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Stick-and-play bioadhesive hairlike
electrodes for chronic EEG recording
on human
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Chronic high-fidelity electroencephalogram (EEG) recording faces challenges due to weak EEG
signals and presence of hair, which create interfacial gaps andmotion artifacts. To ensure reliable EEG
recording, stable connection between electrodes and the scalp is essential. Metallic electrodes with
electrolyte gel are commonly used, but their stability is often affected by gel drying and inconsistent
electrodepositioning across sessions.Here,we report stick-and-play hairlike device that canattach to
the human scalpwithout the need for skin preparation, using ahighly flexible and stretchable electrode
material and robust bioadhesive material. The hairlike device can be worn for long term without being
noticeable, maintaining a stable skin adhesion and interface impedance across different recording
sessions and hundred cycles of cyclic loading. The design, which mimics human hair, makes it
indistinguishable from a natural look. Additionally, the hairlike device has been demonstrated as an
efficient medium for long-term, high-quality EEG recordings.

Electroencephalography (EEG), a non-invasive approach for brain activity
monitoring, enables the rapid investigation of physiological conditions and
dysfunctions of the human brain with high temporal resolution, which is
essential for clinical diagnostics, therapeutics, and neuroscience research1–3.
In addition, chronic reliable EEG recording is of great importance for
clinical applications such as seizure monitoring, the evaluation of sleep
disorders, cerebrovascular disease, psychiatric conditions, and movement
disorders4. However, reliable EEG recording is challenging due to the weak
nature of EEG signal5 and the presence of thick hair on the scalp which
induces interfacial gaps between the scalp and recording electrodes6,7. This
leads to fluctuations in interfacial impedance between the electrode and the
skin8. For high- quality EEG recording, good conformality and favorable
mechanical interaction with human skin tissue on the scalp are very
important2,9.

Traditional EEG systems typically employ gold cup electrodes or Ag/
AgCl wet electrodes, which require the application of conductive gels to
maintain proper contact with the scalp. These systems have been widely
used in clinical and research settings due to their ability to capture EEG
signals from the brain10. Although wet electrodes are often regarded as the

benchmark for EEG monitoring, they encounter certain obstacles that
restrict their practicality and user comfort. An important concern is the
discomfort11 causedby the electrodes, especiallywhen theymust beworn for
long durations. The application of conductive gels can be messy and time-
consuming, and the gels tend to dry out over time, necessitating frequent
reapplication to maintain signal quality12,13. This reapplication process can
be inconvenient and intrusive, particularly in long-term monitoring sce-
narios. Moreover, the rigid nature of these electrodes can cause signal
instability due to movement. Any slight displacement or movement of the
electrodes can lead to significant artifacts and noise in the recorded signals,
compromising the accuracy and reliability of the data. This instability is
particularly problematic in studies where subjects are required to perform
physical activities. Furthermore, their chronic reliability and stability is
compromised by the drying of the conductive gels and inconsistency in
electrode positions across different recording sessions. Additionally, the
potential for skin irritation from the application of gels further reduces the
feasibility of traditional EEG systems for continuous, long-term use.

Leveraging the highly flexible and stretchable nature, along with the
low mechanical modulus of our electrode material, combined with the
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robust adhesion properties of a bioadhesive component, we have developed
a stick-and-play hairlike device for stable chronic EEG monitoring. This
device can be attached to the human scalp without the need for conductive
electrolyte gel application. The device is designed to be exceptionally thin,
lightweight, and highly conformable to the scalp, offering a more comfor-
table and stable interface for EEG recordings. The bioadhesive material’s
exceptional adhesion properties contribute to the formation of a robust
interface between the recording electrodes and the scalp. This ensured a
stable positioning of the electrodes, allowing for continuous and comfor-
table wearing of the hairlike device without the risk of peeling off or skin
irritation. We designed the hairlike device to mimic human hair, enabling
wearers to use it inconspicuously without social stigma or feelings of alie-
nation. This discreet integration into daily life is particularly beneficial for

individuals who require continuous EEG monitoring, such as those with
epilepsy or other neurological conditions. Owing to strong adhesion, the
hairlike device achieves conformal contact with the skin on hairy scalp
which contributes to the long-term high-fidelity EEG recording over con-
tinuouswearing of the devicewithout the need for additional steps to secure
the device continuously.

