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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 (BCls). 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 BCls 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

Cell Biomaterials 7, 100004, January 14, 2025 © 2024 Elsevier Inc. 1
All rights are reserved, including those for text and data mining, Al training, and similar technologies.



mailto:jose.millan@austin.utexas.edu
mailto:ximinhe@ucla.edu
mailto:nanshulu@utexas.edu
https://doi.org/10.1016/j.celbio.2024.100004

¢? CellPress

Cell Biomaterials

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.'? Its
importance has grown rapidly in recent years with the expansion
of brain-computer interfaces (BCI).® The international 10-20 sys-
tem is a widely adopted standard for electrode placement in EEG
exams.’ 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 shapes makes EEG caps with 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)® and is also susceptible to human error.®’ 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.® 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.®'°
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.'""'? Traditionally, these de-
vices are pre-fabricated on a handling substrate and subsequently
transferred to the skin. However, this method struggles with hairy or
highly curvilinear surfaces.”®>'® Moreover, because most bio-
signals are spatially distributed,’”° large-area sensor arrays
require personalized design and accurate placement of the sensing
channels to accommodate diverse user anatomy and reduce mo-
tion artifacts.”' Although remedies for isolated issues have been re-
ported,?*?® 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.?’*° These low-viscosity inks are jetted
through the hairs, lightly moistening the scalp before quickly
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self-drying into soft (Young’s modulus 66 < MPa), stretchable
(elongation >30%), and conductive thin films (~ 30 um 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 regeneration®~>* or strain sensors,** ¢ 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.®'*"~°
For user comfort and mechanical stability, the printed elec-
trodes and interconnects should have a higher stretchability
than that of human scalp skin (~20%),"" sufficient bending
compliance,'* good skin adhesion, good breathability, stability
against sweat and oxidation, and resistance to abrasion."’
Meanwhile, printed electrodes must have low contact imped-
ance with the skin (40 < kQ)*® to achieve high noise rejection
(Notes S3 and S4), which is crucial because EEG signals
have an inherently low amplitude of 1-100 pV.? By contrast,
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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 three main 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.

printed interconnects need high skin contact impedance to the excessive length of the printed interconnects (up to
avoid picking up EEG signals along the way. In addition, a 50 cm) has to be offset by a sufficiently high bulk conductivity
low total interconnect resistance is critical for rejecting electro-  (>40 S/cm, Note S5). Therefore, two types of inks with con-
magnetic interference (EMI) and capacitive noise. As a result, trasting properties need to be formed.

Cell Biomaterials 7, 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 kQ-cm? 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.®>°° 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.

() 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 S6-517 and
Table S2.

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.**® Glycerol and dimethyl sulfoxide
(DMSO) are also biocompatible, having been used in skincare
products and as cryoprotectants in the cryopreservation of cells
and biologics.”” They were added to the interconnect ink to
strike a balance between mechanical compliance and electrical
conductivity. DMSO enhances both conductivity*>*® and
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stretchability, but its influence maxes out at ~10% strain before
breaking (Table S2). Hence, the plasticizing ability of glycerol*®-*°
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,”" 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
impedance with the skin because ions can cross the stratum cor-
neum through existing appendageal pathways.®* Although the
NaCl-free interconnect exhibited high skin contact impedance
(72 kQ. cm? at 10 Hz) to suppress signal pickup, the NaCl-con-
taining electrode achieved an 8-fold lower contact impedance
(9 kQ. cm? 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.*° Further-
more, the contact impedance remained below 40 kQ- cm? 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.”® 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™", respectively, which are similar
to that of the control case without any cover (38.8 g - cm™2-
h~") (Figures 2D and S13). This high breathability can be attrib-
uted to the low thickness (~30 um, Figure S14) and water diffu-
sivity of the PEDOT:PSS film.>” 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.”®® Such issues can be eliminated by
personalized sensor design and cap-free electrode placement

¢ CellP’ress

(Note S6). First, a 3D scanning app (ScandyPro) on an iPhone
13 mounted 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.® 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 printing method (Table S3; Note S2), al-
lowing deposition to proceed unaffected by minor 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
be major head movement 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,®°
can be incorporated to further enhance electrode placement ac-
curacy. Furthermore, regression and machine learning tech-
niqgues may improve the accuracy of head shape prediction
despite hair coverage.®'®?

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 kQ) than traditional
wet saline gel electrodes (53.3 + 37.8 kQ), with a notable statistical
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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., Cy4), its corresponding terminal (T¢4), and an intermediate point (/c4).

(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 (X, Y, Z, B, C) for head-conformable printing with the jetting axis normal to the scalp (1) and at a fixed distance ().
(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.

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.**:%%5% The smaller variation in the impedance of the printed
electrodes compared with gel electrodes proves that the microjet
printing through the hairs and over the curved surface of the head
isrobust and repeatable. After 6 h, the performance of the gel elec-
trodes deteriorated drastically, with 37% of the channels unmea-
surable and most of the remaining ones showing impedance
values above 200 kQ, which is considered unsuitable for EEG (Fig-
ure 4B, Note S3). By contrast, the on-scalp printed electrodes and
interconnects maintained a stable impedance below 40 kQ even

6 Cell Biomaterials 7, 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 < kQ for 6 h, Fig-
ure S21). To limit EEG recording to the electrode site and inhibit
signal pickup along the interconnect, the interconnect ink was de-
signed to provide high contactimpedance (Figure S22; Note S4). 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 aninterconnect printed on top of a thick electrically insulating
latex layer (Figure S23). EEG recording during head-turning move-
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 k ). 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 S20-5S24.

successfully detected alpha waves when participants 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 BCl 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 Ml-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-Oh: 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 Ml 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
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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 EEG markers: Ml and ErrP.

