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Polydimethylsiloxane (PDMS) with multiwalled carbon nanotubes (MWCNT) fillers is a piezoresistive
nanocomposite which is conformable, printable, and biocompatible. It is widely employed as a sensing layer
in flexible pressure sensors, electronic skin (e-skin) of humanoid robots and as wearable sensors.
Piezoresistive nanocomposites show significant increase in their electrical conductivity above a certain
percolation threshold. In this work, PDMS + MWCNT-based sensing layers with different nanofiller
MWCNT concentrations (2, 4 and 7 wt.%) are screen-printed and their electrical, mechanical, and per-
colation threshold responses are verified. The static I-V characteristics of the samples for a biasing DC
voltage of 0-6 V are studied. The tensile test confirms maximum elongation of more than 50 mm. The
change in resistance was minimal for 2 wt.% sample as the MWCNT’s are sparsely distributed and no
conducting channels are formed; for the 7 wt.% sensing layer, negligible change in resistance was observed
as the conducting channels are broken. The highest change in resistance of 2.4 MQ was observed after the
percolation threshold value of 4 wt.% of the nanofiller concentration was reached. Overall, the 4 wt.%
screen-printed piezoresistive nanocomposite layer showed highest sensitivity with a gauge factor of 4.76 and
a linear response suitable for industrial applications.
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1. Introduction

Physiological parameters of the human body such as body
movement, temperature, bending angle and rotation of various
body parts have been successfully measured by polymer-based
flexible wearable sensors (Ref 1). Reasons for polymer-based
sensors to grow in demand over highly accurate and fast IC-
based silicon sensors are their conformability, ease in fabrica-
tion and low-cost in production (Ref 2). State-of-the-art flexible
sensors can be fabricated by various techniques which include
soft lithography (Ref 3), microcontact transfer printing (Ref 4),
deep etching process (Ref 5), vacuum filtration (Ref 6), screen
printing (Ref 7), etc. Screen-printing technique is widely used
in the printing of flexible wearable sensors as it is a layer-by-
layer approach of sensor design with an ability to print over a
large area of the substrate in a single sweep. Other advantages
of screen printing include, easily customizable sensor geometry,
readily scale up/down sensor pattern, minimum material
wastage and fabrication at ambient room temperature (Ref 7).
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In this work, a PDMS+MWCNT-based flexible piezoresis-
tive nanocomposite sensor is screen-printed with different
weight concentrations (wt.%) of MWCNT mixed in PDMS.
Polymers like PVDF (Ref 8), polylactic acid (Ref 9), polyani-
line (Ref 10) are also employed in the fabrication of conductive
nanocomposites, and PDMS has been chosen for this work as it
has multiple advantages over the aforesaid polymers. PDMS is
chemically inert, transparent, highly flexible, and stable over
wide temperature ranges. The commercial availability and
biocompatibility of the pure PDMS whose tensile strength is
5.13 MPa makes it an excellent choice as an ink for screen
printing (Ref 11). Nanomaterials are added as a reinforcement
in polymers as they enhance the electrical, mechanical, and
thermal properties of the composites. Broadly there are two
different mechanisms for mixing CNT filler concentrations in
the PDMS elastomer, namely dry blending method and wet
mixing method.

1.1 Dry Blending Method

Preparation of PDMS + MWCNT using shear mixing and
rotation mechanisms falls under the dry blending method. Here,
the nanocomposites have higher tensile strength and thermal
stability because of better nanotube dispersion in the elastomer
(Ref 12). As no solvents are involved, it takes less curing time
and it is a safe and non-toxic method as compared to wet
mixing method (Ref 13). Shear mixing and rotation may
physically damage the CNT and deform its shape resulting in
shorter length and low aspect ratio. This forms a non-
conductive path hampering their electrical conductivity and
forming internal clusters of more than 10 um size (Ref 14).
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1.2 Wet mixing Method

To achieve uniform dispersion of CNT’s in PDMS solution,
initially the CNTs are suspended in an organic solvent and
sonicated under a prescribed frequency and duration. PDMS
elastomer is now added to this nanofilled solvent and sonicated.
Lastly, PDMS curing agent is added and manually stirred. The
conductive solution is then desiccated to remove the unwanted
air pockets (Ref 15). Rheological properties of thus prepared
solution are very important for screen-printing application. The
wet mixing method enhances the electrical conductivity and
electromechanical sensitivity of the nanocomposite, as herein
the CNTs do not break in length when sonicated. The CNTs
retain their high aspect ratio and uniform dispersion reduces the
agglomeration of the internal clusters to 3 um size.

