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Abstract

Background The therapeutic potential of non-invasive transcranial electric stimulation (tES) is growing, but
challenges in tailoring treatments to individual patients persist. We demonstrated that personalized montages,
informed by biophysical modeling, can reduce dose variability and improve target engagement. However, traditional
setups are prone to electrode placement errors, leading to inconsistent dosage, localization and potential off-target
engagement.

Methods We developed a pipeline for creating patient-specific 3D-printed caps based on individual MRI scans to
allow custom placement of up to 34 electrodes. Hybrid brush electrodes were incorporated to facilitate the use on
with-hair regions of the head. The patient-specific caps are integrated within a Neurostimulator/EEG device, enabling
precise electrode placement for recording of neural activity and optimized, personalised tES therapies based on
individual biophysical brain models.

Results A proof-of-concept in-silico study highlighted the importance of positional accuracy in electrode placement,
particularly in minimizing off-target stimulation in case of the personalized montage configuration. To mitigate
positional displacement, we introduced the pipeline for generating patient-specific 3D-printed caps, ensuring precise
anatomical fit. The flexible design of these caps supports high-density electrode arrays tailored to various therapeutic
montages. Integrated brush electrodes function in both dry and wet modes and are powered by electronics
embedded in a neckpiece, enabling multi-step tES and EEG recording with minimal setup for at-home use. Electrical
and mechanical evaluations confirmed the system'’s feasibility, and a clinical trial with eight healthy subjects showed
improved comfort and increased willingness for home use.

Conclusion This customized cap-electrode system provides a practical solution for self-administered, repeatable
personalized tES and EEG session at home.

Trial registration: The study is registered on the Swiss National Clinical Trials Portal (SNCTP), (SNCTPO00005598)
and Clinicaltrials.gov (NCT05999916). The study was approved by the Independent Competent Ethics Committee
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Introduction
Transcranial electric stimulation (tES) is emerging as a
promising non-invasive therapeutic approach for vari-
ous neurodegenerative and psychiatric disorders [1-3].
While transcranial direct current stimulation (tDCS)
has gained commercial availability, particularly for the
treatment of depression [4], transcranial alternating cur-
rent stimulation (tACS) remains predominantly applied
within research settings [5-7]. Recent clinical trials
have shown encouraging results for tACS in addressing
complex conditions such as Alzheimer’s disease [8—10].
However, the therapeutic application of tES remains
challenging, as different disorders demand varying elec-
trode configurations and levels of precision in targeting
[11]. Hence, neurostimulation devices must meet several
criteria: (i) flexible, personalized electrode placement for
montages that maximize target engagement for a wide
range of anatomies and therapeutic applications, (ii)
accurate electrode positioning across multiple sessions,
and (iii) easy set-up and use to minimize human errors
and enable long-term home use over weeks or months.
One of the challenges in tES therapy is to enhance the
localization of the induced electric fields at the region
of interest (ROI) and minimize stimulation of adjacent
areas. High definition (HD) montages are recognized
for their high focality; however, this advantage often
comes at the expense of inconsistent stimulation dosage
between subjects as a result of the fixed electrode posi-
tions and standard current per electrode that do not
account for inter-subject morphological differences. To
accurately predict which region receives stimulation in
live tissues, physical simulations are indispensable [12].
To that end, recent advances using personalized, multi-
layer 3D head models derived from Magnetic Resonance
Images (MRI) have significantly improved simulation
precision by accounting for inter-individual morphologi-
cal differences [13]. In addition, optimization methods
have been used to improve on standardized montages,
identifying the most effective montage configurations to
ensure adequate dose delivery to a given ROI and reduce
off-target stimulation [14, 15]. By incorporating physi-
cal limitations — such as maximum current per electrode
and maximum total current — as tunable parameters into
optimization algorithms, proposed montages can comply
with device specifications and safety limits [16]. Increas-
ing the number and density of available electrodes gen-
erally enhances montage optimization results for cortical
ROIs [16]. For targeting deep brain ROIs more sophis-
ticated methods including temporal interference have
shown promising results [17-19]. Flexible and dense

electrode placement is thus important for tES, though
many available devices are either restricted to 32 pre-
defined positions or offer flexibility at the cost of complex
set up and operation that requires assistance.