(B) Printed EEG electrode montage.
(C) Fraction of 1-s EEG samples rejected during Ml trials.
(D) Event-related desynchronization (ERD) observed in Ml trials.

(E) Accuracy of Ml 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.

sessions. For the performance assessment of the MI-based BCls,
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-Oh: 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-BCl is a user-in-the-loop system and requires
longitudinal user training over multiple days to acquire the skills
necessary to operate it reliably,?>°® which was not performed in
our protocol.

Figures 5F-5l illustrate the grand-averaged ErrP across all tri-
als of all subjects at the Cz channel with respect to the stimulus
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onset. ErrPs are characterized by the time-locked components
of positivity and negativity relative to cue onset.®”°® 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-0Oh, printed-
6h, and gel-Oh—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.®"° Curly
hairs tend to push against the EEG cap, reducing contact be-
tween the electrodes and the scalp, leading to a poor contact
impedance.”’ 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.”® 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 dielectrics**"®
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.'® %% 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,”* on
the heart for electrocardiogram (ECG) monitoring or stimula-
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tion,”® to aid in wound healing,*” and on tissue or bone for regen-
eration purposes.’®’® 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.”®:°

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 inks were dried in molds made 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 um, were deter-
mined by scanning electron microscopy (SEM). The stiffness at 1% strain
was used for modulus calculation.

Conductivity measurements

The inks were dried in molds made 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 and waiting for 30 min 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
reverse mold. The ink was dried on a flat glass substrate, which was 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 plL 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 Imaged 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 mm was obtained. The thickness
of the sample is 30 um. Two copper traces with 1 mm in width 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 electrode materials 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
1", 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.*" 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 pm, 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 Lu®' 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 Ecoflex mold and was dried on a hotplate
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at 50°C for 15 min. After the film was fully dried, it was peeled off from the Eco-
flex mold, and a free-standing film of electrode or interconnect with a thickness
of ~30 um 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°C and
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:

wyTR = AT

AT (Equation 1)

where A 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 [100x], 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. Imaged 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, VERMES Microdispensing
GmbH) was used for non-contact ink dispensing using a 150-um 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
the microjet controller (MDC 1500, VERMES Microdispensing GmbH) 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
cap with white cross-line patterns to aid with 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 Il
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.”

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 caps were
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 few minutes 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 system®?
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.
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BCI recording
During all the experimental sessions, we captured neural activity at eight loca-
tions in the 10-5 system®” 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:
MI®® and error-related potential (ErrP)°’. 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 paradigm®* to acquire the Ml 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.®>*> RGC uses covariance matrices of bandpass-filtered multi-channel
EEG data as features for Ml 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 the manifold, which is
utilized in training the MDM classifiers. Refer to Yger et al.?® 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 LOROCYV analysis, we bandpassed the signals in [8—
30] Hz and used 1-s samples with 0.05-s step size. In all MI-BCl analyses, we
further discarded samples in which any data point within the 1-s segment ex-
ceeded an absolute value of 100 pV. 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 (o) using a 1-s
window from the fixation period. Subsequently, the task power (p&5¥) 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 ¢ channel as
P — argmin pg*

ne(1,5)

ERD.; =
pEst

(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).

Cell Biomaterials 7, 100004, January 14, 2025 11




¢? CellPress

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 1V 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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Supplemental Notes

Note S1: Significance to the diagnosis of epilepsy and other neurologi-
cal conditions

Epileptic seizures are repetitive, unpredictable, and short-lasting neurologi-
cal disorders that disrupt a person’s life and are associated with significant
morbidity and mortality.” Next to migraine, stroke, and Alzheimer’s disease,
epilepsy is the fourth most common neurological problem.? Because they
are unpredictable and life-threatening, objective seizure monitoring through
video-electroencephalography (VEEG) in the epilepsy monitoring unit (EMU)
is a well-established gold standard for epilepsy evaluation.* However, VEEG
requires stays in epilepsy monitoring units (EMUs) that are expensive and
unavailable in many parts of the world. Routine EEG is done with a minimum
of 16 channels for 30 to 60 minutes.® Various stimuli are provided at this time
to improve the chances of yielding significant data. Still, this procedure can
detect seizures for only 50% of cases.® Alternative methods, such as mobile,
long-term EEG® are readily available and can be taken home. Recording
EEG for extended periods can detect seizures in the majority of cases (80-
100%)’ and allows practitioners to get data from settings that routine EEG
cannot replicate, such as under a normal stress environment and during
sleep and wakening.®? It can also be used to monitor medication effects.*
Current EEG sensors are bulky and difficult to hide, meaning users often
have to avoid certain aspects of life for fear of potential embarrassment. The
obstructive and stigmatizing nature of current EEG technology can discour-
age patients from carrying out routine activities, hindering diagnosis under
normal conditions and inhibiting the willingness to participate in EEG. %"
In addition, it requires electrode maintenance, often twice daily by trained
personnel.” Because of these practical constraints, most outpatients still
document seizure occurrence manually without EEG, which results in 50%
underreporting compared to objective evaluations using VEEG.® Thus, there
is currently a significant gap for a technology that overcomes the need for
EMUs and is not associated with significant discomfort and societal stigma.