Results
3D printed hairlike device
To fabricate the hairlike EEG recording device,we utilized direct inkwriting
(DIW) 3D printing14, a versatile technique that allows precise patterning of
various inks through controlled nozzle movement in three-dimensional,
building the device layer by layer15. This method offers high spatial

Fig. 1 | Bioadhesive hairlike electronics for stable
chronic EEG monitoring. a (i) Schematic illustra-
tion of bioadhesive hairlike electrodes for stable
chronic EEG recording from a hairy scalp. (ii) Dif-
ferent components of hairlike electrodes: PDMS
bottom and top layer, conductive polymer-based
electrode, and bioadhesive layer. b Photograph of a
hairlike electrode (left) and a human hair (right)
(scale bar-5 mm). c (i) Photograph of a hairlike
electrode placed on the scalp. (ii) The device remains
invisible on the scalp, owing to its biomimetic nat-
ural appearance. d Stable adhesion of hairlike elec-
trodes under various conditions: Hairlike electrode
before (i) and after (ii) workout, illustrating the
device’s stability in the presence of scalp sweat (scale
bar-5 mm). (iii) The ability to withstand complica-
tions of wearing a cap. (iv) Stably stay on the scalp
during cap removal (scale bar-10 mm). (v and vi)
Device enduring the force exerted during hair
combing with hands (scale bar-5 mm). e Hairlike
devices available in different hair colors, allowing for
seamless integration with various hair types without
cosmetic differences (scale bar-5 mm).
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resolution, reduced time in device fabrication, and excellent reproducibility,
making it an ideal methodology for constructing intricate, multi-layered
structures with the precision required for our application. We employed
conducting polymerhydrogelmaterial for the electrode layerwhich consists
of poly(3,4-ethylenedioxythiophene): polystyrene sulfonate (PEDOT: PSS)
and hydrophilic polyurethane (PU). This hydrogel material exhibits high
electrical conductivity (>11 Scm−1)16 and high stretchability (~400%)16

ensuring optimal properties for our designed hairlike devices. Structurally,
the hairlike device is composed of four layers (Fig 1a (ii)): the central con-
ductingpolymerhydrogel electrode layer is sandwichedbetween twoPDMS
encapsulation layers. The electrode layer has 3 components: The interface,
the interconnect and the output unit. At the interface site, a single PDMS
layer is used to expose the electrode, allowing it to directly acquire signals
from the scalp. Additionally, an adhesive layer is printed around the

electrode layer on top of the bottom PDMS layer to secure the device
in place.

We designed the hairlike device with the intention that it can be
worn continuously over extended periods, allowing subjects to
maintain their daily routines without experiencing any interference
or noticeable cosmetic differences. The interface part of the hairlike
device that adheres to the scalp is circular with a diameter of 1.5 mm,
optimizing contact with the skin with minimal intrusiveness. The
interconnect part of the device is designed to be 300 µm in width,
providing a thin, hairlike structure that seamlessly integrates with the
natural hair (Fig. 1b). This slender design minimizes any aesthetic
impact and ensures the device’s lightweight and flexible nature,
enhancing user comfort. Upon placement, the device meshes natu-
rally with the hair, becoming virtually invisible and preserving the

Fig. 2 | Bioadhesive materials for hairlike electrodes. a Schematic illustration of
bioadhesive material and its 3D printing. b Photograph of bioadhesive ink for 3D
printing. c Photographs of printed bioadhesive in twisted (top) and stretched
(bottom) form. (Scale bar- 4 cm) d Interfacial adhesion force of the bioadhesive on
skin. e Photographs highlighting comparison of the adhesion of device on skin using
the developed bioadhesivematerial (i) and commercial EEG gel (ii). fAdhesion force

of hairlike device with bioadhesive and commercial EEG gel. g Plot for the com-
parison of adhesion force of hairlike device with bioadhesive and commercial EEG
gel (n = 4) Statistical significance and P values are determined by two-sided unpaired
t-test; ****P < 0.0001. Errors bars indicate standard deviation.hExperimental stress
strain curve of 3D printed dog-bone shaped specimen of bioadhesive material.
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user’s natural appearance (Fig. 1c). This design aspect is essential for
user acceptance, as it allows the device to be worn discreetly in
various social and professional settings without attracting notice. In
addition to cosmetic advantages, the hairlike design ensures that the
device does not interfere with daily activities. Its strong adhesion and
flexibility allow it to remain robustly in place during movement,
exercise, and routine hair grooming (Fig. 1d). To cater for subjects
with different hair colors, we also designed the hairlike device for
various hair colors (Fig. 1e) by adopting biocompatible dyes in the
printing material (see Methods for detailed procedure).

