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Adhesive Wearable Sensors for Electroencephalography

from Hairy Scalp
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Marianna Kontopoulou, and Shideh Kabiri Ameri*

Electroencephalography has garnered interest for applications in mobile
healthcare, human-machine interfaces, and Internet of Things. Conventional
electroencephalography relies on wet and dry electrodes. Despite favorable
interface impedance of wet electrodes and skin, the application of a large
amount of gel at their interface with skin limits the electroencephalography
spatial resolution, increases the risk of shorting between electrodes, and
makes them unsuited for long-term mobile recording. In contrast, dry
electrodes are better suited for long-term recordings but susceptible to motion
artifacts. In addition, both wet and dry electrodes are non-adhesive to the
hairy scalp and mechanical support, or chemical adhesives are used to hold
them in place. Herein, a conical microstructure array (CMSA) based sensor
made of carbon nanotube-polydimethylsiloxane composite is reported. The
CMSA sensor is fabricated using the innovative, cost-effective, and scalable
method of viscosity-controlled dip-pull process. The sensor adheres to the
hairy scalp by generating negative pressure in its conical microstructures
when it is pressed against scalp. Aided by the application of a trace amount of
gel, CMSA sensor establishes good electrical contact with the skin, enabling
its applications in mobile electroencephalography over extended periods.
Notably, the signal quality of CMSA sensors is comparable to that of
medical-grade wet gel electrodes.

of disability globally, and the top ten leading
causes of burden worldwide.l'! Nearly one
in six of the world’s population lives with at
least one type of such disease and disorder,
and the numbers are expected to grow
soon.?31" According to the World Health
Organization (WHO), early detection of the
brain and mental health disorders plays a
major role in preventing and progression
of these diseases.*l Currently, diagnosis
of brain and mental disorders demands
expensive, bulky, and stationary equipment
that contributes to the prevalence of late
diagnoses. The most commonly used diag-
nostic tools for brain and mental disease
and disorders are magnetoencephalog-
raphy (MEG),’ functional magnetic
resonance imaging (fMRI),[® electroen-
cephalography (EEG),/”) and positron emis-
sion tomography (PET).®] Among these
technologies, EEG offers mnon-invasive
measurement of the brain’s electrical ac-
tivities through placing electrodes on the
scalp and is one of the primary diagnostic
methods suited for portable and personal
health care applications.”) EEG is widely

1. Introduction

According to reports from the Global Burden of Disease (GBD)
in 2019, neurological and mental disorders are the main causes

used in the diagnosis of epilepsy,®! stroke,[') dementia,!*! sleep,
cognitive and mental disorders, etc., as it offers a high temporal
resolution of milliseconds.[">1* A visually imperceptible, minia-
turized, and reliable EEG sensor-system that can be applied for
long-term EEG recording during daily activities conveniently has
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not been reported yet. Such technology offers a solution for the
early diagnosis of neurological, brain, and mental disorders, and
shows potential for applications in human-machine interfaces
(HMI), artificial intelligence (Al), internet of things (IoT), and
assistive technologies.[*>"]

Mobile EEG recording is challenging due to the difficulty of
forming a stable interface between sensors and the microscopi-
cally rough surface of the scalp’s skin, which is heavily covered
with many hairs. This impacts the sensors’ adhesion to the scalp,
the interface impedance between the sensor and skin known
as electrode—skin interface impedance (ESII), and the signal-to-
noise ratio (SNR) of the recorded EEG signals.['®] Medical-grade
EEG recording is usually performed using an array of silver/silver
chloride (Ag/AgCl) electrodes held in place using an EEG cap. In
order to obtain low ESII and high SNR, a relatively large amount
of wet conductive gel (~0.5 mL) is injected between the scalp and
each electrode to ensure a good electrical connection at the skin—
sensor interface.['?) This placement is time-consuming (usually
2-3 h), and it must be done in medical centres and hospitals by
trained medical experts. Moreover, the spatial resolution of this
recording method is low, and there is a high chance of shorting
between closely spaced electrodes. For these reasons, this type of
system is not suitable for mobile healthcare.[?"]