Note S2: Jet dispensing ink requirements

Our jetting tool is a drop-on-demand non-contact ink dispensing that utilizes
a high-precision microdispensing valve with a shockwave-induced actuator
(MDV 2560, VERMES Microdispensing GmbH). This tool uses needle-
collision type actuation in which the cartridge pressure drives the fluid into the
nozzle and the actuator pressure pulse drives the needle to open and close
the nozzle. Piezo-, instead of air pressure-actuated needle-collision jetting is
also common.'? The needle collision-type actuators enable greater versatil-
ity to work with low- to high-viscosity materials and generally impose much
less stringent requirements on the ink properties than the bend-type actua-
tion typically used in inkjet printers such as the Dimatix and HP Deskjet. The
main difference is scale. In bend-type actuation, the printhead typically has



multiple nozzles, which dispense pL volume drops of liquids with viscosity
ranging from 1 cP to 20 cP, at frequencies up to 20 kHz, enabling printing fea-
ture sizes down to 20 um. In needle-type jetting, the printhead has a single
nozzle, which dispenses nL volume drops of fluids or pastes with viscosity
up to 2,000,000 cP at maximum frequencies in the order of 100 to 3000 Hz,
resulting in lower resolution (minimum feature size of 100 pym). =14

It is worth noting that bend-type jetting, and other similar high-resolution
jetting mechanisms, are widely known as inkjet.'> The terminology for
needle-type jetting is less well-defined. The industry manufacturers of these
tools generally differentiate them from typical inkjet as simply jet dispensing
or microjet, '* however, they are also confounded as inkjet in the general lit-
erature. ' For explicitness, we use the microjet terminology in this work. A
comparison between microjet and other ink dispensing techniques is shown
in Table S3. Microjet dispensing is less prone to the typical issues of high-
resolution inkjet such as nozzle clogging and jet misfiring and the associated
ink requirements (low evaporation rate, finely controlled particle suspension,
surface tension and viscosity, and thorough filtering and degassing).'® Our
PEDOT:PSS inks displayed viscosity well within the suitable range for micro-
jetting with favorable shear thinning behavior (Figure S11). The electrode
ink had lower viscosity than the interconnect ink. This may be linked to the
fact that DMSO (only present in the interconnect ink) causes PEDOT:PSS
colloidal particles to change from coil to fibril structure which enhances the
interaction between them. Also, salt ions in the electrode ink may cause a
reduction in the electrostatic repulsions among the colloidal particles, leading
to a decrease in viscosity.

Another ink dispensing option was extrusion printing. This technique is
ideal for building 3D structures layer-by-layer, however, we argue that micro-
jetting is a more suitable approach for in-situ digital printing of epidermal
electronics, especially on highly curved and hairy body parts. Extrusion print-
ing, also known simply as 3D printing or contact printing, requires a tight
control of the nozzle and substrate distance. This distance is usually in order
of the thickness of the ink trace being deposited. In contrast, microjetting can
be dispensed across distances larger than 1 cm and can tolerate fluctuations
in this distance without disrupting the ink trace. At the same time, the abil-
ity to dispense drops on demand and at high speeds is crucial for the ink to
reach the scalp, passing through hair obstructions. In extrusion printing, one
continuous trace is dispensed, which does not carry significant inertia, being
more easily blocked and pulled by randomly oriented hairs along the way.

Note S3: Noise in EEG recording

Scalp EEG is measured using differential amplifiers, where the potential of
both recording and reference electrodes are measured relative to a common
electrode and only the difference in the potential is amplified. This approach
rejects common noise, including electrocardiogram (ECG) and electromyog-
raphy (EMG) signals, as well as power line noise. The electric potentials right



beneath the skin-electrode interface may differ from those recorded by the
amplifier due to the influence of external electromagnetic fields interacting
with the electrode leads and the body, motion artifacts, and current flowing
into the amplifier. The electrical current flowing through the leads into the
amplifier would cause signal attenuation, however, in modern devices, this
attenuation is negligible (< 0.025%) thanks to the high input impedance of the
amplifier (~ 200 M) relative to that of the electrode (typically < 50 kQ2).'® The
electromagnetic interference (60 Hz noise) from power lines can be rejected
if the mismatch impedance between electrodes is sufficiently small. Other
significant noise sources are motion artifacts and skin potentials. For conven-
tional electrodes made of metal disks interfacing the skin through electrolytic
gels, motion artifacts can be especially problematic if the metal is polarizable,
such that when the gel is disturbed, or there is relative movement, the half-
cell potential varies as a result of the variation in the metallic ion gradient at
the interface. If non-polarizable electrodes such as silver chloride are used,
the artifact from electrode movement is less significant as long as the contact
with the gel is not completely disrupted. '’

Ultimately, minimizing the electrode skin-interface impedance translates
into a higher common mode rejection ratio and fewer artifacts, maximizing
the EEG signal-to-noise ratio. The maximum acceptable threshold depends
on the application. For example, consistently achieving impedance < 20 k2
requires abrasion, which adds to the preparation time and can cause bleed-
ing, becoming challenging or impractical for high-density EEG (hundreds of
electrodes) and pediatric patients. Also, the benefit of lowering the impedance
below 50 k2 depends largely on the environment, type of analysis (event-
related vs frequency domain), and whether pre-amplification is used.'® In
general, 40 k2 (at 10 Hz) provides sufficient common-noise rejection. ¢

Note S4: Low contact impedance electrode properties

We tested different strategies to lower the skin-electrode interface impedance
(Figure S8a). In this discussion, unless noted, the term skin-electrode
impedance will imply specific skin-electrode impedance (i.e., impedance
multiplied by the projected electrode area) at 10 Hz. The first strategy is con-
formal contact. Rigid and comb-type dry electrodes have a high impedance,
over several hundred k2, due to the limited contact points with the rugged
skin topography.'® In comparison, we test a more dilute version of the sil-
ver ink developed by Zhu et al.2% (silver flakes and polyethylene oxide in
a dual solvent system comprised of water and ethanol). This ink forms a
seemly conformal contact with the skin (Figure S8b), enabling a specific
skin-electrode impedance below 400 k2 (Figure S8c - green square sym-
bols). Another factor is skin hydration. The outermost layer of the skin, the
stratum corneum, is the dominant component of skin impedance, and mois-
turizers are known to increase the permeability to current-carrying ions within
this layer, reducing impedance.2'?? This effect can be seen by the reduced



impedance (in the range of 100 ~ 200 k2) of a commercial, salt-free mois-
turizing wet gel (Spectra 360, gray hollow circles in Figure S8c) as well as
a water-based commercial carbon ink containing humectants (Bare ink, red
hollow circles). The saline-free version of our water-based PEDOT:PSS elec-
trode ink also achieves impedance in this range (blue hollow circles), which
may be attributed to the glycerol’s moisturizing effect.

