
1 

 

EXTENDED ABSTRACT 

Conductive elastomeric materials for continuous electrocardiogram (ECG) monitoring 
Duarte Matos1; André Lourenço2 & Ana Marques1 

1 Instituto Superior Técnico, Universidade de Lisboa, Portugal  

2 CardioID Lda., Portugal 

 

The continuous monitoring of Electrocardiogram (ECG) is a multidisciplinary challenge of materials electrical and bio-medical 
engineering, hardware design and software digital signal processing (DSP). There is a growing interest in the non-intrusive integration 
of ECG monitoring devices in every-day life applications in areas such as fitness and sports, leisure activities and in professional 
settings. It is the aim of this work to study elastomeric conductive materials as effective solutions for continuous ECG monitoring in 
bicycle hand grips. 

The produced elastomeric materials were based on silicone rubber and EPDM rubber elastomers and on SEBS and TPU thermoplastic 
elastomers. Four different polymer processing methods and three types of conductive filler particles were investigated. A solution-
mixing casting method was the most successful at producing samples with low resistivity values, with the most conductive specimens 
reaching volume resistivities of 5.04 x 10-1 Ωm for TPU and 3.03 x 10-2 Ωm for SEBS, using carbon blacks. 

The best elastomeric materials were tested for their ability to acquire both artificial generated ECG and real human ECG in real time. 
A prototype using the prepared materials on bicycle handle grips was assembled and tested employing the best performing conductive 
elastomeric materials. The materials with the highest particle loadings and hardness values allowed for the most stable and artifact 
free ECG acquisition. The prototype was used as a proof of concept for conductive bicycle hand grips where stationary and slow riding 
on a smooth terrain allowed for the continuous monitoring of ECG.  

Keywords: electrocardiogram (ECG); continuous monitoring; biopotential electrodes; conductive elastomer; conductive TPE; 
conductive bicycle handle grips. 

1. Introduction 

There is a need for user friendly wireless solutions in long-term 
ambulatory Electrocardiogram (ECG) monitoring conditions. 
While ECG monitoring is widely used as a routine medical 
procedure, its application in the continuous monitoring of the 
heart in daily life of a patient is still limited and unpractical. One 
aspect of this limitation is the materials challenge of developing 
light weight, flexible and biocompatible electrodes that can be 
readily used in common everyday items such as clothing, 
wearable, bands steering wheels, mouse pads, or handles.  

This thesis is derived from the collaboration between CardioID 
and IST and is also part of the effort to execute the Portugal 
P2020 project with CardioID and CEiiA in the consortium, which 
targets the development of bicycle grips that enable continuous 
ECG monitoring. The project originated a paper publication, as 
referenced from Lourenço et al. [1]. 

Elastomeric materials are a class of polymers usually classified as 
electrically insolating and non-conductive. This is due to their 
intrinsic high electric resistivity, characteristic of most polymers. 
Polymers are materials of many long carbon chains and typically 
have no free or delocalized electrons. However, polymers can 
become electrically conductive composites via the incorporation 
of conductive particles using them as matrix materials. 

Elastomeric materials are a class of polymers usually classified as 
electrically insolating and non-conductive. This is due to their 
intrinsic high electric resistivity, characteristic of most polymers. 
Polymers are materials of many long carbon chains and typically 
have no free or delocalized electrons. However, polymers can 
become conductive polymer composites (CPC) via the 

incorporation of conductive particles using them as matrix 
materials.  

Conductive elastomeric materials with relatively low resistivities 
can be used as dry electrodes for biosignal measurement [2]. Dry 
electrodes, as opposed to the standard clinical wet Ag/AgCl 
electrodes do not require an electrolytic gel to be applied in the 
electrode-skin interface of the patient. As such, dry electrodes 
are being increasingly used in biometric acquisition where the 
comfort and biocompatibility of the electrodes are a concern, 
namely in ambulatory conditions and in more uncomfortable test 
setups, such as the Electroencephalogram (EEG). 

Continuous health monitoring is actively researched, and ECG 
allows for the monitoring and prevention of not only heart 
conditions but also of stress, fatigue and other factors [3]. So, 
there is ongoing study on seamless, wireless and non-intrusive 
ways of measuring ECG during normal everyday practices, such 
as during physical exercise and sports, during rest, and during 
work. The electrodes of choice for these applications are dry 
electrodes. 

Several materials can be used as dry electrodes, such as metals, 
conductive polymers and conductive fabrics. Conductive 
elastomers are an excellent solution because of their 
biocompatibility, mechanical flexibility and elasticity, cheap 
production prices and ease of integration with textiles and other 
products. 

2. Experimental section 
2.1. Materials 

Silicone rubber MM820 two-component RTV silicone rubber and 
crosslinking initiator catalyst MM CAT L51 V (cure time of 48h) 
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were supplied by ZEX - Comércio de Materiais para a Indústria 
Lda. 

EPDM samples were supplied by FLEXOCOL Fábrica de Artefactos 
de Borracha, Lda. A total of four samples were provided with four 
different Shore A hardness values – 40, 50, 60 and 70, 
corresponding to different contents of added carbon blacks. 

SEBS co-polymer was provided by Salmon Portugal. The provided 
SEBS pellets are a TPE polymer of extrusion / injection molding 
grade - Kraiburg TF5CGT (FC Series).  

TPU polymers were supplied by BASF SE, all extrusion / injection 
molding grade TPEs supplied in pellet form. Three different 
grades were supplied: Ellastolan 1170 A 10 U polyester 
polyurethane TPU, Ellastolan LP 9277 10 aliphatic polyester-
polyurethane TPU and finally Ellastolan 1185 A 10 EC, a 
polyether-polyurethane TPU with electrically conductive 
properties, to be used as benchmark. 

Orion Printex F-Alpha carbon blacks were supplied by 
POLIVERSAL - PLÁSTICOS E TECNOLOGIA, S.A., in sample quantity.  

Cabot Corp. provided two electrical conduction grade carbon 
blacks - Vulcan XCmax22 and Vulcan XC72. Both carbon blacks 
are specialty carbon blacks designed for electrical conductivity at 
low volume percentages. 

Short milled carbon fibers were supplied by SGL Composites SA. 
These are short carbon fibers have an aspect ratio of 42-50 with 
an average length of around 250 µm and width of 5-6 µm. 

Graphene nanoplatelet aggregates, with a specified total surface 
area of 500 m2/g, were acquired from STREM Chemicals. They 
were supplied in powder form with aggregates of a few 
nanometers in thickness and <2 micrometers in width.  

2.2. Silicone rubber sample preparation 

To prepare the silicone rubber samples a high-speed 
homogenizer, IKA T25 digital Ultra-Turrax, was used to mix and 
disperse the filler particles on the viscous liquid polymeric phase 
at high shear. 

First, base liquid silicone rubber polymer was mechanically 
stirred to ensure a homogeneous polymer liquid phase, because 
of its relatively high viscosity and tendency to accumulate at the 
bottom of the container. Then, the polymer phase and chosen 
conductive filler were weighted accordingly for each different 
sample. Conductive particles were then added to the silicone 
phase and the mixture subjected to the homogenizer at around 
6000 rpm for 10 minutes, at room temperature.  

