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In brief

This study introduces a breakthrough in

noninvasive brain-monitoring technology

through on-scalp-printed and self-drying

conductive inks for

electroencephalography (EEG). These

ultrathin, skin-conformable temporary

e-tattoos provide a comfortable and

precise way to capture brain activity,

overcoming the limitations of traditional

EEG systems, such as bulky equipment

and manual setup. With personalized

sensor layouts, distinct electrode and

interconnect inks, and a hair-compatible

digital printing process, these on-scalp-

formed e-tattoos represent a promising

tool for clinical diagnostics, brain-

computer interfaces, and wearable health

applications.
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THE BIGGER PICTURE On-scalp digital printing of custom-designed, temporary-tattoo-like sensors repre-
sents a groundbreaking advancement in noninvasive brain-monitoring technologies, advancing the fields
of neuroscience, clinical diagnostics, and brain-computer interfaces (BCIs). Traditional electroencephalog-
raphy (EEG) systems involve time-consuming manual electrode placement, conductive liquid gels, and
cumbersome cables, which are prone to signal degradation and discomfort during prolonged use. Our
approach overcomes these limitations by combining material innovations with non-contact, on-body digital
printing techniques to fabricate e-tattoos that are self-drying, ultrathin, and compatible with hairy scalps.
These skin-conformal EEG e-tattoo sensors enable comfortable, long-term, high-quality brain activity moni-
toring without the discomfort associated with traditional EEG systems. Using individual 3D head scans,
custom sensor layout design, and a 5-axis microjet printing robot, we have created EEG e-tattoos with pre-
cise, tailored placement over the entire scalp. The inks for electrodes and interconnects have slightly different
compositions to achieve low skin contact impedance and high bulk conductivity, respectively. After printing
and self-drying, the inks form conductive, stretchable, and breathable thin films that ensure high signal fidel-
ity, even over extended periods. This technology paves the way for non-invasive, high-performance, and
user-friendly brain monitoring that will enhance both patient care and the understanding of the human brain.
The broader significance of this technology lies in its potential applications beyond traditional EEG use. On-
scalp printed ultrathin e-tattoos could play a pivotal role in developing BCIs for various industries, including
prosthetics, virtual reality (VR), and human-robot teaming. This work also opens the possibility of on-body
digital manufacture of other types of e-tattoo devices in areas beyond the head, leading to large-area,
skin-covered yet deformable and breathable functional e-tattoos.
SUMMARY
Electroencephalography (EEG) is crucial for diagnosing neurological disorders and facilitating brain-com-
puter interfaces. Traditional EEG setups with wet gels and cumbersome cables are labor intensive, uncom-
fortable, and degrade over time. Dry, skin-conformable e-tattoos offer a comfortable and user-friendly alter-
native but struggle with hairy scalps. To tackle this problem, we introduce non-contact digital printing of
e-tattoos directly on the hairy scalp. Biocompatible inks are crafted for low-impedance electrodes and
high-conductivity interconnects. The fabrication system includes a custom sensor layout design algorithm
based on individual head scans and a 5-axis robot controlling a microjet printhead for safe and precise
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on-scalp ink delivery. After printing, these inks rapidly self-dry into conductive films perfectly conformed to
scalp skin, with enhanced wearability, longevity, and skin adhesion compared with gel electrodes and trans-
ferred e-tattoos. Motion imagery and error-related potentials are effectively measured by these printed e-tat-
toos. This innovation heralds a new era in on-body manufacturing of personalized e-tattoos.
INTRODUCTION

Electroencephalography (EEG) is a non-invasive method that re-

cords electrical activity of the brain through sensors placed on

the scalp. It has long been a diagnostic tool for conditions

such as epilepsy, sleep disorders, and brain injuries as well as

a popular sensing modality in neuroscience research.1,2 Its

importance has grown rapidly in recent years with the expansion

of brain-computer interfaces (BCI).3 The international 10–20 sys-

tem is awidely adopted standard for electrode placement in EEG

exams.4 The ‘‘10–20’’ refers to the distances between the adja-

cent electrodes being 10% or 20% of the total distance of the

skull, adjusted for individual head size. The variation of individual

head shapesmakes EEG capswith pre-designed openings inac-

curate for electrode positioning. Therefore, in clinical settings, a

well-trained EEG technician is required to manually mark elec-

trode positions on the patient’s head with a ruler and pencil, fol-

lowed by gel application and cable attachment channel by chan-

nel. This laborious process is both costly and time-consuming

(1�2 h)5 and is also susceptible to human error.6,7 Furthermore,

traditional EEG setups, with their wet-gel electrodes and

dangling cables, not only pose risks of detachment and signal

interference but also restrict patient mobility.8 Over time, the

gel dries and loses conductivity, limiting the measurements to

less than 2 h. For long-term EEG, adhesive pastes or collodion

glue are used instead but require periodic maintenance.9,10

The discomfort caused by the cumbersome hardware can also

limit patient compliance, particularly in ambulatory settings or

during extended monitoring periods (see details in Note S1).

E-tattoos or epidermal electronics are ultrathin, ultrasoft, skin-

conformable electronics that can perform non-invasive biometric

sensing on the surface of human skin.11,12 Traditionally, these de-

vices are pre-fabricated on a handling substrate and subsequently

transferred to theskin.However, thismethodstruggleswithhairyor

highly curvilinear surfaces.13–16 Moreover, because most bio-

signals are spatially distributed,17–20 large-area sensor arrays

requirepersonalizeddesignandaccurateplacementof thesensing

channels to accommodate diverse user anatomy and reduce mo-

tionartifacts.21Although remedies for isolated issueshavebeen re-

ported,22–26 a universal solution has remained unavailable.

To overcome the aforementioned challenges, we introduce

digital printing of custom-designed EEG e-tattoos directly onto

the hairy scalp. This approach omits the need for costly e-tattoo

manufacture, tedious and inconsistent manual installation of

EEG sensors, and bundles of long dangling wires (Figure 1A). It

precisely places the electrodes according to the individual user’s

head shape. We developed printable biocompatible inks based

on poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)

(PEDOT:PSS), a highly promising conductive polymer material

for bio-interfacing.27–30 These low-viscosity inks are jetted

through the hairs, lightly moistening the scalp before quickly
2 Cell Biomaterials 1, 100004, January 14, 2025
self-drying into soft (Young’s modulus 66 < MPa), stretchable

(elongation > 30%), and conductive thin films (� 30 mm thick)

that conform perfectly to the skin microtopology without causing

mechanical perception. We have formulated two distinct types

of inks: one to form electrodes with low skin contact impedance

to pick up the faint EEG signals from the brain and the other to

form interconnects with high conductivity and high contact

impedance to minimize noise pickup.