Major considerations in the wet mixing method are that it
takes longer time for curation and removal of entrapped air
pockets from the solution (Ref 16). Also using non-polar
solvents like toluene swell the PDMS matrix, whereas alcoholic
solvents like methyl/ethyl alcohol have low affinity to CNT’s
surface because of their short hydrophobic region (Ref 17).
Commonly used solvents like chloroform take less time for
curation as they have a boiling temperature of 61.2 °C and
show higher affinity to CNT’s surface bonding with PDMS. The
toxic and highly volatile nature of Chloroform should be
mandatorily kept in mind and prescribed safe amounts of
Chloroform should only be used for mixing. This work has
been carried out using 99.5% pure AR-grade chloroform,
stabilized with 1-2% v/v ethanol as the solvent for dispersing
the CNT’s in preparing the solutions to be used as ink in screen
printing.

Most conventional methods (Ref 18, 19) use macromolds
for fabricating sensing layers in the desired size and shape.
Using macromolds produces sensors with a thick layer which
reduces sensitivity of the sensor and requires more time for
curing. Also, it is not possible to conveniently modify the mold
shape or scale its size. A simpler, cost effective and faster
approach for developing flexible sensory layers is by screen
printing technique. Generally, screen-printed sensors have a
thickness of 30-40 microns and thereby deliver highly sensitive
sensory layers (Ref 20). Table 1 shows applications of screen-
printed PDMS + MWCNT sensory layers reported in the
literature in diverse fields of industrial pressure sensors,
humanoid robot E-skin, wearable electronics, and biomedical
applications.

As evident from Table 1, electrical, mechanical, and
temperature-based characterizations of piezoresistive nanocom-
posites have been mostly reported. Percolation law behavior
perspective of nanocomposites has not been focused in the
literature. Novelty of this work is in demonstrating the
percolation law response of the piezoresistive nanocomposites,
which is an important consideration for the electromechanical
response of PDMS + MWCNT based nanocomposites. Re-
sponse of the nanocomposite sensory layer depends on the
CNT filler size, shape and concentration added in the polymer
matrix. Nanocomposites behave as an insulator at lower filler
concentrations (typically 0.5-1.5 wt.%) and are electrically
saturated at higher filler concentrations (typically > 6 wt.%).
Nanocomposites show highest sensitivity and change in
resistance at intermediate filler concentrations after crossing a
percolation threshold value (typically 3-4 wt.%) (Ref 30).
Sensory layers should be screen-printed by preparing sample
inks with nanofiller concentration having optimal sensitivity
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Table 1 Applications and characterization of screen-printed sensory layers

Reference
Ref 21
Ref 22
Ref 23
Ref 24
Ref 25
Ref 26
Ref 27
Ref 28
Ref 29

Characterization reported
Change in resistance subject to different temperature ranges

Rheological behavior for shear stress and strain cyclic tests

Change in resistance for mechanical deformations
Electrochemical analysis

Change in resistance for normal pressure applied

Mechanical properties axial and normal force

ECG signal electrical output
Rheological behavior/Thermal gravimetric analysis

Change in capacitance for varying pressures
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response. Here, percolation behavior of PDMS+MWCNT
sensory layers with 2, 4 and 7 wt.% concentrations is
considered. This analysis would be useful in determining
nanofiller concentrations for screen-printing sensory layers.
Preparation of sample ink with 2%, 4% and 7% weight of
MWCNT in PDMS solution has been discussed in section 2.
Electrical, mechanical, and electromechanical responses of the
3 sensing layers printed using screen-printing technique are
discussed in the results section.

2. Preparation of Screen-Printing Materials

The layer thickness of the screen-printed PDMS+MWCNT
sensor is only around 100 microns, and therefore, tears apart
easily while peeling-off the substrate after curing. Also, such a
thin layer becomes vulnerable to permanent physical damage
when grippers are clamped to the sample for mechanical and
electrical properties measurement.

