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Abstract
Polymer-based dry and flexible electrodes are becoming increasingly popular in wearable healthcare for long-term 
electrocardiography (ECG) monitoring due to their comfort, biocompatibility, and gel-free operation. In this study, electrodes 
are prepared for ECG measurement using a polydimethylsiloxane (PDMS) and multi-walled conductive carbon nanotube 
(CNT)-based composite. The homogeneous dispersion of CNTs in PDMS is crucial for determining the electrical performance 
of the composite, and to accomplish this uniform dispersion, a combination of ultrasonication and a high-shear homogeneous 
dispersion technique is employed. This combination approach resulted in a rapid composite preparation method that took 
approximately 2–3 h to complete. The performance of the fabricated ECG electrodes was evaluated by measuring the ECG 
signal and compared to commercially available wet Ag/AgCl ECG electrodes. The ECG signal of the CNT/PDMS composite 
electrode with CNT content of 6 wt.% demonstrated optimal correlation of 0.9729 with the ECG signal measured from the 
Ag/AgCl electrode. The CNT/PDMS composite-based dry electrodes can be easily fabricated by manufacturing techniques, 
suggesting a possible benefit of cost and time reduction in mass production.
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Introduction

Continuous and ambulatory personal health monitoring is 
now possible with wearable health monitoring technologies, 
and rapid smartphone technology growth is predicted to 
enhance ubiquitous healthcare quality.1 Electrocardiography 
is an important bio-signal for the diagnosis of the 
cardiovascular system. Disposable Ag/AgCl hydrogel 
bioelectrodes or gel-based Ag/AgCl electrodes are widely 
used for electrocardiogram (ECG) monitoring.2 Although 
these wet electrodes have been widely used, they are 
unsuitable for long-term monitoring due to gel evaporation 
and skin irritation.3

Dry bioelectrodes work without an electrolyte layer 
between the skin and are a promising alternative to gel-
based electrodes. Although many dry electrodes have been 
developed using metals, their practical use is limited due 
to poor biocompatibility, motion artefacts, and higher 

electrode–skin impedance.4 Soft polymer-based dry 
electrodes are adaptive to skin contours, biocompatible, 
comfortable, and suitable for the long-term acquisition of 
the ECG. Recent progress in soft and conductive polymer-
based bioelectrodes has attracted considerable attention for 
biomedical applications such as soldier health monitoring, 
athlete performance monitoring, arrhythmia detection, 
heart rate variability analysis, and medication efficacy 
assessment.5–7

Polydimethylsiloxane (PDMS) is a widely used material 
as a stretchable polymer in biomedical applications due 
to its excellent biocompatibility, low cost, flexibility, low 
permeability, thermal stability, and mouldability.8 However, 
PDMS is an insulator with very low conductivity; this 
property of PDMS is a challenge for applications requiring 
a conductive soft conductive polymer. Additionally, 
connecting wires to PDMS is complicated as PDMS is not 
solderable. Attaching wires using electrically conductive 
adhesives or clamping contact pads is common to create 
an electrical path for an external circuit. Researchers have 
prepared conductive PDMS by blending various fillers for 
flexible electronics applications.9–12 Carbon nanotubes 
(CNTs) are a nanomaterial with high conductivity, high 
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aspect ratio, good thermal conductivity, and excellent 
flexibility. Because of these properties, CNTs are effective 
filler materials for increasing the electrical/thermal 
conductivity of polymer or epoxy.13 Multi-walled carbon 
nanotubes (MWCNTs) are cost-effective compared to other 
CNT types, while maintaining a highly conductive property.