The mixture was afterwards subjected to 10 min of 
ultrasonication to help disperse and separate the added filler 
particles. The catalyst agent was added after ultrasonication and 
mixed by hand for a few minutes or until the container 
temperature started to increase. It was then transferred to 
aluminum foil circular containers and cured at room temperature 
in a fume hood for a minimum of 24 hours. After curing, samples 
were removed from the containers and left to cure for another 
24h. 

 

2.3. TPE preparation using a two-roll mill 

One of the methods used to mix TPE polymer and conductive 
filler particles was mechanical shear mixing using a two-roll mill. 
Both SEBS and TPU polymer samples were tested with this 
method.  

To heat the rolls on the two-roll mill a thermostatic bath (oil 
heater and pump) was used. The oil heater was pre-set to around 
185 ºC, effectively pre-heating the rolls to around 160 ºC as 
measured with a handheld infrared temperature meter. While 
heating, the rolls were kept at a constant 15 rpm speed. After 
pre-heating the rolls, the TPE polymer pellets and fillers were 
weighted accordingly for each selected sample. TPU pellets were 
also pre-heated (dried) in an oven at 90ºC for 3 hours to remove 
excess moisture. From this point on, temperature, roll nip gap 
and roll speed were continuously monitored and adjusted on a 
per sample basis. 

First, the nip was adjusted to a gap of around 1 mm and pellets 
were slowly added to the moving rolls at 15 rpm. As the polymer 
started to melt, flow and fall through the gap, it was manually re-
added to the rolls along with any loose pellets. When a 
continuous film of TPE polymer developed, the speed of the rolls 
was increased to 20 rpm and the nip gap was increased slightly 
to ease the flow for around 2 minutes. The filler was then added 
in small portions at a time. Each portion affected the 
homogenous flow of material causing it to adhere to both rolls or 
to shift from one roll to the other. Around 1 minute later the flow 
stabilized, and another portion of filler material was added. This 
procedure was repeated until the full weight of filler was added 
to the polymer. 

To evenly distribute the filler particles the nip gap was then 
reduced, and the speed increased to 25 rpm for 10 minutes. The 
polymer was then removed from the rolls and the film rolled and 
re-introduced at a 90º angle. The process of removal, rolling and 
remixing was performed a total of 3 times.  

The TPE film removal was achieved by slightly reducing 
temperature and increasing the speed to around 30 rpm while 
varying the nip gap until a continuous film formed on a single roll. 
Afterwards, the film was slowly scraped from the rolls moving at 
very low roll speed. 

2.4. TPE preparation via solution mixing casting 

A solution mixing method was used to mix the TPE polymers and 
filler particles in a solvent medium, which was then evaporated 
to retrieve the composite polymer mixtures. The developed 
procedure is a solution mixing casting process, where the 
conductive filler particles were shear mixed with the dissolved 
polymer in a solvent. The cast polymer materials were then hot-
pressed into rectangular shapes. 

SEBS sample preparation 

First, SEBS polymer was dissolved in a solvent using a magnetic 
stirrer at 100 ºC for around 60 minutes. With a polymer to solvent 
ratio of 2g of polymer per 60 mL of toluene. The conductive filler 
particles were similarly dispersed in the solvent at the desired 
phr value in 60 mL of toluene, for a minimum of 10 min. The 
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solvent filler dispersion was afterwards mixed with the SEBS 
polymer solution, followed by 5 min of magnetic stirring. The 
whole mixture was then ultrasonicated for 30 minutes to help 
disaggregate the filler particles. Additionally, to homogenize and 
further increase dispersion an IKA T25 digital Ultra-Turrax 
homogenizer was used at 12 000 rpm for 10 min, at room 
temperature.  

The solution was evaporated afterwards using a roto-evaporator 
in a water bath at 45 ºC and under a vacuum at a minimum 
pressure of 30 mbar for around 30. While evaporating the solvent 
a thin film of polymer deposited in the recipient flask walls. This 
film was removed from the glass recipient and stored for later 
hot pressing. 

TPU sample preparation 

The procedure used to produce TPU samples was nearly identical 
to the procedure used to produce SEBS samples. The polymer to 
solvent ratio was the same (2g of polymer to 60mL of solvent). 
The chosen solvent was tetrahydrofuran (THF) based on the 
literature. However, to evaporate the solvent, the solution was 
placed on roto-evaporator using a water bath at 25 ºC and under 
a minimum vacuum at a pressure of 100 mbar for around 30 min. 

2.5. Sample hot pressing 

The roll-milled and solution mixed polymer samples were hot 
pressed to a uniform rectangular shape.  

The roll-milled and solution mixed polymer samples were hot 
pressed to a uniform rectangular shape of 1.2 x 10 x 25 mm3 
dimensions using temperatures in the 185 – 220 ºC range 
depending on the pressed sample. The pressing was done using 
a James Heal Thermaplate. 

A light pressure of approximately 1kPa was applied with a 5 Kg 
weight to a metal plate mold between two teflon sheets to help 
give shape to the heated polymer material. The Teflon sheets 
help prevent the polymer sticking to the pressing surfaces. The 
pressed samples were observed at intervals of 1-5 minutes, 
depending on the sample, to verify the pressing progress. If the 
sample was not fully pressed it would be subjected to an 
additional 1-5 minutes, and so on. Any excess film material 
around the mold was removed and reintroduced into the mold 
shape. The samples were then removed from the hot press 
equipment and left to cool for about 5 minutes, time variable 
according to the sample. Upon enough cooling, the samples were 
manually removed from the mold cavities. After pressing the 
samples excess material flash was cut and the samples stored 
until further testing. 

A pair of rectangular shaped samples was produced for each 
different composition, along with a third smaller one for those 
samples that were later analyzed by SEM microscopy. 

2.6. Injection molded SEBS samples 

Samples of carbon black loaded SEBS were produced using 
extrusion and injection molding at PIEP – Pólo de Inovação em 
Engenharia de Polímeros. The compound mixture was first 
achieved by using an extrusion process featuring a co-rotating 
double screw Coperion extruder ZSK 26 (L/D = 26) for mixing and 

particle distribution. The cooled polymer filaments (extrudate) 
were pelletized for injection molding. 

Table 1 shows the most relevant extrusion mixing process 
parameters. 

Table 1 – Extrusion mixing parameters for SEBS SIM22-8 samples. 

Parameter Values 

Temperature profile 170 – 190 ºC 

Melt temperature 190 ºC 

Screw rotation speed 180 RPM 

Output 5 Kg/h 

Pressure 16-17 bar 

Torque 17 – 18 % 

 

The pellets were introduced in the injection molding machine 
and injected into disc shape molds with a diameter of 60mm and 
a thickness of 2mm. 

2.7. Particle distribution and morphology analysis 

To evaluate particle distribution and morphology in the produced 
composite polymer materials, various samples were analyzed 
using a JEOL JSM-70001F Field Emission Scanning Electron 
Microscope.  