On-tissue printing is an emerging technology. Previous efforts

have primarily focused on bioprinting cell-embedded hydrogels

for tissue regeneration31–33 or strain sensors,34–36 both in very

localized hairless anatomy without requiring specific ink-tissue

interfacial electrical properties. Our technique is the first to pro-

duce ultrathin e-tattoos directly on human skin for electrophysi-

ology data acquisition despite hairs. Our approach departs from

previous on-tissue fabrication technologies in three major as-

pects (Table S1). First, personalized sensor layout design and

printing over large-area, 3D-curvilinear body surfaces are auto-

mated through the combination of 3D anatomy scanning, ‘‘proj-

ect-and-slice’’ 3D surface sensor layout design, and 5-axis

robotic control (Figures 1B, 1C, and S1; Video S1). Second,

non-contact, fast-speed microjet printing (Note S2; Video S2)

instead of extrusion is adopted for high-speed ink droplets to

reliably wet hairy skin with uniformity and continuity (Figures

S2 and S3; Videos S3 and S4). Lastly, microjet-compatible

PEDOT:PSS-based inks are formulated separately for ultrathin

electrodes and interconnects (Figure 1D). The printed inks can

fully solidify on human skin after 12 min at room temperature

without any treatment (Figure 1E), rendering perfectly skin-con-

formed e-tattoos (Figures 1F, S4, and S5) with much higher

adhesion to the skin than transferred e-tattoos (Figures 1G–1J).

RESULTS

The requirements for the inks are microjet compatibility,

biocompatibility, suitable electrical and mechanical properties,

and easy removal. These requirements rule out widely used

ink curing methods, including UV- or thermo-induced free-

radical curing; thermo-, mechanical-, or laser-sintering; or

involvement of harsh chemicals. Instead, we opt for sponta-

neous film formation through water evaporation, as demon-

strated in previous works with silver particle dispersion.31,37–40

For user comfort and mechanical stability, the printed elec-

trodes and interconnects should have a higher stretchability

than that of human scalp skin (�20%),41 sufficient bending

compliance,14 good skin adhesion, good breathability, stability

against sweat and oxidation, and resistance to abrasion.42

Meanwhile, printed electrodes must have low contact imped-

ance with the skin (40 < kU)43 to achieve high noise rejection

(Notes S3 and S4), which is crucial because EEG signals

have an inherently low amplitude of 1–100 mV.2 By contrast,



Figure 1. Overview of the on-scalp EEG e-tattoo printing technology

For a Figure360 author presentation of this figure, see https://doi.org/10.1016/j.celbio.2024.100004.

(A) On-scalp printed e-tattoo (left) vs. conventional EEG cap (right).

(B) Schematic illustration of the threemain steps of on-scalp e-tattoo printing: (i) 3D head scanning, (ii) personalized electrode and interconnect layout design, and

(iii) on-scalp hair-compatible microjet printing.

(C) A photo of the printer setup in which a 5-axis robot controls a microjet printhead for non-contact ink dispensing.

(D) Close-up top view of an electrode and its interconnect directly printed on a hairy scalp.

(E) Close-up side view of the microjetting process on a forearm: as-jetted wet ink layer (top) and solidified thin film after 12 min (bottom).

(F) Top view of the wet ink (top) and dried ink (bottom) on a human fingertip. The solidified e-tattoo can fully conform to the fingerprints.

(G and H) Peeling tests on pig skin show that e-tattoos printed and dried on the skin exhibit much stronger adhesion than those printed on a glass substrate and

subsequently transferred to the skin.

(I and J) SEM images of the e-tattoos printed on and transferred to human skin replicas. The printed e-tattoo has much better skin conformability than the

transferred e-tattoo. See also Figures S1–S5 and Table S1.
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printed interconnects need high skin contact impedance to

avoid picking up EEG signals along the way. In addition, a

low total interconnect resistance is critical for rejecting electro-

magnetic interference (EMI) and capacitive noise. As a result,
the excessive length of the printed interconnects (up to

50 cm) has to be offset by a sufficiently high bulk conductivity

(> 40 S/cm, Note S5). Therefore, two types of inks with con-

trasting properties need to be formed.
Cell Biomaterials 1, 100004, January 14, 2025 3
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Figure 2. Properties of the on-skin-printed electrodes and interconnects

(A) Schematics of the two ink compositions tuned for distinct properties. During the ink-drying process, PEDOT will stack to form electron-conductive pathways

(yellow arrow). For electrodes, ink containing NaCl promotes the low contact impedance with the skin needed for EEG acquisition. For interconnects, ink without

NaCl demonstrates significantly higher contact impedance when applied to the skin, inherently inhibiting the pickup of EEG signals, whereas the addition of

DMSO enhances the bulk electron conductivity required due to lengthy routing.

(B) Stress-strain curves of the dried electrode and the interconnect films show stretchability over 30%.

(C) Comparison of the specific contact impedance of different electrode inks with wet and solid commercial gel electrodes. The NaCl-containing ink has the

lowest value, 9 kU$cm2 at 10 Hz.

(D) Water vapor transmission rates (WVTRs) through the electrode and interconnect films are similar to that of an open vial and higher than that of the human

skin.52,53 By contrast, the 3M Tegaderm tape has a much lower WVTR.

(E) Intense physical exercises did not drastically alter the resistance of the interconnect and electrode traces.

(F) Schematic of cell culturing experiment on dried inks.

(G and H) Fluorescent images of human skin fibroblast cells grown on the electrode and interconnect films for a period of 3 days reveal favorable fiber mor-

phologies, suggesting that both inks exhibit good biocompatibility.

(I) Photos showing that the interconnect film formed on the skin can withstand large mechanical deformations, indicating good robustness and adhesion. The

interconnect can be easily removed by wiping with an alcohol wipe or soapy water, leaving no residue or discoloration on the skin. See also Figures S6–S17 and

Table S2.
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To meet all the aforementioned criteria using a novel

approach, PEDOT:PSS (Figure 2A) was selected as the principal

material for both electrode and interconnect inks because of its

ability to disperse in water, form films upon drying, and its recog-

nized biocompatibility.44–46 Glycerol and dimethyl sulfoxide

(DMSO) are also biocompatible, having been used in skincare

products and as cryoprotectants in the cryopreservation of cells

and biologics.47 They were added to the interconnect ink to

strike a balance between mechanical compliance and electrical

conductivity. DMSO enhances both conductivity45,48 and
4 Cell Biomaterials 1, 100004, January 14, 2025
stretchability, but its influence maxes out at �10% strain before

breaking (Table S2). Hence, the plasticizing ability of glycerol49,50

was used to further lower the elastic modulus to 66 MPa and

enhance the stretchability to 30% (Figure 2B). Furthermore, the

secondary doping effect of glycerol benefits the electrical prop-

erties,51 resulting in a sufficiently high conductivity of 83 S/cm.