An alternative recording option is using dry electrodes. Dry
electrodes are made of conductive materials that are placed on
the scalp and kept in place by mechanical support or the use of
aggressive chemical adhesives.[2024] The ESII of dry electrodes is
comparatively higher than that of wet gel electrodes due to being
non-conformal to the skin’s texture, rendering them more prone
to motion and significant motion artifacts!?’l and limiting their
application in mobile health care.

With the advances made in the synthesis of polymers with sim-
ilar Young’s modulus to that of skin, soft polymers coated with
conductive films such as metals, nanowires, and graphene are
used to fabricate soft, thin, and stretchable dry electrodes that
can conform to the skin microscopic texture resulting in reduced
motion artifacts and ESILI'*%-2] However, recording EEG from
hairy skin using thin planar electrodes is not possible since elec-
trodes do not contact with the skin through dense hairs.[3%31]

Recently the application of conductive polymer composites in
the fabrication of electrodes, and sensors for bio-signal recording
has attracted attention due to the low cost, simplicity, and scala-
bility of the fabrication process. The most widely used conductive
fillers are metallic or carbon particles, carbon nanotubes (CNT),
and nanowires.32%8] To access the scalp beneath the hairs, dry
electrodes consisting of large pillars on their surface are made
of nano and metal particle-based polymer composites. However,
without self-adhesion to the surface of the skin, mechanical sup-
port is required in order to maintain contact between electrodes,
and scalp skin. This makes the electrodes uncomfortable, vi-
sually noticeable on the head, susceptible to motion and EEG
recordings are greatly affected by motion-induced artifacts.[?9#2
On the other hand, bio-inspired sensors with micropillars and
gecko-inspired hierarchical structures made of nanomaterials-
based polymer composites can adhere to hairless skin through
Van Der Waal’s force, but they are not capable of adhering to
the hairy scalp.'®*#’] This is because the diameter of the hu-
man hairs on the scalp is between 40 and 120 um!*8l—much
larger than the size of aforementioned high-density micropillars
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or gecko-inspired structures that are usually only a few microme-
ters in diameter. Therefore, at the comparable scale to hairs’ scale,
these bio-inspired sensors are just similar to the sensors with pla-
nar geometries and the existence of hairs on the scalp impedes
contact between such sensors, and the surface of the scalp. Re-
cently, octopus-inspired or beetlelike self-adhesive sensors based
on micro-suction-cup structures made of nanomaterials-based
polymer composite have been developed, which again are not ap-
plicable to the hairy scalp.[**>!] Despite the wide application of
polymer composites in bio-signal recording, to the best of our
knowledge, there is currently no reliable dry electrode for mobile
brain healthcare or wearables applications with the capability to
adhere to hairy scalp or otherwise maintain conformal contact
without the help of adhesives and/or mechanical support.!'81°]

Here, we report a novel CNT-PDMS composite-based sensor
for EEG recording from the hairy scalp. This sensor consists of
an array of stemmed conical microstructure arrays (CMSA) on
its surface. The conical microstructures made on the surface of
the sensor allow the sensor to attach to the skin regardless of the
level of hair coverage. The CMSA sensors are fabricated using our
innovative and unique, cost- and time-effective, scalable fabrica-
tion process we named the viscosity-controlled dip-pull process
(VCDP). To fabricate the array of conical microstructures, the op-
timal viscosity of the polymer precursor was calibrated for opti-
mal fine adjustment of the capillary rise of the polymer precursor
within the mold during the fabrication of the CMSA sensors.

The CMSA sensor forms stable contact with the hairy scalp and
makes good electrical contact with the skin by the application of a
trace amount of conductive gel making the CMSA sensor suitable
for long-term continuous EEG recording. The CMSA sensor was
successfully used to measure electroencephalograms (EEG) from
the hairy scalp as well as electrocardiograms (ECG) with compa-
rable signal quality to the gold-standard medical grade wet gel
electrodes.

