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Abstract—We have developed hydrophobic electrodes that pro-
vide all morphological waveforms without distortion of an ECG
signal for both dry and water-immersed conditions. Our electrode
is comprised of a mixture of carbon black powder (CB) and poly-
dimethylsiloxane (PDMS). For feasibility testing of the CB/PDMS
electrodes, various tests were performed. One of the tests included
evaluation of the electrode-to-skin contact impedance for different
diameters, thicknesses, and different pressure levels. As expected,
the larger the diameter of the electrodes, the lower the impedance
and the difference between the large sized CB/PDMS and the
similarly-sized Ag/AgCl hydrogel electrodes was at most 200 kΩ,
in favor of the latter. Performance comparison of CB/PDMS
electrodes to Ag/AgCl hydrogel electrodes was carried out in
three different scenarios: a dry surface, water immersion, and
postwater immersion conditions. In the dry condition, no sta-
tistical differences were found for both the temporal and spec-
tral indices of the heart rate variability analysis between the
CB/PDMS and Ag/AgCl hydrogel (p > 0.05) electrodes. During
water immersion, there was significant ECG amplitude reduc-
tion with CB/PDMS electrodes when compared to wet Ag/AgCl
electrodes kept dry by their waterproof adhesive tape, but the
reduction was not severe enough to obscure the readability of
the recordings, and all morphological waveforms of the ECG
signal were discernible even when motion artifacts were intro-
duced. When water did not penetrate tape-wrapped Ag/AgCl elec-
trodes, high fidelity ECG signals were observed. However, when
water penetrated the Ag/AgCl electrodes, the signal quality de-
graded to the point where ECG morphological waveforms were not
discernible.
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I. INTRODUCTION

THE heart rate (HR) derived from an electrocardiogram
(ECG) measurement is widely used and accepted as one

of the key vital signs [1]. Certainly, much important physiolog-
ical information can be deduced from both HRs and morpho-
logical changes in the ECG waveforms. In nonwater immersed
conditions, the benefits of ECG recordings for assessing cardio-
vascular and physiological health have been well documented.
We surmise that similar invaluable information can be garnered
when a subject is fully immersed in water but the evidence is
scant since ECG electrodes that can operate in water-submersed
environments at hyperbaric depths for prolonged periods have
not yet been developed.

The significant hyperbaric pressure and cold temperatures as-
sociated with increasing depth underwater are known to cause
severe challenges to the human physiological control systems
[2]. When the control systems break down due to prolonged hy-
perbaric exposures, humans are more susceptible to detrimen-
tal conditions such as hypothermia, hypoxia, and many neuro-
logical and cardiovascular problems including decompression
sickness (DCS) [3]–[7]. For the aforementioned hazardous con-
ditions, early detection is crucial for taking prompt corrective
actions. Beyond the HR, information derived from morpholog-
ical changes in the ECG waveform can be used to diagnose
cardiac ischemia, injury, and malignant arrhythmias [8], [9].
Recently, our research group has shown that early detection
of DCS can be made from HR variability (HRV) analysis [6].
Specifically, it was found that for neurological DCS, which is
the most severe form of DCS, there was significant depression
of the sympathetic and parasympathetic tones as determined
by the HRV analysis [6]. For cardiopulmonary DCS, we found
elevated parasympathetic but reduced sympathetic tone [10].
Hence, a diving monitor that can measure ECG signals so that
HRV analysis can be performed is needed if early detection
of DCS and the proper counter measures can be developed
to prevent injuries due to prolonged exposure to a hyperbaric
environment.

A fully functional and reliable underwater ECG monitoring
system, capable of recording ECG waveforms even with water
infiltration, does not currently exist to support either shallow
or deep diving medical research. Recently, a device that has
potential for long-term ECG monitoring has been trialed, but it
relies on using Ag/AgCl electrodes that are held in place with
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water-resistant tape [11], [12]. Good adhesion to skin after
adequate skin preparation makes the standard wet Ag/AgCl
electrodes the universal option for clinical and research ap-
plication [13]. However, some limitations of the wet Ag/AgCl
electrodes include skin irritation, bacterial growth especially
for long-term recordings, gel dehydration over time, and signal
degradation with sweat [14]. In addition, unopened Ag/AgCl
electrode packages have expiration dates that complicate inven-
tory management. Both their obsolescence and disposability
increases costs. For these and other reasons, it is difficult to
incorporate Ag/AgCl electrodes into a neoprene protective wet-
suit, especially because the electrodes’ functioning falters in
underwater condition. A moleskin tape, which is taped over a
waterproof tape, is often used to further preclude water pene-
tration [15]. However, the consequence is severe skin irritation
due to the tape and peeling off the moleskin can often lead to
tearing of the skin. Donning a dry suit is an option to prevent
water penetration but it is expensive compared to a wet suit and
it is limited to cold water applications.

Dry electrodes have been considered as an alternative to
replace conventional wet Ag/AgCl electrodes for long-term
ECG recordings, particularly because they do not require an
electrolyte layer [16]–[18]. Recently, use of carbon nanotube-
Polydimethylsiloxane (PDMS) based dry electrodes was pro-
posed for ECG and electroencephalographic (EEG) record-
ings [14], [19]. In particular, ECG carbon nanotube/PDMS dry
electrodes exhibited superior performance to other dry elec-
trodes and were found to be robust even when subjects per-
spired [14]. However, the fabrication process is expensive and
complicated. In addition, no studies were conducted to analyze
the performance of these carbon nanotube-based electrodes dur-
ing full water immersion.