Ultimately, the interconnect made from PEDOT:PSS, DMSO,

and glycerol showed sufficient and stable conductivity on the

skin for over 24 h of wear (Figure S6). The resistance of the

free-standing interconnect thin film remained almost constant
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under 100 cycles of repetitive strains between 0% and 10%

(Figure S7).

For the electrode ink, sodium chloride (NaCl) was introduced

to increase ionic conductivity and thus promote low contact

impedancewith the skin because ions can cross the stratum cor-

neum through existing appendageal pathways.54 Although the

NaCl-free interconnect exhibited high skin contact impedance

(72 kU: cm2 at 10 Hz) to suppress signal pickup, the NaCl-con-

taining electrode achieved an 8-fold lower contact impedance

(9 kU: cm2 at 10 Hz), which is much lower than commercial

solid-gel electrodes and on par with commercial wet saline

gels (Figure 2C). Note that this low contact impedance was

achieved without any skin abrasion prior to ink printing (Fig-

ure S8; Note S5). The NaCl addition to the electrode ink also

reduced the elastic modulus from 130 MPa (Table S2) to 28

MPa (Figure 2B), which can be attributed to the weakening of

the Coulombic interactions between PEDOT and PSS.55 Further-

more, the contact impedance remained below 40 kU$ cm2 for

over 20 h (Figure S9) without causing any skin irritation (Fig-

ure S10), indicating its potential for long-term recording.

The tunable viscosity and shear thinning of aqueous

PEDOT:PSS solutions enable excellent printability using micro-

jetting (Figure S11; Note S2). The measured contact angles of

the electrode and the interconnect inks were 47.54� and

74.52� (Figures S12A and S12B), respectively, which are in the

optimal range for jet printing, allowing good adhesion and

spreading on the skin while avoiding bleeding to maintain

adequate printing resolution.56 Through a covered vial setup,

the water vapor transmission rate (WVTR) of the electrode and

interconnect at 21.5�C and 35% humidity was measured to be

38.5 and 36.6 g $ cm�2$ h�1, respectively, which are similar

to that of the control case without any cover (38.8 g $ cm�2$

h�1) (Figures 2D and S13). This high breathability can be attrib-

uted to the low thickness (�30 mm, Figure S14) and water diffu-

sivity of the PEDOT:PSS film.57 The combined stretchability and

breathability of the solidified inks limited the resistance change

to less than 25% after heavy exercises (16 10-min jumping

jack sessions during 4 h) for both electrode and interconnect

traces on the forehead, demonstrating sufficient stability despite

sweat (Figures 2E and S15). Human skin fibroblast cells cultured

on the dried inks became fiber shaped and showed proliferation

over time (Figures 2F–2H) comparable to the control (Figure S16),

demonstrating the biocompatibility of the e-tattoos. Further-

more, no skin discoloration was observed after 6 h of electrode

or interconnect coverage (Figure S17).

The printed and dried electrode and interconnect can with-

stand repeated deformation, owing to their low modulus, high

stretchability, and good adhesion with skin (Figure 2I; Video

S5). However, the inks can be easily removed with soapy water

or alcohol wipes (Video S5).

Conventional EEG recordings are typically conducted using

elastic caps with pre-arranged openings for gel injection in

accordance with the international 10–20 system.4 However, var-

iations in head shapes can frequently cause suboptimal elec-

trode positioning and insufficient contact between certain re-

gions of the cap and the scalp, resulting in noisy signals or

complete loss of signal.1,58 Such issues can be eliminated by

personalized sensor design and cap-free electrode placement
(Note S6). First, a 3D scanning app (ScandyPro) on an iPhone

13mounted on the 5-axis robot revolves around the participant’s

head to generate an unstructured triangulated surface represen-

tation of the head. We then define the electrode coordinates on

this scanned head surface using an open-source function in

MATLAB called MeshEEG.59 For generic components with small

dimensions, such as the electrodes with a selected diameter of

1.5 cm, it is sufficient to project a 2D template pattern (e.g.,

zigzag shown in blue in the upper left corner of Figure 3A) onto

the target area in the mesh element plane. The straightforward

nature of this printing path is facilitated by the robustness of

the non-contact microjet printingmethod (Table S3; Note S2), al-

lowing deposition to proceed unaffected byminor changes in the

distance from the nozzle to the skin surface. This is not the case

for typical continuous extrusion printing, where any hair obstruc-

tion or small changes in the nozzle-to-surface distance can

easily disrupt the ink trace. In addition, the low-profile microjet

nozzle is safer for on-body printing than the long and sharp nee-

dles used in typical extrusion printing.

Given the significant length (ranging from 5�30 cm for a typical

10–20 montage) required to route the interconnects from the

electrodes to the back of the neck where the amplifier is

attached, a different approach is adopted to design the layouts

of the interconnects. The algorithm identifies the intersections

between the meshed scalp and the plane encompassing the

electrode, its terminal at the back of the neck, and an intermedi-

ate point (e.g., C4;TC4, and IC4 in Figure 3A), detailed in Note S6

and Figure S18. The overall electrode-interconnect design algo-

rithm is therefore referred to as the project-and-slice algorithm.

After pose matching the digital head model with the physical

head position via three fiducial markers on the head, the algo-

rithm converts the electrode-interconnect toolpath into a series

of control commands (G-code) for the 5-axis robot (Figures 3B

and S19). The algorithm plans the position and orientation of

the robotic end effector so that the jetting axis is perpendicular

to and at a fixed distance from the target surface. Should there

bemajor headmovement during printing, the G-code is regener-

ated based on the updated coordinates of the fiducials.

To assess the precision of our printing method, we performed

a second 3D scan after printing and measured the offset of

the central position of the printed electrode compared with its

designed location (Figure 3C). The average deviation was

�4 mm, with a maximum error less than 8 mm (Figure 3D). The

error mainly stems from the limited accuracy of the 3D scan of

the head shape through an elastic cap (not the electrode cap)

used to suppress the hairs and smooth the surface. For medical

applications such as epilepsy diagnosis, more precise head

models constructed from X-ray tomography or magnetic reso-

nance imaging (MRI), typically used in conjunction with EEG,60

can be incorporated to further enhance electrode placement ac-

curacy. Furthermore, regression and machine learning tech-

niques may improve the accuracy of head shape prediction

despite hair coverage.61,62

In a study measuring the channel impedance across 10 loca-

tions for each of the five subjects (Figures 4A and S20), the on-

scalp printed electrode-interconnect e-tattoos showed a signifi-

cantly lower average impedance (24:6± 22:0 kU) than traditional

wet saline gel electrodes (53:3± 37:8 kU), with a notable statistical
Cell Biomaterials 1, 100004, January 14, 2025 5
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Figure 3. Method for the personalized design and printing of electrodes and interconnects on human heads in accordance with the inter-

national 10–20 system

(A) Project-and-slice algorithm to generate a custom electrode-interconnect array on a 3D triangular mesh model of the scanned head. The electrode (in blue) is

projected from a 2D path template onto the 10–20 locations. The interconnect (in red) is generated by slicing the mesh with a plane encompassing the electrode

(e.g., C4), its corresponding terminal (TC4), and an intermediate point (IC4).