2. Experimental Section

The CMSA sensor was fabricated using the innovative and
unique, scalable, cost-effective VCDP process, illustrated in
Figure 1. In this method, stemmed conical microstructure ar-
rays were made by dipping a mold, consisting of an array of glass
beads fixed on a glass slide, into a small pool of multiwall car-
bon nanotube (CNT)-polydimethylsiloxane (PDMS)-silicone oil
(SO) precursor with adjusted viscosity. Once the glass beads were
dipped to one-third of their radius in the precursor to form the
conical heads of CMSA, the mold was pulled out gently to allow
the elongation of the viscous precursor and the stems of the con-
ical microstructures were formed. The viscosity of the precursor
played a critical role in forming stems that facilitate the adhesion
of the CMSA sensor to the hairy scalp. If the precursor has very
low viscosity, the fast rise of polymer within the spaces between
the glass beads in the mold due to capillary rise will result in fail-
ure to achieve proper stemmed structures; if the viscosity is very
high, the elongation of precursor and formation of stems will not
occur.

The CMSA sensor was made of a conductive polymer compos-
ite consisting of multiwall CNT as conductive fillers and PDMS
as the polymer matrix. The fabrication process started with
dispersing CNT in isopropanol alcohol (IPA). CNTs tended to
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Figure 1. The fabrication process of the CMSA sensor. a) Dispersion of CNT in IPA via ultrasonication for 60 min. b) CNT temporarily suspended in [PA
after ultrasonication. c) Silicone oil (SO) was added to CNT/IPA solution and ultrasonicated for 30 min, followed by the addition of PDMS base. d) IPA
solvent is evaporated. €) The PDMS curing agent is added. f) CNT-PDMS-SO precursor poured into a reservoir. A copper stripe served as an electrical
connection to the CMSA sensor. g) A mold consisting of an array of glass beads is dipped into the CNT-PDMS-SO precursor to form conical heads. h)
The mold is raised up gently to form pillars. Then the precursor is heated to cure. i) The CMSA sensor is demolded once the CNT-PDMS-SO composite

is fully cured.

aggregate in polymers and most chemical solvents due to van der
Waals forces. In order to obtain a polymer composite with high
electrical conductivity, CNTs should be dispersed well in the poly-
mer matrix. IPA has been shown to improve the dispersion of
CNTs within PDMS.1? Based on the experiments, the CNT-IPA
dispersion did not show any visible sign of sedimentation 3 days
after dispersion.

In the first fabrication step, each milligram of CNT was dis-
persed in 0.5 mL of IPA using an ultrasonic bath for 60 min to
form a well-dispersed CNT-IPA mixture (Figure 1a,b).[? Next,
low-viscosity (100 cSt), methyl group terminated (MEP) silicone
oil (SO) was added to a CNT/IPA dispersion and ultrasonicated
for 30 min, followed by addition of PDMS base and an additional
30 min of ultrasonication (Figure 1c). Methyl-terminated silicone
oil coated the CNT surfaces, which has been shown to bring a
more homogeneous dispersion of CNT in PDMS after IPA was
evaporated. The silicone oil interacted with the hydrophobic sur-
face of the CNT5 to create a thermodynamically stable CNT dis-
persion in PDMS.[>?]

The concentration of silicone oil and the weight percentage
(wt.%) of CNT were adjusted carefully to obtain good electrical
conductivity as well as optimum viscosity that suits the devel-
oped VCDP fabrication process. In order to obtain optimal viscos-
ity of polymer precursor for the fabrication of the CMSA sensor,
the capillary rise of PDMS precursors was studied with different
viscosities. The analysis results suggested that viscosity of over
2000 Pa s was required in order to fabricate proper microstruc-
tures using the VCDP fabrication process (Figure S1, Supporting
Information). A CNT-PDMS-SO precursor with proper viscosity
and conductivity was obtained by mixing 2.4 wt.% of CNT (Cheap
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Tubes, Multi-Wall Carbon Nanotubes 10-20 nm) and silicone oil
(Sigma—Aldrich, 63 148) in PDMS (Sylgard 184), with CNT to SO
weight ratio of 1:8. Figure S2 (Supporting Information) shows
that the viscosity of the CNT-PDMS-SO precursor increases by
increasing the weight ratio of CNT, with the CNT to SO weight
ratio fixed to be 1:8. This CNT-PDMS-SO precursor with 2.4 wt.%
CNT was tested with the viscosity of ~#12 654 Pa s after adding cur-
ing agent. Figure 2a shows the electrical conductivity increased
by increasing the CNT contents. The sheet resistance was mea-
sured to be 1.387 KQ sq~! at 2.4 wt.% of CNT with the CNT to
SO weight ratio of 1:8 (Figure 2a).