Research studies suggest that CNT/PDMS composite can 
effectively address challenges commonly associated with 
dry electrodes, such as high electrode-to-skin impedance, 
poor biocompatibility, and variations in contact area during 
motion. However, CNTs produced by mass production 
methods are entangled and tend to aggregate due to 
the strong van der Waals force among them. Therefore, 
the homogeneous dispersion of CNTs in a viscoelastic 
polymer solution is challenging. Researchers have tried 
various methods, such as simple stirring, three-roll milling, 
dispersion in liquids, and ultrasonication for the dispersion 
of CNTs in the polymer.14–18 However, the effectiveness 
of these methods varies due to the processing method and 
characteristics of CNTs, such as their aspect ratio, purity, 
dimension, and functionalization.19–21 CNT/PDMS can 
be integrated into field-effect transistor (FET) structures 
as sensing elements for the fabrication of flexible FET-
based biosensors.22–29 This study explores a combination 
of high-shear mixing and ultrasonication procedures to 
prepare dry bioelectrodes for ECG monitoring out of CNT/
PDMS composite material. Different CNT concentrations 
are explored for the fabrication of CNT/PDMS composite 
electrodes, and the impact of the CNT concentration on the 
electrode's performance is assessed.

Materials and Methods

Materials

Multi-walled carbon nanotubes with a purity level exceeding 
95%, a length of 50 μm, an outer diameter ranging from 
8 nm to 15 nm, and an inner diameter between 3 nm and 
5 nm were obtained from XFNANO Materials Tech Co., 
Ltd., located in Nanjing, China. The PDMS polymer used 
in the experiment was acquired from Dow Corning as a two-
part heat-curable silicone elastomer kit known as  Sylgard® 
184. Isopropyl alcohol (IPA) with a purity exceeding 99.9% 
was purchased from Sigma-Aldrich Co. LLC (St. Louis, 
MO, USA).

CNT Composite

All techniques for preparing CNT-based composites must 
address the critical challenges of using CNT as nanofillers: 
poor dispersibility and a tendency to form bundles. Van der 
Waals forces lead to significant entanglement of CNTs, and 

when they form large bundles or dense agglomerates, it can 
result in uncontrolled electronic modifications and inferior 
device performance.30 Consequently, achieving uniform 
distributions of CNT within the PDMS polymer matrix 
becomes imperative to attain superior electrical performance 
in CNT/PDMS devices. One approach to mitigate these 
issues is functionalizing the surface of CNTs, which can 
weaken the attractive forces between nanotubes and reduce 
bundle formation. However, this method often results in 
CNT products with diminished characteristics.31

Solution mixing is the most widely used and 
straightforward method for creating composites. This 
technique involves introducing the nanofiller and polymeric 
matrix into a suitable solvent. Once the mixture achieves 
homogeneity, the solvent is evaporated, resulting in the 
formation of the composite.32 However, the polymers' 
solubility limits the solution mixing method's effectiveness. 
One can utilize melt processing as a viable technique 
for thermally durable polymers like polypropylene, 
polycarbonates, and similar materials to address the 
limitation of solution mixing. During melt processing, 
the polymer is combined with CNTs while molten. The 
main drawback of this technique is that the high viscosity 
of melted polymers makes it challenging to achieve a 
uniform distribution of CNTs within the matrix.33 In situ 
polymerization is a different strategy involving dispersing 
CNTs into the monomer matrix before starting the 
polymerization process after evenly distributing them 
throughout the system. In situ polymerization also has the 
advantage of using polymers that cannot be mixed in a 
solution or a melt mixing.34

Achieving uni for m dispers ion of  CNT in 
polydimethylsiloxane is challenging because of the high 
viscosity of the PDMS monomer. Additionally, CNTs 
mass-manufactured with chemical vapour deposition are 
highly entangled and bundled (see Fig. 3a). CNTs must be 
dispersed in a low-viscosity solvent to address this issue 
before being mixed with the PDMS monomer.

