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Abstract—The quality of Electrocardiography (ECG) signal
is dependent on the electrode’s performance. Comfort and
long-term monitoring are the main benefits of a dry and flexi-
ble electrode compared to conventional silver/silver chloride
(Ag/AgCl) electrode. The main objective of this study is to
develop high performance textile-based electrode by optimis-
ing fabrication method and electrode design. Cotton fabric
was dipped into graphene oxide (GO), followed by reduc-
tion process to form reduced graphene oxide-cotton (rGOC),
where L-ascorbic acid (C6H8O6) was used as the reducing
agent. Conductivity and skin-electrode interface impedance
of the fabricated cotton were characterized using Four-point
probe (Van der Pauw) and Potentiostat, respectively. This
study focuses on the investigation of electrode design that includes fabrication methods, electrode sizes and shapes.
The performance of the reduced GO-based cotton (rGOC) electrode in terms of ECG signal quality was compared
to conventional Ag/AgCl electrode and metal clamp under static and dynamic wearable conditions. Results from the
conducted experiments show that the fabricated electrode’s performance is influenced by dipping time and electrode
design, with circle-shape electrode shows the highest conductivity (up to 9k S/m at 1 cm2 area) compared to square- and
rectangular-shape electrodes (<8k S/m and 14.55 S/m, respectively, at 1 cm2 area). The circle-shape rGOC electrode’s
performed better (SNR 14.85±0.22 dB) than Ag/AgCl electrode (SNR 11.26±0.18 dB) and metal clamp (SNR 12.28±0.72 dB)
in capturing static ECG signal. A wearable circle rGOC electrode with 1.7 cm radius performed also similarly under static
(SNR 32.60±0.72 dB) and dynamic (SNR 30.27±1.37 dB) ECG monitoring, respectively.

Index Terms— Ascorbic acid, cotton fabric, wearable electrocardiography (ECG), graphene oxide (GO), reduced
graphene oxide (rGO).

I. INTRODUCTION

CURRENT high awareness on personal healthcare has
inspired many researchers or company to develop various
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wearable medical devices such as biopotential electrode [1].
Increasing health costs has also created high demand in wear-
able medical device for pre-diagnostic of disease [2]. Recently,
Cardiovascular disease (CVDs) has become the number one
cause of death worldwide, where heart failure occurs due to a
combination of several risk factors [3]. Such risk factors could
have been monitored via non-invasive technique like electro-
cardiography (ECG) [4]. ECG could accurately reveal heart
failures like arrhythmias, which are difficult to detect in single
frame of time. Atrial fibrillation, for example, if not detected
and treated early, could cause blood clotting and stroke over
a period of time [5]. Therefore, long–term continuous ECG
signal monitoring of cardiac patients or patient with heart-
related problem is necessary [6], [7]. For this purpose, dry
electrode has been widely discussed as the alternative electrode
for conducting the ECG. Dry non-contact electrode, a capaci-
tive electrode, requires neither ohmic contact to human body,
nor any specific preparation, e.g. skin preparation [8]–[10].
But, strong artifact may appear in the captured signal when
physical activity occurs [11]. On the other hand, dry contact
electrode uses a direct coupling electrode-skin interface which
can be improved by the existence of sweat or moisture [12],
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[13]. Textile-based electrode has been a promising dry contact
electrode for ECG since it can be made as textile-integrated
ECG shirt [14] or a portable multi-sensor heart rate monitor
[15]. Textile-based electrodes are also easy to fabricate [16],
[17], flexible, lightweight and washable [18], [19].

Textile electrode can be made through several different
processes. Recently, Karim et.al. investigated all inkjet-printed
reduced graphene oxide (rGO)-based conductive pattern for
e-textile application [20]. Pani et al. produced conductive
fabric electrode with poly(styrene sulfonate) (Pedot:PSS)
using immersing process [21]. Yapici, Alkhidir et al.
dipped graphene-clad textile in GO dispersion and per-
formed chemical treatment using reducing agent (hydrogen
iodide or hydrazine) to convert the GO into rGO [16].
Other researchers have developed electrode from metal
electroplating and deposition [22], [23], screen printing
of conductive pastes [24]–[27], sewing or embroidery of
metallic threads on fabric [11], [28]–[30], etc. However,
no specific studies focusing on the ideal design of wear-
able ECG electrode have been yet reported. Previously,
Karim et. al printed about 200 mm × 300 mm electrode on
cotton fabric using rGO ink [20], Al Junaibi et al. and
Pani et al. had developed 3 cm × 3 cm square-shape elec-
trode with nylon and polyester fabric, respectively [17],
[21]. Yokus and Jur compared three different sizes of
circle-shape electrode; d = 10 mm, 20 mm and 30 mm
[31] for developing non-woven fabric with Ag/AgCl ink
as conductive material. Other researchers have embroidered
2 cm × 7 cm size of rectangle-shape electrode using poly-
ethylene terephthalate (PET) yarn coated with Silver/Titanium
via sputtering process [11] and 16 mm × 11 mm dimension
of active electrode has been fabricated with carbon loaded
rubber using stencil printing [26].

Various conductive materials had been used to fabricate
textile-based electrode such as PEDOT:PSS [32], Ag/AgCl ink
[31] and graphene oxide (GO) [17], [20], [33], [34]. Currently,
the benefits of graphene have been extensively discussed
due to its outstanding biocompatibility, excellent electric con-
ductivity, superior mechanical properties e.g. elasticity and
stiffness, and high thermal conductivity [35]. Graphene or GO
can be reduced via chemical reduction or thermal reduction
of GO. Chemical reduction was selected here, rather than
thermal reduction in order to maintain the textile properties
and to prevent any damage. Today, most researchers have
chosen ascorbic acid as reduction agent to substitute the more
commonly used hydrazine, which is highly toxic and explosive
[36]–[38]. Ascorbic acid is environmentally friendly and is one
of the most effective reducing agents in restoring π-conjugate
(low surface resistance) along with hydrazine (N2H4), sodium
borohydride (NaBH4), sodium hydrosulfite (Na2S2O4) and
sodium hydroxide (NaOH) [39].

