation procedure may be used to apply the conformal PDMS layer to
nanostructured sensor materials. The PDMS layer not only offers a hydrophobic surface for water droplets
on the sensor, but it is also thick enough to effectively prevent water molecules from penetrating. Other
hydrophobic alteration layers, on the other hand, can only turn a gas sensor into superhydrophobic but not
humidity resistant. Furthermore, by protecting palladium nanoparticles on the gas sensors surface, the
PDMS layer increases the long-term stability of Pd-doped TiO, nanotube sensors. Figure 16(A) shows the
preparing steps for PD-doped TiO» nanotubes. The pure Pd-doped TiO, nanotubes were firstly placed in a
closed container with a newly prepared PDMS stamp to synthesis PDMS-Pd-doped TiO, nanotubes. The
container was placed in the oven for 20 minutes at 235°C before being made to cool naturally. As a result,
Volatile silicone molecules in the form of short PDMS chains create a conformal layer on the surface of the
Pd-doped TiO: nanotube and then crosslink. It works as a moisture barrier and acts as a passivation layer.
Figure 16(B) indicates that when Pd-doped TiO; nanotube is coated with PDMS, there is no discernible
variation in morphology, and both Pd-nanoparticles and titanium oxide nanotubes are stable during the
PDMS deposition process. Figure 16(C-D) shows the sensing response of pure Pd / TiO>-nanotube, which
declines with rising RH, with only around 10% response value remaining at 75% RH compared to 25%
RH. PDMS-Pd-doped TiO, nanotube, on the other hand, exhibits complete moisture resistance under
optimal circumstances. The thickness of the PDMS layer plays a significant influence, according to the
results of the experiments.
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Figure 16. (A) Diagrammatic representation, (B) SEM views with EDS results, and (C-D) Real-time monitoring of
the fabricated PDMS coated Pd-doped titanium oxide nanotubes. (Reproduced with kind permission[149]).

He [150] has invented a novel energy-independent active gas sensor for real-time automobile emissions
monitoring. A (PDMS-polypyrrole (ppy) triboelectric gas detecting unit array was used to make the tubular
device. Because the output current signal is dependent on the type and concentration of the target gas (such
as NO, NHj3, CO) in the gas flow, it may be utilized as a measuring signal. Seven gas sensors based on
different derivatives of ppy are built to detect various gases. The coupling effect of PDMS/ppy and the gas-
sensing characteristics of ppy is thought to constitute the operating mechanism. The device may be put in
an automobile's tailpipe, it can now analyze exhaust gas in real-time without the use of additional
equipment(see figure 17(A)). The preparation of a gas sensor begins with the photolithographic process, in
which patterns are produced on Cu foil. The copper foil was washed many times with ethanol and DI water.
Following that, a spin coating of 3ml of positive photoresist for 15sec, and 40sec at 200 and 1500 rpm was
performed. The copper foil was then heated for 150 sec at 100°C, followed by a photolithography step to
result in the desired pattern. The prepared copper foil was then submerged in the developer for 1 min before
being rinsed with DI water. Etching was then used to remove the patterned copper array. The PDMS
elastomer and curing agent are then combined and poured onto the copper array design for spin coating,
followed by curing at 90 C for 0.5 hours. The copper array design was then etched again to provide enough
gap between the copper array and PDMS for friction and to allow for the deposition of Ppy. The PDMS
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film's surface was then dry-etched using an inductively coupled plasma method. Seven derivatives of ppy
were then electrochemically polymerized onto the copper circuit, resulting in seven independent gas
measuring units(see figurel7 (B)). Figure 17(D-G) shows the SEM images and figure 17(H) shows the
working principle of the gas sensor.
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Figure 17. (A) The effects of automobile exhaust gas on the human body, (B) Gas sensor design for exhaust gas
analysis. (C) Fabrication of gas sensor. SEM images of (D, E) a single gas-sensing unit, (F) PDMS, and (G) Ppy—
NSA. (H) Working mechanism. (Reproduced with kind permission [150]).