3D printable adhesive ink
The bioadhesive was synthesized using a UV-assisted polymerization
method (see Methods for detailed procedure). A solution containing PU,
ethanol, deionized water, acrylic acid, α-ketoglutaric acid, and benzophe-
none was exposed to UV light. In this process, α-ketoglutaric acid initiated
the polymerization of acrylic acid, while benzophenone generated radical
sites in the PU, facilitating the covalent bonding of poly(acrylic) acid (PAA).
The resultant PAA-integrated PU was then purified through dialysis in
ethanol and water sequentially to remove any unreacted reagents, followed
by thoroughly drying. To convert the synthesizedPAA-integrated PU into a

Fig. 3 | Printing of hairlike electrodes and characterization of their stability,
electrical and mechanical properties. a Photographs of layer-by-layer printing
process of hairlike electrodes with 100 µm nozzle using DIW-based multi-material
3D printing. b Impedance spectra of electrode-skin interface of hairlike electrodes
and commercial gold electrodes on wrist. c Impedance spectra of electrode-skin
interface of hairlike electrodes and commercial gold electrodes on hairy scalp.
d Long-term stability assessment of the hairlike electrodes on a hairy scalp with

continuous wearing. Images depict the electrode on the scalp at 0 hours (i), 12 hours
(ii), and 24 hours (iii), illustrating its durability over time. e Impedance spectra of the
electrode-skin interface for the hairlike device at different time intervals: initially,
after 12 hours, and after 24 hours of continuous wear on hairy scalp. f Plots for
electrode skin impedance at 10 Hz and 100 Hz after different tensile cycles of hairlike
electrodes. (n = 4) Error bars indicate standard deviation. g Engineering stress vs
engineering strain curve for a hairlike electrode.
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printable ink, we dissolve it in an aqueous ethanol solution. N-(3-dime-
thylethylaminopropyl)—N-ethylcarbodiimide hydrochloride (EDC) and
N-ethyl-N′-(, N-hydroxysuccinimide) (NHS) were introduced in the solu-
tion to introduce NHS ester functional groups on the PAA chains (Sup-
plementary Fig. 1). The introduction of NHS esters significantly enhances
the adhesiveproperties of thepolymerby increasing its reactivitywith amine
groups present in proteins and other biomolecules. This increased reactivity
facilitates the formation of strong and durable covalent bonds17,18, making
the adhesive highly effective for biological applications. The covalent
bonding ensures robust attachment of hairlike device to the skin. Prior to 3D
printing the solution was blended with PU to finely adjust its viscosity to
enable high-resolution 3D printing19.

The rheological properties of the as developed bioadhesive exhibits a
shear thinning behavior (Supplementary Fig. 2), which is characteristic of
non-Newtonian fluids. For direct-ink-write (DIW) printing, the ink must
flow smoothly through thenozzle under pressure and exhibit rapid recovery
to its original shape post-extrusion. The rapidly reduced viscosity at higher
shear rate enables the ink to flow easily through the fine nozzle under
pressure,minimizing the risk of nozzle clogging and enabling a continuous,
uninterrupted flow. High viscosity at low shear rate makes the material
resistant to spreading upon printing, allowing precise printing of the
adhesive layer of hairlike device.