Given the lack of electrodes that are fully functional in wa-
ter immersion without the use of waterproof adhesive tape, we
will illustrate in this paper the development of a novel car-
bon black powder/PDMS (CB/PDMS) composite electrode for
ECG monitoring. In this paper, we describe 1) the fabrication
process of the electrodes, 2) determination of the optimal size
of the electrodes with respect to their impedance values, 3) cy-
totoxicity tests, and 4) evaluation of CB/PDMS electrodes for
ECG data collection during both dry and full water immer-
sion conditions. All experiments and data analyses to deter-
mine ECG signal fidelity compare the CB/PDMS electrodes
to the Ag/AgCl electrodes as the latter are the standard in
practice.

II. MATERIALS AND METHODS

A. Fabrication of CB/PDMS Electrodes

Electrodes were fabricated of a conductive element compris-
ing CB and PDMS based on previous studies [20], [21]. Elec-
trodes were fabricated using the following steps:

1) Conductive CB powder (CB Super P Conductive, Alfa
Aesar; Ward Hill, MA, USA) is used as the conductive
material. PDMS (Sylgard 184, Dow Corning; Auburn, MI,
USA) was used as the insulating matrix.

TABLE I
DIMENSIONS OF THE CB/PDMS ELECTRODES FABRICATED

2) The CB/PDMS mixture was then mixed with the PDMS
curing agent according to a previous study and manufac-
turing recommendations [22].

3) The CB/PDMS/curing agent mixture was poured and lev-
eled with a straight metal edge into wells of the electrode
molds, forming disks.

4) The mixture was applied to the reverse side of nickel plated
snap fasteners appropriately sized for conventional ECG
monitor connection.

5) All components were degassed in a vacuum chamber to
remove air bubbles.

6) The fasteners were affixed to the molded CB/PDMS/
curing agent mixture with gentle pressure without causing
major rippling.

7) The filled mold assembly was then placed in a curing oven.
8) The molds were disassembled and the electrodes removed.
Plates containing circular molds of different sizes were de-

signed using Inventor 3D CAD software (Autodesk Inc.; San
Rafael, CA, USA) and 3-D printed in Acrylonitrile–Butadiene–
Styrene plastic. Mold sizes were designed to produce CB/PDMS
electrodes of three different dimensions (diameter and thick-
ness) as shown in Table I.

A total of 14 electrodes of each size were produced for
impedance characterization and ECG data collection. To ob-
serve the topographical information of the CB/PDMS elec-
trodes, scanning electron microscope (SEM) images were ob-
tained in high vacuum at different magnifications.

B. Impedance Characterization

The electrode-skin contact impedance was analyzed for the
three different sizes of CB/PDMS electrodes. For each electrode
size, seven pairs of electrodes were selected. The impedance was
measured using an impedance analyzer (IM3570, Hioki E.E.
Corporation; Cranbury, NJ, USA) by averaging 20 measure-
ments at each of 25 logarithmically equally-spaced frequen-
cies ranging from 4 to 100 kHz. For each measurement, two
CB/PDMS electrodes of the same dimensions were placed on
anterior forearm skin 2 cm apart from each other. While ECG
power is mostly below 40 Hz, selection of the measurement fre-
quency range to 100 kHz and the location of the electrodes for
impedance measurements were chosen so that our results can be
compared to previous other studies [14], [16]. An elastic com-
pression bandage was used to fix them to the skin. Prior to each
measurement, the skin area was cleaned with 70% isopropyl al-
cohol but shaving or scrubbing of the surface area was not done.
Three different pressure levels were applied to the electrodes to
fix them to the skin: 1) low pressure level, 2) medium pressure
level, and 3) high pressure level; the low pressure was defined as
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the minimal contact force needed to adhere the electrodes to the
skin, and the high pressure as the maximal force comfortable
for the subject. To allow all electrodes an equal time to stabi-
lize on the skin surface, measurements were started 30 s after
fixation. All measurements were performed on the same day to
keep skin properties as constant as possible [16]. Finally, base-
line impedance of the measurement device itself was measured
and it was found to have a maximum value of 315 mΩ.

C. Cytotoxicity Test

Cell Culture: Direct contact cytotoxicity assays were
performed on confluent monolayers of L929 mouse connective
tissue fibroblasts (CCL-1; ATCC, Manassas, VA, USA)
or pooled neonatal normal human epidermal keratinocytes
(NHEK; Lonza, Walkersville, MD, USA). L929 cells were
cultured in high glucose Dulbecco’s Modified Eagle Medium
(DMEM; Life Technologies, Carlsbad, CA, USA) supple-
mented with 10% characterized fetal bovine serum (FBS;
Hyclone, Logan, UT, USA) and 100 U-mL/100 mg-mL/2 mM
penicillin/streptomycin/L-glutamine (Life Technologies,
Carlsbad, CA, USA). Cultures were maintained in a 37
◦C incubator at 5% CO2 and passaged according to ATCC
recommendations at 80%–90% confluence. For cytotoxicity
experiments, L929 cells were seeded at a density of 27 000
cells/cm2 in six well plates and grown to confluence. NHEKs
were cultured in KGM-Gold medium (NHEK; Lonza, Walk-
ersville, MD, USA) at 37 ◦C and 5% CO2 . NHEKs were
subcultured according to Lonza recommendations between
80%–90% confluence. For cytotoxicity experiments, NHEKs
were seeded at a density of 10 000 cells/cm2 in six well plates
and grown to confluence. Experiments were performed on
NHEKs between passages two and four.