No study has been found that focuses on the effect of
electrode’s size and shape to conductivity and skin-electrode
impedance, and eventually to the overall ECG performance
of the textile electrode. The focus of this paper is then on
optimizing the fabrication methods as well as the electrode’s
size and shape. Flexible and highly conductive electrodes were
fabricated by dip-soaking cotton fabric in GO, followed by

TABLE I
DESIGNS FOR TEXTILE-BASED ELECTRODE

chemical treatment using ascorbic acid to obtain rGO-coated
cotton fabric (rGOC). While previous work, by e.g. Karim
[20], used an already reduced GO ink to coat textile, in this
work we carried out the reduction of the GO in situ at the
GO-coated fabrics, to fabricate rGO-coated cotton (rGOC),
similar to earlier reports by ourselves [40], [41] and others
[42]. In addition, the performance of the fabricated textile
electrode was compared to conventional Ag/AgCl gelled elec-
trode by calculating and comparing the signal-to-noise ratio
(SNR) of the measured ECG signal from the benchmarked
electrodes. The fabricated rGOC electrode was also used in
wearable ECG measurement for both static and dynamic setup.
To the best that we know, this is the first demonstration of the
implementation of wearable ECG using rGO-textile electrode.

II. MATERIAL AND METHODS

A. Material Processing
Cotton fabric (100 cm2) was treated in sodium carbonate

(Na2CO3, 0.02 g.ml−1 in 100 ml) to remove natural wax
of the fabric as well as to improve the capillary absorp-
tion properties of the cellulose fibre [43]. 4 mg.ml−1 of
GO dispersion in water was purchased from Sigma Aldrich
Corporation. Distilled water was used to prepare 0.1%(v/v)
of GO solution and directly mixed in ultrasonic bath for
1 hour [36], [39]. 0.05 M L-Ascorbic acid (C6H8O6) from
Sigma Aldrich Corporation was used in chemical reduction
for preparing rGO.

B. Sensor Fabrication and Characterization
Three different designs of electrode i.e. circle, square and

rectangle, with varying sizes were investigated as shown
in Table I. Investigation was conducted on three area sizes:
1 cm2, 4 cm2 and 9 cm2. The three variations were imple-
mented for each electrode design as mentioned above. Scoured
cotton fabrics having particular design was fabricated accord-
ing to method from previous works [40], [41] (Fig. S1,
supporting information). First, several experiments related to
the optimization of dipping time were conducted with method
expanded from our previous work [40], [41] and others [42]
(Fig. S1, supporting information). The effect of various dip-
ping time, which were 1 min, 5 min, 15 min and 30 min, was
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Fig. 1. Two connections of measuring sample resistances (Rabcd and
Rbcda) using Van der Pauw method: (a) schematics; (b) actual setup.

observed based on the measurement of electrical conductivity
of the fabricated samples. The optimum dipping time was then
used to fabricate different areas and shapes of electrode as
shown in Table I. For rectangle shape electrode, the warp of
the fabric became the length-side while the weft became the
width-side of the shape.

The fabricated samples were characterized using field emis-
sion scanning electron microscope (FESEM, Hitachi SU8020)
and Energy-dispersive X-ray spectroscopy (EDX) to inves-
tigate the morphology of the cotton fibers and the weight
percentage of the deposited GO and rGO after fabrication.
Raman spectrometer (LABRAM, HR) and X-ray Photoelec-
tron Spectroscopy (XPS) (Kratos) have been used to char-
acterize and distinguish the quality of the fabricated GO
Cotton (GOC) and rGOC. The ultraviolet-visible (UV-Vis)
reflectance spectra of samples were recorded on a DRUV-Vis
spectrophotometer (UV-2700, Shimadzu). Variation in percent-
age of reflectance spectra indicates the optimum dipping time
of the samples and the optimization result was supported
with the conductivity measurement. Electrical conductivity of
the rGOC was measured with a four-point probe setup (Van
der Pauw) shown in Fig. 1 using a source meter (2602B
System Source Meter, Keithley) [44], [45]. From Van der Pauw
measurement, resistivity, sheet resistance and conductivity, can
be calculated. Constant current of 0.5 mA was applied during
this measurement.

The conductivity can be calculated using the following
formulas,

σ = 2 ln 2

πd (Rabcd + Rbcda) f (R)
(1)

where f (R) is a correction function when ratio =
Rabcd/Rbcda not equal to 1,

f (R) = 1 −
(

Rabcd − Rbcda

Rabcd + Rbcda

)2

ln 2

−
(

Rabcd − Rbcda

Rabcd + Rbcda

)4

x

(
(ln 2)2

4
− (ln 2)3

12

)
(2)

The formula for the sheet resistance is as follows,

R = ρ
L

A
= ρ

L

wt
(3)

where R is resistance, ρ = 1/σ is resistivity, A is cross
sectional area, L is length of sample, w is sample width and
t is sample thickness.

R = ρ

t

L

w
= Rs

L

w
(4)

Fig. 2. Experiment illustration of the folding characterization using LCR
meter.

Fig. 3. Schematic diagram of configuration of the electrode.

Rs = ρ/t is the sheet resistance of the coated sample.

C. Sample Characterization, Electrode
Fabrication and Testing

1) Mechanical Characterization (Folding Test): The flexibility
behavior of fabricated rGOC was examined after several fold-
ing tests. The electrical conductivity of rGOC was observed
until eight (8) times of folding repetitions through the ratio
of conductance-folded to conductance-initial (S/

So
). Initial

conductance was recorded before conducting the experiment.
The sample was adhered on A4 paper and was folded together
at the centre line of the sample (acute folding −180◦). A load
of ∼367.41 g was stacked on the folded sample-paper for
5 min and the reading was taken just after the sample-paper
was unfolded using LCR meter (Fig. 2). The experiment was
repeated until 8 times of folding repetitions.

2) Preparing Reduced Graphene Oxide-Cotton (rGOC)
Electrode: The circle-design electrode was used for further
analysis due to its highest value of conductivity from Van
der Pauw measurement. Fig. 3 shows the schematic diagram
of the electrode configuration. The fabricated rGOC was
assembled from several parts of electrode before undergoing
electrode testing, thus the quality of signal captured by this
new developed ECG electrode could be improved [46]. The
metallic snap was adhered at the center of the fabricated cotton
fabric (rGOC) electrode using conductive epoxy (CW2400,
CIRCUIT WORK, CHEMTRONICS) as a compatible inter-
face to a ECG monitoring system. Single layer of wax-cotton
and four layers of blank cotton fabric with the hole at the
center were sewn together and sandwiched with the rGO
part by an adhesive tape. The purpose of wax-cotton is to
make the electrode less stretchable [21] and non-breathable
[47] to produce a better quality ECG signal. In addition, four
layers of blank cotton were prepared to increase the electrode’s
thickness. An increased thickness would improve the contact
between the electrode and the skin by ensuring a uniform
pressure and keeping the electrode wet physiologically through
skin contact or artificially [48]. For measuring the impedance
of skin-electrode interface, a wire was used to connect the
electrode to the measuring device.
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Fig. 4. Electrode testing. a) skin-electrode interface impedance setup
with elastic band, wrist support and standard medical adhesive tape
(inset image (i)). b) ECG monitoring setup with biomedical measurement
system.