To further reduce the impedance, it is necessary to increase the ion con-
centration on the electrode interface with the stratum corneum.?® For exam-
ple, the commercial saline wet gel (Signal Gel, grey-filled circles) and our
saline PEDOT:PSS electrode ink (blue-filled circles) both achieve impedance
under 50 k(. It is important to note that many of these strategies are tar-
geted at counteracting the high impedance of the stratum corneum, which
can be bypassed by mechanical skin abrasion.?* Thus, virtually any conduc-
tive material can offer low impedance if the stratum corneum is abraded. To
demonstrate this, we repeat the measurement using the commercial carbon
ink. The same ink has an impedance > 100 k2 on natural skin (red empty
circles) and < 5 kS if the skin is abraded before the ink application (red tri-
angles). We, therefore, emphasize that comparisons of the effectiveness of
different electrode materials are only relevant if the surface conditions are
equivalent. That means maintaining every preparation step identical, includ-
ing how the skin is cleaned and degreased, the region of the body being
measured, and ideally using the same subject or a sufficient sample size
since age and individual skin characteristics can also bias the measurement.

Note S5: Ink property requirements for EEG electrodes and intercon-
nects

Interconnect electrical conductivity. The interconnect ink bulk conductiv-
ity requirement depends on the dimensions of the interconnect trace and the
acceptable end-to-end resistance of the interconnect. For the interconnect to
have a minor contribution to the total channel impedance (i.e., interconnect
plus skin-electrode components) of roughly 6% assuming that the electrode
impedance is 40 k2 (recommended threshold as discussed in Note S3), the
maximum interconnect resistance would be R,,,.. = 2.5 k2. For our intercon-
nect thickness, h, in the range of 20 to 30 um, width, w, of ~2 mm, and a
maximum interconnect length, [,,,..., of 50 cm, the minimum acceptable bulk
conductivity is o.min = (Ilmaz)/(WhRma.) = 40 S/cm. This criterion is satisfied
by our interconnect ink conductivity of 83 S/cm. The resistances of the on-
scalp printed interconnects routing channels C5, P5, FCC1h, Cz, Pz, P4, C4,
and C6 (Figure S21a) were measured with a multimeter (Figure S21c¢) right
after drying (0h) and after 6h. The average interconnect resistance was 1.457
kQ2 at Oh and 1.451 k(2 at 6h, and the maximum interconnect resistance was
1.95 kS, which are in the expected range.

Electrode-skin specific impedance. The electrode impedance is pro-
portional to the specific impedance (kQ2-cm?) and the electrode area (cm?).
Too large an area will sacrifice resolution and limit the number of channels



that can be accommodated. Based on the specific impedance measured on
the forehead (Figure 4a and Figure S9), a circular electrode with a 1.55 cm
diameter should exhibit impedance 12 ~ 17 kQ (including the interconnect
resistance contribution), however, the effective on-scalp printed electrode
impedance was somewhat higher at 24 k2 (average across 10 head loca-
tions and 5 subjects, Figure 4a). We attribute the deviation largely to the
intrinsic difference between the forehead and scalp impedance. Albeit often
overlooked, the dependence of the skin impedance on the body region is not
surprising.2® The lower impedance on the forehead compared to the scalp
agrees with previous studies.?® This was attributed to the thinner stratum
corneum on the face and the higher density of sweat glands. Other factors,
such as the hindered ability to effectively clean multiple sites on the hairy
scalp, as well as subject-to-subject variation, may also have contributed to
this difference.

Mechanical compliance. For the on-skin printed film not to delaminate or
crack under buckling or bending of the skin, and to be physically imperceptible
to the user, the mechanical compliance should be as high as possible. High
mechanical compliance is achieved by minimizing elastic modulus and thick-
ness. Typically, there is a trade-off between elastic modulus and electrical
conductivity.?” For the PEDOT:PSS ink, the proportions of the additives were
tuned to achieve the lowest modulus while still meeting the electrical conduc-
tivity requirement of > 40 S/cm. The thickness of the printed film depends
on the microjet settings (frequency, nozzle open/closed duration, and car-
tridge pressure) relative to nozzle translation speed and the substrate surface
properties. The maximum nozzle travel speed of 200 mm/min was selected
for safety to allow sufficient reaction time for emergency stops. The jetting
parameters were tuned by trial and error to achieve the thinnest possible film
while still allowing sufficient leeway for head movement and jet misfiring to
take place without disrupting the conductive trace. To measure the thickness
of the electrode and interconnect films printed on the skin using this opti-
mized configuration, the dry film was peeled off from the skin and probed with
a micrometer, standing at roughly 30 um. This value was similar to that of a
film printed on PDMS using the same printer configuration and subsequently
measured by atomic force microscopy (Figure S14). The conformability can
be estimated according to the method reported here by Wang and Lu?®. As
highlighted by the red dots in Figure S27, the global energy minimum for
the printed electrode and interconnect falls at &. = 1, indicating that the
printed e-tattoo fully conforms to the scalp surface, completely following its
surface morphology without any interfacial gap. In contrast, the global energy
minimum for the transferred electrode and interconnect falls at #. = 0.21,
suggesting that the transferred e-tattoo only partially conforms to the scalp
surface, leaving a large interfacial gap. Therefore, our on-scalp printed e-
tattoo demonstrates improved conformability with the human scalp compared
to conventional transferred e-tattoo. The calculation parameters are detailed



as follows. Except for the adhesion strength, the same dimensions and prop-
erties are used for the printed-on and transferred e-tattoos. The thickness is t
= 30 ym, and the moduli of the electrode and interconnect are E. = 28 MPa
and E; = 66 MPa, respectively. The undeformed scalp has a semi-amplitude
of hy = 40 pm and a wavelength of A = 250 pm. The modulus of the scalp
is Es = 92 kPa. The interface work of adhesion was taken from the peel test
experiments in Figure 1h. For the printed-on electrode and interconnect, as
well as for the transferred electrode and interconnect, the works of adhesion
are v, = 15 N/m, ~,,; = 18 N/m, and 7. = v+ = 0.4 N/m, respectively.