Direct Contact Cytotoxicity Assay: To assess the cytotox-
icity of the electrodes, direct contact cell culture evaluation
was carried out per ASTM F813-07. Small-thin CB/PDMS
electrodes (2-cm diameter × 2-mm thickness), positive con-
trol latex disks (19 mm diameter × 1.6 mm; McMaster-Carr,
Princeton, NJ, USA), and negative control high density
polyethylene disks (HDPE; 19 mm in diameter × 2.4 mm
in; McMaster-Carr, Princeton, NJ, USA) were sterilized by
overnight incubation in an antibiotic cocktail containing
100 U/mL-100 μg/ml penicillin-streptomycin, 2.5 μg/mL am-
photericin B, 10 pg/mL ciproflaxin, and 100 μg/mL gentamycin.
Alternatively, electrodes were sterilized by autoclaving. Antibi-
otic sterilized samples were rinsed in three washes of culture
medium prior to testing. Culture medium was aspirated, ma-
terial samples were placed in the center of the confluent cell
monolayers, and fresh medium was added. Additional HDPE
was used to weigh down electrodes and latex to minimize sam-
ple movement, as per ASTM F813-07. Cells were incubated
with material for 24 h, and the morphology of cells was as-
sessed by phase contrast microscopy. Wells with no cells and no
added material were used as background controls.

MTT Assay: Cell viability was assessed using an MTT
reduction assay to measure cell metabolic activity. Samples
were removed from wells and cultures were rinsed once with

Versene solution (Lonza, Walkersville, MD, USA) to remove
nonadherent cells. Cultures were incubated in medium sup-
plemented with 1 mg/mL 3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyl tetrazolium bromide (MTT; Sigma, St. Louis, MO,
USA). After 2 h at 37 ◦C, unreacted MTT was aspirated and
wells were imaged. The formazan product was solubilized with
1 mL dimethyl sulfoxide (DMSO) per well and the supernatant
was diluted 1:4 with DMSO. The optical density (OD) was
measured in duplicate in a microplate (100 μl/well) at 540 nm
using a SpectraMax 250 plate reader. Data for each sample was
normalized between experiments using the following equation:

%Cellular activity =
ODsample − ODno cells

ODno material
× 100 (1)

where ODno cells is the average OD reading of MTT incubated
in wells containing no cells and ODno material is the average
OD reading of MTT incubated in wells containing cells but no
added sample material.

Statistical Analysis: Cytotoxicity experiments were con-
ducted three times with samples in triplicate. Statistical differ-
ences for cytotoxicity studies were evaluated using SigmaPlot
Version 11.0 (Systat Software, Inc.). One Way Analysis of Vari-
ance (ANOVA) with Holm–Sidak posthoc analysis was per-
formed. Because the NHEK data was heteroscedastic, ANOVA
with Holm–Sidak was also performed on base ten logarithmi-
cally transformed data to ensure statistical robustness; results
were unchanged. A significant difference between groups was
indicated by a p value <0.05.

D. ECG Data Collection

Subjects: Twelve healthy male volunteers of ages ranging
from 20 to 51 years (mean ± standard deviation 29.50 ± 8.93),
weight 74.80 ± 8.93 kg, and height 174.90 ± 5.34 cm, were
enrolled in this study. The group consisted of students and staff
members from Worcester Polytechnic Institute, MA, USA. The
study protocol was approved by the Institutional Review Board
of WPI and all volunteers consented to be subjects for the
experiment.

Equipment: Three Holter recorders were simultaneously used
to acquire ECG signals from volunteers (RZ153+, Rozinn Elec-
tronics, Glendale, NY, USA) with three different electrodes as
detailed below in the Protocol section. These Holter recorders
provide a frequency response between 0.05 to 60 Hz at −3 dB
and a sampling frequency of 180 Hz. Acquired signals were
saved in CompactFlash Card Readers for subsequent offline
data analysis.

Protocol: Simultaneous ECG signals were acquired us-
ing conductive adhesive gel electrodes (Cleartrace 1700,
CONMED, Utica, NY, USA), small-thin CB/PDMS, and large
CB/PDMS. The conductive adhesive gel electrodes used had an
active circular area of 2 cm in diameter and will be referred to as
wet Ag/AgCl. All sets of electrodes were contiguously placed
to create a one-channel ECG recording. Electrodes were placed:
on xiphoid process (ground), center of the manubrium (1−), and
under the left pectoral near V6 electrode position (1+). This con-
figuration mimics the traditional Lead II ECG [23]. The three
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Fig. 1. ECG data acquisition protocol involving dry, immersed, and wet conditions. The elastic band removal was performed for only three subjects.

sets of electrodes were randomly placed on all subjects around
the selected locations. Randomization of the Holter recorders
was also done. Note that the CB/PDMS electrodes were reused
throughout the two weeks of underwater data collection. After
cleaning the skin sites with 70% isopropyl alcohol, CB/PDMS
electrodes were placed with a regular surgical tape (Trans-
pore, 3M, St. Paul, MN, USA) while wet Ag/AgCl electrodes
were directly placed on the skin as their surface is completely
adhesive.

To ensure all electrodes were well adhered to the body and
minimize the penetration of water to the Ag/AgCl gel, the tho-
racic area was wrapped with an elastic compression band. A
reliable ECG signal from Ag/AgCl electrodes was needed so
that the signal from the CB/PDMS electrodes could be com-
pared to it. Once the first three protocols of the experiment were
completed (see below), the elastic compression band was re-
moved from all electrodes to determine the full hydrophobicity
of both the Ag/AgCl and CB/PDMS electrodes.

Each experiment was of 20 min in duration and was divided
into four periods (see Fig. 1) as follows:

1) 5 min in standing position outside the bathtub (dry
condition).

2) 10 min in seated position inside the water-filled bathtub
(immersed condition).

3) 5 min in standing position outside the bathtub (wet
condition).

4) For three subjects, the elastic compression band was re-
moved and an additional 5 min recording was acquired
with the subjects standing outside the bathtub (1 min),
seated inside the bathtub without any movement (2 min,
moving their torsos side-to-side inside the bathtub (1 min),
and moving their torsos up-and-down inside the bathtub
(1 min).