To measure the adhesion performance of the bioadhesive to the skin
surface, wemeasured the interfacial adhesive force between the bioadhesive
and skin. The bioadhesive showed favorable adhesion to the skin surface
with an average adhesion force of 0.7 N/cm (Fig. 2d). Owing to a high
density of charged carboxylic acid groups, PAA chains can quickly con-
solidate with tissue surfaces to form intermolecular hydrogen bonds.
Reactive NHS ester groups further enhance tissue adhesion by interacting
with primary amines on tissue surfaces to form covalent amide bonds17.
Hydrophilic PAA chains enhance rapid interfacial water absorption18,
allowing the bioadhesive to maintain strong adhesion to the skin even
during exposure to water, such as during showers, or when sweat forms on
the scalp during exercise. We also evaluated the adhesion performance of
the hairlike device using bioadhesive in comparison to a commercial
adhesive EEG paste (Fig. 2e). The hairlike device with the bioadhesive
demonstrated significantly stronger and more durable adhesion to the skin
surface compared to the commercial adhesive EEG paste (Fig. 2 f-g). The
bioadhesive showed adhesion performance which is almost double the
strength of commercial EEG gel (n = 4) (Fig. 2g). The bioadhesive exhibited
mechanical robustness with high flexibility and stretchability, allowing for
seamless integration with nonplanar skin surfaces. The bioadhesive can be
stretched about eight times of its original length with a Young’s modulus of
42 kPa (Fig. 2h), which is comparable to that of the native tissue of muscle
and skin20. The low modulus of the bioadhesive ensures conformal contact
with the curved surface of the skin, enhancing comfort. Additionally, it can
be removed without causing any damage to the skin. The AFM image
(Supplementary Fig. 3) of the bioadhesive post-attachment to human skin
reveals a smooth surface with no residue left on the bioadhesive after
removal.

Electrical and mechanical performance of hairlike device
An intimate interface between the electrode of the hairlike device and the
skin is necessary for electrical communication. Leveraging the highly robust
nature of thebioadhesive,wewere able to establish a stable interface between
the electrode and the skin. To evaluate their interface, we conducted elec-
trochemical impedance spectroscopy (EIS) characterization of the hairlike
device to study the interfacial impedances of thedevice electrode and skinon
both thewrist and the scalp. For comparative analysis, we alsomeasured the
skin impedance using a gold electrode with commercial EEG paste. The
bioadhesive’s robust adhesion and the hydrogel electrode’s flexibility
facilitated conformal contactwith the skin tissue. Consequently, the hairlike
device demonstrated a lower electrode-skin electrical impedance compared
to the commercial gold electrode. Specifically, the hairlike device exhibited
skin impedances of 26.02 kΩ at 100 Hz and 43.89 kΩ at 10 Hz on the wrist

(Fig. 3b).On the scalp, thehairlike device showed impedances of 14.83 kΩ at
100Hz and 16.72 kΩ at 10Hz (Fig. 3c). The hairlike electrode also showed a
high charge storage capacity (Supplementary Fig. 4).

To ensure the hairlike device is unobtrusive and does not interferewith
daily activities, we tested its long-term adhesion and electrical performance.
The device was placed on the scalp of a subject who then proceeded with
their normal daily activities. We tested the placement and the adhesion
performanceof thedevice,which remained securely attached to the scalp for
24 hours (Fig. 3d). We also performed electrochemical impedance spec-
troscopy (EIS) characterization to determine interfacial impedances of the
device electrode and skin on the scalp after 12 and 24 hours of continuous
wear. The results showed that the impedance remained stable with no
noticeable increase after 12 and 24 hours (Fig. 3e and Supplementary Fig. 5).
Thesefindings underscore the hairlike device’s potential for long-termhigh-
fidelity electrophysiological recordings, as evidenced by its lower impedance
values and stable skin-electrode interface.

Before 3D printing, we have tested rheological behavior of all the
components of hairlike electrode, Rheology characterizations (Supple-
mentary Fig. 6) reveal that both the PDMS ink and the PEDOT:PSS elec-
trode ink demonstrate shear-thinning behavior, where viscosity decreases
with increasing shear rate ensuring smoothmaterial flow undermechanical
stress while maintaining structural integrity after printing. As a wearable
device, the hairlike device must endure various forces encountered during
normal activities, such as combing or handling hair. Therefore, it is
important for a hairlike device to be able to withstand various forces. For
reliable application, a device must possess recovery properties from defor-
mation.We tested theperformance of thehairlike device under cyclic tensile
loading and single tensile loading. The hairlike device exhibitedmechanical
robustnesswith high stretchability and tensile cyclability, which is beneficial
for real-world applications. Successive cyclic tensile tests with a maximum
strain of 10%were conducted for the hairlike device.After cyclic loading, we
tested the skin impedance of the hairlike device on the wrist. The hairlike
device showed stable electrical performance after 10, 50 and 100 cycles of
loading (Fig. 3f). The hairlike device is also highly stretchable with an ulti-
mate strain up to 200% (Fig. 3g).