After preparation of CNT-PDMS-base-SO, the mixture was
heated at 50 °C to evaporate IPA solvent (Figure 1d). The temper-
ature was kept below the boiling point of IPA to prevent the for-
mation of microbubbles that could degrade the electrical and me-
chanical properties of the composite. In the next step, the PDMS
curing agent with a 1:10 weight ratio of the PDMS base was added
to the mixture (Figure 1e). Then, the CNT-PDMS-SOprecursor
was placed in a vacuum chamber for de-bubbling.

The fabrication setup consisted of two parallel stages. The first
was the fixed stage with a reservoir for polymer composite pre-
cursor and was equipped with a controllable heating system and
a microscope camera to monitor the process. The other stage
was the movable stage that had movability in x—y-z directions
(with 2 um resolution in the z-direction) that acted as a mold
holder (Figure 1f). To form conical microstructure arrays, a mold
was made using an array of 1.5 mm diameter borosilicate glass
beads secured on a glass slide by epoxy glue. A layer of releasing
agent was sprayed over the mold to ease the demolding of the
microstructures. The mold, which was initially spaced from the
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Figure 2. Electrical and mechanical characteristics of CNT-PDMS-SO polymer. a) Sheet resistance of CNT-PDMS-SO polymer samples consisting of
different CNT weight percentages with and without SO. The weight ratio of CNT to SO in the composition of polymer composite containing SO was
1:8. b) Young’s modulus of CNT-PDMS-SO polymer samples consisting of different CNT to SO weight ratios. c¢) Normalized stress—strain curve of
CNT-PDMS-SO polymer consisting of 2.4 wt.% CNT with CNT to SO weight ratio of 1:8 versus applied tensile strain. d) Normalized resistance changing
curve of CNT-PDMS-SO polymer consisting of 2.4 wt.% CNT with CNT to SO weight ratio of 1:8 versus applied tensile strain. €) Normalized resistance
changing curve of CNT-PDMS-SO polymer consisting of 2.4 wt.% CNT with CNT to SO weight ratio of 1:8 versus applied compression. In (d) and (e),
the blue crosses are the experimental data, and the orange lines are the fitted curves. f) CNT-PDMS-SO polymer consisting of 2.4 wt.% CNT with CNT
to SO weight ratio of 1:8 under cyclic tensile strain of 20% for 10 000 cycles.

precursor reservoir, was lowered in the z-direction and dipped
into the CNT-PDMS-SO precursor to form conical heads
(Figure 1g). Once glass beads were dipped to a depth of one-third
of their radius in the precursor, the mold was raised up gently
to form pillars with the desired height and width (Figure 1h). In
the next step, the precursor was heated at 100 °C to fully cure the
polymer composite precursor (Figure 1h). Finally, when the CNT-
PDMS-SO composite was fully cured, the CMSA sensor was de-
molded (Figure 1i). The human subject study was performed
under Queen’s University Health Sciences & Affiliated Teach-
ing Hospitals Research Ethics Board (HSREB) approval (number
6027092).

3. Results and Discussion

The CNT-PDMS-SO polymer composite’s electrical and mechan-
ical characteristics were studied for CNT weight percentages
between 1.5% and 3%, with a CNT-to-SO weight ratio of 1:8.
Figure 2a shows that the sheet resistance of the polymer compos-
ite decreases significantly by increasing the weight percentage of
CNT significantly after achieving the percolation with 1.5-2 wt.%
of CNT.