All recordings were collected at the WPI Sports Center. Bath-
tub water temperature was controlled (mean ± standard devi-
ation 33.3 ± 1.34 ◦C). This facility is equipped with bathtubs
for athletes’ training and rehabilitation. During the first period,
subjects were asked to remain relaxed in standing position out-
side the bathtub; the electrodes at this point were completely dry.
During the immersed condition, subjects were asked to be seated
inside the bathtub with the water coming up to their neck so that

all electrodes were fully immersed. Finally, the subjects were
asked to exit the bathtub and remain relaxed in standing position
with the wet electrodes still applied to their skin. For three sub-
jects, the elastic compression band was removed and the subjects
were re-immersed in the water in a sitting position. Data were
recorded for 2 min with subjects performing up-and-down and
side-to-side movements. The aim for this portion of the exper-
iment was to compare hydrophobicity of the two types of elec-
trodes during body movements in water immersed condition.

Signal processing: Acquired ECG data were first filtered with
a 4th order Butterworth filter with a pass-band between 0.05 to
40 Hz and applied in forward and reverse scheme to produce
zero-phase distortion and minimize the start and end transients.
As recently proposed for ECG signal denoising [24], a second
filtering step was applied by using a nonlocal mean filtering
algorithm in order to minimize the white Gaussian noise ob-
served in the collected data [25].

After filtering, simultaneous ECG recordings from different
Holter monitors were aligned by using the cross-correlation
function; 20 s of acquisition were extracted from each recording
to compute the cross-correlation sequence and then the sample
lag which provides the maximum cross-correlation value was
used to align the ECG recordings by shifting the corresponding
recording by that amount of samples. Data containing motion
and noise artifacts were omitted for further data analysis. For
each condition, a segment of at least two consecutive minutes
was manually extracted from the simultaneous Holter recordings
and then aligned. The data inclusion criterion was that ECG sig-
nals from the three Holter recorders all had to contain relatively
noise-free measurements. Our choice of requiring data duration
of at least 2 min was so that spectral dynamics associated with
the HRV analysis could be obtained [8].

R-wave peak detection was performed on all selected ECG
segments by using a robust QRS complex detection algo-
rithm [26], [27]. Manual correction of R-wave peak locations
was performed when necessary and subsequently RR interval
time series were calculated. A sampling frequency of 4 Hz was
used on the RR intervals by cubic spline interpolation. The
power spectral densities of the interpolated RR time series were
computed with Welch’s modified periodogram method with
50% overlap, NFFT = 1024 (frequency resolution of 0.0039 Hz)
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and a Hamming window was used to compute the power spectral
density.

ECG templates were computed for each selected ECG seg-
ment by creating an ensemble matrix with the corresponding
ECG cycles aligned with respect to their R-peak locations and
finally averaged at each time instant.

Performance Evaluation: CB/PDMS electrode performance
was tested by extracting temporal and spectral parameters
from the RR intervals as defined in the literature [8]. Signals
acquired with wet Ag/AgCl electrodes with subjects in dry
conditions were used as reference, and for our short-duration
experiments, the elastic compression band wrapped over the
electrodes provided even stronger adhesive bonding to the skin
that water did not penetrate. We used HRV analysis as a quan-
titative performance measure since most previous hyperbaric
studies [4], [6], [10], [28] were concerned with changes in the
dynamics of the autonomic nervous system, and our recent work
has shown a promising approach for early detection of DCS in
swine by tracking changes in the sympathetic and parasympa-
thetic nervous tones via the HRV [6], [10].

Temporal measures of HRV considered in this study were
1) mean RR interval (millisecond units), 2) SDNN (standard
deviation of all RR intervals, millisecond units), 3) RMSSD
(square root of the mean of the sum of the squares of differences
between adjacent RR intervals, millisecond units), and 4) NN50
count (number of pairs of adjacent RR intervals differing by
more than 50 ms in the entire recording, unitless).

Spectral measures of HRV from short-term recordings con-
sidered were 1) LF (power in low frequency band from 0.04–
0.15 Hz, squared millisecond units), 2) HF (power in high fre-
quency band from 0.15–0.4 Hz, squared millisecond units),
3) the total power (squared millisecond units), and 4) HF/LF
ratio (unitless).

Peak-to-peak amplitude of ECG templates was used to quan-
tify the amplitude reduction of the ECG signals when electrodes
were immersed in water. The cross-correlation coefficient be-
tween the ECG templates obtained with CB/PDMS electrodes
and with wet Ag/AgCl electrodes was used to quantify the signal
distortion as defined by

ρ =
∑N

i=1 ECGAg/AgCl · ECGCB/PDMS
√

∑N
i=1

(
ECGAg/AgCl

)2 ·
∑N

i=1

(
ECGCB/PDMS

)2
(2)

where ECGx represents the ECG template obtained with the
corresponding electrodes, and N is the length of the ECG
templates. Finally, temporal and spectral measures of HRV,
and peak-to-peak amplitude of ECG templates, obtained from
recordings with large and small-thin CB/PDMS electrodes were
compared with those obtained with wet AG/AgCl electrodes us-
ing the paired t-test with p < 0.05 considered as significant.

III. RESULTS

A. CB/PDMS Electrodes

Circular ECG electrodes were fabricated by using a
CB/PDMS mixture. The dimensions (diameter and thickness)
of the electrodes were controlled via 3-D printed molds. Fig. 2

Fig. 2. CB/PDMS electrodes. Left to right: (a) small-thin electrode, (b) small-
thick electrode, (c) large electrode. Rules scale in cm.

Fig. 3. High-vacuum SEM image of CB/PDMS electrodes. Scale bar =
1000 nm.

shows an example of each size of fabricated CB/PDMS elec-
trodes. Microstructure of CB/PDMS electrodes was observed
via high-vacuum SEM micrographs after freeze-fracture as
shown in Fig. 3. Deposition and well-distributed CB particles
inside the elastomeric matrix is seen.