To overcome these issues, we have used the mesh for screen
printing with a smaller number of TPI (threads per inch), that is
120 TPI to be specific, for all our samples. Wider gaps make the
mesh porous and maximum ink penetrates through the mesh
and deposits on the substrate. Secondly, the manual squeegee
was swept multiple times over the mesh, until all the ink has
been passed down through the stencil of the mesh. Finally, the
mesh has been deliberately raised 5 mm above the substrate to
give an embossed type of printing on the substrate and
henceforth increase layer thickness. By implementing these
steps, we have successfully printed mechanically rugged

Table 2 Volume fractions of components used in ink
preparation

PDMS, ml
wt.% Chloroform, ml MWCNT, gms Part-A  Part-B
2 wt.% 20 0.3 15 3
4 wt.% 20 0.7 15 3
7 wt.% 30 1.2 15 3

flexible PDMS + MWCNT sensors with 3 different weight
ratios and having physical dimensions of 80 x 15 x 1 mm.

For dispersion of MWCNT, ethanol stabilized organic
solvent chloroform (trichloromethane, SRL Chemicals) with
99.5% purity is used. The MWCNT (Nano Research labs,
India) has a diameter of 5-10 nm and volume resistivity of
0.1 Qcm in a dry powder state. PDMS is standard SYLGARD-
184 Silicone elastomer (Kevin Electrochem, India). The
ultrasonic probe sonicator (DP-500, Dakshin Processors, India)
employed is a powerful 500-watt equipment with 20 KHz
maximum frequency. Samples are cured in hot furnace (Indfurr
Industrial equipments, India) having heating capacity up to
200 °C.

The step-by-step process involved in preparation of ink is
discussed clearly here, and the quantity of volume fraction of
each compound used in the preparation of all 3 samples is listed
in Table 2. Initially, MWCNT powder is mixed in chloroform
and kept under probe sonicator for 15 mins with 10 seconds
ON time and 5 seconds OFF time at 60 W power. Next, the
sample is mixed with PDMS elastomer (Part-A) and again
placed under the probe sonicator for a total of 60 mins with a
frequency of 15 seconds ON time and 8 seconds OFF time.
After the solution is properly mixed, PDMS curing agent (Part-
B) is added in 1:5 proportion of Part A to the solution and
manually stirred using a glass rod for 5 mins. Now the sample
is placed inside a desiccator under a controlled environment to
remove the unwanted bubbles.

After the sample is run through the desiccator, it is now
poured onto the wooden frame, which has a 120 TPI silk fabric
mesh stretched over it. Figure 1 depicts schematic representa-
tion of the operating set-up of the screen-printing process. Real-
time setup of the screen-printing equipment along with a
rectangular shaped stencil of 80 x 15 mm size, which is
readily exposed on the same mesh is shown in the inset of
Figure 1. The mesh frame is fixed at a height of 5 mm above the
printing substrate to get thicker sensing layers. A 2-inch
squeegee is used to sweep the ink manually through the
rectangular opening onto a polyimide substrate.

The squeegee is run multiple times back and forth over the
mesh until all the ink has passed onto the substrate. Now, the
mesh with the rectangular shaped sensing layer printed on it is
placed in a hot furnace at 100 °C for 20 mins for curing. After
curing, the samples of size 80 x 15 mm are carefully peeled
from the polyimide substrate. After peeling off, thickness of 2

120 TPI silk mesh

Squeegee moving direction

= =

Squeegee head
MWCNT + PDMS

nanocomposite ink

=—> Wooden frame

> Squeegee

| printing substrate
Flat base with substrate

*» 5mm gap between mesh and

Figure 1 Schematic of screen-printing setup. Real-time apparatus along with readily exposed rectangular shape stencil on the mesh (Inset)
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Figure 2 (a) I-V characteristics of 2, 4 and 7 wt.% Samples. Inset: Specialized soft grippers to hold the samples 2(b) Conductivity of screen-

printed PDMS + MWCNT nanocomposites with 2, 4 and 7 wt.% ratios

1.00E-10 1.00E-08 1.00€-07

m Screen printing[This work] m Macromould Sonication[32]

Three roll mill method[31)

1.00E-03 1.00£-02

m dry blending[13) m Solution mixing{12) m soft lithography{3)

Figure 3 Comparison of electrical characterization of PDMS + MWCNT nanocomposites using different fabrication techniques

and 4 wt.% sensing layers is measured to be 0.75 mm, whereas
the 7 wt.% sensing layer was thicker with 1 mm thickness.