Note S6: Algorithm to generate the custom electrode-interconnect lay-
out and the 5-axis printer control instructions

The personalized electrode and interconnect layout design was automated
using a MATLAB script. The 3D model of the user’s head is in triangular
mesh format (STL format), consisting of N mesh elements, each having a
corresponding normal vector i;:

n; = [xi,yi,zi],i €1...N.

Four fiducials in the head anatomy are used as reference points: nasion
(the indentation between the forehead and the nose), inion (the ridge between
the neck and skull), and left and right pre-auricular points (indentations above
the cartilage that covers the external ear opening). In the current script,
the coordinates of these four points (Pnasions Pinions Plett aNd Pright) are
manually defined; however, this step could also be automated, for exam-
ple, by integrating the machine learning-based fiducial detection function by
Martinez et al.?°. The origin is set at the nasion such that ppasion = [0,0, 0]
and the midpoint between the pre-auricular points prescribe the positive x-
direction and the xz-plane corresponds to the head symmetry plane. We
use the opensource function by Giacometti et al.®® to compute the elec-
trode coordinates, E;, according to the 10-20 system3'! and its higher density
derivatives (10-10 and 10-5 systems). 32 Here j is the electrode index, ranging
from 1 to N, (total number of electrodes). For the selected montage in Figure
5b, N. = 10. Each electrode is routed to a terminal in the neck by finding
the intercept between the head mesh and the plane defined by the electrode
E;, the terminal T;, and an intermediate I; reference points (Figure 3a). The
set of terminal and intermediate reference points are each defined relative
to the pre-auricular fiducial markers along a line perpendicular to the head
symmetry plane. The neck terminal reference points, T, < [T} ,,T,,T:], are
distributed along a length corresponding to 70% the distance between pre-
auricular points (ear-to-ear distance) as illustrated in Figure S18. That is,
the x coordinate for the terminals connecting to the leftmost and rightmost
electrodes are, respectively, Ty, < —0.35(picst, — Pright,), and Ty, o <
+0.35(preft,, — Pright,)- Similarly, the set of intermediate reference points
I; < [I;.,1,,1.] span alength corresponding to 80% the ear-to-ear distance:



I o < —0.4(piest,,—Pright,) and In, o < +0.4(piefe,, —Pright,)- FOr each elec-
trode, j, the set of these three reference points (E;,T;,I;) define the equation
of the interconnect plane a;z + b;y 4 c¢;z + d; = 0 and the interconnect plane
normal vector ny; = [ny, ,, 11,11, .], as follows:

ny; < (I; — E;j) x (T — Ej)

a; < NIjx

J

bj — NIjy
Cj < Tl]j7z
dj — —(ajEj,I + bjEjyy + CjEj’Z).

The algorithm then creates segments from the intersection points
between the interconnect plane and all mesh elements, forming a continuous
contour (slice, Figure 3a). To determine which mesh elements intercept the
interconnect plane, the mesh elements with vertices on opposite sides (inter-
cepting element) are kept, and elements with all three vertices on one side
of the plane (non-intercepting elements) are discarded. Whether any point p
lies on one side or the other of the plane is dictated by the sign of v:

V4= ajpg + bipy + cip. + d;.

To generate the interconnect path j, the algorithm loops through all mesh
elements having vertices on opposite sides of the plane (i.e., mesh ele-
ments with vertices with non-matching v signs). The intercept between the
entire head mesh and interconnect plane consists of a conformal path pass-
ing through the terminal and the electrode, forming a closed loop around the
head. To keep only the points between the terminal and electrode, a third
plane parallel to the x-axis that contains both electrode and terminal is used
as a partition to discard the outer points. As a result, for each j electrode, a
matrix It; of variable length contains the coordinates of a sequence of points
defining the interconnect toolpath and the normal vectors of each correspond-
ing mesh element. The normal vectors will be required later to plan the robot
offsets and joint angles. Lastly, the script orders all points and smooths out
the normal vectors along the interconnect path through a moving average.

Notably, the approach presented here to design the custom interconnects
does not explicitly prevent interconnects from overlapping with themselves
or the electrodes. Nevertheless, once the intermediate reference point coor-
dinates are tuned for a specific montage, this approach generates ready-
to-print layouts across different subjects. More complex montages would
require a more advanced script to optimize the routing and explicitly prohibit
overlapping.

The electrode toolpath generation is more straightforward due to its small
size relative to the head curvature. A generic 2D design Et’ (zigzag pattern)
having a geometrical center at the local origin is used (blue line in the top-
left corner graph, Figure 3a). The generic electrode toolpath is transformed



from the local coordinate system to the global coordinate system, using the
electrode coordinates E; and its normal vector ng; as follows:

/
EtjeEt’-[XJ Y z]+Ej
EZINEZI

where x'; < pa — E; and y’; < fig; x x'j, 2’ < fig, and pa is an arbitrary
point within the plane mesh element plane (determines the direction of the
local x-axis in the global reference frame).