The Young’s modulus of the CNT-PDMS-SO composite in-
creases with the increasing weight percentage of CNT, and func-
tionalization with low viscosity silicone oil reduces the elastic
modulus of polymer composite (Figure 2b; Figure S3, Supporting
Information). Increasing the weight percentage of CNT reduces
the electrical resistivity but increases Young’s modulus. The opti-
mal combination of sufficient electrical conductivity and proper
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mechanical softness of the polymer composite was obtained at
2.4 wt.% of CNT with the CNT to SO weight ratio of 1:8. The me-
chanical characterization of this CNT-PDMS-SO polymer sample
indicates a Young’s modulus of 1.717 MPa (Figure 2c) and a frac-
ture strain of 116%.

Figure 2d shows the change in the electrical resistance of poly-
mer composites consisting of 2.4 wt.% of CNT and a CNT-to-SO
weight ratio of 1:8 (used to eventually fabricate CMSA sensor),
due to applied uniaxial tensile strain. Less than 5% of resistance
change was detected within 40% of applied strain that is well
beyond the stretchability of human skin (x30%). Additionally,
a compression test on the CNT-PDMS-SO polymer (2.4% CNT,
CNT to SO 1:8) was performed, indicating < 4% of resistance
change due to 40% of applied compression (Figure 2e). The nor-
malized change in electrical resistance of this polymer composite
under the applied cyclic tensile strain of 20% is demonstrated for
10000 cycles in Figure 2f. Over the first 100 cycles, an irreversible
decrease of composite’s electrical resistance is observed, which
eventually stabilized after #1000 cycles of tensile strain. This can
be attributed to changes in the interconnected network of CNTs
in the polymer matrix. After enough strain cycles, the breaking
and reforming of the CNT networks in the polymer matrix be-
come more consistent and the resistance stabilizes.>*] Therefore,
100 cycles of strain and compression were applied to the CMSA
sensor before the recording.

Figure 3a shows the schematic of both CMSA sensors and
planar conventional wet gel electrodes. Conventional wet gel
electrodes require a relatively a large amount of gel (~0.5 mL)
between the electrode and skin to establish electrical contact,

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 3. Fabricated the CMSA sensor. a) A schematic of medical grade electrodes for EEG recording with wet gel applied between electrodes with planar
geometry and microscopically textured hairy scalp and the CMSA sensor on the hairy scalp (blue represents wet gel). b) The CMSA sensor was placed
on the fingertip. c¢) Microscopic image of the CMSA sensor. d) The CMSA sensor attached on hairy scalp. e) Demonstration of the CMSA sensor suction
force to a glass slide without applying wet gel and f) suction force to a glass slide with applying gel on conical heads of microstructures. g) Microscopic
image of the interface between the CMSA sensor and glass surface without applying the wet gel.

resulting in limited spatial resolution, the necessity of using
mechanical support to keep the electrodes in place, and a high
chance of electrodes shorting when in the array due to running
the gel. In contrast, the design of the CMSA sensor enables direct
contactand the adhesion of the sensor to the hairy skin. The small
size of the sensor (8 mm in diameter) allows for non-intrusive
applications for EEG recording from the scalp (Figure 3b).

Each microstructure in a CMSA sensor consists of an array of
stemmed conical structures that make it possible to position the
conical heads in the space between hair strands on the scalp and
hairy skin. By gently pressing the CMSA sensor against the skin
and pushing the air out of conical heads, a negative pressure is
generated that causes the CMSA sensor to adhere to the skin.
To ensure low ESII, a trace amount of conductive gel (=5 uL) is
applied to the inner surfaces of the conical heads before each ap-
plication. As shown in Figure 3b, each CMSA sensor consists of a
base with a radius of 8 mm and a thickness of 1.5 mm where the
arrays of 19 conical microstructures are located. Unlike planar
conventional wet gel electrodes, the CMSA sensors require little
gel, making them easy to be attached to the scalp and comfortable
to wear. Additionally, they can adhere to the hairy scalp without
the help of mechanical support and can be visually imperceptible
due to their small size and the fact that there is no need for extra
accessories to hold them in place (Figure 3d).