B. Impedance Characterization

CB/PDMS electrode-skin contact impedance was measured
for the three different dimensions at three pressure levels. For
reference, the results are compared to wet Ag/AgCl electrode-
skin impedance at the same position; the reported impedance
magnitude |Z| values were plotted versus frequency in Fig. 4
and are in agreement with previously-reported studies [16].

For all electrode sizes, the impedance was dependent on the
applied pressure and its value decreased with increasing fre-
quency. For all pressure levels, the impedance was lower for the
large electrodes (3 cm × 2 mm) compared to either the thick
or thin small electrodes (2 cm diameter); among these small
electrodes, the impedance was lower for the thin (2 mm) than
for the thick electrodes (3 mm). For the two thinner electrodes
(2 mm thickness) there was only a slight difference between
medium and high pressure levels. The wet Ag/AgCl electrodes
were not affected by the difference in the applied pressure. Mea-
surements of the CB/PDMS electrode-skin impedance obtained
at 33 Hz for the different applied pressure levels is shown in
Table II. This table summarizes the findings of the electrode-
skin impedance results at a representative frequency of the ECG
spectrum. For reference, the wet Ag/AgCl electrodes had an
electrode-skin impedance around 80 kΩ at 33 Hz. Measure-
ments of CB/PDMS electrode-skin impedance were performed
on an additional subject several days after and the results are
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Fig. 4. Impedance of different CB/PDMS electrode sizes at same pressure
level. (a) Low pressure. (b) Medium pressure. (c) High pressure.

similar to the findings of Fig. 4. For example, the observations
of the pressure dependence of the CB/PDMS-skin impedance
and lower impedance of the large electrodes when compared to
the small ones remained intact.

Given that large CB/PDMS electrodes with a medium or high
pressure level showed lower electrode-skin impedance magni-
tude followed by the small-thin CB/PDMS electrodes, we used
these two configurations for measuring human ECG record-
ings during dry, water immersion, and wet conditions. For the

TABLE II
ELECTRODE-SKIN IMPEDANCE MEASUREMENTS AT 33 HZ FOR THE CB/PDMS

ELECTRODES AT DIFFERENT PRESSURE LEVELS

recording experiments outside and inside the water-filled bath-
tub, all large and small-thin CB/PDMS electrodes were fixed
to the body by applying medium pressure with a stretchable
compression band.

C. Cytotoxicity Test

The cytotoxicity of the electrodes was evaluated by placing
the materials in direct contact with connective tissue cells (L929
cells) and primary human epidermal keratinocytes (NHEKs).
Results were similar for each cell line. Microscopic analyses
showed minimal cell death in monolayer cell cultures in contact
with both autoclaved and antibiotic-sterilized electrodes (see
Figs. 5 and 6). L929 cells cultured with electrodes [see Figs. 5(b)
and (c)] remained adhered to the tissue culture plate and were
morphologically consistent with cells cultured in the presence of
the negative control material (HDPE) [see Fig. 5(a)] and without
added material [see Fig. 5(e)]. Many of the cells appeared to be
proliferating and confluence increased during the 24 h analysis
period. Some cell death was observed immediately adjacent and
under the electrode as well as the HDPE samples; however, the
lack of a zone of inhibition extending beyond the margins of the
sample suggests that this was due to cell death from compres-
sion and removal due to shear forces from sample micromotion
associated with plate handling. In contrast, L929 monolayers
cultured with latex positive controls were completely disrupted.
The small number of L929 cells that remained were rounded
and not well attached [see Fig. 5(d)]. Quantification of cellu-
lar viability using MTT solubilized with DMSO showed that
metabolic activity of both cell types is not significantly altered
by contact with electrodes compared to HDPE controls.

Cellular viability, as measured by average MTT reduction,
of L929 cells cultured with HDPE was 31.0% lower than cell
culture (no material) controls [see Fig. 5(f)]. The area of the
HDPE sample occupies 30% of the growth area of a six well,
suggesting that the loss of cell viability in these wells is primar-
ily due to mechanical compression of the cells by the sample
material. MTT reduction by L929 cells cultured with electrodes
is not statistically different than by cells cultured with HDPE.
MTT reduction by L929 cells cultured with latex is 84.4% lower
than cell culture (no material) controls. These results suggest
that the electrodes are not cytotoxic to L929 cells. Similarly,
NHEK cells cultured in the presence of autoclaved or antibiotic-
sterilized electrodes remained spread and maintained cell-cell
contact [see Figs. 6(b) and (c)]. Morphologically, NHEK mono-
layers cultured with electrodes resembled monolayers cultured
with HDPE negative controls [see Fig. 6(a)] and cell culture
controls [see Fig. 6(e)]. NHEKs cultured with latex remained
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Fig. 5. Cytotoxic effect of electrodes on L929 cells. Phase contrast images of L929 cells after 24 h incubation with (a) HDPE, (b) antibiotic-sterilized electrode,
(c) autoclaved electrode, (d) latex, or (e) no material. Material interface is visible at the right side of the images. Scale bars = 250 μm. (f) Cellular activity
as determined by MTT assay (normalized to the no material control) is presented as mean + standard deviation. ∗Indicates statistical difference from all other
materials (p < 0.05).

Fig. 6. Cytotoxic effect of electrodes on NHEK cells. Phase contrast images of NHEK cells after 24 h incubation with (a) HDPE, (b) antibiotic-sterilized
electrode, (c) autoclaved electrode, (d) latex, or (e) no material. Material interface is visible at the right side of the images. Scale bars = 250 μm. (f) Cellular
activity as determined by MTT assay (normalized to the no material control) is presented as mean + standard deviation. ∗Indicates statistical difference from all
other materials (p < 0.05).

attached but exhibited rounded morphology and lacked cell-cell
contact indicating cell death [see Fig. 6(d)]. Staining with MTT
revealed that these cells were not metabolically active.