To prepare the samples for SEM, cured silicone samples, solution 
mixed + hot-pressed rectangular TPE samples and roll milled TPE 
film samples were cold fractured using liquid nitrogen. The 
fracture plane was chosen as perpendicular to the length (largest 
dimension) of the samples. The fractured samples were carefully 
placed in a sample holder with the fracture surfaces facing up in 
the vertical direction (z-axis) and coated by sputtering with a thin 
layer of platinum and gold for about 20 minutes before 
introduced in the microscope. 

Pure carbon blacks VCXmax22 and VCX72 were prepared by 
mechanically grinding the pellets and powder, respectively, to 
separate the largest particle aggregates. They were then placed 
on conductive carbon tape and prepared in the same manner as 
the fractured samples before introduction in the microscope.  

Short milled carbon fibers were analyzed in an optical 
microscope to determine their average length. The fibers were 
compared with a standard square grid (100 µm x 100 µm) image 
taken at the same amplification.  

2.8. TGA for mass loss analysis 

Several produced and sourced elastomeric material samples 
were submitted to thermogravimetric analysis (TGA), to analyze 
the residual mass at the end of the mass curve and determine the 
effective weight percentage of added filler particles.  

Samples were added to a Hitachi STA7200 Thermal Analysis 
System apparatus in small sample sizes with a mass in the order 
of 1 to 20 mg. The tests were performed from room temperature 
to 600 ºC, with a temperature rising speed of 10 ºC per minute 
and 20ºC per minute and N2 flow at 50 mg/min.  
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2.9. Surface hardness measurements 

Surface hardness was measured using an analogue Shore A 
durometer. Samples with a thickness lower than 2 mm were 
vertically stacked in pairs of the same material to achieve a 
practical thickness of at least 2mm. To measure the hardness of 
the samples the durometer needle was pressed against the 
sample surface and the highest instantaneous value indicated by 
the analogue meter needle was registered.  

The measurements were made on a wooden table with a Shore 
A hardness higher than 100. Measurements were made in 
different surfaces and with different stacking thicknesses to 
validate the chosen surface and thickness. Also, the needle 
indentations were performed at a 90º angle relative to the 
sample and table surface planes. 

A total of 5 measurements were performed per sample, each 
performed on a different surface point. 

2.10.  Volume DC resistivity measurements 

To determine the volume electrical DC resistivity of the produced 
elastomeric material samples the standard methods of two-point 
and four-point resistance measurements were conducted.  

The four-point measurement method is typically used when the 
resistance is below 100 mega-Ohms, in which case it can be 
important to discard the contacts resistance, as it can be an 
appreciable source of error for low resistance samples. Using the 
two-point method the resistance would be measured directly on 
our sample with an electrometer (in resistance mode) and in this 
case we would measure the sample´s resistance plus the 
resistance of the two contacts.  

A Keithley 619 Electrometer/Multimeter was used, set to 
resistance mode (Ohm) for the two-point method and set to 
potential mode (Volt) for the four-point method. Also, a Keithley 
6220 precision low current source was used for injecting the 
current in the samples.  

Volume resistivities of the analyzed samples spanned a large 
range between high resistivity values (>107 Ωm) and relatively 
low resistivity values (<1 Ωm). As such, according to normal 
practice [4,5] the samples were divided in two groups of high 
resistivity samples (>105 Ωm) and low resistivity samples (<105 
Ωm), to be measured using two-point and four-point methods, 
respectively. 

To measure the resistance of the low resistivity samples a custom 
four-point probe measurement setup was designed using 3D 
printed parts of insulating PLA plastic, as shown in Figure 1. This 
device was constructed based on some of the guidelines from ISO 
1853:2018 standard for conductive elastomer and TPE resistivity 
measurements [6]. 

This setup is composed of three parts – a spaced electrode 
fixture, a sample holder and a voltage electrometer probe. 

The spaced electrode fixture was devised as a set of two copper 
tape bands spaced at a set distance of 20 mm, Over a large 
rectangular base. Each copper tape was connected to separate 
terminal connections, one positive and the other negative.  

The sample holder is comprised of two clamps that keep the 
sample in place and apply a small pressure. The clamps are 
guided through a set of four screws glued to the back of the 
rectangular base and are tightened by four small thumb screws.  

The voltage electrometer probe was used to measure the voltage 
across the sample at a set distance of 10 mm. It was designed to 
be hollow and filled with sand to control the weight with 3 large 
screws glued to the top for extra weight and stability, thus 
ensuring a constant weight force of at least 66g (0,65 N) on 
measurement [6]. The electrodes are comprised of a pair of 
copper tapes attached to a set of triangular prism domes with 
slightly rounded vertices, spaced 10 mm.  

Four-point method measurements were made using a 
combination of a low current DC source Kethley 6220 precision 
current source and a high resistance electrometer – Kethley 619 
electrometer. To measure the sample DC resistance, a small 
current ranging from 1 μA to 1 mA was passed through the 
sample and the voltage drop was measured with the 
electrometer probe, with power not exceeding 0.1 W in the 
sample [6]. 

The volume resistivity was estimated as a function of the 
measured current and voltage drop in the sample, using the 
following expression: 

𝜌 =  
𝑉

𝐼
 ×   

𝐴

𝐿
 (1) 

 

Where V is the measured voltage drop, I is the current passed 
through the sample, A is the sample cross-sectional area and L is 
the length between voltage electrodes on the electrometer 
probe. Using the above expression, it is assumed that the sample 
material composition and cross section are uniform along its 
length and that the sample length is large enough to have the 
electric field and current density both parallel and constant 
across the entire sample. 

For two-point probe method measurements the same setup was 
used but using only the spaced electrode fixture and sample 
holder parts, connecting the copper tape electrodes to the 
measuring electrometer with a current electrode separation of 
20 mm. In this case only the high resistance meter - Kethley 619 
electrometer was used to measure the resistance directly in ohm 
resistance operation mode.      

 

 

Figure 1 - Photographs of the developed four-point resistance measurement 
setup. Left: setup layout of 3D printed parts. Right: example of clamped sample 
in contact with the setup current electrodes. 
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2.11.  ECG measurement and analysis 

ECG measurement tests were performed in two different 
configurations. The first using a generated ECG signal passing 
through a pair of electrode samples and the second using real 
human ECG in the same conditions.  

Both signals were recorded with a smartphone app – Bike Your 
Heart, developed for this purpose [1], using a developed 
embedded system with a Bluetooth Low Energy (BLE) protocol.  
The developed embedded system is built around an ARM 
STM32F446, based on an ARM-M4 RISC 32 architecture 
operating at 180 MHz [1]. The ECG acquisition was made with an 
AD8232 with customized filters for the setup with two electrodes 
and a virtual ground at a sampling rate of 1000 Hz and 12-bit bit-
depth [1]. Some of the recorded signals were post-processed in 
MATLAB. 

Generated ECG setup and analysis 

To measure the conductive samples response to generated ECG 
signals an analogue arbitrary function generator Agilent 33220 
OA was used. The function generator featured a cardiac function 
output that simulates an ECG signal profile, which was fed to the 
conductive samples to test their response. The wave function 
amplitude was set at an amplitude value of 2-7 mV, on the higher 
end of human ECG input signals [7], to improve the signal-to-
noise ratio (SNR) and recorded signal resolution. 