This study addresses the challenges of achieving a 
uniform dispersion of carbon nanotubes in a polymer 
matrix by combining ultrasonication and high-shear 
homogenization techniques. Ultrasonication employs 
high-frequency sound waves to create cavitation bubbles, 
inducing mechanical agitation.35 This breaks down CNT 
agglomerates and disperses individual or small bundles of 
nanotubes. High-shear homogenization applies mechanical 
shear forces to further disperse and align CNTs,36 disrupting 
any remaining agglomerates not fully broken down by 
ultrasonication. This approach ensures thorough and uniform 
dispersion, preventing the formation of large clusters and 
promoting consistent mixing throughout the entire volume 
of the mixture.
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Composite Preparation Process

The dispersion process in this study entails three crucial 
steps to effectively disperse carbon nanotubes inside a 
polymer matrix. The detailed procedure is illustrated in 
Fig. 1. The first step involves the dispersion of CNTs in 
a solvent through ultrasonication. The CNTs are initially 
mixed with a solvent—in this case, isopropyl alcohol 
(IPA)—using a probe sonicator. The probe sonicator 
is operated at a frequency of 20  kHz with power of 
700  W. This ultrasonication step aims to break down 
agglomeration or bundles of entangled CNT and disperse 
them uniformly throughout the solvent. To preserve 
the structural integrity and aspect ratios of CNTs, it is 
necessary to limit the sonification time to 30 min.

Next, the PDMS monomer, which is the base material 
for the polymer matrix, is combined with the CNT 
suspension. The mixture is then subjected to further 
dispersion using a high-shear homogenizer. Specifically, 
a stator/rotor-based high-shear homogenizer, the T-18 
ULTRA-TURRAX®, is employed. This homogenizer is 
operated at 10,000 rpm for 15 min. Using both high-shear 
homogenization and ultrasonication helps to achieve a 
homogeneous dispersion of the CNTs within the PDMS 
monomer, improving their uniform distribution throughout 
the substance. The vacuum filtration technique is applied 
to extract most of the IPA solvent. The mixture is then 
passed through a filter, facilitating the separation of 

the solvent from the CNT/PDMS solution. This crucial 
step helps to eliminate any excess solvent and prepares 
the mixture for subsequent processing. Afterwards, any 
remaining solvent is evaporated by placing the filtered 
mixture into a vacuum oven set at 85°C for 1 h. This heat 
treatment in the vacuum oven  removes any residual traces 
of solvent, leaving behind a concentrated CNT/PDMS 
mixture.

Lastly, the curing agent is introduced to initiate the 
polymerization process. The curing agent is mixed with 
the CNT/PDMS mixture in a ratio of 10:1. The addition of 
the curing agent triggers a chemical reaction, leading to the 
cross-linking and hardening of the PDMS, forming a solid 
polymer composite. This final step ensures the stabilization 
and consolidation of the dispersed CNTs within the PDMS 
matrix. The mixture becomes very viscous for CNT 
content > 8 wt.%, making the fabrication of the composite 
difficult.

Fabrication of the CNT/PDMS Composite Electrode

The process for fabricating the CNT/PDMS electrode 
is depicted in Fig. 2 and involves several steps. First, a 
disposable ECG electrode is affixed to the central area of a 
4-inch petri dish. This disposable electrode creates a negative 
mould for the subsequent steps. Next, the monomer of the 
PDMS kit and the curing agent are mixed in a 10:1 ratio. 
This mixture is then subjected to a vacuum to eliminate any 

Fig. 1  CNT/PDMS composite preparation process.
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trapped air bubbles. The PDMS mixture is transferred into 
the petri dish, covering the attached disposable electrode, 
and cured at room temperature for 48 h. After the curing 
process, the PDMS material is delicately separated from the 
petri dish and the disposable electrode, revealing the negative 
PDMS mould. A snap connector, a crucial component for 
the electrode's functionality, is carefully positioned inside 
the negative PDMS mould. The prepared CNT/PDMS 
dispersion is poured into the mould, ensuring the entire 
cavity is filled. Subsequently, the mould containing the 
CNT/PDMS dispersion is subjected to a vacuum to remove 
any remaining air bubbles that may have formed during the 
pouring process. The composite electrode is then cured at 
110°C for 1 h. Finally, the cured CNT/PDMS composite 
electrode is meticulously removed from the mould.