The microstructure in the CMSA sensor is shown in Figure 3c.
Each microstucture consists of a stem with a radius of
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150 + 20 pm and a height of 300 + 20 pm and a conical head
with a radius of 450 + 20 pm.

The soft conical heads in the CMSA sensor enable the adhe-
sion of the CMSA sensor to both smooth and textured surfaces
such as glass and skin respectively (Figure S4a,b, Supporting
Information). Video S1 (Supporting Information) demonstrates
that by pressing a stemmed conical head against the skin, a neg-
ative pressure is generated in the conical microstructure that re-
sults in adhesion to the skin. Application of the CMSA sensor
to the hairy scalp is easy, and as Video S2 (Supporting Informa-
tion) shows, once it is placed on the scalp, it stays intact even
during intense head movements. Video S3 (Supporting Infor-
mation) demonstrates the visual imperceptibility of the CMSA
sensor offering users privacy, especially during long-term EEG
recording during daily activities. The maximum adhesion forces
of a CMSA sensor consisting of an array of 19 conical microstruc-
tures to a glass surface with and without the application of wet
gel were measured to be 201 mN (0.4 N cm™?) and 103 mN
(0.2 N cm™?), respectively (Figure 3e,f). Figure 3g shows the im-
age of the interface between conical microstructures and glass
surfaces. When the skin surface is dry, the adhesion force of the
CMSA sensor attached to non-hairy scalp/skin with and without
gel is 180 mN (360 mN cm~2) and 40 mN (80 mN cm™?), re-
spectively. The adhesion force of the CMSA sensor attached to
the hairy scalp with and without gel is 130 mN (260 mN cm~2)
and 35 mN (70 mN cm™2), respectively. There is a slight decrease

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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in the adhesion force of the CMSA sensor attached to the hairy
scalp compared to the non-hair skin, which is mainly due to the
topology of the scalp and the elasticity of the hair. When the
skin surface is wet due to sweating, the adhesion force of the
CMSA sensor attached to non-hairy skin with and without gel
is 190 mN (380 mN cm™) and 45 mN (90 mN cm~2), respec-
tively, and the adhesion force of the CMSA sensor attached to the
hairy scalp with and without gel is 135 mN (270 mN ¢cm™2) and
40 mN (80 mN cm™2), respectively. We did not notice a consider-
able change in the adhesion between the CMSA sensor and the
skin when the person is sweating. This can be attributed to the
absorption of sweat by the gel.

Figure S5 (Supporting Information) demonstrates that the ad-
hesion force of CMSA sensors increases with an increase in the
radius of the conical heads. The adhesion strength of the CMSA
sensor is proportional to the size of the conical heads and the
negative pressure generated in the conical heads when the air
is pressed out. Based on multiple tests of the suction forces of
conical heads array with different conical head radius, we cal-
culated the suction force of the CMSA sensor consisting of 19
conical heads (without gel; Figure S5¢, Supporting Information).
The difference between the measured and calculated values is at-
tributed to the deviation of the conical microstructures from their
ideal shape and form, the slight nonuniformity of the radius of
the cups and the leakage of air into the cups due to the minimal
conformability of the cups to the attaching surface. Also, when
the conical microstructure is pressed against a surface, there is
an area at the center of it that does not come into contact with
the surface as shown in Figure S5a (Supporting Information).
Adding conductive gel (highlighted in blue in Figure S5b, Sup-
porting Information) results in increasing the contact area be-
tween the skin and the sensor and consequently decreasing the
electrode—skin interface impedance (ESII). There is a trade-off
between the sensor’s adhesion force and the radius of conical
heads in CMSA sensors because these structures must be small
enough to fit within the spacing between hair follicles (500 um to
1 mm in most of the human scalp; Figure S6, Supporting Infor-
mation).