3) Dry Electrode Impedance Measurement: The quality of
ECG signal depends on the impedance of the skin-electrode
interface. A small and stable impedance will result in less
noise and higher quality signal acquisition. The impedance
was inspected using Electrochemical Impedance Spectroscopy
(EIS) (Potentiostat VersaSTAT 3). The experiment was carried
out to one volunteer, a female subject (Age: 25 years old,
BMI: 22). Three electrodes were applied on the inside of the
subject’s left forearm, where Ag/AgCl commercial electrode
was applied as the counter and reference electrodes, and
the rGOC was implemented as the working electrode. The
distance between the counter and the reference electrodes
was set to 8 cm, while that between the reference and the
working electrodes was set to 4 cm. The working sense lead
was attached together with the working lead electrodes [31].
Standard medical adhesive tape, medical elastic band and wrist
support were used to attach the rGOC onto the subject’s inside
forearm (Fig. 4a) and inset (i)). The Potentiostatic EIS was set
to V_rms = 10 mV and frequency range from 0.1 to 1 kHz.
In addition, the subject’s skin was cleaned with alcohol swab
before experiment was conducted. The applied pressure was
maintained by putting the medical elastic band’s button at the
same position and the wrist support strap (Velcro) at the same
marked place.

4) Sweat Effect and Durability: To investigate the effect of
sweat to the electrode, skin-electrode impedance was measured
before 10 minutes and after 25 minutes, recorded from the
time it is applied ont the subject’s skin. Then to investigate
the durability of the rGO binding to cotton, the rGOC was
washed using tap water, distilled water and detergent solution
(pH 10.65). The conductance was measured after each
washing.

D. ECG Monitoring
The performance of the rGOC electrode was then tested

using KL-72001 Biomedical Measurement System connected
to oscilloscope (TBS 1062, Tektronik). One volunteer, a
female subject (Age: 22 years, BMI: 16), was examined using
the system and the rGOC electrode, as shown in Fig. 4 (b).
Einthoven’s Triangle Lead I configuration was chosen to test
the performance of the fabricated electrode, where potential
across the left arm and right arm was measured. Six (6)
samples were prepared for this experiment and six (6) readings
were recorded for each set of measurement. Standard med-
ical adhesive tape and medical elastic band were applied to
attach the fabric electrode onto both subject’s wrists. Prior to
electrode placement on the subject’s body, alcohol swab was

used to prepare the skin by removing dead skin and grease
on the skin. The performance of the rGOC electrode was
compared with those of Ag/AgCl and metal clamp commercial
electrodes, in terms of signal-noise-ratio (SNR) and ECG
waveform. In addition, the electrode’s performance in terms of
SNR for r = 1.7 cm and r = 0.6 cm in dynamic condition has
also been tested. The ECG signals were recorded using Sichi-
ray BMD101 module starter kit (attached with 2 inputs for the
electrodes). The electrode device was patched at three places:
the center of the manubrium, the top of subject’s sternum (left
electrode), and 45◦ diagonals toward left chest (left electrode),
using 3M medical adhesive. The device was connected to
a smartphone via Bluetooth communication channel (using
BMD101 application). The ECG signals were recorded in
resting and dynamic conditions where subject was instructed
to move her right hand in a toothbrush position (left and right
movement, 2 times in a second).

To also investigate the electrode’s flexibility, ECG signal
was recorded with rGOC electrode using Schiller Medilog
FD12plus (Holter system) in both resting (laying on the bed)
and dynamic (treadmill) conditions, with 3◦ inclination and
3 km/h speed.

III. RESULTS AND DISCUSSION

A. Fabricated Sensor
The cotton fabric has a weave pattern that consists of warp

and weft directions. To standardize the fabrication of the
rectangle shape electrode, warp direction was chosen as the
length-side and weft direction for the width-side. Fig. 5 (a)
shows that the reflectance spectra (R%) of GOC is higher
than that of rGOC. Then, from EDX, the weight percentage of
oxygen in the rGOC decreased after reduction (GO: 32% to
rGO: 26.545%), while the amount of carbon was increased
(Table S1, section S.2 of Supporting Information). This is
also confirmed by XPS results which indicates a similar
decrease in Oxygen atomic percentage from 41.12% to 24.05%
after reduction (Table S2, and the full spectra at section
S.3 of Supporting Information). These results are supported
by the fact that the electrode’s color changes during the GOC
to rGOC reduction process, from brown to graphitic black,
respectively [49].

From this observation, the scoured cotton fabric was quickly
coated with GO dispersion during dipping and drying process
due to the occurrence of van der Waals forces and hydrogen
bonds between GO and cellulose fibers [39], [50]. FESEM
image (10k magnification) in Fig. 5 (b) shows that the cotton
fabric was coated homogeneously by GO and no changes of
morphological structures of the cotton fibers were observed
after fabrication. However, in close-up image (Fig. 5 (b) (i)),
a few white spots can be observed in some parts of the fiber
due to incomplete exfoliation of graphite particles during the
synthesis process [39].

Raman spectroscopy is a multipurpose instrument for char-
acterizing carbon material’s structure. Figure 5 (c) shows the
variation of D (1345.17 cm−1) and G (1594.82 cm−1) band’s
intensities of GO and rGO cotton in Raman spectra, respec-
tively, which indicates the change of the electronic conjugation
state of GOC during the reduction process [51]. The G band
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Fig. 5. a) Comparison between GOC and rGO of 15 min dipping time.
b) FESEM image for rGO sample of 15 min dipping time and close-
up FESEM image (i). c) Raman spectra of GO and rGO cotton fabric.
d) Variation of reflectance spectra of rGOC with different cycles of
dipping–time; 1, 5, 15, and 30 min. Insert graph (i) with blank cotton.
N = 3.

corresponds to the sp2 carbon domain, while the D band
corresponds to the sp3 carbon and defect in graphitic struc-
ture or edge planes [37]. The intensity ratio of D and G bands
(ID/IG) increased from 1.01 (GOC) to 1.21 (rGOC) upon
the reduction. It could be due to the removal of oxygen in
GO or the increased segment of graphene edges [52]. These
results indicate that rGOC was successfully obtained after
the reduction process which has similar agreement with the
previous research work [53]–[55].