High-fidelity long-term EEG recording with hairlike device
High-quality EEG recording is crucial for both clinical and research-based
neurological applications, including the diagnosis of neurological disorders
and the development of brain-machine interfaces (BMIs)21,22. EEG record-
ing offers a noninvasive and efficient method for monitoring brain elec-
trophysiological activities. It provides good temporal resolution that is
essential for accurately capturing rapid neural dynamics that is vital for
diagnosing conditions such as epilepsy23, sleep disorders24, brain injuries25,
as well as for advancing BMIs, which rely on precise neural signal inter-
pretation to control external devices. Achieving highly effective recording of
EEG signals is particularly challenging due to the inherently weak nature of
the signals, which have amplitudes in the microvolt range26. Additionally,
dense hair on the scalp introduces significant interference, complicating the
acquisition of clear and accurate readings27. For EEG, signal quality critically
depends on the device’s ability to conform closely to the skin. This close
conformity ensures optimal contact between the electrodes and the scalp,
which is essential for capturing the faint electrical signals generated by brain
activity. Any gap can significantly degrade signal quality by increasing
impedance and increasing interference from external noise28. Owing to the
excellent adhesion performance of the bioadhesive layer and the flexibility
and stretchability of the encapsulation layers and hydrogel electrode layer,
the hairlike device achieves excellent conformability and compliance with
the scalp, even in the presence of dense hair. The hairlike device design
ensures that there is minimal interference from hair, allowing the device to
maintain intimate contact with the scalp. The robust adhesion prevents any
shifting or lifting of the electrodes, while the flexible materials conform to
the contours of the scalp, ensuring consistent signal acquisition. As a result,
the hairlike device can capture high-quality EEG signals. To validate the
efficacy of our hairlike EEG recording device, we conducted a proof-of-
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concept study focusing on EEG alpha activity, recorded from the occipital
region of a hairy scalp. This area is particularly significant for generating
alpha waves, which are typically observed when individuals are in a relaxed
state with their eyes closed29. We recorded EEG signals in both eyes-open

and eyes-closed states, using the hairlike device (Fig. 4). The recordings
revealed clear differences between the signals detected in these two para-
digms. In the eyes-closed states (Fig. 4a-c and Supplementary Fig. 7a), the
power spectral density analysis (PSDA) (Fig. 4c) showed a pronounced

Fig. 4 | High-fidelity chronic EEG signal monitoring from hairy scalp using
hairlike electrodes and conventional gold electrodes. aEEG raw signal recorded by
hairlike electrodes in eyes-closed paradigm. b EEG rhythms after filtering in 1-40 Hz
range. Subset image: filtered alpha wave signal (8-12 Hz). c Power spectral density
analysis (PSDA) for EEG signals in (a). d EEG raw signal recorded by hairlike
electrodes in eyes open paradigm. e EEG rhythms after filtering in 1-40 Hz range.
Subset image: filtered alpha wave signal (8-12 Hz). f PSDA for EEG signals in (d).

g EEG raw signal recorded by conventional gold electrodes in eyes-closed paradigm.
h EEG rhythms after filtering in 1-40 Hz range. Subset image: filtered alpha wave
signal (8-12 Hz). i Power spectral density analysis (PSDA) for EEG signals in (g)
j EEG raw signal recorded by conventional gold electrodes in eyes open paradigm.
k EEG rhythms form (j) after filtering in 1-40 Hz range. Subset image: filtered alpha
wave signal (8-12 Hz). l PSDA for EEG signals in (j).
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alpha rhythmwith a clear central peak around10Hz, a characteristic feature
of alpha rhythms. Alpha rhythms typically range from 8 to 12Hz and are
associated with a state of relaxed wakefulness30 with reduced visual pro-
cessing and a more introspective state of mind. Alpha waves are most
prominent when the visual cortex is idle, such as when the eyes are closed30,
allowing for a clearer detection of these brain waves. In contrast, during the
eyes-open state (Fig. 4d-f and Supplementary Fig. 7b), the PSDA (Fig. 4f)
showed an absence of alpha rhythm, consistentwith the known suppression
of alphawaveswhen the eyes are open, as the brain shifts its activity towards
processing visual information and external stimuli. The clear central peak
around 10Hz observed in the PSDA of eyes closed state highlights the
hairlike device’s ability to accurately capture EEG alpha rhythms. For
comparative analysis, we recorded EEG signals from the occipital region
using a commercial gold electrodewith EEGgel (Fig. 4g-l). This comparison
was conducted to benchmark the performance of the hairlike device against
a conventional EEG recording standard. The results demonstrated that the
hairlike device effectively captured high-quality EEG signals, exhibiting
fidelity comparable to, and in some instances surpassing, that of the com-
mercial gold electrodes.