Next, the custom electrode-interconnect layout is processed into control
instructions for the printer. The first step is pose-matching the digital head
model to the physical head’s real time position and orientation in the printer
coordinate system. This is implemented using the coordinates of three digital
Fq;, and physical Fy,, fiducial landmarks where k € 1,2, 3 denotes the land-
mark index (Figure S19). Here, any arbitrary toolpath P defined in the head
mesh global coordinate system is first mapped to the local coordinate system
of the fiducials and subsequently mapped to the printer’s global coordinate
as P” as follows.

fip (Fpy —Fp;) x (Fpy —Fpy)
H(Fpg - Fp1) X (Fps pz)H
Ay (Faz —Fa;) X (Faz — Fay)
[(Faz — Fa1) X (Fas — Fao)l
Va =Fay — Fa;
Vp = sz Fp1
fgxVa . ][, Bpx¥© o
P = (PP [Sa 0 S g2l F

Because precisely matching all three points is impossible due to real-
world limited measurement precision (overconstrained problem), what this
operation effectively does is to exactly match the digital and physical positions
of the first fiducial point F,, and Fq4, the fiducial plane normal unit vectors
i, and i4, and the unit vectors connecting the fiducial points 1 and 2, ¥, and
V4, while allowing some offset between fiducial points Fy,,, and Fq,, and F,,
and Fq5. With this operation, the toolpath in the printer’s coordinate system
for the physical pose of the subject is obtained for the interconnects, It”,
and electrodes, Et”;, as well as their corresponding sets of normal vectors
ny,. and g, .

Generating G-code for a 5-axis printer presents challenges compared
to a 3-axis configuration due to the increased complexity of motion. The
inverse kinematics problem of computing the joint angles required to achieve
a desired end-effector position and orientation becomes more complex due
to the additional degrees of freedom. Here, we need to determine the end-
effector X,Y, Z, B, C coordinates for any given point p = [p,,py,p.] printed
at a target surface with normal vector i1 = [n,,n,,n.]. The C- and B-angles



correspond to the rotation of the effector along the vertical and horizontal
axes (Figure 3). We define C' = 0 when the B-axis is oriented in the x-axis
direction and B = 0 when the jetting axis is vertical. For every point in space
that maintains the jetting axis normal to the target surface, the inverse kine-
matic problem give infinite compatible poses when ii = z and two compatible
printer poses for all other cases. A geometrical rule is established to further
constrain the problem such that C is uniquely defined:

C <+ —sign(fy)(—90 + acos(X - 11)).
This dictates that the B-axis local x-component always points to the
positive global x-direction. The B-angle is now fully defined as:

B+ —sign(ny)(—90 + acos(ii - [ng, ny, 0])).

One problem remains with this formulation: The C-angle becomes unsta-
ble whenever n, ~ 0 (i.e., C instantly changes signs when 7, changes
from mildly negative to mildly positive). To prevent this instability, we estab-
lish an additional rule: flip the C' (and B) sign whenever an instantaneous
angle change larger than 40 degrees is detected, effectively annulling it. This
sign change carries over until the interconnect trace is completed or another
sudden sign change is detected. Lastly, defining the corresponding X,Y, Z
positions is a straightforward geometrical problem.



Supplemental Tables

Table S1: Comparison of on-tissue fabrication techniques of conductive
layers.

Microjet [This work] Aerosol * Extrusion 203437 Drawn-on-skin 3840
Tracing method 5-axis robot 3-axis robot 3- or 6-axis robot Stencil
Target surface Hairy scalp, 3D curvature  Hairless, Near flat Hairless, Near flat Hairless, Near flat
Ink type PEDOT:PSS Ag Ag, C, EGaln Ag-PEDOT:PSS, P3HT-NF
Minimum feature size 2mm 10 pm 5pum 300 um
Spanned area® ~ 300x300 mm ~ 10x30 mm 39%x74 mm ~150x150 mm
Sensor EEG Interconnect Strain sensor, Interconnect EMG, ECG, TENS, Transistor

2Estimated from figures when not reported explicitly.

Table S2: Comparison of the dried ink properties from various ink formulas

Ink Formulas® Conductivity (S/cm)  Young’s modulus (MPa) Elongation at break (mm/mm)
No additive <1 2000 0.01

+1x DMSO 20 2000 0.01

+ 3x DMSO 170 1500 0.1

+ 5x DMSO 144 875 0.09

+ 1x glycerol 7.23 130 0.46

+0.193x NaCl + 1x glycerol® 2.9 28 0.56

+ 2x DMSO + 1x glycerol® 83 66 0.3

+ 2x glycerol 25.6 fragile fragile

2The baseline formula (no additive) consists of 60 mg dried PEDOT:PSS added to 2 g DI water. For the

rest, additives were added according to their mass relative to dry PEDOT:PSS. PSelected electrode ink
recipe.®Selected interconnect ink recipe.

Table S3: Types of ink dispensing tools and specifications. 121441

Microjet® [This work] Inkjet Aerosol Extrusion
Actuation Collision-type Bend-type actuator Atomization Pneumatic, piston
mechanism plunger or thermo bubble and gas flow or screw-type
Maximum ink 10® mPa.s 50 mPa.s 1000 mPa.s > 3x10° mPa.s
viscosity
Type Drop-on-demand > 0.5nL  Drop-on-demand~1pl. Confinuous stream  Continuous stream
or continuous jet of droplets
Maximum jet 150-3000 Hz >20 kHz Not applicable Not applicable
frequency
Print resolution 100 pm 20 um 10-50 pm 2-30 um
Nozzle standoff Non-contact Non-contact Non-contact Contact
(0.5-10 mm) (1mm) (1-5 mm) (<1 mm)

aMicrojet is also a type of inkjet (both are drop-on-demand type jetting); however, it is often assigned a sepa-
rate terminology due to their significantly distinct specifications.