Results and Discussion

Dispersion Characterization

The structure of the CNT/PDMS composite (concentration: 
8 wt.%) was characterized using Fourier transform infrared 
(FTIR) spectroscopy and field emission scanning electron 
microscopy (FE-SEM). Figure  3b presents the cross-
sectional views of the CNT/PDMS film captured by SEM. 
These images reveal the absence of any loose CNTs on the 
composite's surface, indicating their complete penetration 
into the film and the formation of a percolation network. 
This phenomenon contributes to enhanced electrical and 
mechanical properties of the material.

The FTIR spectra of the CNT/PDMS composite were 
obtained using an FTIR spectrometer (IRTracer-100, 
Shimadzu Corporation, Kyoto, Japan) within the range 
of 500–4000  cm−1. Figure 4 illustrates the identified and 

Fig. 2  Electrode fabrication process.
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labelled unique peaks in the FTIR spectra of the composite 
material.

The absorption band at 2960  cm−1 indicates the C–H 
stretching of  CH3, while the peak at 1407  cm−1 represents 
the C=C bending vibration of carbon nanotubes.37 The 
presence of the polysiloxane group in PDMS was confirmed 
by observing the Si–CH3 bands at 1243  cm−1 and in the 
680–862-cm−1 regions.38 Furthermore, the wide absorption 
band at 1009  cm−1 corresponds to the symmetrical stretching 
of Si–O–Si, which indicates the successful synthesis of the 
CNT/PDMS composite.39

Electrical Properties

Before the percolation threshold was reached, the CNTs 
inside the PDMS matrix were distributed randomly, leading 
to isolated fillers and no percolation networks; consequently, 
the electron movement mechanism involved hopping 
along adjacent CNTs. However, once the concentration of 
CNTs exceeded the percolation threshold, a network was 
established throughout the system that allowed electrons 
to move along the conductive networks.40 Crossing the 
percolation threshold resulted in a metal-like conduction 
behaviour in the composites. The conductivity of CNT/
PDMS was measured with Fluke PM6306 meter (see 
Fig.  5a). The electrical conductivity of CNT/PDMS 
composites with CNT concentrations of 2 wt.%, 4 wt.%, 6 
wt.%, 8 wt.%, and 9 wt.% in the PDMS polymer matrix is 
illustrated in Fig. 5b. As the amount of CNT in the PDMS 
was increased, the composite conductivity also increased.

Mechanical Properties

The mechanical hardness of the CNT/PDMS composite was 
tested with an ASTM D 2240-compliant Shore A durometer 
(see Fig. 6a) and was found to increase with an increase in 
CNT content. Figure 6b illustrates this relationship between 
hardness and CNT content. The softness of polymer is 
crucial factor for development of dry ECG electrodes.41 
The challenges associated with a rigid polymer include 
high motion artefacts, lower user comfort, complications 
in the polymer de-moulding process, and the formation of 
brittle electrodes. When considering the application of CNT/
PDMS for dry ECG electrodes, it is crucial to have a balance 
between high electrical conductivity and low mechanical 
hardness. Notably, a composition with 2 wt.% CNT is 

Fig. 3  (a) Scanning electron microscope image of raw CNT. (b) Scanning electron microscope image of CNT/PDMS composite.

Fig. 4  FTIR spectra of CNT/PDMS composite.
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not suitable due to its low conductivity, while a 9 wt.% 
composition is not suitable due to its elevated mechanical 
hardness.

Comparison of Time Required to Prepare CNT/PDMS 
Composite

The preparation time for CNT/PDMS composites can be 
relatively long due to several factors. First, the dispersion of 
CNTs within the PDMS matrix requires careful attention to 
achieve a uniform distribution. This requirement of uniform 
distribution is often addressed by sonication and mixing 
techniques, which can be time-consuming. Additionally, 
the CNT may require purification and functionalization 
processes before incorporation into the PDMS, further 

adding to the preparation time. The combination of high-
shear homogenization and ultrasonication proposed in this 
study significantly reduce preparation time. Table I compares 
the composite preparation time of published studies with the 
current study.