In addition, the hairlike device enabled high-fidelity recording of EEG
signals over an extended period, maintaining reliable performance for over
24 hours of continuous wearing (Fig. 5). This long-term stability is attrib-
uted to the device’s excellent electrical stability, superior mechanical prop-
erties, and robust contact with the scalp. EEG signals were recorded upon
initial placement of the electrode on the scalp, following which the subjects

engaged in their normal daily activities. Subsequent EEG recordings were
collected at 3-hour, 6-hour, and 12-hour intervals. The subjects maintained
their regular sleep schedules and sleeping positions overnight. On the fol-
lowing day, after 24 hours of continuous wear, EEG signals were recorded
again. The EEG alpha waves recorded at various time points showed no
notable degradation in quality. The recordings at different time spans
consistently demonstrated high fidelity, with clear patterns characterized by
a peak frequency around 10Hz in the eyes-closed state (Fig. 5a) and no
discernible peak in the eyes-open state (Fig. 5b). The consistencyof recorded
signals across varying time spans strongly underscores the robustness of the
hairlike device for long-term EEG monitoring.

Discussion
We successfully demonstrated design and fabrication of high-performance
flexible device for long-term high-fidelity EEG recording from hairy scalp.
As-prepared hairlike devicewas able to form stable connectionwith the skin
providing a long-lasting and stable interface impedance.Moreover, the thin,
flexible and lightweight structure of the devicemakes it comfortable to wear
and the skin preparation free attachment makes it more convenient for
application. The design allows discreet integration with the natural look
eliminating social stigma. The elimination of motion artifacts and stable
position of the hairlike device makes it a highly effective and reliable
medium for the high-fidelity capture of EEG signals with continuous
wearing. This technology holds promise for use in consumer health and
wellness products, enabling the development of advanced wearable devices

Fig. 5 | Chronic EEG recording using hairlike electrodes. EEG signals recorded in eyes-closed paradigm (a) and eyes-open paradigm (b) after 0, 6, 12 and 24 hours after
wearing the hairlike electrodes. The graphs show discernable peak at 10 Hz in eye closed state (a) and no peak at eyes open state (b).
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that can monitor mental health31, stress levels32, and cognitive functions33

discreetly. It could also be integrated into brain-computer interface (BCI)
systems, enhancing their usability and comfort, thereby expanding their
application in fields such as assistive technology for individuals with dis-
abilities, virtual reality (VR) experiences, and even enhancing human-
computer interaction in everyday tasks.

Materials and Methods
Materials
Polydimethylsiloxane (PDMS) (SYLGARD™ 186) was obtained from Dow
Corning. Poly(3,4-ethylenedioxythiophene): polystyrene sulfonate
(PEDOT: PSS) was obtained from Agfa-Gevaert. Dimethyl sulfoxide
(DMSO), ethanol, acrylic acid (AA), ethanol, benzophenone, α-ketoglutaric
acid, N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride,
and N-hydroxysuccinimide, were obtained from Sigma-Aldrich. Hydro-
philic polyurethane (PU) (HydroMedD3)was obtained fromAdvanSource
Biomaterials.

Methods
Preparation of encapsulation and electrode ink
PDMS encapsulating ink was prepared by mixing its part A and part B in
10:1 ratio followed by a through mixing in a centrifugal mixer (AR-100,
Thinky). For hairlike devices in various colors, part A of PDMS ink was
mixed with biocompatible dyes in a centrifugal mixer (AR-100, Thinky) to
provide desired color before being cured with part B of PDMS.