(B) The post-processing algorithm aligns three fiducial points on the digital model with those on the physical head to match the poses and generates control

instructions ðX;Y;Z;B;CÞ for head-conformable printing with the jetting axis normal to the scalp ( n!) and at a fixed distance (d).

(C) Assessment of the printing accuracy on a hairy mannequin. The intended electrode locations (in blue) are overlaid with a 3D scan of the scalp post-printing

(black electrode and interconnect traces).

(D) Distance between the printed and intended electrode positions across different EEG channels (circles correspond to individual electrodes, and the boxplot

shows statistical metrics). The error bar indicates the minimum and maximum deviations. See also Figures S18 and S19.
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difference (p< 0:0001). This lower and more uniform impedance

across the board is critical for recording high-fidelity EEG data

in ambulatory conditions where temperature fluctuations, EMI,

and motion-induced changes in skin potentials are not control-

lable.43,63,64 The smaller variation in the impedance of the printed

electrodes compared with gel electrodes proves that themicrojet

printing through the hairs and over the curved surface of the head

is robust and repeatable.After 6h, theperformanceof thegelelec-

trodes deteriorated drastically, with 37% of the channels unmea-

surable and most of the remaining ones showing impedance

valuesabove200kU, which is consideredunsuitable for EEG (Fig-

ure 4B,NoteS3). By contrast, the on-scalpprinted electrodes and

interconnects maintained a stable impedance below 40 kU even
6 Cell Biomaterials 1, 100004, January 14, 2025
after 6 h. As expected, the skin-electrode interface dominates

the channel impedance, with only a minor contribution from the

interconnect trace (stable routing resistance 2 < kU for 6 h, Fig-

ure S21). To limit EEG recording to the electrode site and inhibit

signal pickupalong the interconnect, the interconnect inkwasde-

signed toprovidehighcontact impedance (FigureS22;NoteS4). It

was confirmed that no meaningful difference was observed be-

tween the EEG recorded using an electrode routed with an inter-

connect in direct contact with the skin versus an electrode routed

with an interconnect printed on top of a thick electrically insulating

latex layer (FigureS23). EEGrecordingduringhead-turningmove-

ments was equivalent between gel and printed electrodes (Fig-

ure S24). Both freshly applied gel and printed electrodes
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Figure 4. EEG recording performance of the on-scalp printed electrodes benchmarked against commercial wet-gel electrodes

(A) Average contact impedance of 10 printed (in blue) and gel (in gray) electrodes on each of the five subjects right after application, i.e., at 0 h. The printed

electrodes have low impedance with a narrow distribution across subjects and scalp locations, whereas gel electrodes show higher average impedance with

greater variability.

(B) Comparison of the average contact impedance of all subjects at 0 h and after 6 h confirms that gel electrodes are unsuitable for long-term EEG (27.5% are

disconnected, and the remainders show exceedingly high impedance, i.e., over 200 kU). In comparison, all printed electrodes maintain low impedance after 6 h.

Error bars indicate one standard deviation.

(C) EEG spectrograms confirm the presence of the expected alpha wave (10 Hz) with eyes closed for both printed and gel electrodes.

(D and E) EEG waveforms and root mean square values during rest and motion are comparable between printed and gel electrodes.

(F) A comparative evaluation of various types of EEG electrodes (on-scalp printed, transferred e-tattoo, wet gel, and dry comb) across several metrics (signal

quality, thinness, electrode lifetime, user comfort, and hair compatibility) shows that on-scalp printing is the only technology without any major drawbacks (rating

criteria in Table S4). See also Figures S20–S24.
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successfully detected alphawaveswhenparticipants closed their

eyes (Figure 4C), and both types recorded comparable signals

during rest or walking states (Figures 4D and 4E). The advantages

of on-scalp printing technology compared with alternatives are

evident in a radar chart (Figure 4; rating criteria in Table S4). The

on-scalp printed e-tattoo technology merges the hair-friendly

and low contact impedance features of wet-gel electrodes with

the dry, sleek benefits of e-tattoos, all while being a cost-efficient

and time-saving method of digital production.

To assess the stability and effectiveness of the printed elec-

trodes and interconnects in capturing specific EEG signals

over time, under institutional review board (IRB) approval, we

performed sensor printing and EEG measurements on five

different participants, focusing on two popular BCI markers: mo-

tor imagery (MI) and error-related potential (ErrP) (Figure 5A).

Eight electrodes over the motor cortex and medial line (Figures

5B and S25) recorded each EEG marker under three experi-

mental conditions: with fresh gel electrodes (gel-0 h), freshly

printed electrodes (printed-0 h), and printed electrodes after

6 h of wear (printed-6 h). Due to the ineffectiveness of gel elec-

trodes after 6 h (Figure 4A), no EEG could be measured.
We evaluated signal quality in MI-based BCI experiments by

analyzing the number of rejected 1-s EEG samples. A single-fac-

tor repeated measures analysis of variance (ANOVA) revealed

no statistically significant difference among the three condi-

tions (p = 0:2018; printed-0h: 8:53± 0:78%, printed-6 h:

15:55± 11:83%, gel-0 h: 8:18± 0%; Figure 5C). In particular,

the group means for fresh gel and freshly printed electrodes

were similar, with only �10% of all acquired samples being re-

jected. A slightly higher rejection rate was noted in the printed-

6 h condition, likely attributed to deteriorated terminal-to-cable

connection at the highly deformable back of the neck given

the previously confirmed stable electrode-interconnect contact

impedance after 6 h.

We also quantified the event-related desynchronization

(ERD) over the motor area contralateral to the right hand

during the MI task (three channels on the left lobe). All three con-

ditions showed a desynchronization effect (Figure 5D); printed-0

h: � 37:82± 16:17%, printed-6 h: � 37:60± 10:35%, and gel-0

h: � 35:04± 7:19% with no significant differences found (p =

0:8305). Additionally, we observed a stable trend in the ERD

captured by the printed electrodes during the two recording
Cell Biomaterials 1, 100004, January 14, 2025 7
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Figure 5. BCI performance of printed electrodes (immediately and 6 h post-printing) compared with conventional wet-gel electrodes

immediately after application because they become unusable after 3�5 h

(A) A photo of printed electrodes and interconnects connected to BrainVision amplifier and illustrations of experiments to elicit the two EEGmarkers: MI and ErrP.