In this setup the samples were connected to the Agilent 33220 
OA generator using a positive and negative connection, one for 
each of rectangular shaped hot-pressed samples of a sample pair, 
as shown in Figure 2. The signal output was connected to the 
front-end of the developed system and recorded via Bluetooth to 
the smartphone application. The signal output was recorded as 
amplitude samples (relative signal intensity) versus a timestamp 
value (seconds) in a file of discrete values. 

To determine the ECG quality, the recorded output was 
subjected to two different data analyses. The first was a visual 
comparison between plots of the direct output and sample 
output signals. The signal to noise ratio and peak amplitudes are 
compared. The second was a frequency response comparison 
with the original signal frequency response by using a fast Fourier 
transform (FFT) on the recorded time-domain ECG profiles. 

Human ECG setup and analysis 

To measure a real human ECG response of the samples a setup 
was configured using two test subjects. Each of the individuals 

grabbed the samples using both hands, one for each identical 
sample of a pair which were connected to the same hardware 
system as described previously. 

Figure 2 shows the human measurement setup. The conductive 
elastomeric samples were grabbed between the index and 
thumb fingers [8], each with one hand, making sure not to 
contact the metal contacts from the crocodile snap connectors. 
The grabbing force was then adjusted for optimal static ECG 
acquisition using the signal display from the app as reference, as 
too little force will result in a weak or non-existent ECG signal and 
too much force will introduce significant motion artifacts that 
saturate the analogue front-end, resulting in distortion of the 
acquired signal. 

The sampled and recorded output signals were subjected to a 
different set of data analyses. First, the plotted output signals 
were visually compared regarding the SNR, ECG peak stability 
and motion artifacts. Secondly, the signals were post-filtered 
using a pass band and notch filters to compare with the 
unfiltered signal sources and determine the efficacy of each 
sample for real-world ECG monitoring. This processing greatly 
reduces low and high frequency content artifacts and 
Electromagnetic Radiation (EMR) interference. A high pass cutoff 
frequency of 1.5 Hz and a lowpass cutoff frequency of 5 Hz was 
found to be the most effective at removing artifacts and 
preserving most of the important features of the recorded ECG 
profiles. For the power line interference notch filter a standard 
of 50 Hz (for the EU) was used. 

2.12. Prototype assembly and testing 

A prototype of conductive bicycle hand-grips for ECG monitoring 
was developed. The conductive elastomeric material samples 
were used as point contacts for ECG signal acquisition using the 
hands on the bicycle hand grips.  

Three prototypes were tested on prototype performance. The 
prototypes were tested both at rest and while riding the bike on 
an asphalt road and on a rough terrain tiled sidewalk. The output 
signals were recorded in real time using the smartphone app as 
was done for the previous ECG measurement configurations. 

While riding the bicycle, an effort was made to capture both 
smooth slow riding as well as vigorous pedaling, and in between. 

3. Results and discussion 
3.1. Silicone rubber samples 

Silicone rubbers were produced in disk shapes as shown in Figure 
3. Samples were first produced using carbon blacks, then carbon 
fibers and finally GNAs. Although the mixing method using the 
homogenizer proved successful, there was a limit in how viscous 
the mixture could be before it was ineffective, as well as it 
hindered the curing process.  

Most prepared and de-molded samples appeared homogeneous 
in color and consistency. However, there were two exceptions. 
Silicone samples with graphene nanoplatelet aggregate (GNA) 
loadings of 2 phr and 6.67 phr did not cure properly and their 
perceived quality and mechanical strength was very low. In fact, 
they were lower than those of silicone with 1 phr of added 

Figure 2 – ECG measurement setups using both artificial generated ECG and 
human ECG measured on finger contact.  Left: generated ECG setup. Right: human 
ECG setup. 
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graphene nanoplatelet aggregates. The same is observed in 
hardness measurements. This was probably due to a hindered 
cure process. The silicone rubber and GNA mixture did not cure 
properly, with high viscosity and poor mixability being the most 
probable cause. The 6.67 phr loaded sample displayed the lowest 
quality. Therefore, when mixture viscosity is very high the 
catalyst does not completely mix with the base polymer, the 
curing process is not as effective. 

Samples loaded with Orion Printex F-Alpha CBs could only be 
produced up to 5 phr loading. Samples with 5 phr loading were 
already quite viscous and difficult to work with without damaging 
the mixing equipment. A silicone rubber sample preparation with 
a CB loading of 10 phr was attempted. The selected carbon black 
was Vulcan XCmax22 for its high conductivity specification and 
for comparison with the roll milled and solution mixed samples. 
The procedure was identical to that used to prepare the other 
samples. However, because of very high viscosity the mixture 
was performed at 70 ºC. Despite the elevated temperature the 
viscosity remained very high and overall mixability low. The 
poorly mixed mixture of paste consistency was then scraped 
from the mixing container and placed in both rectangular shaped 
molds and circular aluminum containers. The rectangular shaped 
samples are shown in Figure 5. 

Of the produced samples, sample (SR22-10) was the only one 
with a measurable low resistivity. This allows the samples to be 
used as biopotential electrodes for testing. 

While for silicone rubber biopotential electrode preparation a 
similar production method could be used, alternative methods 
such as PDMS solution mixing casting [9] and the utilization of 
PDMS with different curing processes [10] could be used for 
better results. 

 

3.2. Roll milled TPE samples 

Before testing of the roll mill mixing process, each of the TPE 
polymer workability was tested. Ellastolan 1170 was chosen as 
the base TPU material for two-mill mixing of conductive samples 
as it had the superior workability. 

Some Ellastolan 1170 TPU samples, including pure TPU polymer, 
developed bubble-like features in the material surface as shown 
in Figure 4. This may indicate that the pre-drying of the pellets 
was ineffective, and some water remained trapped in the 
hygroscopic polymer matrix. This surface feature does not 
appear to be present across the bulk of the material and as such 
is unlikely to affect bulk volume resistivity. Furthermore, the 
samples appear uniform and homogeneous in color and 
consistency. It is also noted that the samples with the highest 
quantity of added particles, including the milled Ellastolan 1185 
EC sample, did not have this issue. 

The processed TPE samples greatly adhered to the metallic rolls, 
even with the use of demolding spray, and were consequently 
difficult to remove from the rolls. As opposed to the usual 
workflow of roll-mill operation, the TPE samples were removed 
by scraping the polymer film from stopped or very slow-moving 
rolls, shown in Figure 7. Standard practice to remove them 
continuously from moving rolls was ineffective. This could be 
because the temperatures were not high enough, however, the 
highest temperatures utilized (around 190 ºC sample 
temperature) were already at the upper limit of the thermal oil 
in the oil bath heater. 

Two possible causes for the “sticking” behavior are milling 
temperatures and the TPE polymer structure. Milling 
temperatures were considerably higher than those required to 
process traditionally milled rubber (such as natural rubber, SBR 
and EPDM) requiring temperatures in the range of 160-185 ºC as 
opposed to around 100 ºC. Higher temperatures may lead to 
greater chemical reactivity and affinity between the polymer and 
hot metal surface, resulting in greater adhesion. On the other 
hand, TPE polymer structure, as is the case with TPU and SEBS 
polymers, is typically a two-phase system. If the thermoplastic 
phase has greater affinity to the metallic rolls, this may explain 
the observed adhesion. One or perhaps both factors contributed 
to polymer – roll adhesion problem. It should also be notes that 
the polymer is of an extrusion / injection molding grade and, as 
such, not designed for roll-mill mixing. 