To prepare the conductive ink, a 6 w/v% solution of (PEDOT:PSS)was
first formulated by dissolving solid PEDOT:PSS pallet in a mixture of
deionizedwater and (DMSO) at a volume ratio of 85:15 (DI water:DMSO).
The solution was thoroughly homogenized and then filtered through a
10 µm polypropylene syringe filter to ensure a uniform PEDOT:PSS sus-
pension. The PEDOT:PSS suspension was combined with a 10 w/w% PU
solution in ethanol preparedwith a volume ratio of 95:5 (ethanol: DIwater).
The polymer concentration ratio was maintained at 1:1.5 (PEDOT:PSS to
PU). Thismixturewasfiltered again througha 10 µmpolypropylene syringe
filter followed by a thorough mixing in a centrifugal mixer (AR-100,
Thinky) to prepare a homogeneous conductive ink.

Development of adhesive
Theadhesivewaspreparedusing amodifiedmethoddescribed inWuet al.19.
25% (w/w%) hydrophilic polyurethane (PU) was developed by dissolving
polyurethane polymer to the solvent (95% ethanol, 5% DI water). The pre-
cursor solution was developed by mixing 19.5 v/v% DI water, 27.5 v/v%
ethanol, 25.5 v/v% PU and 25.5 v/v% acrylic acid (AA) respectively.
0.1 w/v% of α-Ketoglutaric acid and 1.1 w/v% of Benzophenonewere added
to the precursor solution. The mixture was agitated at 200 rpm for
15minutes in an orbital shaker to allow thematerials to dissolve completely.
The mixture was then crosslinked under UV light for 180minutes. During
thisprocess, benzophenoneservedas thephotoinitiator, creatingradical sites
within the PU. These radicals then reacted with acrylic acid, promoting the
formationofPU-integratedPAAchains19.Thecrosslinkedmaterialwas then
purified throughdialysis, initially in99.5%ethanol for 24 hours (ethanolwas
replaced after 12 hours), followed by immersion in DI water for another
24 hours (DI water was replaced after 12 hours). The purified PU-PAAwas
transferred into a beaker and dried in an oven at 70°C for 72 hours. Dried
PU-PAAwas redissolved into 80% ethanol solution at a concentration of 20
w/w%. The mixture was stirred at 200 rpm at an orbital shaker to allow the
material to completely dissolve to form core adhesive andmixed at a ratio of
92.5:7.5 with solution containing 33.3 w/v% of N-(3-dimethylethylamino-
propyl)-N’-ethylcarbodiimide hydrochloride and 33.3 w/v%
N-hydroxysuccinimide in 70% ethanol solution. This combined solution
was mixed with 25 w/w% PU at a 20:3 (v/v) to form the printable ink.

3D printing fabrication of hairlike devices
The designed paths for the hairlike devices were generated using computer-
aided design (CAD) drawings in DXF format. These drawings were then

converted into compatible codes to command the x-y-z motion of the
printer head via the printer’s built-in DXF conversion package (Nordson
EFD). The printing paths were custom-designed, allowing independent
movement in the x, y, and z directions to align the layers precisely.

Glass substrates, treated with Rain-X water repellent, were used for
fabricating hairlike devices. PDMS layers were printed using the prepared
PDMS ink, which was loaded into 5mL syringe barrels fitted with 100 µm
nozzles. These layers were then cured at 125 °C for 15 minutes34. For the
electrode layers, the prepared conductive ink was used, also loaded into
5mL syringe barrels with 100 µm nozzles. During the printing process, the
syringe barrelswere connected to anUltimusPlus dispenser (NordsonEFD)
to apply pressure, while the 3D printer precisely moved the printing head
along the designed paths. The dispenser’s on/off function was controlled by
the 3D printer, enabling precise ink deposition along the specified
printing paths.