(B) Printed EEG electrode montage.

(C) Fraction of 1-s EEG samples rejected during MI trials.

(D) Event-related desynchronization (ERD) observed in MI trials.

(E) Accuracy of MI classification based on leave-one-run-out cross-validation.

(F–H) Grand-averaged ErrP.

(I) Classification performance of ErrP using leave-one-block-out cross-validation. In the boxplots, the central line indicates the median, the box bottom and top

edges indicate the 25th and 75th percentiles, respectively, and the whiskers extend to the maximum and minimum values. See also Figure S25.
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sessions. For the performance assessment of theMI-based BCIs,

cross-validation analysis was conducted for each condition (Fig-

ure 5E). The mean classification accuracy among different partic-

ipants under all conditions (printed-0h: 58:23± 9:74%, printed-6h:

57:97± 8:84%, gel-0h: 61:78± 10:08%) outperformed chance

level (51.83%) with no significant differences among them (p =

0:7849). Although we observed MI performance lower than

chance for some subjects under some conditions, the literature

has shown that MI-BCI is a user-in-the-loop system and requires

longitudinal user training over multiple days to acquire the skills

necessary to operate it reliably,65,66 which was not performed in

our protocol.

Figures 5F–5I illustrate the grand-averaged ErrP across all tri-

als of all subjects at the Cz channel with respect to the stimulus
8 Cell Biomaterials 1, 100004, January 14, 2025
onset. ErrPs are characterized by the time-locked components

of positivity and negativity relative to cue onset.67,68 Gray shaded

zones denote the time window in which the cluster-based per-

mutation test of the individual block-wise averaged error and

correct trials with Benjamini-Hochberg correction resulted in p

values below 0.05. Our analysis demonstrates similar significant

temporal windows in all three conditions—printed-0h, printed-

6h, and gel-0h—where error positivity around 0.4 s was

observed. Classification analysis of the ErrP data from individual

subjects resulted in the classification performance of the area

under the curve of 0:65± 0:070, 0:62± 0:059, and 0:57± 0:11

for each condition, respectively (Figure 5I). No significant differ-

ences in classification accuracy were found between the three

conditions (p = 0:44).
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The analysis across the two EEG markers demonstrates that

our printed electrodes perform comparably to standard gel elec-

trodes. Additionally, compared with conventional wet-gel elec-

trodes, the printed electrodes extended the electrode lifetime

to at least 6 h and ensured consistent performance over multiple

sessions.

DISCUSSION

On-scalp e-tattoo printing has the potential to drastically shorten

the EEG setup time. In our study, 3D head scanning and printing

of 10 electrodes can be completed within about 15 min. Howev-

er, head movements require additional calibration to update the

coordinates of the landmarks, adding an extra 5 min per move-

ment. Hence, incorporating visual tracking systems into the

printer to create a closed-loop control can enable faster on-scalp

manufacturing. Note that although the current on-scalp printing

process requires a time commitment of the participant, it is

time- and cost-saving compared with the conventional micro-

fabricated e-tattoos in addition to the benefits of personalization,

hair compatibility, and large-area coverage. More work is

needed to scan and print on heads with long and thick hairs.

Highlighting the persistent issue of racial bias in neuroscience

research is crucial, as traditional EEG electrodes are often unre-

liable on individuals of African descent, resulting in suboptimal

patient experiences and outcomes in clinical settings.69,70 Curly

hairs tend to push against the EEG cap, reducing contact be-

tween the electrodes and the scalp, leading to a poor contact

impedance.71 Developing on-scalp digital printing for different

hair types should prioritize bridging this important gap.

E-tattoos must retain their form and functionality when

exposed to external factors such as abrasion to be effectively

used in applications such as sleep monitoring and to integrate

seamlessly with other head-wearable devices, such as virtual re-

ality (VR) headsets and protective helmets.72 Thus, further

enhancing the adhesion between the printed e-tattoos and the

scalp skin without complicating its removal is an important future

research direction. Other opportunities include on-scalp printing

of diverse ink types, such as semiconductors and dielectrics40,73

for operational amplifiers, enabling active signal amplification

similar to existing active EEG electrodes based on rigid

electronics.

In a broader sense, the introduced method for on-body digital

printing addresses the persistent issue of traditional e-tattoos

not being compatible with extensive regions of intricate 3D or

hair-covered skin surfaces. Over the years, despite rapid prog-

ress in functionalities and wearability, e-tattoos have remained

costly to fabricate, small in size, and restricted to relatively flat

and glabrous skin surfaces.13,14,16 Surmounting these limitations

will allow for spatial mapping of physiological signals across

extensive and curved body surfaces. This advancement is

appealing for numerous applications beyond EEG, such as elec-

tromyography (EMG) and transcutaneous electrical nerve stimu-

lation (TENS), pertinent to human-machine interfaces, perfor-

mance training, and rehabilitation. Moreover, it possesses the

capability for sensor integration on internal organs, such as on

the cranium for electrocorticography (ECoG) recordings,74 on

the heart for electrocardiogram (ECG) monitoring or stimula-
tion,75 to aid in wound healing,32 and on tissue or bone for regen-

eration purposes.76–78 Ultimately, it opens the door for the on-

body integration of sensing, processing, communication, and

power components tailored specifically to the anatomy and

needs of the user.79,80

In summary, we have developed a safe digital printing method

that allows for the direct creation of customized, ultrathin,

stretchable, and skin-conformal e-tattoos on a hairy scalp.

These e-tattoos are electrically conductive and mechanically,

as well as physiologically, unnoticeable, offering full-head,

high-fidelity, long-term, and comfortable EEG recording capabil-

ities without the need for labor-intensive and short-lived wet-gel

electrodes, as well as cumbersome cables and caps. The

specialized electrode and interconnect inks allow for microjet

printing, self-drying, and high-fidelity EEG recording from spe-

cific sites. Additionally, a tailored project-and-slice algorithm

streamlines the personalized electrode-interconnect layout

design in adherence to international standards. The system

has been validated against traditional gel electrodes used with

EEG caps. This innovation significantly expands the potential ap-

plications of e-tattoos for EEG by solving many long-standing

challenges. It marks a new chapter in neurotechnology, empha-

sizing customization and accuracy, enhancing patient well-be-

ing, and minimizing healthcare labor.
EXPERIMENTAL PROCEDURES

Ink formulation

Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) (ICP

1050, 739332, Sigma-Aldrich) was freeze-dried using liquid nitrogen and a

Labconco FreeZone 1 Freeze Dryer. To make the electrode ink, 11.6 mg

NaCl (S271, Fisher), 60 mg dried PEDOT:PSS, and 60 mg glycerol

(AA36646, Fisher) were added to 2 g deionized (DI) water. To make the inter-

connect ink, 60 mg dried PEDOT:PSS, 60 mg glycerol, and 120 mg DMSO

(D128, Fisher) were added to 2 g DI water. A glass rod was used to thoroughly

mix the ingredients. A 4�C fridge was used for long-term ink storage.
Ink characterization

Tensile tests

The inkswere dried inmoldsmade of Ecoflex 00-30 (Smooth-on). Then, the dry

films were tested by a dynamic mechanical tester (DMA 850, TA Instruments)

under a strain rate of 0.05/min. The film thicknesses, 15�20 mm, were deter-

mined by scanning electron microscopy (SEM). The stiffness at 1% strain

was used for modulus calculation.