3. Characterization and Discussion

All 3 samples of different compositions are subjected to
electrical conductivity response using a precision [-V (current—
voltage) measuring unit (Model-B2902B, Keysight technolo-
gies, India). The mechanical response is characterized using the
tensile testing machine (Model-HKS50, Tinius Olsen, UK) and
the piezoresistive response is measured by interfacing the
tensile testing machine with a 6% Digit Multimeter (DMM)
(Model—34461A, Keysight technologies, India). Field Emis-
sion Scanning Electron Microscope (FESEM) characterization
is done for all 3 samples using a sophisticated FESEM machine
with an operative voltage of 10 KV (Model-Quanta FEG 250,
Oxford Instruments, UK)

7448—Volume 33(14) July 2024

3.1 Electrical Characterization of the samples

Figure 2(a) shows the -V characteristics of the 3 samples of
10 x 10 mm? size. Measurements are taken by holding them
with specialized soft gripper electrodes of the I-V precision
measurement device as shown in inset of Figure 2(a). The
samples are biased over a voltage range of 0-6 V, and
corresponding current passing through the sample is recorded
at 0.1 KHz frequency. The 7 wt.% sample recorded the highest
current conduction of 10 mA at 5 V supply.

Selection of a particular nanocomposite filler concentration
for any application depends upon the conductivity, flexibility,
and maximum operating range of the sensor. Sensor properties
are engineered by altering the composites with fillers and
binders independently or cohesively. The conductivity (S/m) of
the screen-printed nanocomposites with different weight ratios
was measured and the 7 wt.% sample was measured to be
highest at 19.4e—2, whereas the 4 and 2 wt.% samples showed
3e—2 and 1.5e—2 conductivity, respectively, as shown in
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(d) 2% wt. of PDMS+MWCNT at 20K magnification

Figure 4 FESEM results for 2, 4 and 7 wt.% of screen-printed PDMS + MWCNT nanocomposites. (a) 2 wt.% of PDMS + MWCNT. (b) 4
wt.% of PDMS + MWCNT. (¢) 7 wt.% of PDMS + MWCNT. (d) 2 wt.% of PDMS + MWCNT at 20 K magnification
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Figure 5 Stress—strain curve for tensile force response of the
screen-printed nanocomposites

Figure 2(b). Figure 3 shows comparison of electrical conduc-
tivity of the PDMS+MWCNT nanocomposites fabricated with
different techniques with present work.

The comparison shown in Figure 3 showcases the magni-
tude of conductivity achieved by different fabrication methods,
herein direct comparison of electrical conductivity of the
samples is not justified, as the samples reported in the literature
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differ in physical dimensions and thickness. However, the
electrical conductivity(S/m) of the 7 wt.% sample prepared by
dry blending method is reported to be highest with 10e—1 S/m,
produced better results than its screen-printed counterpart
which is 19.4e—2 S/m. However, the dry blended sensor width
is almost 30 times greater than the screen-printed sensor.

Increasing the filler concentration reduces the percolation
threshold, but a major challenge is to overcome agglomeration
of the MWCNT at higher filler concentrations, as inter spacing
between the CNT’s reduces and van der Waals forces highly
entangle with adjacent CNT. Therefore, study of internal
arrangement of the PDMS+MWCNT nanocomposites is essen-
tial in determining the agglomerate formation which can be
observed in the FESEM images shown in Figure 4(a-c). The
images are captured over a 1 um area with 60 k magnification.
Figure 4(c) corresponding to 7 wt.% having the highest filler
concentration of MWCNT has larger agglomerates, whereas the
agglomeration reduces as the filler concentration decreases in 2
and 4 wt.% samples as shown in Figure 4(a) and (b),
respectively. On the other hand, sparse distribution of
MWCNT’s in 2 wt.% results in very high initial resistance
and limiting conductivity of the sample. Overall, sensor
performance can only be estimated with the inclusion of all
these parameters, wherein some key parameters like agglom-
eration leading to non-uniform deposition and viscosity of the
ink have a major impact on the sensor performance even before
the sensor is printed.
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Figure 6 Comparison of mechanical characterization of PDMS + MWCNT nanocomposites using different fabrication techniques
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Figure 7 (a) Electromechanical response experimental setup. Customized grippers with electrodes (inset). (b) Second-order polynomial
trendline of electromechanical response of the screen-printed nanocomposites