Generally, variation of dipping time can improve the amount
of GO being loaded into the cotton fabric, thus increasing
the electrical conductivity of rGOC. Fig. 5 (d) presents the
reflectance spectra in the range of 350 nm to 1000 nm
wavelength, from GOC made with different dipping times:
1 min, 5 min, 15 min and 30 min. Inset (i) shows that blank
cotton (white color) has the highest in reflectance (R%). On the
other hand, GOC made with 15 min dipping time shows
the lowest percentage of reflectance spectra. Reflectance is
inversely proportional to the absorbance, thus sample with
15 min fabrication time has a darker color compared to the
other samples. As a result, it has the highest rGO content
deposited on the cotton’s surface. This data was consistent
with the electrical conductivity measurement result shown
in Fig. 6 (a).

B. Conductivity
The conductivity of the coated cotton increased when dip-

ping process was carried out 10 times with constant size of
electrode (4 cm2) and constant volume of ascorbic acid (40 ml,
50 mM). The optimum time of dipping process was chosen
based on the electrical properties performance of the fabricated
cotton. Fig. 6 (a) indicates the electrical conductivity mea-
surement using Van der Pauw method, in which 15 min was
found as the optimum time to fabricate rGOC. The electrical
conductivity increased from 3916.63 ± 266.42 S/m (1 min) to
5890.73 ± 583.47 S/m (15 min) and decreased at 30 minutes
(4408.44 ± 700.24 S/m). This outcome strongly supported

Fig. 6. a) Electrical conductivity measurement using Van der Pauw
method (square, 4 cm2) in optimization of dipping time. N = 5 b) Com-
parison of electrode (square, circle and rectangle) with three different of
areas, which are 1 cm2, 4 cm2 and 9 cm2. Insert graph (i) conductance
measurement using LCR meter. N = 6 c) the illustration diagram of thread
length for each electrode shape; square, circle and rectangle.

the result of DRUV-Vis characterization in the previous
section.

Figure 6 (b) shows conductivity comparison for each of
the electrode shapes; square, circle and rectangle with three
different sizes using four-point probe (Van der Pauw) and
LCR meter (inset (i)). The electrical conductivity performance
of square and circle is inversely proportional to the size of
electrode. Equation (3) explains that the length of the sample
will affect the resistance measurement; small size produces
low resistance. However, the rectangle shape electrode indi-
cates an opposite trend. This phenomenon occurred due to
the weave properties (weft and warp) of cotton fabric that
produced different conductivity value for each direction [44],
[47] and also due to the fact that the length-side of weft-warp
in rectangle shape electrode is asymmetrical unlike those of the
square and circle shape electrodes. Weaving patterns other than
common basket weave structure have asymmetrical weaving
pattern, which makes their conductivity also varies unequally
when shape is changed. In addition, warp and weft thread
have different cross section area and different gap between
the thread. Warp thread are smaller in diameter and more
interwoven gaps, while weft threads have larger diameter and
smaller interwoven gaps. When the electrode is made longer
in the warp direction, its conductivity will decrease even more
compared to if it was made longer in the weft direction.

On average, circle shape electrodes have high conductivity
values for various samples with different area: 9,569.59 ±
483.85 S/m, 7,737.92 ± 519.97 S/m and 6,333.82 ±
581.83 S/m for 1 cm2, 4 cm2 and 9 cm2, respectively. These
observations could be due to the variation of the thread length
for both weft and warp direction of the circle-shape which
allowed the electricity to follow the shortest path (thread),
hence decreasing the measurement of resistance. Fig. 6 (c)
illustrates the length of the cotton thread in warp direction
for each electrode; square, circle and rectangle. The circle
shape thread has variation of length (3.4 cm and < 3.4 cm)
and the thread’s length decreases when it is farther apart from
the circle’s diameter. Besides, in ECG monitoring application,
the metallic snap is commonly placed at the middle of the elec-
trode. This is understandable since in circular shape electrode,
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Fig. 7. a) The skin-electrode interface Impedance (Z) of the circle and
square shape at 9 cm2. b) The skin-electrode interface Impedance (Z) of
circle-shape; 1 cm2, 4 cm2, 9 cm2 and gelled Ag/AgCl electrode. N = 6.

electron from the perimeter of the electrode can travel to the
metallic snap at the middle with similar distance. For the
square/rectangular shape electrode, electron from the corners
of the electrode needs to travel longer distance to the metallic
snap. Based on these results, circle shape was chosen for
skin-electrode interface impedance analysis.

C. Skin – Electrode Impedance
Prior to the skin-electrode interface impedance measure-

ment of the circle shape electrode, the impedance comparison
between two different shapes (square and circle) of the elec-
trode at 9 cm2 were conducted in light of the conductivity
performance results, yet without using the medical elastic
band. Fig. 7 (a) illustrates the impedance (Z) performance of
square and circle shapes of the electrode at 9 cm2 using
EIS characterization. The results show at 0.1 Hz frequency,
the circle shape electrode impedance is lower than that of
the square shape electrode, which indicates that it has a
better potential to be an ECG electrode. Besides, with the
609.1 k� (Z), the square shape shows 57 % higher impedance
compared to the circle shape; 387.6 k� (Z). The experiments
were continued with the three designs of the circle shape and
Ag/AgCl electrode with the setup mentioned in the previous
section (with medical elastic band). The skin-electrode inter-
face impedance results of circle shape (1 cm2, 4 cm2 and
9 cm2) and Ag/AgCl electrode are provided in Fig. 7 (b).

As expected, the skin-electrode interface impedance is
inversely proportional to the fabricated area [31]. From previ-
ous study, the range of impedance measurement for dry-type
electrode such as textile and polymer electrode can reach
several hundred kilo-ohms to mega-ohms [16], [56]. The
skin-electrode interface impedance for gelled Ag/AgCl shows
better performance compared to dry fabric electrode, which
are 8.3 k� and 26.4 k� at 0.1 Hz, respectively. Circle
shape electrode having size of 9 cm2 area has the lowest
impedance (Z) compared to other sizes of circle shape elec-
trodes; 174.4 k� (r=1.1 cm) and 609.5 k� (r = 0.6 cm) at
0.1 Hz. Furthermore, the impedance shows better performance
when pressure was applied (with medical elastic band), which
resulted in impedance drops from 387.6 k� to 26.4 k� at
0.1 Hz. This indicated that the dry-electrode performance will
be affected with the pressure exerted on the subject’s skin [24],
[57]. Although the rGOC electrode has higher skin-electrode
interface impedance compared to commercial electrodes, it is
still within the acceptable range for dry electrode as observed
from previous studies.