Conductivity measurements

The inkswere dried inmoldsmade of Ecoflex 00-30 (Smooth-on). Then, the dry

films were tested by electrochemical impedance spectroscopy (EIS) mode us-

ing a CHI660e electrochemical workstation. The resistance does not change

with frequency, indicating the dried inks are electrically rather than ionically

conductive. The thicknesses were determined by SEM.

SEM images of films on skin phantom

First, a reverse mold of the skin was made by pouring Ecoflex 00-30 (Smooth-

on) on the forearm of the author andwaiting for 30min for curing. Then, Ecoflex

00-30 was poured on the reverse mold to form the skin phantom. Before mak-

ing the skin phantom, the reverse mold was treated by chemical vapor depo-

sition using trichloro(1H,1H,2H,2H-perfluorooctyl)silane (448931, Sigma-

Aldrich) to ensure the successful detachment of the skin phantom from the

reversemold. The inkwas dried on a flat glass substrate, whichwas then trans-

ferred to the skin phantom. For the transfer-on-skin film, the ink was also

applied on a separate piece of skin phantom with controlled mass, which

will yield a film with the same mass per area as the transferred-on film. The

SEM images were taken using a Zeiss Supra 40VP SEM.
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Peeling force tests of the inks on porcine skins

Porcine skins were purchased from a supermarket and were glued on a glass

substrate using superglue. Both electrode and interconnect inks were tested

for two conditions: (1) the inks were dried on a flat glass substrate and then

transferred to the porcine skin, and (2) the inks were deposited directly on

porcine skin in controlled amounts to yield a film with the same mass per

area as the transferred-on film. The peeling test was done using a UStretch

tensile test machine from CellScale. Scotch Super 33+ tape was used as the

backing during the peeling test (Figure S26). The data reported in Figure 1F

were the average values from the stable peeling region when no tearing

happened.

Ink contact angle measurements

100 mL of ink was placed on various surfaces to form a droplet at room temper-

ature. The figures are taken by camera (FL3-U3-13Y3M-C, Point Gray) with a

micro-image lens (Zoom 125, OPTEM) and processed by ImageJ software.

Ink viscosity measurements

The viscosity was measured by a rheometer (HR30, TA Instruments) equipped

with 25 mm parallel plates with a 1-mm gap. The tests were done at room

temperature.

Electrical properties under mechanical strain and stability tests

The interconnect and electrode ink were casted on a 1-mm-thick polydime-

thylsiloxane (PDMS) substrate through a medical tape mask and dried at

room temperature. Then, the mask was removed, and the PEDOT:PSS film

with a width of 5 mm and a length of 20 or 10 mmwas obtained. The thickness

of the sample is 30 mm. Two copper traces with 1mm inwidth were attached to

the two ends of the PEDOT:PSS film through silver paste. Next, the sample

was dried on a hotplate at 90�C for 10 min. After this, the silver paste at the

two ends was encapsulated with half-cured PDMS and cured in an oven of

70�C for 30 min. The specimen was fixed on a dynamic mechanical analyzer

and stretched at a speed of 0.1 mm/s. The resistance was simultaneously re-

corded with an inductance-capacitance-resistance (LCR) meter (3532–50

LCR HiTester, Hioki). The repeated stretching was tested under oscillation

mode at a strain of 10%, and the oscillation frequency was 0.5 Hz.

Skin interfacial impedance tests

EIS was used to characterize the skin-electrode interfacial impedance of

different electrodematerials across the frequency range of 0.1 to 1,000 Hz (Au-

tolab, Metrohm). In addition to our electrode ink, three commercial gels were

characterized: saline wet-gel (Signagel, ParkerLabs), non-saline wet-gel

(Spectra 360, ParkerLabs), and solid-gel button electrodes (Kendall H124SG

100, Corvidien). For Note S4, we also test a commercial water-based carbon

ink (Electric Paint, Bare Conductive) and a silver ink. The silver ink fabrication

followed the procedure in Zhu et al.31 by first dissolving 2.5 wt % polyethylene

oxide (PEO) (Mv 1,000,000, Sigma-Aldrich) in 1:4 water:ethanol solution and

then adding silver flakes (10 mm, Sigma-Aldrich) such that the dry ink weight

ratio is 9:1 Ag:PEO. The forehead of the subject was first cleaned with a soft

alcohol wipe (alcohol prep pads, CareTouch), without any abrasion. A pair of

each type of electrode was then applied to the forehead. For the wet-gel

and ink electrodes, stickers with a circle cutout in the center (washers, inner

diameter 8 mm, BrainVision Solutions Inc) were used to delimit the area and

ensure consistent coverage. Standard EIS measurement was carried out,

and the measured impedance was normalized by the electrode area.

Skin conformability mechanical analysis

The mechanical analysis of the printed and transferred e-tattoo skin conform-

ability for both electrode and interconnect inks (Figure S27) was carried out us-

ing the energy minimization method by Wang and Lu81 as detailed in Note S5.

Sweat stability measurements

Both inks were applied on the forehead of a test subject and let dry. A sweat

patch (Figure S15) was affixed to adjacent skin, and an exercise session

was conducted to stimulate sweat production. The exercise consists of

10-min sessions of jumping jacks followed by 5-min breaks for 4 h at room

temperature, performed by a female researcher. The resistance before and af-

ter the exercise was measured by EIS mode using a CHI660e electrochemical

workstation.

Breathability of electrode and interconnect films

The water vapor transmission rate (WVTR) of the electrode and interconnect

films was measured based on ASTM E96. Briefly, the ink of the electrode or

the interconnect was poured onto an Ecoflexmold and was dried on a hotplate
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at 50�C for 15min. After the film was fully dried, it was peeled off from the Eco-

flexmold, and a free-standing film of electrode or interconnect with a thickness

of �30 mm was obtained. Then the film was used to seal a glass bottle filled

with 0.5 g DI water with a rubber band to fix the film onto the glass bottle.