Table S4: Comparison of various electrode types under different parameters

Signal quality Lifetime Hair compatibility Thinness Comfort

Specific impedance . Hair length i
Electrode type References  (without abrasion) > 24,h' Good > 2cm: Good < U.lmm. Good  apecqire points
50 kO.cm?2: Good 16 9-24h: Medium . N 0.1-1mm: Medium , e
< 5 .cm<: Goo < 5h: Poor < 2cm: Medium ~ 1mm: Poor Cause itchiness
50-200k(2.cm?2: Medium . Shaved: Poor :
> 200 kQ2.cm?: Poor

Dry (pressure) 42-44 Poor Good Good Poor Poor?
Wet gel 18,42,4546 Good Poor Good Poor Poor®
Dry (e-tattoo) 4547 Medium Good Poor Good Good
On-scalp printed  This work Good Medium Medium Good Good

Supplemental Figures

Figure. S1: Main steps of the printing process. (a) Subject with short hair.
(b) Side and (c) back views from the subject wearing a fitted cap with the
head resting on a massage chair inside the robot system. A camera attached
to the printer's end effector circles 360 degrees to generate a 3D model of
the skull shape. (d) A soft prong attached to the end-effector (white adaptor
in the background) probes the 3D coordinates of three fiducial points on the
head to pose maich the digital 3D model. (e) Electrodes printed using the
low interface impedance ink. (f) Interconnects printed using the high interface
impedance but low bulk resistance ink.



Interconnect

After printing electrode Printing interconnect After printing interconnect

Figure. S2: On-scalp microjetting process. (a-b) 5-axis movement for con-
formal printing over large curvatures. (c-e) close view of the print at different
states: after printing the electrode, during the printing of the interconnect, and
after printing the interconnect.
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Figure. S3: Hair incompatibility of the transfer method. (a,b) The ink cured
directly on the pig skin with hair bristle forms a continuous and conformal film.
(c,d) The ink dried on a carrier substrate and subsequently transferred to the
pig skin is lifted by the hair bristle and cracks in multiple locations.
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Figure. S4: Images of multiple printed films on human skin in wet and dry
states, showing repeatable conformal topography across various human skin

textures. (Scale bar: 1mm)
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Figure. S5: Cross-section images of the interconnect ink printed on porcine
skin showing conformal topography.
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Figure. S6: The resistance of the interconnect trace printed on the human
forearm for over 24 hours.
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Figure. S7: Electrical stability of free-standing electrode and interconnect
films under repeated stretching. (a) Relative resistance variation of electrode
and interconnect films under tensile strain. Both are stable under 25% strain
which is well within the scalp strain to failure.*® (b) The resistance change
of the electrode and interconnect films under repeated stretching-releasing
at 10% strain for 100 cycles. Note that the electrode resistance is incon-
sequential to the on-scalp printed EEG system (negligible compared to the
interconnect) due to its large area and small length. The interconnect film
resistance is approximately stable (<20% increase).
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Figure. S8: Effects of conformal contact, ink additives and skin conditioning
on the electrode-skin interface impedance. (a) Schematic showing different
electrode types and the corresponding impedance range. (b) Optical image
of an Ag-PEO ethanol- and water-based film cured on the skin. (c) Specific
electrode-skin impedance for different commercial and custom-made elec-
trodes showing the cumulative effects of conformal contact, hydration, salt
additives, and skin abrasion. The impedance of the Ag-PEO fiim formed
on the skin (200 ~ 300 k) is lower than comb-type electrodes (> 500
kQ) ' thanks to its conformal contact. Films and gels that moisturize the skin
and increase the salt concentration further decrease the impedance to lev-
els under 200 k2 and 50 (2, respectively. When the skin is abraded, the
impedance is low regardless of moisturizing and salt concentration effects.
For example, following abrasion, a commercial carbon ink impedance is low-
ered from > 100k2 to < 5k2.
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Figure. S9: The impedance of dried electrode ink on the forehead over time
when the EIS frequency is 14.67 Hz. The impedance showed some fluctu-
ation and slowly increased over time, possibly because of the varying skin
hydration states over the course of time and the loss of residual water in the
electrode, which can affect ion mobility.
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Figure. S10: Photos of the skin following the removal of inks after 24h of
exposure showing no signs of allergic reactions. (a) Interconnect and (b) elec-
trode inks.
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Figure. S11: Viscosity measurements showing shear thinning behavior of the
interconnect and electrode inks.

a Interconnect ink b Electrode ink

Figure. S12: Contact angle measurements on pig skin. (a) Interconnect ink
and (b) electrode ink.
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Figure. S13: Water Vapor Transmission Rate (WVTR) measurements to eval-
uate the breathability of different films. (a) The weight of water-filled vials
was recorded over 7 days for different cover conditions: open, covered with
Tegaderm (47 um), and covered with interconnect and electrode ink films
(~ 30 pm). The interconnect and electrode WVTRs were similar to that of
an open vial, indicating excellent breathability, far superior to the commonly
used Tegaderm film. Optical microscopy inspection of the (c,e) electrode and
(d,f) interconnect films shows a continuous surface without cracks or visible
pores, indicating that the high WVTR is intrinsic to the material.
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Figure. S14: Atomic force microscopy measurements of the electrode and
interconnect films printed on PDMS after drying using the same printing set-
tings (jetting parameters and translation speed) used for on-body printing.



a Ink applied b Before exercising c After exercising

Figure. S15: Photos of the ink sweat stability test, showing the ink trace and
sweat pad on the subject’s forehead.