Zhou et al. [151] used the array of ZnO-ZIF71-PDMS NRs to create a gas sensor with high sensitivity and
selectivity for detecting acetone. By using the vapor deposition technique, PDMS was deposited on ZnO
@ ZIF71 surface. The novel sensor exhibits an efficient response towards acetone and ethanol. The PDMS
membrane functions as a chemical filter, exhibiting acetone selectivity and eliminating the ethanol response
at alow level of concentration. CVD technique is used to produce ZnO-ZIF71-PDMS nanorods. The PDMS
membrane has an adverse influence on ethanol gas sensing ability. In contrast, ZnO-ZIF-71-PDMS
nanorods had only a minor inhibitory impact on the response towards acetone. The working mechanisms
of the prepared gas sensor are shown in figure 18A. Before reaching the ZnO-ZIF71 surface, ethanol and
acetone should penetrate through the prepared PDMS, this can be explained by the solution diffusion model.
It is divided into three processes, (a) sorption, (b) diffusion, and (c) desorption. Because the desorption
process is substantially quicker than the prior two processes, sorption and diffusion are the rate-determining
phases. With the coating of PDMS, the contact angle of ZnO-ZIF71 nanorod changes from 112° to 139°(see
figure 18C). The two gas sensors were subjected to ethanol/ acetone to evaluate their gas detecting
capabilities (see figure 18B).
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Figure 18. (A) Diagrammatic representation of ZnO-ZIF71-PDMS nanorods and their working mechanisms, (B) Gas
sensing response of ZnO-ZIF71 and ZnO-ZIF71-PDMS samples to acetone and ethanol at 250°C. (C) Contact angle
of ZnO-ZIF71(CA: 112), and ZnO-ZIF71-PDMS(CA;139), (D) SEM image of ZnO-ZIF71-PDMS. (Reproduced with
kind permission [151]).

Nam et al. [152] developed an easy-to-follow approach for making spiropyran-PDMS films. In the PDMS
film, the photochemically produced ring-opened ME form(spiropyran) is quickly protonated by
hydrochloric gas to yield the nonfluorescent MEH form(spiropyran). Images of spiropyran- PDMS film
before and after UV irradiation for 180 sec at 365 nm are shown in Figure 19. When the material is exposed
to UV light, it becomes purple, indicating the formation of (ME form)spiropyran in the produced
membrane. When the material is irritated by visible light, the process changes (shows decoloration). We
observed that HCI vapor may permeate the PDMS layer while examining hydrochloric vapor-induced
chromium transfer of PDMS film embedded in spiropyran. As a result, extended exposure to hydrochloric
vapor on a PDMS film containing ME-type (spiropyran) causes the color to shift from purple to yellow,
even on the backside of the membrane, which is not in direct interaction with the gas. This result implies
that Hydrochloric gas molecules diffuse through the PDMS coating, converting ME to the MEH form of
spiropyran.
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Figure 19. (A) A spyropyran—embedded PDMS hybrid film was produced (center), after 180 sec of UV exposure
(left), and patterned images were obtained by photo-masked UV exposure (right). With zoomed microscopic images
of a UV-exposed flexible membrane, optical, and fluorescence of the patterned film, and (B) images of a spyropyran—
embedded PDMS before (left) and after (right) HCI gas exposure. (Reproduced with kind permission [152]).

4.2 Others sensing applications of PDMS

4.2.1 Flexible strain sensor

Flexible ultrasensitive piezoresistive strain sensors were fabricated by CO, Laser ablating of the surface of
the multiwall carbon nanotube/polydimethylsiloxane (MWCNT/PDMS) composite film prepared by a
coating process[153—156]. After laser ablating, MWCNT/PDMS film was greatly improved in its electrical
conductivity and sensing gauge factor, by adding only 1.0 wt% of MWCNT[157-160]. Chowdhury et al.
fabricate a flexible and stretchable nanocomposite based on PDMS/CNF for the application of
piezoresistive sensing function. The uniform dispersion of CNF-PDMS has produced a repeatable sensing
response of ~30% tensile strain and shows an electric conductivity of 10* S m™'. The author reported the
testing of compressive strain for cylinder and truncated cone shape with having a gauge factor of 18.3 and
6.3 respectively. Hassan et al. proposed a flexible strain sensor based on the Ge/ZnO nanocomposite layer
fabricated on the random ridge type thick PDMS material which finds its application in the field of wearable
electronics due to their improved stretchability and flexibility response. The results reveal stretchability up
to ~30% and flexibility up to 10 mm bending diameter [161]. Luo et al. fabricated a polymer film by
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blending PEDOT: PSS into the PDMS matrix. The doping with the mixture of 7wt% EG and 10wt% Triton
X-100 into the conductive polymer shows lowest sheet resistance value of 20 Qsq! [162]. Rajtha et al.
fabricated a transparent nanocomposite with combining low volume percentage chemically treated r-GO
filler into the PDMS. Due the accumulation of the r-GO fillers into the PDMS matrix, the mechanical
deformation of the nanocomposite’s experiences bending, twisting, and stretching and therefore becomes
rigid and less elastic. The result shows that with the introduction of only 0.018 volume % r-GO filler
exhibits increased the optical transparency up to 82% and 16 times higher dielectric constant in contrast to
PDMS [163]. Shi et al. prepared a PDMS sub-microbeads/GO nanocomposite ink having a thixotropic and
viscoelasticity properties for the direct ink writing (DIW). The slight thermal annealing on the DIW printed
devices shows a low sheet resistivity value of 1660 Q-cm, at a percolation threshold of 0.83 volume% GO.
These nanocomposites find its application in the field of strain sensing and pressure sensing as the obtained
pressure sensitivity is 0.31 kPa™! at operating pressure range of 0.248-500 kPa [164].