Fig. 8. (a) The changes of sample’s conductance after 8 times number of
folding. N = 4; (b) The skin-electrode impedance before 10 min and after
25 min being applied onto subject skin; (c) The changes of sample’s
conductance with different types of washing solution and number of
washing. N = 4.

D. Folding, Sweat and Washing Testing
Fig. 8(a) illustrates the changes of sample’s conductance

after 8 times of folding for the rGO-coated cotton fabric. The
conductance remains 90% even after 8 times of being acutely
folded and unfolded repeatedly. This shows that the rGOC is a
flexible conductive fabric due to the hierarchical structures of
cotton fabric. The GO dispersion is absorbed until the inner-
most fiber structure of the cotton fabric. The current might flow
through thread or fiber structure when the rGO layer on fabric
surface cracked during the folding testing. Fig. 8(b) shows the
effect of sweat to skin-electrode impedance. The impedance
decreased ∼24% after being applied >25 min, compared to its
original value of 432.4 k� when measured before 10 min of
attachment (see details in section S.4 and fig. S4 of Supporting
Information).

The adhesion performance of rGO to cotton was exam-
ined through washing in various washing liquid as shown in
fig. 8(c). Even after 5 times of washing, conductance remains
above 70% of the original value (see Supporting Information
section S.5 and fig. S5). This shows that rGO binds quite
strongly to the textile since there is chemical binding between
the GO and the -OH functional group of the cellulose.

E. ECG Signal
Fig. 9 shows the ECG signal and the SNR acquired from

the fabricated rGOC electrode, metal electrode and Ag/AgCl
electrode, respectively (see supplementary Excel file and
shared research data). The denoising process is first performed
using MATLAB software by applying wavelet transform with
sym12 as its mother wavelet and 3 levels of decomposition
(see supplementary file “function denoised.pdf”). The SNR
value is then calculated using the built-in SNR function in
the MATLAB software (see supplementary file “SNRcalcula-
tion.pdf”).

The result clearly revealed that the rGOC (radius = 1.7 cm)
electrodes provide better quality of the ECG signal with
14.85±0.22 dB (signal-noise-ratio), which is the highest value
compared to the performance of Ag/AgCl electrode (gelled
area, r = 0.8 cm) and metal clamp electrode (approxi-
mately 9 cm2 gelled area, depending on subject’s wrist
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Fig. 9. Superimposed image of raw (red) and denoised (blue) signals
acquired using (a) rGO-coated electrode, (b) Ag/AgCl electrode and
(c) metal electrode. (d) Overlapped ECG signals of rGOC, Ag/AgCl and
metal clamp.

TABLE II
SNR VALUES OF RGOC ELECTRODE, AG/AGCL ELECTRODE

AND METAL CLAMP ELECTRODE. N = 6

TABLE III
SNR READING OF RGOC RADIUS OF 1.7 CM AND 0.6 CM WITH

AG/AGCL ELECTRODE USING WEARABLE DEVICE SICHIRAY

BMD101 MODULE STARTER KIT. N = 3

diameter) (Table II). Results in Table II show that the SNR
of the fabricated cotton electrode is 32% and 21% higher than
Ag/AgCl and metal clamp electrodes, respectively. Further-
more, the ECG voltage amplitude captured using Ag/AgCl
and metal clamp electrodes show deficiency in signal quality
since the amplitudes are lower than the signal captured using
rGOC cotton electrode (Figure 9 (d)). This result indicates the
rGOC cotton electrode provided better electrical performance
as an electrode compared to the widely used commercial gelled
electrodes (Ag/AgCl and metal clamp electrode). The results
proved that rGOC cotton electrode has an excellent potential
to measure ECG signal and to produce good signal quality.
Thus, this fabricated cotton electrode can be considered to be
an alternative for conventional ECG electrode.

Furthermore, Table III indicates the SNR measurement of
two different radius of rGOC; r = 1.7 cm and r = 0.6 cm, and
Ag/AgCl electrodes using wearable device Sichiray
BMD101 module starter kit on the subject’s chest.

The SNR was calculated based on ECG signals acquired
in a resting condition and dynamic movement (toothbrush
motion) between three (3) electrodes. The result shows that
rGOC with 1.7 cm radius provides better signal quality
(30.27±1.37 dB) compared to 0.6 cm radius (26.34±0.35 dB)
in a dynamic movement. However, the SNR measurement in
a rest condition reveal the opposite result outcome and both
SNR values are higher relative to dynamic condition. These
results are in agreement with the skin-electrode impedance
and conductivity measurement where electrode with
r = 1.7 cm has lower impedance, while the electrode
with r = 0.6 cm has the highest impedance, respectively.
Other than that, the SNR value is higher compared to the
previous ECG signals shown in table II due to the distance
between two electrodes and the placement of the electrodes.
Furthermore, in static condition rGOC electrodes still provides
better ECG signals than to that Ag/AgCl electrode. During
size optimization, the skin-electrode impedance decreases
when the size of the electrode increases. This result means that
bigger electrode gives more advantage especially in dynamic
condition. However, there are limitations to increasing further
the size. First, the larger the electrode side, the captured
potential will be an averaged potential in that particular region
of the body. Second, when the electrodes are too large, and
their distance to each other is not that far on the body, then
they may touch each other, resulting in unsignificant reading
of potential difference.

Further implementation results of the rGOC electrodes in
wearable ECG using Holter system are shown in Fig. S6 of
section S.6 Supporting Information. The figure shows ECG
results of the subject when lying in bed (a), and when the
subject is walking at 3 km/h speed on a 3◦ inclinded treadmill
(b). rGOC electrodes’ results are comparable to those obtained
using conventional Ag/AgCl electrodes, and their use during
dynamic activity does not results in significant performance
reduction.