Evaluation of CNT/PDMS Electrode for ECG 
Measurement

Conductive polymer electrodes with optimal CNT 
concentrations ranging from 4 wt.% to 8 wt.% were utilized 
for ECG recordings. The dry electrode was secured to the 
skin using micropore paper tape, and the recording system 
was connected to the dry electrode through a snap connector, 
as depicted in Fig. 7b. For comparison between the dry and 

Fig. 5  (a) Electrical conductivity measurement setup and (b) electrical conductivity of CNT/PDMS composite for different concentrations.

Fig. 6  (a) Mechanical hardness measurement setup and (b) mechanical hardness of CNT/PDMS composites for different concentrations.
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wet electrodes, conventional wet electrodes were positioned 
close to the dry electrodes to acquire similar ECG signals 
(see Fig. 7b). A total of two pairs of wet-dry electrodes 
were placed on the subject's left and right arm, with one 
wet electrode designated as the ground electrode in lead-I 
configuration. The BIOPAC MP-150 data acquisition system 
was used for ECG acquisition, as shown in Fig. 6a. This 
system has a 150 Hz low-pass filter (LPF), a 0.01 Hz high-
pass filter, and a 50 Hz notch filter.

The ECG signals obtained with the CNT/PDMS 
electrodes were comparable to those obtained with the Ag/
AgCl electrodes, and no significant differences in the results 
were observed for the ECG features such as the P wave, QRS 
complex, and T wave (see Fig. 8).

The study also examined how different concentrations 
of CNTs affected the amplitude of the ECG signal. In 
Fig. 9, the peak-to-peak amplitude of the ECG electrodes 
made from the composite material is compared to that of 
Ag/AgCl wet electrodes using a boxplot. The ECG signal 
from electrodes  with filler concentrations of 4 wt.%, 6 
wt.%, and 8 wt.% showed a correlation of 0.9574, 0.9729, 
and 0.9793, respectively, with the ECG signal from Ag/
AgCl wet electrodes. The correlation was calculated using 
Pearson's correlation coefficient.42 The ECG signal from 
the composite electrode containing 8 wt.% CNT content 

exhibits the highest correlation of 0.9793 with the ECG 
signal recorded from the Ag/AgCl electrode. However, this 
correlation is not significantly improved compared to the 
correlation of 0.9729 observed for the 6 wt.% concentration. 
Therefore, based on these results, it is recommended to use 
a concentration of 6 wt.% for fabricating ECG electrodes.

Long‑Term ECG Measurement

This study evaluated the CNT/PDMS composite-based 
electrode for long-term use by recording ECG signals at 
24-h intervals over 4 days after attaching the electrodes. 
The comparison was made between ECG signals acquired 
from CNT/PDMS composite-based electrode and Ag/AgCl 
electrode. To ensure consistent comparisons, a new Ag/AgCl 
electrode was applied to the skin as a reference electrode for 
each ECG recording session, as shown in Fig. 10.

Figure  11 shows the comparison of simultaneously 
acquired ECG signals from the reference Ag/AgCl 
electrode, CNT/PDMS composite-based electrode, and 
Ag/AgCl electrode. Average peak-to-peak amplitudes and 
ECG signal correlations between the reference Ag/AgCl 
electrode and electrodes under test are given in Table II. The 
results indicated that the Ag/AgCl electrode experienced a 
noticeable decrease in ECG signal amplitude and correlation 

Table I  Comparison of the proposed study with published studies concerning time requirements for composite preparation

Reference CNT specification Method of dispersion Process time

Ref. 5 Ctube100, length 1–25 μm, purity 93% Three-roll milling  > 5 h
Ref. 11 US Research Nanomaterials, Inc., length 10–30 μm, purity 95% Stirring with ultrasonication 5 h
Ref. 12 Bio-chem Technology Co., length 10–30 μm, purity > 95% Ultrasonication 6 h
Ref. 14 Ctube100, length 1–25 μm, purity 93% Three-roll milling with spin coating 24 h
Ref. 15 XFNANO Materials Tech Co., Ltd., length 50 μm, purity > 95% Stirring with ultrasonication  > 36 h
Ref. 16 CM-95, Hanwha Nanotech, Length:10–20 μm, purity: > 95% Ultrasonication 5–6 h
Ref. 17 Worldtube Corp., length 25 μm Stirring 30 h
Ref. 18 US Research Nanomaterials, Inc., length 10–30 μm, purity 95% Stirring with ultrasonication 14 h
This study XFNANO Materials Tech Co., Ltd., length 50 μm, purity > 95% Ultrasonication with high shear homogenization 2–3 h