4.2.2 Blood-Brain Barrier Research

Blood-brain barrier[165] is the semipermeable membrane of endothelial cells[166] that blocks toxicants
that prevents drug penetration for the central neural system[167]. Lab on the chip is a tool used to
understand the dynamic behavior of blood-brain barrier[167, 168]. This can be achieved by two methods,
the first is the PDMS chamber is incorporated with polycaprolactone coated sugar microfibers which will
further dissolve to get a microtube and the second is an Electrospinning core-sheath and incorporated in a
bridge between two PDMS reservoirs[169—171].

4.2.3 Flexible and wearable electronics

Esfahani et al. has fabricated and measured the properties of the MWCNTs/PDMS nanocomposites in AC
and quasi-AC electric field. The properties of a homogeneous and non-agglomerated MWCNTs/PDMS
nanocomposite are influenced by the concentration of the CNT, which can be achieved at a voltage of
1075V zero to peak at a frequency of 100 Hz with 35 milliamps current at 80 °C. The creation of penetrating
networks by CNT in PDMS results in an increase in electrical conductivity from 30000 10! S/cm to 100000
10! S/cm [172]. Attila et al. fabricated and tested the surface-enhanced Raman spectroscopy (SERS) with
the gold (Au)/silver (Ag)-PDMS nanocomposite layer using a method of reduction of chloroauric acid or
silver nitrate solution by PDMS [173]. Wu et al.[174] verified the possibility of CNT/PDMS-based
nanocomposite films to be used as flexible electronics due to their ease of micromachining and even
electrical properties. The CNT/PDMS film with various thicknesses is fabricated and checked for the
dependency of the rapid drop of the conductivity. Promsawat et al. developed and characterized flexible
piezoelectric nanoparticle composites based on lead magnesium niobate titanate (PMNT) nanoparticles in
a PDMS polymer matrix using the columbite precursor technique. The spin coating method is used for the
preparation of the PMNT/PDMS nanocomposites follow by the addition of the CNTs in order to improve
the cross-linking of PMNT nanoparticles with the PDMS polymer matrix. Under a load condition of 300
N, the fabricated nanocomposite with a surface area of ~300 mm? can generate an open circuit voltage of
2.834+0.24 V and a short circuit current of 0.33+0.01 pA [175]. Jang et al. demonstrated the use of a
PEDOTY/PSS thin layer coated on biomimetic polydimethylsiloxane substrate to fabricate a flexible
piezoresistive pulse sensor (FPPS). The sensitives of the device were 62.56 kPa! and 8.32 kPa'! in low
pressure and high pressure ranges respectively [176]. Gao et al. fabricated a pressure sensor based on a
flexible PDMS/CNT microsphere and compares the outcomes with the flat configuration. The results show
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the improved sensitivity of -0.111 kPa! with a low detectable pressure of 0.02 kPa, these sensors find their
application to measure real-time pulses signal, muscle activity, and various applications in monitoring the
human physiological parameters [177].