Figure 5 - Produced silicone rubber disk shaped samples. Left to right: SRcbp-5, 
SRcf-7.5 and SRgr-1 samples. 

Figure 4 - Cure molded SR22-10 samples in rectangular shapes. Small 
indentations on the top surface are left from previous attachment to crocodile 
clips for biopotential measurement testing. 

Figure 3 - Bubble-like features on the polymer film surface of roll milled TPU 
samples. a) Pure polymer and b) TRM22-5 sample.  Arrows point to the individual 
features. 
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Using the roll mixing method conductive TPU samples were 
produced in a considerable range of filler loadings and 
conductivities. While this small-scale production method proved 
adequate in producing conductive particle mixed TPE samples, 
on a large-scale setting it would present some problems. The 
two-roll mill requires manual labor and is relatively slow for the 
used TPE polymers, with each sample taking more than an hour 

to produce in a lab setting. There are also the issues of the 
polymer adhesion to the rolls, that greatly reduces productivity, 
and required high temperatures which are more hazardous for 
the laborer. The particle distribution is also a problem, because 
to ensure good dispersion in the polymer several mixing cycles 
are required, which lowers productivity. 

3.3. Solution mixing of TPE samples 

Facing the obstacles in sample preparation with the other 
methods, an alternative sample production procedure was 
developed based on other works [11,12].  

First, suitable solvents must be chosen. SEBS dissolution was 
tested with two different solvents – cyclohexane and toluene 
[13]. The best solvent was found to be toluene. However, SEBS 
did not dissolve in toluene completely even when stirring at 100 
ºC for over 1 hour. Also, if left for some time the toluene and 
suspended SEBS phases started to separate. 

TPU dissolution was tested with THF which was very effective at 
completely dissolving the TPU at high temperature. TPU 
completely dissolved in THF when stirring at 90 º C for 1 hour. 
TPU and particle solution appeared completely transparent and 
homogenous. 

The dissolved polymer and filler mixture were shear mixed after 
ultrasonication for homogenization and particle distribution.  The 
solvent was then evaporated in a roto-evaporator under vacuum. 

Because of the roto-evaporator methodology, the suspended 
particles in the solvent might migrate to the outer layers of the 
deposited polymer in the glass volumetric flask walls due to 
centrifugal force. Also, if the dissolved polymer interaction with 
the filler particles is poor, the particles may deposit preferentially 
in the bottom of the flask as the last remaining solvent 
evaporates. If this happens, the polymer film in the bottom of the 
flask has a higher concentration of particles than the remainder 
of the film. 

Both effects should be negligible, however. The first effect, even 
if it occurs, creates a particle segregation in the matrix along the 
transverse direction of the film. But the film is very thin (a few 
millimeters) and will be hot pressed, so the particle average 
distribution in the samples should be barely affected. The second 
effect can be resolved by hot pressing both film from the bottom 
of the flask and film from the sides. Even if the bottom film is 
slightly more conductive, by hot pressing it together with a less  

conductive film the resulting polymer sample will, hopefully, 
display a more homogeneous and average conductivity. If, 
however, the conductivity is very different between different 
parts of the film, the results will be greatly skewed.   

The removal of the polymer film from the flask was easy as the 
polymer did not adhere significantly to the glass flask walls. 
Figure 6 shows a film sample both in the flask and after removal. 

The solution mixing method was the most productive and flexible 
of the tested laboratorial production methods. However, it has 
poor scalability because of two factors - first, the method is 
relatively slow and involves several steps, secondly, the used 
solvents are hazardous (especially toluene) and would require 
strict health and safety standards for large-scale commercial use.  

3.4. Sample hot pressing 

The samples were pressed in pairs for later testing of hardness, 
volume resistivity and, for some, as biopotential electrodes. For 
the samples analyzed using SEM, a third smaller rectangular 
sample, was pressed for cold fracture preparation.  

Some of the materials were easier to press than the others. In 
general, TPU polymers required a higher temperature to 
adequately press especially considering the low amount of 
pressure applied. TPU polymer samples were also more likely to 

Figure 7 - TPU polymer and carbon black mixture on the two-roll mill, showing 
the difficulty in removing the polymer film from the rolls 

Figure 6 - Solution mixed carbon black loaded SEBS film. Left: film in glass flask 
after solvent evaporation. Right: film after removal from the flask. 

Figure 8 - Hot-pressed solution mixed TPEs. Left: TPU TSM22-15 sample. Right: 
SEBS SSM22-15 sample. Small indentations on the top surface are left from 
previous attachment to crocodile clips for biopotential measurement testing. 
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adhere to the teflon plates at high temperatures. Figure 4.13 
shows pairs of hot-pressed SEBS and TPU samples. 

3.5. Injection molded SEBS Samples 

The provided samples are very homogenous and of consistent 
quality and dimensions. The hardness values are also consistent 
with a 3.4 % sample standard deviation. 

The produced injection molded samples are not electrically 
conductive, even though the filler percentages are very close to 
that of equivalent solution mixed conductive samples. A TGA 
analysis of the injected molded sample determined the real 
carbon black percentage to be around 9.89 wt%. It is compared 
to TGA curve of a solution mixed sample determined to have 
around 8.64 wt% of carbon blacks. Still, the solution mixed 
sample is conductive (at 7.11 Ω.m, as determined in SECTION), 
while the injection molded sample is not. 

The mixing method chosen was double screw co-rotating 
extrusion. While this type of extrusion is very effective at mixing 
it is not as effective at dispersing and distributing particles as 
double screw counter-rotating extrusion. For this reason, it is 
likely that the particle dispersion and distribution was not ideal 
and less effective than the one achieved with the solution mixing 
method, which explains the disparity in measured volume DC 
resistivities. 

3.6. Particle morphology and distribution analysis 

To evaluate the particle morphology and distribution of the 
produced samples, both optical microscopy and SEM microscopy 
techniques were utilized. Optical microscopy was used to analyze 
the short carbon fibers. SEM microscopy was used to analyze the 
carbon black particles and the particle distributions in the various 
produced samples. 

Figure 9 shows SEM micrographs of TPU sample TRMcbp-20 with 
20 phr of added Printex F-Alpha CBs produced using two roll-mill 
mixing. The carbon black agglomerates seem well distributed in 
the polymeric matrix. It also shows the effect of polymer 

remixing in the distribution and average particle size reduction of 
added carbon blacks. After 3 remixing cycles on the roll mill the 
particle agglomerates are noticeably smaller and seem more 
evenly distributed with a greater volume fraction. 

Sample SSMX22-10 loaded with 10 phr CBs has considerably 
higher volume fraction of carbon black particles when compared 
to other samples loaded with inferior phr levels, as shown in the 
SEM images of Figure 10 (a). The CBs appear well distributed and 
of relatively uniform size. For comparison, Figure 10 (b) shows 

the SEM images of a sample SSM72-10 loaded with 10 phr of 
VXC72 carbon blacks.  