Since the electrodes are designed for skin contact, their
cytotoxicity against NHEKs was also assessed [see Fig. 6(f)].

MTT reduction by NHEKs cultured with HDPE was 6.0% lower
than by cells cultured with no material controls. There was no
statistical difference between MTT reduction by NHEKs cul-
tured with electrodes sterilized by either method and NHEKs
cultured with HDPE. MTT reduction by cells cultured with
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Fig. 7. Example of ECG signals for each experimental condition. (a) Initial
outside period (dry condition). (b) Inside period (immersed condition). (c) Final
outside period (wet condition). ECG signals acquired with wet Ag/AgCl elec-
trodes (blue line), large CB/PDMS electrodes (red dashed line), and small-thin
CB/PDMS electrodes (green dotted line).

latex was almost completely ablated (98.6%). These results
demonstrate that the electrodes are not cytotoxic to NHEKs
and in conjunction with the results on L929 cells sug-
gest that the electrodes are not cytotoxic for epidermal
applications.

Fig. 8. Example of ECG templates for each experimental condition. (a) Initial
outside period (dry condition). (b) Inside period (immersed condition). (c) Final
outside period (wet condition). ECG signals acquired with wet Ag/AgCl elec-
trodes (blue line), large CB/PDMS electrodes (red dashed line), and small-thin
CB/PDMS electrodes (green dotted line).

D. ECG Signal Quality

1) Performance Evaluation of CB/PDMS Electrodes: ECG
signals were simultaneously acquired with wet Ag/AgCl elec-
trodes and large and small-thin CB/PDMS electrodes during
three different conditions representing dry, full immersion, and
postimmersion in which all electrodes were saturated with wa-
ter but not fully immersed. The CB/PDMS electrodes were able
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Fig. 9. Peak-to-peak amplitude of ECG templates for each condition.
∗indicates higher amplitudes versus Wet Ag/AgCl electrode (p < 0.05).
∗indicates lower amplitudes versus Wet Ag/AgCl electrode (p < 0.05).

to acquire ECG signals highly correlated with those from tra-
ditional wet Ag/AgCl electrodes during all conditions. Fig. 7
shows an example of filtered ECG signals recorded during each
experimental condition with each type of CB/PDMS electrode
as well as with wet Ag/AgCl. Fig. 8 shows an example of the
ECG templates computed for each experimental condition with
all tested electrodes. Both sizes of CB/PDMS electrodes were
able to capture all morphological components of ECG signals
during the dry, immersed, and wet conditions, and a decrease
in amplitude especially for the small-thin CB/PDMS electrodes
was only observed during the water immersed condition.

Statistical results of temporal and spectral HRV indices, peak-
to-peak amplitudes, and cross-correlation coefficients obtained
for the wet Ag/AgCl, large and small-thin CB/PDMS electrodes
are summarized in Tables III, IV, and V, for the dry, immersed,
and wet conditions, respectively. For all experimental condi-
tions, no significant differences (p > 0.05) were found for all
the temporal and spectral measures of HRV obtained with the
CB/PDMS electrodes when compared to those obtained with
the wet Ag/AgCl electrodes.

Waveform distortion of the ECG templates seems to be low
as indicated by the high cross-correlation coefficient values for
both CB/PDMS electrode sizes in comparison to the ECG tem-
plates obtained with wet Ag/AgCl electrodes during the dry,
immersed, and wet conditions despite the amplitude differences.

Fig. 9 shows a boxplot with the results obtained for the peak-
to-peak amplitude for each type of electrode during each ex-
perimental condition. The amplitude obtained with the large
CB/PDMS electrode was found to be significantly higher com-
pared to the wet Ag/AgCl amplitude (p < 0.05) during the dry
condition. Both sizes of CB/PDMS electrodes produced lower
amplitudes of ECG templates than the wet Ag/AgCl electrode
during the immersed condition (p < 0.05). For the wet (post-
immersion) condition, similar statistical results to the dry con-
dition were obtained.

For the immersion and postimmersion conditions, amplitude
attenuation/gain of ECG templates with respect to the initial

preimmersion period was computed by dividing the peak-to-
peak amplitude of the ECG template of the nondry conditions
by the corresponding amplitude obtained during the dry condi-
tion with the same type of electrode. Table VI summarizes the
amplitude attenuation/gain results for each type of electrode dur-
ing immersion and postimmersion conditions relative to the dry
condition. Amplitude reduction/gain results from CB/PDMS
electrodes were compared to those from wet Ag/AgCl elec-
trodes, and significantly lower reduction was found for both
sizes of CB/PDMS when compared to the wet Ag/AgCl dur-
ing the immersion condition (p < 0.05); for the wet condition,
significantly higher gain was found for the small-thin CB/PDMS
electrodes when compared to the wet Ag/AgCl (p < 0.05).

2) Without an Elastic Compression Band to Test True
Hydrophobicity of Electrodes: To fully compare the hydropho-
bicity of the large carbon/PDMS and Ag/AgCl of electrodes,
the elastic band was removed so that both sets of electrodes re-
mained attached to the body only with their respective adhesive
tapes [see Fig. 10(a), arrow]. The subjects were then fully im-
mersed in a sitting position and were instructed to sit quietly [see
Fig. 10(c)] for 1 min followed by moving their torso up-and-
down [see Fig. 10(d)] and side-to-side [see Fig. 10(e)]. Fig. 11
shows representative recordings from two additional subjects.
As shown in Figs. 10(c), the Ag/AgCl electrodes’ ECG signals
were immediately compromised even during a quiet sitting po-
sition, whereas for the CB/PDMS electrodes, high fidelity data
can be seen. The Ag/AgCl electrodes’ signal quality becomes
saturated and consequently all morphological waveforms of the
ECG are not discernible with both up-and-down and side-to-
side movements as shown in Fig. 10(d), (e) and (a)–(d). Conse-
quently, HR calculations cannot be performed. However, even
with significant motion artifacts, the CB/PDMS electrodes are
able to resolve QRS complexes throughout the data collection
with body movements. There are visible low frequency oscilla-
tions which are due to cyclical body movements but they can be
filtered to reveal all morphological waveforms of the ECG.