Electrical Characterization
The electrical skin impedance of the hairlike device was measured both on
the wrist and on the scalp. The skin impedance was measured using a
potentiostat equipped with a frequency response analyzer (Autolab
PGSTAT204, Metrohm) using two-electrode system. Two electrode setup
was used as EEG signal represents the potential difference between two
electrodes and two-electrode setup used for impedancemeasurement aligns
with recording method of EEG data. The distance between two electrodes
was ~2 cm and a Cu electrode (10mm x 10mm) was used as the reference
electrode. For gold electrode (diameter 9mm), the impedance was mea-
sured on both wrist and scalp using a commercial EEG gel. The impedance
measurement was conducted at 10mV with a frequency range of 1-
100 kHz. To ensure that two-electrode setup demonstrates a similar per-
formance as three-electrode setup, the impedance measurement with two-
electrode setup was compared with conventional three-electrode setup in
PBS solution (Supplementary Fig. 8). Although the overall impedance of
electrodes in PBS is lower than those on skin due to a better electrode-
electrolyte interface in aqueous solution, there was no obvious difference
between two-electrode and three-electrode setup (Supplementary Fig. 8).

Rheological, interfacial adhesion and mechanical
characterization
Rheological measurements of conductive ink and bioadhesive were per-
formed with Discovery HR-2 hybrid rheometer (TA instruments, New
Castle, DE) using 15mm diameter sand-blasted parallel plates with a con-
stant gap of 300 µm, at a temperature of 23°C. Viscosity was measured as a
function of shear rate at a rangeof shear rates spanning from0.01 to 1000 s-1.

The interfacial adhesion on skin tissue was measured through a 90°
peeling process using a mechanical testing machine (CellScale) with per-
pendicular delamination rate of 1mm/s. The simple stretching measure-
ment of hairlike device was conducted at the rate of 1mm/s and cyclic
loading was conducted at a rate of 0.5mm/s using CellScale mechanical
testing machine. For the measurement of ultimate strain of bioadhesive,
dog-bone shaped samples (10mm in gauge length, 4 mm in width and
0.2mm in thickness) were subject to deformation at a constant rate of
1mm/s.

Electroencephalogram (EEG) recording through hairy scalp
Two healthy subjects with dense hair participated in the EEG recordings.
The scalp areas chosen for electrode placement were wetted with wet towels
before electrode application. The hairlike electrodes were placed at the
occipital position. The deviceswere connected to an Intan 1024ch recording
controller (Intan Technologies) via FFC cables and a custom-made PCB
board for signal acquisition. An Intan RHD 2132 amplifier was used to
amplify the recorded signals. EEGrecordingswere conductedwith a 20-kHz
sampling rate, utilizing a 60-Hz notch filter and a Butterworth band-pass
filter ranging from 1Hz to 40Hz. The reference electrodes were applied on
the earlobe. EEG signals were captured under two conditions to investigate
the device’s performance: 1) with subjects in a relaxed state with their eyes
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closed; and 2) with subjects in a relaxed idle state with their eyes opened.
After the initial placement of the hairlike electrodes, the subjects wore them
continuously for 24 hours. EEG signals were recorded at multiple intervals:
initially after device placement, then at 6 hours, 12 hours, and 24 hours.

Electromyography (EMG) recording frommuscle
To test the versatility of hairlike electrode, hairlike electrode was attached to
the skin of bicep brachii muscles and connected to an Intan recording
controller (Intan technologies) anda custom-madePCBboard for acquiring
EMG signals. The recorded data is shown in Supplementary Fig. 9.

Human test protocols
All human tests were approved by The Pennsylvania State University,
Institutional Review Board protocol 00022808 and informed written con-
sent was obtained from all subjects participating in this study.

Data analysis of EEG recording
The EEG data was analyzed with MATLAB (R2023b, MathWorks). The
recording data was filtered using Butterworth bandpass filters from 1-40 Hz
range. For further analysis of alpha wave, the signal was filtered in a similar
method from8-12Hz frequency range. After that, custom-written codewas
used for PSDA (pwelch function in MATLAB) to observe the relaxed and
wakeful states.

Statistical analysis
OriginPro 2023 software was used to assess the statistical significance of all
comparison studies in this work. In the statistical analysis between two data
groups, two-sided unpaired t-test was used with the threshold of
****P ≤ 0.0001. One way Anova comparison test was conducted with the
threshold of *P < 0.05.

Data Availability
All data are available in the main text or the supplementary materials.
Additional raw data is available from the corresponding author upon
request.
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