They have better contrast and are more easily recognizable. 

Here, the CB agglomerate size difference is very apparent. VXC72 
CBs particles form much bigger aggregates when compared to 
VXCmax22 CBs.  Comparing Figure 10 (a) and Figure 10 (b), one 
can assume that the filler volume fraction is superior for sample 
SSM22-10 due to smaller particle aggregate sizes which should 
lead to a lower material conductivity, for the same loading wt%. 

Overall, the CBs appear well distributed and of relatively uniform 
size. Based on the presented SEM images the carbon blacks have 
good dispersion and matrix adhesion and should form a 
percolation network at a sufficiently high volume fraction. 

SEM images of sample TSM22-10 are shown in Figure 11. In these 
images one can observe different regions of higher and lower 
concentration of CBs where the difference of added particle wt% 
is noticeable. The images show both scarce and concentrated 
zones of CBs in the polymer matrix. While CBs can be observed 
in the entire fracture surface of the sample, there were zones 
with much higher concentrations, as evident Figure 11 (b). 

These zones are either related to the solution mixing method or 
to the hot-pressing process. The solution mixing process might 
induce particle segregation, as discussed in section 4.3, which 

100 nm 100 nm 

100 nm 100 nm 

(a) 

 

(b) 

 

(c) (d) 

Figure 11 - SEM photomicrographs of roll milled sample TRMcbp-20 with a CB 
loading of 20 phr. (a) and (b) were milled with no polymer remixing, (c) and (d) 
show polymer with 2 remixing cycles. 

(a) (b) 

100 nm 100 nm 

Figure 10 - SEM photomicrographs of TPU sample TSM22-10 with 10 phr of 
VXCmax22 carbon blacks. (a) Sparse zone with low carbon black concentration, (b) 
zone of high carbon black concentration. 

Figure 9 – SEM photomicrographs of solution mixed SEBS samples. (a) SSM22-10 
with 10 phr of VXCmax22 carbon blacks. (b) SSM72-10 with 10 phr of VXC72 
carbon blacks. 

100 nm 100 nm 

(a) (b) 
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may lead to a difference in CB concentration across the produced 
polymer films. Otherwise, this may occur because of poor 
mixability of the particles with either the solvent or dissolved 
polymer molecules. 

3.7. TGA for residual mass analysis 

To accurately determine the filler particle wt% added to each 
sample, TGA was used for residual mass analysis. Elastomer 
materials including SR, EPDM, SEBS and TPU degrade at 
temperatures below 500ºC, while carbon allotrope filler particles 
only start to degrade at temperatures over 600 ºC [14,15]. As 
such, performing TGA on the produced samples up to 600ºC will 
eliminate almost all the base polymer and leave a residual mass 
corresponding to the true filler particle mass present in the 
samples. 

First, the standard temperature rising speed of 10 ºC/min was 
used in the performed TGAs. However, by testing a few samples, 
it was determined that a temperature rising speed of 20 ºC barely 
affected the curve and residual mass plateau at the right side of 
the mass loss measured and plotted values. So, for most of the 
samples a temperature rising speed of 20ºC / min was used so 
that the sample measurements could be executed at a faster 
rate. 

3.8. Surface hardness 

Surface hardness measurements were performed on all the 
prepared samples. The hardness values serve two purposes: to 
determine sample consistency and quality and to quickly validate 
the relative filler percentages. Also, by plotting the hardness 
variation against the filler particle loadings a hardness variation 
slope is estimated, from which the hardness values can be 
predicted based on the intended filler particle loading 
percentages and chosen producing method. 

EPDM hardness 

The determined hardness values were close to the manufacturer 
specifications although slightly out of the error margins. The 
standard deviations are low suggesting that the samples are very 
homogenous. In this case, and for the considered carbon black 
loadings the relationship with the sample hardness is almost 
perfectly linear. 

Silicone rubber hardness 

With regards to F-Alpha CB, GNA and SCF particle filled samples. 
The CB particles had the most hardening effect, with the highest 
slope on the linear fit of hardness-filler loading relationship. The 
carbon fiber loaded samples linear fit slope is less steep, which is 
expected for larger particles at a similar wt%.  

As mentioned previously, the GNA loaded SR sample perceived 
quality decreased with increasing GNA loading percentage. This 
is corroborated by the surface hardness measurements, that 
decrease for increasing GNA loading between 1 phr and 6.7 phr. 

SEBS hardness 

SEBS samples were produced with two types of carbon blacks, as 
previously presented and discussed. Figure 12 (a) shows the 
hardness relationship with carbon black loadings for both 

VXCmax22 and VXC72 carbon blacks. It is apparent that 
VXCmax22 carbon black has a stronger effect on hardness as the 
hardness values are higher than those measured for the VXC72 
samples. Also, the linear fit slope is steeper, so the hardness 
variation is more accentuated. 

TPU hardness 

In the same way as with SEBS samples, TPU surface hardness 
measurements are plotted against CB loading for both types of 
used carbon blacks, as shown in Figure 12 (b). Again, the 
VXCmax22 carbon black has a stronger effect on hardness when 
compared to VXC72 carbon blacks. In this case, however, the 
slope is less steep for VXCmax22. 

3.9. Volume DC resistivity 

The volume resistivities were determined using either a two-
point or a four-point probe method. As described in section 3.10, 
the two-point method was used for the measurement of 
resistivities above 105 Ω.m and the four-point method for the 
measurement of resistivities below 105 Ω.m.  

If the measured resistance is on the order of 108 Ω or higher the 
sample measurement is taken as a two-point measurement and 
if it is lower a four-point measurement is taken instead. The 
electrometer used for the resistance measurements could 
measure up to a maximum resistance of 2 Tera Ohm (2.0 x 1012 

TPU Ellastolan 
1170 

SEBS TCF5CGT 

Figure 12 – (a) Hardness variation with carbon black content, in phr, for solution 
mixed SEBS samples. (b) Hardness variation with carbon black content, in phr, for 
solution mixed TPU samples. 

(a) 

 

(b) 
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Ω) effectively limiting the measurable high resistance range to 
values to between 1.0 x 108 Ω - 2.0 x 1012 Ω. 

The two-point measurements were taken as a single 
measurement. The resistance is very high and so for this case the 
precision is not as important as the order of magnitude. Also, 
each measurement took upwards of 15-30 minutes because of 
RC constant stabilization. The contacts have a capacity associated 
with them and the bigger the resistance R, to be measured, the 
bigger the RC constant of the measurement, which means that 
we have to wait a time equivalent to this time constant RC for the 
measurement to reach its final value. 

For resistances below the beforementioned resistance threshold 
Rt the four-point method was used. In this case three pairs of 
measurements, for a total of six measurements, were made per 
sample. The voltmeter probe was firmly place on top of the 
sample and the displayed voltage left a few minutes to stabilize 
from RC constant. The stabilization time depended on sample 
resistivity, being almost instantaneous for very conductive 
samples and taking a few minutes for less conductive samples.  