The defining factor in obtaining high SNR and high-quality
bio-signal recording is low ESII. We measured the CMSA sen-
sor’s ESII and compared it with gold standard medical grade
Ag/AgCl wet gel electrodes. Impedance measurements were per-
formed by placing the electrodes on the forearm and connecting
them to an LCR meter (Figure 4a). The sweep frequency was set
between 20 Hz and 100 kHz. The results shown in Figure 4b
suggest that the ESII of Ag/AgCl wet gel electrodes at their in-
terface with skin is lower than that of CMSA sensors. However,
one must note that classical electrical circuit concepts suggest
that the ESII is inversely proportional to the contact surface area
of sensor/electrodes with skin. Considering that the contact sur-
face area of the CMSA sensor with skin is only #0.121 cm? in
comparison with that in wet gel electrode that is ~#2.54 cm™ (21
times that of the CMSA sensor), the ESII per unit surface area of
the CMSA sensor is lower than the wet-gel electrode. The ESII re-
duces with increasing frequency, indicating the capacitive nature
of the interface between the sensor/electrode with the skin.

To investigate the performance of the CMSA sensor for elec-
trophysiological recording, it was used to record EEG and ECG
signals. Sensor placement on the chest for ECG recording is

Adv. Healthcare Mater. 2023, 12, 2300142 2300142 (6 of 9)

www.advhealthmat.de

shown in Figure 4c. Medical grade Ag/AgCl wet gel electrodes
(3M electrodes) were placed next to the CMSA sensors and used
to measure the ECG signal concurrently for comparison. A trace
amount of wet gel was applied to the inner surface of the CMSA
sensor’s conical heads (=5 pL) prior to attaching the sensors to
the chest. An OpenBCI board was used for data acquisition, and
a digital 60 Hz notch filter was applied to the recorded data.
Figure 4d depicts the simultaneous recording of ECG signals us-
ing the CMSA sensors and gold standard Ag/AgCl wet electrodes,
with closely comparable results. The ECG signals obtained using
the CMSA sensor include feature the distinctive P, Q, R, S, and
T ECG peaks. The SNR of signals recorded using CMSA sensors
and wet gel Ag/AgCl electrodes was measured to be 13.74 and
14.03, respectively. The ECG signal recording continued 6 h after
the placement of sensors, and the results suggest a comparable
decline of 15.8% and 18.1% in the SNR of the signals recorded
using Ag/AgCl electrodes and CMSA sensors, respectively, due
to the drying out the wet gel over time.

One critical aspect of wearable technology sensors is their com-
fort and non-irritability, particularly during prolonged use. To in-
vestigate this, we placed the CMSA sensor and Ag/AgCl wet gel
electrode on the forearm and looked for any signs of irritation 6 h
after placement on the skin. We observed that the CMSA sensor
did not cause any irritation after 6 h of wear, while wet gel elec-
trodes caused redness and irritation (Figure S7, Supporting In-
formation). Furthermore, their small size, lightweight and sim-
ple application make it a comfortable and user-friendly sensor.

To assess its susceptibility to motion artifacts, the CMSA sen-
sor and Ag/AgCl wet gel electrodes were placed in close proxim-
ity on the chest (Figure 5a,b) and simultaneous ECG recordings
were performed while the motion was induced by poking skin
in the vicinity of both sensors using a glass rod. A 60 Hz notch
filter and a high-pass filter of 1 Hz were applied to the recorded
signal. The result indicates that CM SA sensors show comparable
motion artifacts to gold standard medical grade wet gel Ag/AgCl
electrodes (Figure 5c).

We also used the CMSA sensor for EEG recording from the
scalp. The alpha rhythm (8-13 Hz) was measured using the
CMSA sensor and Ag/AgCl wet gel electrodes simultaneously
from both forehead (Figure 4e) and hairy scalp at F4 position
(Figure 4i) based on the 10-20 EEG measurement system. Refer-
ence and ground electrodes were placed on the A1 position and
wrist.’*>] To record the alpha rhythm, the subject was asked to
hold their eyes open for 30 s followed by another 30 s when they
were asked to close their eyes and relax. The recorded EEG sig-
nals in the time domain are shown in Figure 4f,j. Our results
show the CMSA sensor can be used to record EEG signals from
both the forehead and hairy scalp. The corresponding fast Fourier
transform (FFT) results of the recorded signals when the eyes
were open and closed are presented in Figure 4g,h k1. Our results
show clear alpha signals recorded using both the CMSA sensor
and Ag/AgCl wet gel electrodes at a peak frequency of ~10 Hz
during the period when the eyes were closed.