Visual comparison of Figure 4(a) and (b) reveals that the 2
wt.% sample forms larger aggregates than the 4% sample,
which is not expected. The screen-printed polymer nanocom-
posites prepared from the conventional blending or sonication
process may at times result in a random distribution of the
fillers with non-uniform aggregation within the layer (Ref 34).
This non-uniform distribution of nanofillers is more proba-
bilistic in conventional blending process at lower concentra-
tions of the nanofiller (0-2 wt.%), as dispensing of the
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MWCNT in the chloroform volume during sonication may be
non-uniform at such lower concentrations of the filler (Ref 35).
Figure 4d shows a 20 k magnification FESEM image of the
same 2 wt.% sample, where non-uniform distribution of the
nanofillers in the sample can be seen. For instance, the yellow
circle on the top-right corner of the sample shows larger
aggregates, whereas the black circle shows smaller aggregates,
a non-uniform distribution within the same layer when a larger
area is considered. Therefore, the 2 wt.% sample FESEM image
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in Figure 4(a) in some areas can form denser aggregation than
its 4 wt.% counterpart, but their electromechanical behavior is
subject to percolation law of piezoresistive nanocomposites as
shown in section 4.2.

3.2 Mechanical Characterization of the samples

The mechanical strength of the sensing layers is determined
by loading the samples onto the grippers of the tensile testing
machine and a step uniaxial tensile force of 0.2 N is applied on
it. The maximum load range is set to 50 N, and the extension
speed is set to 5 mm/min pace. The resultant plot is shown in
Figure 5.

The physical elongation of 2 and 4 wt.% has shown a linear
displacement with almost the same slope. The 2 wt.% sample
being the most fragile of the 3 samples encountered necking at
28 mm, whereas the 4 wt.% showed necking effect at 55 mm.
The thickness of the 7 wt.% sample being the highest showed a
more plastic behavior with highest endurance up to 14 N while
being stretched for 52 mm before necking. Overall, the 4 wt.
sample showed both a linear and wider range of extension.
Figure 6 shows comparative study of the highest elastic
modulus of PDMS + MWCNT nanocomposite samples pre-
pared using different fabrication techniques.

The mechanical rugged strength of PDMS+MWCNT
screen-printed sensing layers is very less in comparison with
macromold-based sensing layers. The Young’s modulus of
screen-printed layers showed a maximum of 0.26 MPa for 7
wt.% for 1 mm thick sample, whereas an acrylic mold
fabricated 7 wt.%. sensing layer of 30 mm thickness was
reported to be 7.5 MPa in (Ref 13). Mold-based thick samples
can be highly repeatable sensor layers and physically rugged,
but their sensitivity also decreases. Screen-printed layers are
highly sensitive and conformable layers whose mechanical
strength can further be improved using appropriate binders in
the ink.

3.3 Electromechanical response of the samples

Conductivity in a nanocomposite sample depends mainly on
two factors, CNT filler concentration and establishment of
conductive paths within the sample. Filler concentration is not
only a very critical factor, for observing changes in the
resistance of the sample but also in ink preparation of screen-
printing process. At low filler concentrations of MWCNT, the
ink has low viscosity and disperses uncontrollably after printing
on the substrate and therefore invades unwanted areas on the
design layout. On the other hand, at higher filler concentrations,
the ink agglomerates faster as the inter-spacing gap between
MWCNT’s reduces, resulting in non-uniform distribution of the
ink on the printed substrate.