CB loaded EPDM 

There is a sharp decrease in resistivity from around 34wt% to 42 
wt% (53 - 70 phr loadings), with resistivities of 8.15 x 102 Ωm and 
1.88 Ωm, respectively. The the right end of the curve seems to be 
the start of a plateau, as the last two resistivity values are closer 
together than the previous two. It is not possible to estimate the 
percolation threshold from only these data points, but it is not 
far below from 34 wt%. Nevertheless, for this range of carbon 
black loading levels the material hardness covers a good range of 
applicability between roughly 44 to 73 Shore A, as seen in the 
previous section. 

Silicone rubber samples 

From the prepared SR samples, there was only one with a low 
resistivity value below the 6.00 x 107 Ω.m upper limit. However, 
this sample is very conductive achieving a resistivity of 7.52 x 10-
1 Ω.m for a CB loading of 10 phr. When compared to the other 
materials loaded with 10 phr of CB, the SR sample is the one with 
the lowest resistivity value. Although this could mean that the 
shear mixing method was the most effective, no direct 
comparisons can be made as the true filler wt% value for the 
SR22-10 sample was not determined. 

CB loaded solution mixed SEBS samples 

The percolation threshold for VXCmax22 CBs is at a loading lower 
than 6 phr, corresponding to around 5.64 wt%. For this CB wt% 
the resistivity is already relatively low at 3.52 x 102 Ω.m. The 
resistivity continues to lower as CB wt% increases reaching a 
value of 2.48 x 10-2 Ω.m for 25 phr loading. For the 5 phr loaded 
sample the resistivity was determined to be above 6.0 x 107 Ω.m 
and as such there is a very steep resistivity drop between these 
two values, indicating that these the percolation threshold is in 
the vicinity of 5-6 phr or 5-6 wt%. The curve appears to be 
flattening near the right side of the graph, as between 20 and 25 
phr the difference in conductivity is around a third of an order of 
magnitude compared to a difference of two orders of magnitude 
between 10 and 15 phr loadings. 

CB loaded solution mixed TPU samples 

Like for SEBS samples the two types of carbon blacks are 
compared with VXCmax22 setting the percolation threshold 
lower than VXC 72. In this case it is easier to see the sharp 
transition characteristic of percolation behavior. As such, the 
percolation threshold is in the vicinity of 7.5 phr or the equivalent 
weight fraction value of 6.98 wt%. The lowest resistivity value 
was achieved for a material with around 25 phr (20 wt%) of CB at 
2.38 x 10-1 Ω.m. While the measured values were higher than for 
SEBS samples, a similar albeit less evident curve flattening 
appears on the right side of the plot. 

SEBS and TPU comparison 

Comparing the resistivity values of the solution mixed TPU 
samples with those of solution mixed SEBS samples, it is apparent 
that the former are consistently higher than the latter. 
Consequently, the TPU resistivity curve displays higher resistivity 
values and, therefore, is shifted to the right of the SEBS curve, as 
shown in Figure 13, for VXCmax22 carbon blacks. 

3.10.  ECG measurements 

As a first test to determine which samples were most appropriate 
to be used as biopotential electrodes, an artificial generated ECG 
signal was used. The arbitrary function generator was connected 
to a pair of produced samples to simulate the one-lead, two-
point hand contact ECG monitoring setup, as previously 
described. The ECG response was measured in real time as a 
digital file with 12-bit bit-depth (total of 4096 discrete amplitude 
values) and with a 1000 hertz sample rate.  

Figure 14 - DC volume resistivity comparison between SEBS TF5CGT and TPU 
Ellastolan 1170 polymers loaded with VXCmax22 CBs. Outliers removed for 
curve fitting. 

TSM22-12.5 Generated ECG 

Figure 13 - Generated artificial ECG acquisitions. (a) Direct acquisition. (b) TSM22-
12.5 sample acquisition. 

(a) 

 

(b) 
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Generated ECG 

First, the response was measured using a generated signal of 2-7 
mV peak amplitude, which was close to the highest input peak 
values while still avoiding signal saturation on the front-end 
amplification and digital conversion. FIGURE shows the recorded 
output of a generated ECG signal directly connected to the 
hardware front-end input amplifier. 

Figure 14 shows a comparison between the original generated 
ECG signal and the acquired ECG signals for sample TSM22-12.5. 

Even for TSM22-12.5 sample recordings, which had the highest 
recorded SNR, the measured ECG profiles show very acceptable 
curve correlation. which had no correspondence only allowed for 
the recording of noise. 

Using FFT and comparing the frequency responses for all cases, 
the recorded signal is nearly identical to the original generated 
signal in the relevant frequency spectrum region of 0 – 30 Hz, 
even for the worst case as shown in the example of Figure 15. 

Human ECG 

Figure C-1 and Figure C-2 in Annex C show the ECG acquisitions 
of EPDM 70 and the best and worst performing solution mixed 
SEBS and TPU samples as directly measured and after post 
software filtering for two different human test subjects. TPU 
1185 EC material acquisitions are used as a benchmark for 
comparison. 

The measured ECG quality is excellent after filtering for the most 
conductive samples as shown in Figure C-1 and Figure C-2 of 
Annex C. Interestingly, the best performing material was 
dependent on the user, with subject 1 achieving the highest 
performance with TSM22-20 and subject 2 with TSM22-15. It is 
also noted that the subjects have a very different ECG peak 
strength, considering that the ECG profile with the highest 
intensity peaks will have a much better quality for heart rate 
estimation. 

While SEBS elastomeric samples had the lowest conductivity, the 
best performance was obtained with TPU samples. The main 
difference was in the low frequency content of the signal, where 
it was more pronounced when using SEBS electrodes. Also, for 
SEBS motion artifacts were more severe and the samples were 
more sensitive to applied pressure. 

3.11.  Prototype performance 

A first prototype was assembled using a pair of conductive TPU 
samples connected with crocodile snaps. A smartphone with the 
ECG acquisition Bluetooth app was secured to the bicycle using 
zip ties for real-time monitoring whilst riding.  

This first setup proved to be ineffective for two main reasons. 
First, the crocodile snap connections were not very stable and 
introduced motion artifacts when the user hands were on the 
bicycle handle bar. Secondly, the electrodes were not well 
secured, and the wires were short, leading to discomforted and 
difficulty in maintain the hands over them. 

A second and final version of the prototype was developed to 
solve the two previously mentioned problems. To improve the 
connection the ends of the elastomeric material electrodes were 
covered with a copper tape which was soldered directly to the 
connecting wires. To improve user comfort the wire lengths were 
extended and the sample were secured around the bicycle 
handle grips either with zip ties for the large EPDM 70 slab 
samples or using an insulating tape, as can be observed in Figure 
16. 

Figure 15 - Comparison between the frequency response of the generated ECG 
signal and the acquired signal using sample TSM22-12.5, with the lowest 
recorded quality. Converted from the original time-domain signal using FFT. 

Figure 17 - Final version of prototype for EPDM 70 (top) and hot-pressed 
rectangular TPE samples (bottom). The hardware front-end was fixated on the 
steering bar along with the power battery. The conductive elastomeric samples 
were taped or tied to the bicycle handles to allow for hand contact while riding. 