To study the stability of the CMSA sensor contact with skin
during physical activities, one CMSA sensor was worn on the
scalp and another sensor on the chest by a subject. The subject
then did workout by running on a treadmill at the speed of 6.5
mph for 25 min (Video S5, Supporting Information). The CMSA
sensors’ contact with the skin on the scalp and chest remained

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 4. Electrical performance of the CMSA sensor on skin. a,b) Comparison of electrode-skin interface impedance of the CMSA sensor and commercial
Ag/AgCl wet electrodes without any skin preparation. c) The placement of the CMSA sensors and gold standard Ag/AgCl electrodes on chest. d) ECG
recording from the chest using both the CMSA sensors and Ag/AgCl wet gel electrodes. e) The placement of the CMSA sensors and gold standard
Ag/AgCl electrodes on forehead. f) Recording the alpha rhythm from the forehead with both the CMSA sensor and Ag/AgCl wet gel electrodes. g,h)
Comparison of EEG signals detected when eyes were open and closed, respectively. When the eyes were closed, an Alpha rhythm of 8-12 Hz was
detected by both electrodes. i) The placement of the CMSA sensors and gold standard Ag/AgCl electrodes on hairy scalp (F4 position). j) alpha rhythm
detection from the hairy scalp with both the CMSA sensor and gel electrodes. k,I) Comparison of EEG signal detected when eyes were open and closed
respectively. When the eyes were closed, an Alpha rhythm of 8—12 Hz was detected by both electrodes.
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Figure 5. The comparison of motion artifacts of the CMSA sensor and Ag/AgCl wet electrodes. a) The placement of the CMSA sensors and gold standard
Ag/AgCl electrodes on the chest. b) The motion was induced by poking the chest using a glass rod. ¢) ECG synchronously recorded by the CMSA sensors
and Ag/AgCl wet electrodes shows comparable susceptibility to motion.
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intact. We conducted the ECG recording using the CMSA sen-
sors before and after the workout and we did not observe any
noticeable change in the average ECG signal amplitude (Figure
S8, Supporting Information). The long-term adherability of the
CMSA sensor on the hairy scalp was tested by attaching it to the
hairy scalp without the help of external mechanical support or
tape while the EEG signal was measured continuously for 6 h.
The first obvious degradation in the signal quality was observed
after 4h due to the separation of some of the conical heads from
the skin. Signal quality was restored by gently pressing the sen-
sor against the skin to re-establish the contact between separated
conical heads and skin. The recording then continued for another
2 h. The CMSA sensor can be reused by rinsing it with water and
re-applying the conductive gel before the next use. There are no
noticeable changes in the integrity of the CMSA sensor after rins-
ing it with water and reusing it after 30 cycles, as it is shown in
Figure S10 (Supporting Information).

4, Conclusions

We developed a CNT-PDMS-SO based conical microstructure
array (CMSA) sensor using an innovative and unique, scal-
able, cost- and time-effective fabrication method of viscosity-
controlled-dip-pull (VCDP). The CMSA sensor can be attached
directly to the skin that is heavily covered by hair such as the
scalp without the help of any mechanical support and/or tape and
has been successfully used for ECG recording and EEG recording
from the hairy scalp. The quality of signals recorded by the CMSA
sensor is comparable to medical grade, gold standard Ag/AgCl
wet gel electrodes. The CMSA sensor is a wearable sensor that
offers comfort and privacy to users for long-term EEG recording.
The small size and adhesiveness of the CMSA sensor make it an
excellent candidate for integration with integrated circuits at each
sensor node on the scalp and potentially a candidate for the next
generation of wireless visually imperceptible EEG sensors.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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