F. General Discussion
The skin-electrode impedance of conventional clinical

electrode is lowered by the use of gel. However, this is not
suitable for long-term ECG monitoring using wearable dry
electrode. Therefore, the only parameters that we can change
is the coating parameters, and the geometry of the electrode
itself, i.e. the shape and size. We varied the dipping time to
affect the coating and then optimized the shape and size of
the electrode, to obtain ECG electrode with the best Signal-
to-Noise Ratio (SNR). Previous researchers have reported
the use of square and rectangular shape ECG electrode.
However, there was no mention yet on their clear benefit
compared to conventionally used circular-shape electrodes.
Hence, we investigated the performance of different electrode
shapes. We found out that circular shape electrode has higher
conductivity and lower skin-to-electrode impedance compared
to square shape one, even when the area is the same. The
innovation points of our ECG electrodes are compared in
details with previously reported devices in Table S3 of the
Supporting Information section S.7, among others with those
using graphene from Lou et al. [35], Yapici et al. [16],
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Al Junaibi et al. [17], Hallfors et al. [33], Celik et al. [58],
and especially with the most closely related work by
Karim et al. [20].

IV. CONCLUSION

15 min dipping time was selected as the optimum time to
fabricate rGOC for its highest conductivity and lowest per-
centage of reflectance spectra. Circle shape-electrode provides
better conductivity compared to other electrode shapes. Circle
shape electrode with 9 cm2 area was chosen as the most
optimized electrode size for ECG monitoring due to the low
skin-electrode interface impedance value and acceptable value
of conductivity. The ECG signal performance of the rGOC
electrode is better than Ag/AgCl and metal clamp electrodes,
in terms of signal-to-noise ratio. This wearable electrode
provides good performance in both static and dynamic ECG
measurement.

APPENDIX

Supporting information are attached.

ACKNOWLEDGMENT

The authors would like to express their appreciation to
Research Management Centre (RMC) and Ibnu Sina Institute
for Fundamental Science Studies (IIS), of Universiti Teknologi
Malaysia (UTM), Ministry of Higher Education Malaysia,
and also Collaborative Research in Engineering, Science &
Technology Center (CREST) for supporting and managing
this research. DHBW would like to thank Academic Research
and Community Service Centre (ARCS) of Swiss German
University for managing funding for this research.

REFERENCES

[1] A. A. Chlaihawi, B. B. Narakathu, S. Emamian, B. J. Bazuin, and
M. Z. Atashbar, “Development of printed and flexible dry ECG elec-
trodes,” Sens. Bio-Sens. Res., vol. 20, pp. 9–15, Sep. 2018.

[2] A. Ankhili, X. Tao, C. Cochrane, D. Coulon, and V. Koncar, “Washable
and reliable textile electrodes embedded into underwear fabric for elec-
trocardiography (ECG) monitoring,” Materials, vol. 11, no. 2, p. 256,
2018.

[3] W. H. Organization. (May 2017). Cardiovascular Diseases (CVDs).
[Online]. Available: http://www.who.int/mediacentre/factsheets/
fs317/en/

[4] W. J. Tompkins, Biomedical Digital Signal Processing. Upper Saddle
River, NJ, USA: Prentice-Hall, 1993.

[5] X. Xiao, K. Dong, C. Li, G. Wu, H. Zhou, and Y. Gu, “A comfortability
and signal quality study of conductive weave electrodes in long-term
collection of human electrocardiographs,” Textile Res. J., vol. 89, no. 11,
pp. 2098–2112, Jun. 2019.

[6] G.-Y. Jeong, M.-J. Yoon, and K.-H. Yu, “Ambulatory ECG monitoring
device with ST-segment analysis,” in Proc. ICCAS-SICE, Aug. 2009,
pp. 509–513.

[7] E. Fung et al., “Electrocardiographic patch devices and contempo-
rary wireless cardiac monitoring,” Frontiers Physiol., vol. 6, p. 149,
May 2015.

[8] T. Wartzek, C. Bruser, M. Walter, and S. Leonhardt, “Robust sensor
fusion of unobtrusively measured heart rate,” IEEE J. Biomed. Health
Informat., vol. 18, no. 2, pp. 654–660, Mar. 2014.

[9] E. Spinelli, M. Haberman, P. García, and F. Guerrero, “A capacitive
electrode with fast recovery feature,” Physiol. Meas., vol. 33, no. 8,
pp. 1277–1288, Aug. 2012.

[10] Y.-D. Lin, Y.-H. Chien, S.-F. Wang, C.-L. Tsai, H.-H. Chang, and
K.-P. Lin, “Implementation of multiple-channel capacitive ECG mea-
surement based on conductive fabric,” Biomed. Eng., Appl., Basis
Commun., vol. 25, no. 6, Dec. 2013, Art. no. 1350052.

[11] M. Weder et al., “Embroidered electrode with silver/titanium coating
for long-term ECG monitoring,” Sensors, vol. 15, no. 1, pp. 1750–1759,
2015.

[12] E. McAdams, “Biomedical electrodes for biopotential monitoring and
electrostimulation,” in Bio-Medical CMOS ICs. Cham, Switzerland:
Springer, 2011, pp. 31–124.

[13] P. J. Xu, H. Zhang, and X. M. Tao, “Textile-structured electrodes
for electrocardiogram,” Textile Progr., vol. 40, no. 4, pp. 183–213,
Dec. 2008.

[14] S. Kim et al., “Influence of contact pressure and moisture on the
signal quality of a newly developed textile ECG sensor shirt,” in Proc.
5th Int. Summer School Symp. Med. Devices Biosensors, Jun. 2008,
pp. 256–259.

[15] L. Grajales and I. V. Nicolaescu, “Wearable multisensor heart rate
monitor,” in Proc. Int. Workshop Wearable Implant. Body Sensor Netw.,
Apr. 2006, p. 4, and 157.

[16] M. K. Yapici, T. Alkhidir, Y. A. Samad, and K. Liao, “Graphene-clad
textile electrodes for electrocardiogram monitoring,” Sens. Actuators B,
Chem., vol. 221, pp. 1469–1474, Dec. 2015.

[17] S. A. A. A. Junaibi et al., “Initial optimization of Graphene coated
fabrics for ECG sensors,” in Proc. IEEE 59th Int. Midwest Symp. Circuits
Syst. (MWSCAS), Oct. 2016, pp. 1–4.

[18] W. Zeng, L. Shu, Q. Li, S. Chen, F. Wang, and X.-M. Tao, “Fiber-based
wearable electronics: A review of materials, fabrication, devices, and
applications,” Adv. Mater., vol. 26, no. 31, pp. 5310–5336, 2014.

[19] C. Liao, M. Zhang, M. Y. Yao, T. Hua, L. Li, and F. Yan, “Flexible
organic electronics in biology: Materials and devices,” Adv. Mater.,
vol. 27, no. 46, pp. 7493–7527, Dec. 2015.