The average HR computed via an automatic R-peak detection
algorithm is presented in Table VII for both types of electrodes
for the ECG signal showed in Fig. 10. For the side-to-side torso
movements, the mean HR value from the Ag/AgCl electrodes
is about half the value of the CB/PDMS’s. For the up-and-down
torso movements, HR calculations cannot be determined for the
Ag/AgCl electrodes since we obtain saturated values throughout
the recording. For CB/PDMS electrodes, we obtain similar HR
values as those at other conditions including the at rest period.

IV. DISCUSSION

CB/PDMS electrodes of three different dimensions were fab-
ricated (diameter × thickness: 2 cm × 2 mm, 2 cm × 3 mm,
and 3 cm × 2 mm) as detailed in Section II. The SEM re-
sults indicated that the CB powders were fully dispersed in-
side the PDMS elastomeric matrix. Connectivity of CB/PDMS
electrodes to conventional ECG and Holter monitors is made
possible by using a snap connector attached to the electrodes
during the fabrication process without compromising the struc-
tural integrity of the electrodes. The fabrication procedures can
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TABLE III
ECG SIGNAL QUALITY INDICES—INITIAL PERIOD OUTSIDE WATER (DRY CONDITION)

TABLE IV
ECG SIGNAL QUALITY INDICES—PERIOD INSIDE WATER (IMMERSED CONDITION)

TABLE V
ECG SIGNAL QUALITY INDICES—FINAL PERIOD OUTSIDE WATER (WET CONDITION)

TABLE VI
AMPLITUDE ATTENUATION OF ECG TEMPLATES WITH RESPECT TO SAME ELECTRODE DURING DRY CONDITION

be easily modified and optimized for large-scale production
where the low cost of the carbon composite components will
result in the CB/PDMS electrodes being fabricated economi-
cally. Certainly, the cost associated with the production of the
CB/PDMS should be cheaper than Ag/AgCl since the cost of
silver has significantly risen in the past few years. More impor-

tantly, while the Ag/AgCl electrodes are designed for a single
use, our CB/PDMS electrodes may be reused hence resulting
in significant cost savings. Furthermore, unlike Ag/AgCl elec-
trodes, our CB/PDMS electrodes do not have a finite shelf life.
It is well known that even when Ag/AgCl electrodes are con-
tained in a sealed package, if they are not used within a certain
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Fig. 10. ECG recording on surface and underwater with wet Ag/AgCl and CB/PDMS electrodes during different conditions. (a) Full recording with aligned
and filtered ECG signals. Dry condition: subject outside water, standing. Immersed condition: subject inside water, seated. Wet condition: subject outside water,
standing. (b) OW-BR segment: subject outside water without elastic band, standing. (c) IW-BR segment: subject inside water without elastic band, seated.
(d) IW-DM segment: torso movement inside water without elastic band, seated. (e) IW-UDM: up and down movement inside water without elastic band, seated.
Dry, immersed, and wet conditions were further explored in this letter.

time limit (usually 1 year), the hydrogels dry out resulting in
low-fidelity ECG signals.

Impedance of skin-CB/PDMS electrodes was investigated as
a function of electrode dimensions. Impedance values of the
CB/PDMS electrodes varied according to their sizes with the

largest electrodes (3 cm × 2 mm) having the lowest impedance,
which is in accordance with the classical resistance law in terms
of the material resistivity and electrode dimensions [29]. In-
fluence of the pressure level applied to the electrode against
the recording site was also studied and was found to be



1874 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 61, NO. 6, JUNE 2014

Fig. 11. Examples of ECG recordings underwater with wet Ag/AgCl and CB/PDMS electrodes during movement conditions. (a) and (c) Torso movement inside
water without elastic band, seated. (b) and (d) Up and down movement inside water without elastic band, seated.

TABLE VII
AVERAGE HR COMPARED FOR THE DIFFERENT CONDITIONS OF THE RECORDING SHOWN IN FIG. 10

dependent on the applied pressure, in agreement with a pre-
vious study [16]. For the same electrode size, skin-electrode
impedance decreased as the pressure level increased. It was
found that for thinner CB/PDMS electrodes the decrement in
skin-CB/PDMS electrode impedance was markedly less for a
medium and a high pressure level when compared to thicker
electrodes. This could be explained by taking into account the
elastic properties of PDMS elastomer and the conductive net-
work formation through PDMS by the CB contents. As the
CB concentration increases when the electrode is compressed
against the skin, the distance between particles decreases and
facilitates the transport of electrons through connected parti-
cles by a tunneling effect [20], [30], [31]. However, as seen in
Figs. 4(b) and (c), the impedance values do not significantly de-
crease even when higher-than-medium pressure is applied since
after a certain pressure threshold, CB conductive elements do

not compress further and, hence, no further conductive path-
ways are formed. Since lower impedance leads to better signal
conduction in dry condition, the large and small-thin CB/PDMS
electrodes were selected for underwater ECG testing.

Cytotoxicity of CB/PDMS electrodes was evaluated with con-
nective tissue cells and primary human epidermal keratinocytes.
Similar results were found for each cell line and demonstrate
that the electrodes are not cytotoxic for epidermal applications.
Although motion artifacts were not fully explored in this pa-
per, we expect that due to their flexibility, CB/PDMS electrodes
adapt better to skin topography than rigid dry electrodes which
are prone to shifting against skin during body movement [16].