SSM22-25 SSM22-25 Post-filtered 

Figure 16 – ECG acquisition for subject 2. (a) direct recording using SSM22-25 
samples. (b) Post-filtered recording using SSM22-25 samples. 

(a) 

 

(b) 

 



12 

 

A single ECG monitoring file was recorded using the smartphone 
app for the whole duration of the test. At the beginning of the 
test a resting ECG measurement was taken with no movement 
on the bicycle for a few seconds. Afterwards, each the subject 
rider pedaled normally on the bicycle to climb a small road ramp. 
On the way down the ramp the rider followed a path where it 
passed through a smooth road ramp and a rough tiled pavement 
at different speeds, with and without pedaling. 

The test was repeated for each material, once for each subject 
for a total of six tests for 3 different materials. The tested 
materials were the EPDM 70 slab samples, SSM22-25 electrode 
pair samples and TSM22-15 electrode pair samples. 

The samples to be tested were chosen based on the 
measurements described in the previous section, being the best 
performers for subject 2 with the strongest ECG signal. 

Some of the resulting acquired signals are presented in Figure 18. 
Here, one can see that acquired ECG while at rest was of a similar 
quality to that obtained in the ECG tests discussed in the last 
section. It is also shown that ECG is being acquired even whilst 
riding the bicycle, albeit for slow movement and a relatively 
smooth ground surface contact. 

4. Conclusions and future work 

The main objectives for this work were the study of different 
elastomeric material production methods, the measurement of 
ECG using the most conductive samples and the determination 
of the effect of material properties like surface hardness in the 
quality of the measured signals. 

Three different experimental methods were used to produce 
conductive elastomeric materials based on elastomers and TPEs. 
Samples were loaded with carbon blacks, GNAs and short carbon 

fibers for silicone rubber and roll milled TPU, and carbon blacks 
and carbon fibers for solution mixed TPEs.  

The shear mixed silicon rubber was very viscous at room 
temperature which was an impediment to the addition of high 
loadings of conductive fillers. A conductive silicone rubber 
sample was produced with a low resistivity of 7.52 x 10-1 Ωm, 
however, its mechanical properties were not on par with the 
lesser loaded samples probably due to a defective curing process.  

EPDM rubber samples produced by two roll milling had a good 
relationship between carbon black filler content and hardness, 
such that the least resistive sample had a hardness of 73 shA with 
a relatively low resistivity of 1.88 Ωm.  

TPU elastomeric material samples were successfully produced 
using a two roll milling process. It was demonstrated that TPU 
can be roll mill mixed with conductive particles, provided it is 
possible to supply the required temperatures. The roll-milled 
samples were comparably inferior in electrical conductivity when 
compared to equivalent solution mixed samples. This indicates 
that the used roll mill mixing method was not as effective at 
particle dispersion and distribution as the other methods, for 
similar material compositions. The lowest resistivity value, for a 
roll milled sample, was measured as 1.43 x 106 Ωm for a sample 
with 15.02 wt% of added carbon blacks, which is much higher 
than other elastomeric materials at similar filler particle 
contents.  

Solution mixed SEBS and TPU material specimens were the most 
successful. The produced samples mechanical properties were 
acceptable, even though no formal tests were conducted. The 
achieved volume resistivities were considerably low with 
percolation thresholds near 5 wt% for SEBS and 7 wt% for TPU. 
The lowest achieved resistivity values were 2.38 x 10-1 Ωm for 
TPU loaded with 22.01 wt% of VXCmax22 carbon blacks and 3.03 
x 10-2 Ωm for SEBS loaded with 20.27 wt% of the same carbon 
blacks. 

Comparing the two matrix materials, SEBS had a lower resistivity 
for similar particle content wt% in the elastomeric material 
samples. It was discovered using SEM microscopy that in TPU 
samples the particle distribution was inferior with zones of higher 
and lower carbon black volume fractions. This may indicate that 
the polymer-solvent-particle interactions were not as strong thus 
preventing a good distribution of the particles in solution. It could 
also mean that the particle interaction with the TPU matrix is 
weaker than the interactions with SEBS, on a chemical level. On 
the other hand, hot-pressing process might have been less 
effective in the production of the TPU samples. 

Of the investigated filler materials, carbon blacks were the most 
promising in terms of improving electrical conductivity at low phr 
addition quantities. Short carbon fibers failed to produce a highly 
conductive sample for the investigated weight fraction values 
because of their greater size when compared to other particles 
such as conductive carbon blacks, graphene nanoplatelets and 
CNTs. The graphene nanoplatelet aggregates also 
underperformed in this regard, as the proposed mixing methods 
failed to disaggregate and distribute the small nanoplatelets 
failing to exploit the small size and large aspect ratio of the 

Figure 18 - ECG signal measurements of subject 2 using the developed prototype 
while riding a bike. (a) ECG at rest, (b) ECG at rest, filtered signal. (c) ECG while in 
soft motion, (d) ECG while in soft motion, filtered signal. 

(a) 

 

(b) 

 

(c) 

 

(d) 

 



13 

 

nanoplatelets. VXCmax22 carbon blacks outperformed VXC72 
carbon blacks in all aspects. The samples loaded with the former 
reached percolation at a lower weight percentage, were more 
conductive and had the best performing specimens in 
biopotential electrode testing. The main reason for the observed 
difference is the agglomerate particle structure inside the 
polymeric matrix which was observed using SEM microscopy to 
be smaller and more structured for similar weight fractions, 
when using VXCmax22 carbon blacks. 

Of the prepared conductive samples, those with a volume 
resistivity lower than about 100 Ωm were found to allow for 
artificial generated ECG signal monitoring. Of those, the 
specimens with volume resistivities below about 10 Ωm and 
surface hardness values higher than about 73 ShA successfully 
allowed monitoring of real ECG, for the proposed experimental 
setups and electrode geometries, when using a 1-lead fingers on 
contact configuration. 

Material hardness was found to be an important factor in the low 
frequency content and motion artifacts measured in ECG 
acquisition for the tested conditions. The materials with the 
highest surface hardness were also the best performing in signal 
stability and sensitivity to applied pressure. 

The developed bicycle handle prototype successfully allowed the 
ECG monitoring of the rider using only the hands as dry lead 
contacts. While monitoring was possible at rest and at slow and 
smooth riding, the same was very challenging while actively 
pedaling on the bicycle or on rough terrain, even with heavy post 
filtering. The produced elastomeric materials performed well for 
this application, especially considering their small size and thus 
reduced area of contact with the hands. The proposed prototype 
serves as a proof of concept, where further development on the 
hardware and adaptive filtering technologies is predicted to have 
a substantial payoff. 

There are several interesting areas to further develop the study 
of elastomeric materials for ECG monitoring. Some of the 
possible areas for future work include: 

• Investigation of other conductive fillers, like CNTs. 

• Investigation of filler synergistic effects. 

• Investigation of techniques to increase particle 
dispersion in the polymers. 

• Biocompatibility and toxicity studies. 

• Further investigation on the relationship between 
volume resistivity and hardness on the electrodes and conductive 
bicycle handle performance. 

• Development of adaptive filtering technology based on 
elastomer material properties. 

• Study of the efficacy of surface treatments. 

• Production of application-ready handle grip prototypes. 
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