Fig. 7  (a) ECG acquisition system. (b) Electrode attachment to the skin.
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Fig. 8  Comparison of ECG signals: (a) 4 wt.% CNT/PDMS composite-based dry electrode with Ag/AgCl electrode; (b) 6 wt.% CNT/PDMS 
composite-based dry electrode with Ag/AgCl electrode; (c) 8 wt.% CNT/PDMS composite-based dry electrode with wet Ag/AgCl electrode.
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over time due to the conductive gel drying out. However, 
the CNT/PDMS electrode showed no significant changes 
in ECG signals. This demonstrates that the CNT/PDMS 
electrode maintains its performance over a long period of 

time and does not degrade, making it an excellent choice for 
continuous ECG monitoring.

Skin Compatibility Test

The skin compatibility test was conducted by affixing 
both the Ag/AgCl disposable electrode and the CNT/
PDMS composite-based electrode to the forearm using a 
microporous adhesive bandage for 4 days. The outcomes 
of the skin reaction are illustrated in Fig. 12. Prolonged 
usage of the wet electrode led to undesirable effects like 
skin swelling and redness, while the skin exhibited normal 
conditions and showed relatively low signs of irritation 
such as itching and redness when the nanocomposite 
sheet was employed. These findings confirm the excellent 
compatibility of the CNT/PDMS electrode with the skin.

Conclusion and Future Work

This study concludes that when CNTs as a filler are 
homogeneously incorporated into a PDMS polymer 
matrix by combining ultrasonication and high-shear 
homogenization dispersion techniques, this combination 

Fig. 8  (continued)

Fig. 9  Peak-to-peak ECG signal amplitude of the CNT/PDMS com-
posite electrode and wet Ag/AgCl electrode.
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methods results in a composite preparation method that takes 
approximately 2–3 h to complete. The FTIR and FE-SEM 
characterization confirmed the homogeneous dispersion of 
the CNTs in the PDMS polymer matrix. ECG electrodes 
were fabricated from prepared CNT/PDMS composite, and 
the properties of CNT/PDMS composite polymer electrodes 
were evaluated in terms of conductivity, hardness, and ECG 
measurements. Based on the results, it can be concluded 
that increasing the CNT content in the composite electrode 

to 8 wt.% does not yield a significant improvement in the 
correlation with the ECG signal obtained from the Ag/
AgCl electrode compared to the 6 wt.% concentration. 
Hence, a 6 wt.% concentration of CNT/PDMS composite 
is recommended for fabrication of dry ECG electrodes. 
The CNT/PDMS electrodes exhibited overall excellent 
performance and reliability in terms of signal quality, 
durability, and skin compatibility when compared to 
conventional wet electrodes. These findings support the 

Fig. 10  Electrode attachment to the skin for long-term ECG measurement.

Fig. 11  Comparison of long-term ECG signals measurement.
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feasibility and effectiveness of CNT/PDMS electrodes for 

ECG measurements, making them a promising alternative 
in medical applications.

Further optimization investigations can be carried out 
to determine the concentration of carbon nanotubes that 
achieves an optimal balance among electrical conductivity, 
f lexibility, and biocompatibility. Additionally, the 
exploration of surface modification for CNTs shows 
promise, offering the potential to improve their dispersion 
within the PDMS matrix. The functionalization of CNTs 
with appropriate surface groups or coatings could 
result in a more even dispersion, ultimately enhancing 
electrical performance. Lastly, the incorporation of 
other nanomaterials alongside CNTs is worth exploring, 

capitalizing on the multifunctional properties of various 
nanoparticles to synergistically improve the overall 
performance of the composite material.
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