Another glass bottle with DI water but no cover was used as the control sam-

ple. Finally, the bottles were put in a chamber with a temperature of 21.5�Cand

a humidity of around 35%. The samples were weighed at different periods for

7 days to measure the weight change of water. The WVTR was calculated by

the water loss using the following formula:

WVTR =
Dm

AT
(Equation 1)

where D m is the weight loss of water, A is the mouth area of the glass bottle,

and T is the time.

Cell test

Cell preparation: skin fibroblast cells were obtained from a patient (UCLA insti-

tutional review board [IRB] number IRB#11-002778) and were propagated and

maintained in the DMEM-F12 media (Dulbecco’s Modified Eagle Medium,

11965092, Gibco) supplemented with 10% fetal bovine serum (FBS,

26140079, Gibco) and 1% Anti-Anti (antibiotic-antimycotic, 15240-062,

Gibco). TrypLE (TrypLE Select Enzyme, 12563011, Gibco) was used as the

dissociation reagent in the propagation step. Lentivirus transduction (PP7

Cherry, Plasmid #61763, Addgene) was carried out to make the cells fluores-

cent and resistant to the antibiotic puromycin. After the transduction, puromy-

cin was used to kill the cells that were not transduced.

PEDOT:PSS film preparation: the electrode ink and the interconnect ink

were applied to a 12-well plate and were dried in ambient to form polymer films

at the bottom of the wells. The polymer films were soaked and washed three

times with PBS/Anti-Anti, during which the 12-well plates were stored in a

4�C fridge. The 12-well plate was then placed in an incubator with DMEM/

FBS for 3 days to test if the film was sterile. Before seeding the cells on the

polymer films, they were washed three times with PBS/Anti-Anti (antibiotic-

antimycotic [1003], 15240062, Gibco).

Seeding the cells: 50,000 of the transduced cells were added to each well of

the 12-well plate with the PEDOT:PSS film substrate. A microscope (LSM 880,

Zeiss) was used to acquire images of the cells (Figures S28 and S29). Cells

directly cultured on a 12-well plate without adding any ink materials were

used as a control. ImageJ software was used to outline the cells and calculate

the percentage area of the cells in the entire field of view. For each sample, 2–3

fluorescent micrographs were analyzed. Because in all the experiments the

cell seeding density and the field of view are the same, the percentage area

can be used to reflect biocompatibility on various substrates.

Mechanical durability and removal of the on-skin-printed e-tattoo

The ink was printed on the forearm of a subject. The dried ink was subjected to

mechanical torture, such as rubbing and twisting by human hands. Then, it

was removed by wiping it with an alcohol wipe or soapy water.

Printer

A pneumatically actuated microjet tool (MDS 1560, VERMESMicrodispensing

GmbH) was used for non-contact ink dispensing using a 150-mm diameter

nozzle at a frequency of six pulses per second, actuator pressure of 2.7 bars,

and cartridge pressure of 1.7 bars. The microjet tool was integrated into a

5-axis robot system (5XM600, 5AXISWOKS LTD). The microjet dispensing

and 5-axis motion (two rotational and three translational axes) were controlled

via motion control software (Mach4, Newfangled Solutions) and programmed

in G-code. The end-effector translation speed was capped at 200 mm/min. A

custom G-code command was assigned to actuate a 24 V relay that signals

themicrojet controller (MDC1500, VERMESMicrodispensingGmbH) to initiate

and end jetting. The 3D scanning of the scalp shape and neck used a commer-

cial application (ScandyPro, Scandy) and was carried out by attaching a cam-

era (iPhone 13, Apple Inc.) to the printer end effector and revolving 360� around
the subject. During the scanning, the subjects used a tight-fitted elastic black

capwithwhite cross-line patterns to aidwith point tracking. This cap also com-

presses the hair against the scalp to assist in probing the correct scalp shape.

Three holes in the cap were used to mark three fiducials on the subject’s head
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with a non-permanent maker (surgical skin marking pen, BrainVision LLC.).

These three fiducial markers serve to match the digital head model with the

physical head position. During scanning and printing, the subject sits on an

adjustable massage chair with the face resting on the face pillow (Ergo Pro II,

Stronglite). A 3D scan of the face is generated separately and merged with

the 3D scalp scan using MeshLab to enable extracting the four reference point

coordinates (nasion, inion, and left and right preauricular points) used in the 10–

20 international standard for EEG placement.4

EEG recording

We enrolled a total of five healthy individuals (male, aged 25–45 years). Each

participant carefully reviewed and signed the informed consent form, which

had been approved by the University of Texas at Austin IRB (IRB number:

STUDY00002937). Consent was obtained for the publication of the images

of the participants. All EEG recordings were carried out with a 32-channel

EEG amplifier (LiveAmp, BrainVision) as the data acquisition system and

were filtered using a bandpass filter with a range of 1–40 Hz. The experiment

consists of EEG recording using conventional wet-gel electrodes and the on-

scalp printed EEG system. For wet-gel electrodes, commercial EEG capswere

used with Ag/AgCl electrodes (Multitrodes, EasyCap) and commercial saline

gel (Signa gel, ParkerLabs).

Skin preparation

The hair was washed with shampoo and water and then allowed to dry. The

electrode locations were then cleaned using an alcohol gel wipe. Throughout

all experiments, the skin was not abraded in any way.

Terminal connections

First, a skin-safe glue (Spirit Gum, Mehron Makeup) is applied to the terminal

locations and left for a fewminutes until tacky. The 1.5-mm touch-proof carbon

fiber connectors (AUVON TENS) were then placed over the glue, and a trace of

interconnect ink was manually deposited to bridge the printed traces with the

carbon fiber terminals. This ensured a secure and reliable electrical connection

between the tattoo-like printed interconnects and the terminal connector.

Electrode impedance measurements

All five subjects participated in the impedance measurements using the com-

mercial wet-gel and on-scalp printed electrodes. The standard 10–5 system82

was used for the placement of 10 electrodes (Figure S25). The same five sub-

jects, number of electrodes, and EEG amplifier were used for both electrode

types (i.e., manually applied commercial wet gel and on-scalp printed

e-tattoo). The impedance was measured by the amplifier connected to the

neck terminal at the standard frequency of 15 Hz. The impedance was

measured twice, one at 0 h and another after 6 h of electrode placement.

For wet-gel recordings, an EEG cap was used, and the recording was con-

ducted immediately after applying the wet gel. For printed electrodes, the re-

cordings were taken after the prints had fully dried on the scalp.

Motion artifact

For the motion artifact test, the subjects were instructed to carry out the

following sequential movements: ‘‘head up,’’ ‘‘head down,’’ ‘‘head left,’’

‘‘head right,’’ ‘‘swallow,’’ and ‘‘jaw clench,’’ while the electrical signals were re-

corded by the amplifier connected to the neck terminal. We analyzed the re-

cordings of two channels (C3 and C4) during these movements (Figure S24).