Control Interconnect Electrode

Fluorescent micrographs

Qutline of cells

Avg. %Area
From 2-3 6.51+0.81 6.51+0.75 4.33+0.82

images

Figure. S16: Quantitative analysis of the human skin fibroblast cells. Repre-
sentative fluorescent micrographs on day 3 of the cells cultured on different
substrates (first row), where the cells directly cultured on a 12-well plate with-
out adding any ink materials were used as a control and the corresponding
binarized images should the cell outlines (second row) to compute the per-
centage area of the cells compared to the entire field of view. The average cell
area percentage from 2~3 images for each is shown on the bottom row. Since
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. The results show that the interconnect has similar biocompatibil-
ity to the control while the electrode shows slightly lower biocompatibility than
the control. Scale: 10 pm.



) Before printing,
(b) after printing, and (c) after the cleaning of the electrode and interconnect
traces post 6h of wear. A purple dot is used as a fixed reference across the
photos. No skin irritation is observed.

Intercepting
planes

Figure. S18: Top view schematic of the head illustrating how intermediate
reference points spanning 80% the ear-to-ear distance and terminal points
spanning 75% the ear-to-ear distance define the intercepting planes used by
the algorithm for interconnect routing.
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Figure. S19: Printer pose correction procedure. (a) Three holes on the 3D-
scanned elastic cap are used to paint three dots on the subject head to serve
as landmarks. (b) The landmarks appear on the 3D head model (p1,p2,p3),
where the electrode and interconnect layout will be generated. (c) When the
subject sits down for printing to be initiated, the coordinates of the three land-
marks are probed in the printer’s coordinate system using a spring-loaded
prong (white piece attached to the nozzle tip). (d) The toolpath is corrected
for the user’s pose by matching the digital landmark coordinates (black aster-
isk) to the physical landmark coordinates (black circles), and the printing can
be initiated.
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Figure. S20: Photographs of the 5 human subjects that participated in this
study with the on-scalp printed EEG electrodes and interconnects.
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Figure. S21: End-to-end interconnect resistance measurement on the scalp.
(a) The montage (8 interconnects) used. (b) Side view photo of the printed
interconnects. (c) The average interconnect resistance ranges from 1~ 2k,
which is roughly a tenth of the typical electrode contact impedance (Figure 4).
This confirms that the interconnect ink conductivity is sufficiently high such
that the interconnect will not compromise the amplifier noise-rejection ability.
The interconnect resistance was stable for the measurement duration (6h)
indicating all traces were mechanically robust and maintained their physical
integrity.
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Figure. S22: Comparison between the overall interconnect and electrode
contact impedance measured simultaneously with the EEG DAQ. (a) Mon-
tage used for the measurement (two channels with interconnects only and six
channels of interconnects with electrodes). (b) Average (symbol) and stan-
dard deviation (error bar) over the course of 6h from the time of printing. The
average impedance of the channels with electrodes is small relative to that of
the channels with only interconnect (Figure 4). This shows that the low con-
tact impedance of the electrode ink and the high contact impedance of the
interconnect ink make the electrode the dominant circuit to the skin, which
should enforce brain signal pickup from the electrode site. The electrode-
interconnect impedance ratio is stable over time.
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Figure. S23: Interconnect ink electrical insulation validation against that of
an interconnect with a liquid latex substrate. (a) Photo and (b) schematic of
the experiment. Two measuring electrodes were placed close together along
the boundary between central and pariental lobes - FCC1h using the bare
interconnect ink and FCC2h using the interconnect ink over a thick layer of
electrically insulating liquid latex film (green in the schematic). A third mea-
suring electrode was placed on the back of the head (P4). The reference
and ground electrodes were placed at Cz and Pz, respectively. (c) Repre-
sentative EEG recordings measured with the subject at rest by the three
measuring electrodes. The signals recorded by the channels using the extra
interconnect insulation (FCC2h) and the bare interconnect ink (FCC1h) are
very similar, suggesting that the signal acquisition is mostly unchanged by
the additional insulating layer. In the meantime, the amplitude of the P4 sig-
nal is markedly distinct. (d) Mutual information (MI) during 60 s of eyes open
and closed. The high FCC1h&FCC2h MI values mean that the signal mea-
sured with additional latex insulation (FCC2h) and bare interconnect (FCC1h)
have high synchronization or shared information, while FCC1h&P4 low val-
ues mean high independence. This demonstrates the effectiveness of the
interconnect ink in acting as natural insulation, avoiding significant pick-up of
brain signals along the interconnect path at the back of the head.
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Figure. S24: Motion artifact test. (a) Head positions during the test. EEG
signals for (b) the printed system and (c) a conventional EEG cap with gel
electrodes (Figure 1j, left). The curves indicate equivalent sensitivity to move-
ment.
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Figure. S25: Montages used in the BCI tests. (a,b) On-scalp printed elec-
trodes and (c,d) gel electrodes.
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Figure. S26: Comparison of the adhesion force between dried-on e-tattoo
and transferred e-tattoo. (a) Peel test setup. The tape is for peeling one end
of the dried ink off the pig skin. The pig skin is glued to a glass slide clamped
on the custom 3D-printed sample stage. The sample stage is designed to
connect to the metal connector of the tensile tester. (b) Normalized peeling
force versus peeling distance. The peeling force is normalized by the width of
the ink strip.
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Figure. S27: Normalized total energy landscape analysis of electrode and
interconnect films conformability with the skin using different fabrication pro-
cedures. (a) Dried-on electrode, (b) dried-on interconnect, (c) transferred
electrode, and (d) transferred interconnect. Red dots indicate global energy
minima. Z. = 1 represents fully conformed, 0 <z.< 1 means partially con-
formed, and £, = 0 denotes non-conformed.
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Figure. S28: Microscope images of human skin fibroblasts cultured on the
electrode films as substrates. Scale: 10 pm.
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Figure. S29: Microscope images of human skin fibroblasts cultured on the
interconnect films as substrates. Scale: 10 um.
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