4.2.4 Removal of chemical hazards from wastewater

Majooni et al. investigate the removal of styrene from wastewater via fabricating the nanocomposite
composed of PDMS and reduced graphene oxide (rGo) fillers. The presence of the graphene oxide in the
PDMS matrix controls the enlargement of the prepared film and improves its solubility parameter and
thermal stability towards styrene. The pervaporative parameter of the fabricated film shows the separating
factor of the optimum film was increased about 250%[178]. Saharudin et al. reported a simple spraying
methodology for creation of a PDMS/Ge super-hydrophobic coating layer on a glass surface. To investigate
the superhydrophobic behavior of the fabricated film, the author mixes three different types of graphene
with PDMS. The fabricated film is dried at 80 °C and to measure the wettability of the surface, parameters
such as water contact angle and sliding angles were investigated. The results display that the graphene (G)-
PDMS coating shows better stabilities in contrast to graphene oxide (GO)-PDMS and modified graphene
oxide(mGO)-PDMS matrix[179]. Bae et al. introduce oligosaccharides in the fabricated PDMS/Ge
nanocomposites for the detection of the chemical hazards present in the environment. On increasing the
concentration of 1.2 wt% Ge the electrical conductivity of the PDMS/Ge nanocomposites shows
momentous variations. The output of this sensor system is evaluated using different concentrations of a
model analyte, methylparaben, and it yielded a detection limit of ~10 nM [180]. Basu et al. report the use
of various GO/PDMS nanocomposite concentrations to boost the dynamic actuation and electrowetting of
a conductive droplet over a dielectric substrate [181]. The composite's dielectric constant is enhanced by
adding the w/w% of GO in the PDMS matrix to ~2.65 %w/w until the percolation limit is met.

4.2.5 Pressure sensor

In a Pressure conductive rubber sensor, liquid-metal-polydimethylsiloxane is used for fabrication. It is a
composite of Galinstan and PDMS. The mechanical strength and electrical credibility of composite make
its application suitable for the human body. Initially, the composite is not conductive but after applying
pressure or strain more than the threshold value it becomes conductive. The applying threshold value
depends upon the ratio of Galinstan and PDMS. It can be used to measure blood pressure and respiration
rate. The variation of the applied threshold value at different ratios of the composite can be seen in the work
done by Jun Ho Oh[182, 183]. Memon et al. fabricate a piezoresistive-based pressure sensor with a
combination of soft mixing of polydimethylsiloxane and a hybrid Carbon black (CB) and CNT for the
application in observing respiratory disorders. The fabricated device shows a change in resistance to be
greater than 0.4% under the application of 37Pa pressure[184]. Zhai et al. fabricate a porous foam pressure
sensor using a combination of carbon black CB/PDMS nanocomposite via ultra-sonification technique. The
sensor shows a high linear working range up to 91% with excellent response stability and time of 45ms.
With superior durability of greater than 15000 cycles. This nanocomposite form exhibits a great ability to
detect human activities such as walking, jumping, bending of fingers and elbows as well as having an
excellent ability of oil/water separation [185]. A facile circuit is assembled by using our conductive
CB/PDMS foam to observe the compression sensing performance, as shown in figure 20a. Interestingly,
the brightness of the lamp changes in the process of compressing and releasing the CB/PDMS foam. More
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concretely, the LED lamp becomes bright when the CB/PDMS foam is compressed and becomes dark again
when it is released(see figure 20(b-c)).

Figure 20. (A) A circuit made out of carbon black/PDMS foam. The variation of brightness of LED varies with the
compression and release of (B) the pure PDMS (white) and (C) carbon black/PDMS (black) foams. (Reproduced
with kind permission [185]).

5 Conclusions

The review work summarizes the various fabrication approaches, change in the properties of the PDMS on
combining it with different nanocomposites and metal oxides. This provides the relation between
microstructure and functional properties of PDMS. By improvising the properties of PDMS, its utility can
be further extended to the domain of soft robotics, aerospace, medical assistance, etc. Despite the various
advancements in this field, there are still a few challenges on which work is needed to be performed in near
future. The very first one is the scalability of the PDMS composites manufacturing. Although PDMS is
convenient in processability the high price limits the use of PDMS in large volume manufacturing. The
other challenge is to bring the persistency of the PDMS surface i.e. how long the surface of the PDMS will
be hydrophobic is the challenge. To prevent this, proper design and introduction of the correct function
group in the polymer will be the step towards future work. This review work will certainly assist in better
understanding and improving the knowledge of PDMS nanocomposites to overcome the challenges for
future researches.
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