Additionally, the subjects were instructed to sit and walk, and the root mean

square of the recordings was calculated (Figure 4E).

Interconnect insulation validation

A custom print was carried out on the freshly washed scalp (no abrasion) of

one subject using the following configuration: only the interconnect is

printed for C5 and P3; both interconnects and electrodes are printed for

FCC1h, FCC2h, Cz, Pz, P4, C4, and C6. For FCC2h, a thick layer of elec-

trically insulating material (Liquid Latex, Mehron) was manually applied to

the skin along the interconnect routing path before printing the intercon-

nect ink on top. The impedance and EEG signals were measured by the

amplifier (LiveAmp, BrainVision) connected to the neck terminal (Figures

S22 and S23). 1-min length (3,000 samples per channel) of alpha-bandpass

(8–12 Hz) filtered signals during sessions of eyes open and closed were

analyzed using mutual information analysis to quantify the relationship be-

tween a pair of electrodes. High MI values can indicate a higher level of

shared information between the channels, whereas low values indicate

greater independence.
BCI recording

During all the experimental sessions, we captured neural activity at eight loca-

tions in the 10–5 system82 plus the reference and ground electrode near the

mastoids. The choice of electrode positions was based on the prominent re-

gions associated with neural markers related to two validated BCI modalities:

MI83 and error-related potential (ErrP)67. The positions for the on-scalp printed

electrodes were CP3, C3, FC3, Cz, FCC2h, FC4, C4, and CP4. FCC2h was

used instead of FCz for easier interconnect routing using our design algorithm

(Note S6). P7 and P8 were the reference and the ground. For the gel elec-

trodes, the closest available positions were selected from a cap with standard

built-in electrodes (32ch BrainProducts EasyCap), which were FC5, C3, CP5,

Cz, FCz, FC6, C4, and CP5. TP9 and TP10 served as the ground and reference.

Figure S25 shows the montage schematic and photos of both setups.

Motor imagery

Experimental protocol. During the experiment, participants were instructed

to either mentally imagine flexing their right hand (RH-MI class) without actually

performing any physical movement or to remain in a resting state and avoid any

specific thoughts (rest class). We employed a standard bar feedback-based

offline session paradigm84 to acquire theMI signals. Each session, whether us-

ing printed or gel electrodes, consisted of multiple runs. In each run, the partic-

ipants performed 10 trials, with each trial belonging to either the RH-MI class or

the rest class. The order of the trials was randomized. The trials followed a spe-

cific sequence. First, a fixation cross was presented for 2 s, during which the

participants were instructed to prepare for the upcoming cue. This was fol-

lowed by the presentation of a cue (either rest or RH-MI) for 1.5 s. After the

cue presentation, the participants were presented with visual feedback in the

form of a moving bar or circle. The feedback was displayed for 5 s and guided

the participants based on the targeted cue. Specifically, a moving bar or circle

appeared on the corresponding side of the targeted cue (Figure 5A). The circle

represented the resting state, whereas the rectangle represented the RH-MI

class. The trial concluded with a 2-s presentation of the trial result, followed

by a 1.5-s inter-trial rest period before the start of the next trial.

Motor imagery characterization. We used state-of-the-art minimum distance

to mean (MDM) Riemannian geometry classifier (RGC) for motor imagery de-

coding.65,85 RGCuses covariancematrices of bandpass-filteredmulti-channel

EEG data as features for MI signal classification. In brevity, positive definite

covariance matrices reside on the Riemannian manifold, which can be

embedded using the affine invariant Riemannian metric (AIRM). The AIRM al-

lows for defining the concept of Riemannian distance on themanifold, which is

utilized in training the MDM classifiers. Refer to Yger et al.86 for a detailed

description.

To obtain an unbiased estimation of the classification performance, we em-

ployed a leave-one-run-out cross-validation (LOROCV) strategy. This involved

using all runs except one as training data to build the classifier and then eval-

uating the performance on the left-out run. This process was iterated for each

run, and the average classification performance across all runs was reported.

After recording the signals, we visually inspected all the channels and rejected

the EEG data from channels that appeared as flatlines or recorded exception-

ally high amplitudes. For LOROCV analysis, we bandpassed the signals in [8–

30] Hz and used 1-s samples with 0.05-s step size. In all MI-BCI analyses, we

further discarded samples in which any data point within the 1-s segment ex-

ceeded an absolute value of 100 mV. To characterize the signal quality, we esti-

mated the fraction of samples out of total of 1-s samples during the task period

that were not rejected according to the earlier mentioned rejection criteria.

For the ERD analysis, we calculated the baseline power (prest
c;t ) using a 1-s

window from the fixation period. Subsequently, the task power (ptask
c;t ) was esti-

mated using non-overlapping 1-s windows beginning 0.5 s after the presenta-

tion of the cue. We excluded the initial 0.5-s period after the task presentation

to avoid the influence of visually evoked potentials.We then estimated the ERD

value for a trial t of cth channel as

ERDc;t =

prest
c;t � argmin

n˛ ð1;5Þ
ptask
c;t

prest
c;t

(Equation 2)

where n is the number of non-overlapping windows during the task period (in

our current experiment, n ranges from 1 to 5).
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ErrP

To test whether our proposed system could be used for ErrP detection, we

collected 8-channel EEG data from four runs of visual ErrP tasks in five sub-

jects. In these tasks, the subjects were instructed to monitor the cursor move-

ment and evaluate if the cursor moved toward a target position (marked in red)

correctly or erroneously. The subject had no control over the cursor move-

ments, and the cursor moved horizontally every 2,000 to 2,500 ms across a

1D space composed of 10 positions (Figure 5A). The cursor moved away

from the target with a 30% chance of the trials. When the cursor reached

the target position, a new target location was chosen randomly.

We performed event-related potential (ERP) and classification analysis on

ErrP data following these steps. EEG data from four blocks for individual

subjects were concatenated and bandpass filtered between 1 to 10 Hz using

a non-causal fourth-order Butterworth filter. Time samples from the time

window (�1.3 s before to until 1.5 s after stimulus onset) were chosen and

segmented as epochs. Baseline correction was applied using the 100 ms

window prior to stimulus onset. Trials that contained time points above the

absolute value of 50 mV in any channel were rejected from epochs. ERP anal-

ysis was performed by averaging all of the epochs from all subjects with

respect to error and correct conditions. In the classification analysis, we

used the window [0.2, 0.8] s after the onset of the cursor movement, down-

sampled to 64 Hz. Features corresponded to the EEG voltage of each time

sample and the power spectral density (PSD) between 1–10 Hz from all eight

channels. Features were min-max normalized to values between 0 and 1.

The classification accuracy was computed using leave-one-run-out run-

wise cross-validation from the four blocks, using diagonal linear discriminant

analysis (LDA).
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