[20] N. Karim et al., “All inkjet-printed Graphene-based conductive patterns
for wearable e-textile applications,” J. Mater. Chem. C, vol. 5, no. 44,
pp. 11640–11648, 2017.

[21] D. Pani, A. Dessì, J. Saenz-Cogollo, G. Barabino, B. Fraboni, and
A. Bonfiglio, “Fully textile, PEDOT: PSS based electrodes for wearable
ECG monitoring systems,” IEEE Trans. Biomed. Eng., vol. 63, no. 3,
pp. 540–549, Mar. 2016.

[22] G. Cho, K. Jeong, M. J. Paik, Y. Kwun, and M. Sung, “Performance
evaluation of textile-based electrodes and motion sensors for smart
clothing,” IEEE Sensors J., vol. 11, no. 12, pp. 3183–3193, Dec. 2011.

[23] N. Lacerda Silva, L. M. Gonçalves, and H. Carvalho, “Deposition
of conductive materials on textile and polymeric flexible substrates,”
J. Mater. Sci., Mater. Electron., vol. 24, no. 2, pp. 635–643, Feb. 2013.

[24] G. Paul, R. Torah, S. Beeby, and J. Tudor, “The development of screen
printed conductive networks on textiles for biopotential monitoring
applications,” Sens. Actuators A, Phys., vol. 206, pp. 35–41, Feb. 2014.

[25] L. Rattfält, F. Björefors, D. Nilsson, X. Wang, P. Norberg, and P. Ask,
“Properties of screen printed electrocardiography smartware electrodes
investigated in an electro-chemical cell,” Biomed. Eng. OnLine, vol. 12,
no. 1, p. 64, 2013.

[26] G. Paul, R. Torah, S. Beeby, and J. Tudor, “Novel active electrodes
for ECG monitoring on woven textiles fabricated by screen and stencil
printing,” Sens. Actuators A, Phys., vol. 221, pp. 60–66, Jan. 2015.

[27] C. R. Merritt, H. T. Nagle, and E. Grant, “Fabric-based active electrode
design and fabrication for health monitoring clothing,” IEEE Trans. Inf.
Technol. Biomed., vol. 13, no. 2, pp. 274–280, Mar. 2009.

[28] L. Rattfält, M. Lindén, P. Hult, L. Berglin, and P. Ask, “Electrical
characteristics of conductive yarns and textile electrodes for medical
applications,” Med. Biol. Eng. Comput., vol. 45, no. 12, pp. 1251–1257,
Nov. 2007.

[29] V. Marozas, A. Petrenas, S. Daukantas, and A. Lukosevicius,
“A comparison of conductive textile-based and silver/silver chloride gel
electrodes in exercise electrocardiogram recordings,” J. Electrocardiol.,
vol. 44, no. 2, pp. 189–194, Mar. 2011.

[30] M. Stoppa and A. Chiolerio, “Wearable electronics and smart textiles:
A critical review,” Sensors, vol. 14, no. 7, pp. 11957–11992, 2014.

[31] M. A. Yokus and J. S. Jur, “Fabric-based wearable dry electrodes for
body surface biopotential recording,” IEEE Trans. Biomed. Eng., vol. 63,
no. 2, pp. 423–430, Feb. 2016.

[32] J. Lidón-Roger, G. Prats-Boluda, Y. Ye-Lin, J. Garcia-Casado, and
E. Garcia-Breijo, “Textile concentric ring electrodes for ECG recording
based on screen-printing technology,” Sensors, vol. 18, no. 1, p. 300,
2018.

[33] N. Hallfors, S. Al Junaibi, K. Liao, M. Ismail, and A. Isakovic, “Reduced
Graphene oxide for the design of electrocardiogram sensors: Current
status and perspectives,” in The IoT Physical Layer. Cham, Switzerland:
Springer, 2019, pp. 3–11.

Authorized licensed use limited to: UNIVERSITY TEKNOLOGI MALAYSIA. Downloaded on July 19,2020 at 00:33:46 UTC from IEEE Xplore.  Restrictions apply. 



7782 IEEE SENSORS JOURNAL, VOL. 20, NO. 14, JULY 15, 2020

[34] N. Hallfors et al., “Graphene oxide: Nylon ECG sensors for wearable
IoT healthcare–nanomaterial and SoC interface,” Analog Integr. Circuits
Signal Process., vol. 96, pp. 253–260, Feb. 2018.

[35] C. Lou et al., “Flexible Graphene electrodes for prolonged dynamic
ECG monitoring,” Sensors, vol. 16, no. 11, p. 1833, 2016.

[36] M. J. Fernández-Merino et al., “Vitamin C is an ideal substitute for
hydrazine in the reduction of Graphene oxide suspensions,” J. Phys.
Chem. C, vol. 114, no. 14, pp. 6426–6432, Apr. 2010.

[37] K. K. H. De Silva, H.-H. Huang, and M. Yoshimura, “Progress of
reduction of Graphene oxide by ascorbic acid,” Appl. Surf. Sci., vol. 447,
pp. 338–346, Jul. 2018.

[38] Z. Khosroshahi, M. Kharaziha, F. Karimzadeh, and A. Allafchian,
“Green reduction of Graphene oxide by ascorbic acid,” in Proc. AIP
Conf., 2018, Art. no. 020009.

[39] M. Shateri-Khalilabad and M. E. Yazdanshenas, “Fabricating electrocon-
ductive cotton textiles using Graphene,” Carbohydrate Polym., vol. 96,
no. 1, pp. 190–195, Jul. 2013.

[40] S. M. Saleh, S. M. Jusob, N. S. Sahar, N. A. Abdul-Kadir,
F. K. C. Harun, and D. H. B. Wicaksono, “Fabrication of cotton fabric as
flexible electrode in electrocardiography monitoring,” in Lecture Notes
on Multidisciplinary Research and Application. Malaysia: Malaysia
Technical Scientist Association, 2018, pp. 97–106.

[41] F. K. C. Harun et al., “Electrodes for measuring electrical activity/signals
of body,” Malaysia Patent PI 2 019 007 768, Dec. 24, 2019.

[42] Y. Li, Y. Zhang, H. Zhang, T.-L. Xing, and G.-Q. Chen, “A facile
approach to prepare a flexible sandwich-structured supercapacitor with
rGO-coated cotton fabric as electrodes,” RSC Adv., vol. 9, no. 8,
pp. 4180–4189, Jan. 2019.