To analyze the change in resistance, all 3 specimens are cut
in dog bone shape as per the ASTM D412 standards for tensile
stress—strain properties of elastomers and loaded onto the
tensile testing machine, where they are subjected to a tensile
force varying from 0 to 16 N. The corresponding change in

resistance is measured using a 6 1/2 DMM as shown in
Figure 7(a). Customized grippers are used to firmly hold the
sample without causing any damage, when an external force is
applied. Corresponding change in resistance recorded for the 3
different filler concentrations are then plotted as shown in
Figure 7(b). Percolation threshold for nanocomposites is
achieved at intermediate filler concentrations; therefore, the
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sample with 4 wt.% showed the highest change in resistance
varying from initial resistance of 0.15 MQ to a final resistance
of 0.58 MQ at necking.

The overall change in resistance is 0.43 MQ for 4 wt.%
sample. The overall change in resistance for 2 wt.% sample is
0.15 MQ, which is much less than 4 wt.% sample as the
nanofiller content of MWCNT is lesser in 2 wt.% sample. Even
though current conducting capacity of 7 wt.% sample is highest
amongst the three samples, its change in resistance when
subjected to mechanical deformation is least with overall
change in resistance of 0.02 MQ, because of the reorientation
and eventual breakup of continuous conducting channels inside
the nanocomposite layer.

At low filler concentrations, the initial offset resistances are
very high and decrease gradually as filler concentrations
increase. Higher filler concentrations offer least initial resis-
tance, as shown in the plot of Figure 7(b) where the 7 wt.%
sample offered the least initial offset resistance of 0.6 MQ.
Ideally, the 2 wt.% sample is expected to show highest initial
resistance than the 4 wt.% sample, but we have recorded the 4
wt.% sample having 0.5 MQ higher offset resistance than the 2
wt.% sample. Persistent conducting paths in the 2 wt.% sample
or non-uniform distribution of nanofiller could be a reason
causing this abnormality. The second order polynomial curve
fitting used to represent the data points for the 3 samples, aid to
visualize the sensor behavior in response to normal force. The 2
and 7 wt.% sample response data points are less divergent and
can also be linear fitted as they have shown short range of
change in resistance. But the 4 wt.% sample response requires
second order polynomial curve fitting, as the data points
recorded are spread over a wide range of 0.43 MQ of change in
resistance in a nonlinear fashion along the applied 0-14 N
normal force. The second order curve fitting for 4 wt.% sample
shows the lower operating range (0-4 N) has minimal change in
resistance of only 0.1 MQ and above 4 N there is a surge in the
change resistance of nearly 2.4 MQ as the force is increased up
to 14 N adhering to percolation law of conducting nanocom-
posites.

4. Conclusion

Flexible polymer nanocomposite-based piezoresistive sen-
sors of 2%, 4% and 7 wt.% volume fractions of MWCNT have
been successfully fabricated using screen printing, and their
electrical, mechanical, and electromechanical responses have
been verified. The desired properties of the sensors are
engineered by altering the composite with fillers and binders
independently or cohesively, despite the resistivity of the device
depends upon the dimensions and percolation threshold. So, the
major objective of this paper is studying the percolation
mechanism of different concentrations of nanocomposite
(PDMS + MWCNT). The one major challenge of these
composites is with the fillers which are immiscible, which
leads to agglomerates at high concentration of them. This leads
to inconsistent print of the sensor and greater scalability of the
conductivity with 1D to 2D and 3D structures (with respect to
thickness) which is observed in 7 wt.% where controlling the
thickness is a challenging objective. Overall, PDMS +
MWCNT-based piezoresistive sensors with 4 wt.% resulted
in the highest change in resistance, having a linear response
over a wider operating range of up to 14 N. Mechanical
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durability and tensile strength are good in 7 wt.% sample.
Although screen-printing technique in general is a promising
fabrication technique with high customization, scalability and
repeatability with the above-mentioned constraints, variations
in conductivity are evident. So, estimating this variation is
crucial in determining the performance and resolution of the
devices. In future, a matrix grid of piezoresistive sensors can be
screen-printed with a lesser TPI-Mesh and its electromechanical
response with repeatability can be verified over a large-area
flexible pressure sensors in diversified applications.
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