While there have been other carbon-based ECG electrode de-
velopments [14], we are not aware of their capacity to function
in full water immersion. The use of PDMS polymers is popu-
lar due to their simple and inexpensive fabrication process, but
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the most attractive features are the superior elasticity and flex-
ibility, nontoxicity to cells, high-permeability to oxygen, and
impermeability to water [22], [32], [33]. Obtaining conductive
materials with low resistivity by introducing CB in a polymer
matrix has been previously performed [34]. However, in contrast
to carbon nanotubes where the homogenous dispersal in thick
PDMS is challenging, CB particles have been found to be easy
to mix with PDMS gel and they distribute uniformly [35]. The
conductivity of CB/PDMS composites has been found to in-
crease rapidly beyond a threshold concentration (circa 10 wt%)
[36]. While these studies have characterized basic properties of
combining PDMS and carbon powder, fabrication of electrodes
for application to ECG recordings has not been done.

To this end, we tested the CB/PDMS electrodes during full
immersion followed by post-immersion and compared their per-
formance against the wet (i.e., gel-filled) Ag/AgCl electrodes.
It is well known that water is a good electric conductor with
respect to skin-electrode impedance, but it acts as a short-circuit
for poorly insulated electrodes, hence recording of biopotentials
requires sufficient electrical insulation [12], [15]. Our results
show that the morphologies of the ECG waveforms obtained
were comparable to that of the wet Ag/AgCl electrodes and that
all ECG morphologies were captured even during full water
immersion.

Quantification of the fidelity of the CB/PDMS electrodes
was achieved by using HRV analysis for dry and water im-
mersion and post-water immersion conditions. Note that during
these procedures, a nonwaterproof elastic compression band was
wrapped over all electrodes to ensure that electrodes adhered
tightly to the skin. While the R-wave amplitude was significantly
reduced during immersion when compared to the dry conditions,
the reduction was small. Hence, Ag/AgCl electrodes benefited
from water not fully penetrating the hydrogels, allowing us to
record good ECG signals even during full water immersion. The
reason for using an elastic compression band was to obtain non-
water contaminated ECG signals from the Ag/AgCl electrodes
so that we can make direct comparison to the CB/PDMS elec-
trodes. For all conditions, we found nonsignificant differences
in both time- and frequency-domain parameters for both sizes of
CB/PDMS electrodes when compared to the wet Ag/AgCl elec-
trodes. During the initial surface period, i.e., dry condition, ECG
amplitudes obtained with large CB/PDMS electrodes were sig-
nificant higher than those from the wet Ag/AgCl electrodes. The
same results were obtained during the postimmersion period. We
surmise that the increase of ECG amplitudes seen during post-
water immersion with CB/PDMS electrodes can be attributed
to the fact that some remnant water on the electrodes facilitated
better electrical signal conduction than dry condition. Note that
water is a good conductor, hence, its impedance is lower than
skin. Therefore, when CB/PDMS electrodes are fully water im-
mersed, electrical biopotentials will follow the path of least
resistance and especially for those currents near the edges of the
electrode will flow through water rather than skin. We believe
this is why reduction in the amplitudes of the ECG R-wave peak
is observed during immersion. As salt water is an even better
conductor (the resistance may drop to as low as 10 Ω ) than non-
salt water, we expect further degradation of R-wave amplitudes

with the CB/PDMS during immersion in ocean water. In our
study, we also noted significant R-wave amplitude reduction
during immersion and postimmersion when compared to the
dry condition for the Ag/AgCl electrodes. This is also expected
since the typical Ag/AgCl electrode-skin-electrode impedance
is on the order of kilo ohms as shown in Fig. 4, whereas wa-
ter electrode-skin-electrode impedance is on the order of sev-
eral hundred ohms. On average, there was a reduction of 40%
for the large CB/PDMS electrodes and 65% for the small-thin
CB/PDMS, and 12% for the Ag/AgCl electrodes.

For the next set of experiments, we removed the elastic com-
pression band and recorded ECG signals from both CB/PDMS
and Ag/AgCl electrodes. The goal was to examine how these
electrodes perform after being exposed to more than 30 min of
water immersion and with body movements but without the
elastic compression band. No new tape was applied to the
CB/PDMS electrodes or to the Ag/AgCl electrodes. As shown
in Figs. 10 and 11, we observe that when water penetrates the
Ag/AgCl electrodes due to body movements, we often observe
saturated ECG signals resulting in nondiscernible ECG wave-
form morphologies. For the CB/PDMS electrodes, while they
are affected by the low-frequency body movements, all mor-
phological waveforms were discernible. Clearly, this is the key
desired feature of our CB/PDMS electrodes.

Other applications of CB/PDMS electrodes may include EEG
and electromyogram (EMG) studies. In particular, underwater
EMG recording is widely used for research, exercise training,
and rehabilitation treatments using swimming pools [37], [38].

V. CONCLUSION

The CB/PDMS electrodes were fabricated and tested in both
dry and water immersion conditions. All morphological ECG
waveforms were acquired with the CB/PDMS electrodes for
both conditions albeit the R-wave amplitude was significantly
reduced when the electrodes including Ag/AgCl were exposed
to water. Body movements during water immersion caused
water penetration to Ag/AgCl electrodes and, consequently,
no discernible ECG waveforms were seen. However, for the
CB/PDMS electrodes, despite full water exposure and severe
body movements, all morphological waveforms of ECG signals
were resolved. For nonwater immersed conditions, we found no
statistical difference in the HRV time- and frequency-domain
parameters when compared to Ag/AgCl electrodes.

The use of CB/PDMS electrodes together with advanced wa-
terproof diving instruments may open up new research areas
including hyperbaric physiology and may lead to wide use as
vital sign monitoring devices for SCUBA divers. Early detec-
tion of conditions that could lead to decompression sickness is
another area where an ECG dive monitor could have a positive
impact on recreational and military SCUBA divers.
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