[43] A. Nilghaz, D. H. Wicaksono, D. Gustiono, F. A. A. Majid,
E. Supriyanto, and M. R. A. Kadir, “Flexible microfluidic cloth-based
analytical devices using a low-cost wax patterning technique,” Lab Chip,
vol. 12, no. 1, pp. 209–218, 2012.

[44] M. Tokarska, “Measuring resistance of textile materials based on Van
der Pauw method,” Indian J. Fibre Textile Res., vol. 38, pp. 198–201,
Jun. 2013.

[45] L. van der Pauw, “A method of measuring specific resistivity and Hall
effect of discs of arbitrary shape,” Philips Res. Rep., vol. 13, no. 1,
pp. 1–9, 1958.

[46] C. L. Lam, N. N. Z. M. Rajdi, and D. H. B. Wicaksono,
“MWCNT/Cotton-based flexible electrode for electrocardiography,” in
Proc. IEEE SENSORS, Nov. 2013, pp. 1–4.

[47] E. S. Kaappa, A. Joutsen, A. Cömert, and J. Vanhala, “The electrical
impedance measurements of dry electrode materials for the ECG mea-
suring after repeated washing,” Res. J. Textile Apparel, vol. 21, no. 1,
pp. 59–71, Mar. 2017.

[48] J. Löfhede, F. Seoane, and M. Thordstein, “Textile electrodes for EEG
recording—A pilot study,” Sensors, vol. 12, no. 12, pp. 16907–16919,
2012.

[49] I. Jung, J.-S. Rhyee, J. Y. Son, R. S. Ruoff, and K.-Y. Rhee, “Colors
of Graphene and Graphene-oxide multilayers on various substrates,”
Nanotechnology, vol. 23, no. 2, Jan. 2012, Art. no. 025708.

[50] M. Shateri-Khalilabad and M. E. Yazdanshenas, “Preparation of super-
hydrophobic electroconductive Graphene-coated cotton cellulose,” Cel-
lulose, vol. 20, no. 2, pp. 963–972, Apr. 2013.

[51] J. Zhang, H. Yang, G. Shen, P. Cheng, J. Zhang, and S. Guo, “Reduction
of Graphene oxide vial-ascorbic acid,” Chem. Commun., vol. 46, no. 7,
pp. 1112–1114, 2010.

[52] L. M. Malard, M. A. Pimenta, G. Dresselhaus, and
M. S. Dresselhaus, “Raman spectroscopy in Graphene,” Phys. Rep.,
vol. 473, no. 5, pp. 51–87, 2009.

[53] J. Zhang, H. Yang, G. Shen, P. Cheng, J. Zhang, and S. Guo, “Reduction
of Graphene oxide via L-ascorbic acid,” Chem. Commun., vol. 46, no. 7,
pp. 1112–1114, 2010.

[54] X. Zhu, Q. Liu, X. Zhu, C. Li, M. Xu, and Y. Liang, “Reduction of
Graphene oxide via ascorbic acid and its application for simultaneous
detection of dopamine and ascorbic acid,” Int. J. Electrochem. Sci.,
vol. 7, pp. 5172–5184, 2012.

[55] I. A. Sahito, K. C. Sun, A. A. Arbab, M. B. Qadir, and S. H. Jeong,
“Graphene coated cotton fabric as textile structured counter electrode
for DSSC,” Electrochim. Acta, vol. 173, pp. 164–171, Aug. 2015.

[56] Y. M. Chi, T.-P. Jung, and G. Cauwenberghs, “Dry-contact and noncon-
tact biopotential electrodes: Methodological review,” IEEE Rev. Biomed.
Eng., vol. 3, pp. 106–119, 2010.

[57] L. Beckmann et al., “Characterization of textile electrodes and conduc-
tors using standardized measurement setups,” Physiol. Meas., vol. 31,
no. 2, pp. 233–247, Feb. 2010.

[58] N. Celik, N. Manivannan, A. Strudwick, and W. Balachandran,
“Graphene-enabled electrodes for electrocardiogram monitoring,” Nano-
materials, vol. 6, no. 9, p. 156, 2016.

Syaidah Md. Saleh received the B.Eng. and
master’s degrees in biomedical engineering
from Universiti Teknologi Malaysia, Malaysia,
in 2011 and 2014, respectively. She is currently
pursuing the Ph.D. degree with the Department
of Biomedical Engineering, Universiti Teknologi
Malaysia, Malaysia. Her research focuses on
developing textile-based electrode using rGO as
the conductive material and cotton fabric as a
substrate for ECG applications.

Syafiqah Md. Jusob received the B.Eng.
degree in biomedical engineering from Universiti
Teknologi Malaysia, Malaysia, in 2015. She is
currently pursuing the master’s double degree
with the Department of Biomedical Engineering,
Universiti Teknologi Malaysia, with research on
flexible cotton fabric-based circuitry using rGO
for ECG applications.

Fauzan Khairi Che Harun (Member,
IEEE) received the B.Eng. degree in
electrical-electronics engineering from Universiti
Teknologi Malaysia (UTM) in 2003, and the
M.Sc. degree in advanced electronic and
the Ph.D. degree in engineering from the
University of Warwick, U.K., in 2005 and
2010, respectively. He is currently a Senior
Lecturer with the Faculty of Engineering, UTM.
His research interests are mainly biomedical
electronics, biological inspired micro-system,
and electronic nose system.

Leny Yuliati received the B.Sc. degree from
Gadjah Mada University in 2000 and the M.Eng.
and D.Eng. degrees from Nagoya University,
Japan, in 2005 and 2008, respectively. She cur-
rently works as a Principal Investigator with the
Ma Chung Research Centre for Photosynthetic
Pigments, Universitas Ma Chung, Indonesia. Her
research interest is in material chemistry for
heterogeneous (photo) catalysis.

Dedy H. B. Wicaksono (Member, IEEE)
received the B.Eng. degree in engineering
physics from Institut Teknologi Bandung, Indone-
sia, in 1998, the M.Eng. degree in biological
information engineering from the Tokyo Institute
of Technology, and the Ph.D. degree in micro-
electronics from TU Delft in 2008. He currently
works as an Assistant Professor and the Head
of the Department of Biomedical Engineering,
Swiss German University (SGU), Indonesia. His
research interest is in textile-based biomedical
devices.

Authorized licensed use limited to: UNIVERSITY TEKNOLOGI MALAYSIA. Downloaded on July 19,2020 at 00:33:46 UTC from IEEE Xplore.  Restrictions apply. 