Consistency in stimulation dosage is crucial for tES-
based therapies: first, with increased interest in the
clinical efficacy of tES, minimizing variability between
subjects — both in terms of on- and off-target dose — is
essential for the validity and reproducibility of tES stud-
ies. Second, maintaining the stimulation dosage above the
therapeutic threshold is key to effective treatment out-
comes [20, 21]. Since tES is typically administered across
multiple sessions rather than as a single intervention
[6, 22], consistency in dosage and electrode placement
across sessions is a prerequisite for reliable therapeutic
results [23]. Currently, biophysical simulations are the
most reliable method for predicting tES-induced electric
field distributions in the brain, making them invaluable
for therapy planning. However, even the most precise
simulations encounter errors during practical implemen-
tation, particularly when standard, one-size-fits-all caps
are used for electrode placement [24]. Inconsistency in
electrode placement over repeated use can lead to vari-
ability in stimulation location and dosage [25, 26]. This
is especially relevant in light of the growing understand-
ing of the functional connectivity of neighboring regions
and their correlations and anticorrelations, which neces-
sitates avoiding simultaneous stimulation of different and
potentially neighboring regions [27-29]. Although there
are recommendations to improve the electrode position-
ing accuracy in practice [30-32], these approaches are
often unsuitable for home-use medical devices — par-
ticularly for multi-electrode personalized montages —
due to their complexity and the associated risk of user
error. Among these, 3D-printed headset developed as
form-fitted, MRI-free headsets for rTMS has offered an
intermediate approach between heuristic placement and
MRI-guided navigation [33]. Consequently, home-use
systems typically require supervision, which is generally
only feasible in clinical trial settings [34, 35]. To enhance
the usability and accessibility of neuromodulation ther-
apy for independent home use, simplified device designs
have been introduced. These designs often involve
reducing electrode placement to two fixed locations and
increasing electrode size, thereby minimizing setup com-
plexity and the potential for user error at the expense of
inter-subject dose variability and losing dose localization
[4, 36, 37].

A similar need for consistency and accuracy applies to
Electroencephalogram (EEG) monitoring. While EEG
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recordings are gaining attention for brain-computer
interface applications, regular EEG monitoring is increas-
ingly used to observe brain activity for various purposes.
These include tracking psychiatric and neurological dis-
orders [38, 39], assessing the efficacy of neurostimulation
therapies [40, 41], closed-loop tACS therapy for per-
sonalized stimulation phase and frequency [42, 43], and
personalized targeting for tDCS [44]. Furthermore, stud-
ies demonstrated that the increased brain activity in the
tACS frequency band correlates with the stimulation site
[45] and it is often observed in post-therapy EEG record-
ings taken from the same electrodes used for tES [46]. As
a result, integrated tES-EEG systems are desirable [47].

Ensuring proper electrode-to-scalp contact, particu-
larly in hair-covered regions, further complicates the
administration of both tES and EEG, often necessitating
the use of conductive gels or saline [47]. While various
designs have been proposed for dry or semi-dry elec-
trodes [48—50], most are optimized for EEG recordings
rather than tES. Among these, brush-like electrodes are
particularly effective on hair-covered regions [51-53].
However, for tES applications, the use of conductive elec-
trolytes is typically unavoidable to increase the contact
stability, reduce skin-electrode interfacial impedance and
associated sensations during stimulation.

As a solution to these shortcomings of tES devices, we
propose a pipeline for generating customized 3D-printed
caps tailored to each patient’s unique head morphology.
We use in silico modelling to demonstrate the advan-
tages of the personally optimized montages over one-
size-fits-all approaches and explore the inaccuracies
associated with montage displacements. The proposed
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neurostimulator caps feature personalized electrode
positioning, allowing for patient-specific montages for
focal tES based on a variety of indications, protocols
and targets depending on the patient condition or study
design. Additionally, we introduced Ag/AgCl-coated
hybrid brush electrodes, designed to be used in both dry
and wet mode, specifically engineered for these caps.
Finally, the 3D-printed cap and electrodes are incor-
porated into the neurostimulator equipped with EEG
recording electronics embedded in a neckpiece. The
electrical and mechanical properties of the system have
been experimentally validated, and the device was used
in a clinical trial with healthy subjects to assess safety
and usability. The custom-made tES neurostimulator and
EEG recording device offers a path towards user-friendly,
repeatable solutions to deliver at-home therapy without
losing spatial accuracy across multiple sessions.

Results

In silico proof-of-concept for positional accuracy
Simulations were based on personalized head models
from MRIs of ten healthy subjects participating in Mind-
Stim clinical trial (NCT05999916). Figure 1 compares the
simulated electric field distributions from HD montages
(1:4) using fixed standardized positions and optimized
montages using a dense grid electrode positioning sys-
tem on the same head models. The target ROI for mon-
tage optimization was the left angular gyrus with a target
electric field intensity of 0.3 V/m. Panel (A) illustrates the
electric field magnitude |§| distribution for two rep-
resentative subjects out of ten. Although HD montages
yielded focal field distributions of below 1760 mm? (the
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Fig. 1 Customized electrode positioning resolves inter-individual target intensity variability. a Electric field magnitude distributions for two subjects with
both the fixed HD montage based on the standard 10-20 positioning system (first column) and the optimized montage using a high density positioning
system (second column). The target ROl was the left angular gyrus and the target intensity in the ROl was 0.3 V/m. Simulations and optimizations were
based on individualized head models extracted from structural MRI. b Kernel density estimation (KDE) [54] for correlation of magnitude of electric field |E|
with the target ROl vs. mean magnitude of electric field in the ROI for HD (blue) and optimized (orange) montages. Each point in the overlayed scattered
plot indicates a subject. The optimized montages had significantly less variation of mean electric field across subjects (Levene’s test, p < 0.05)
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mean surface area of the left angular gyrus target across
the subjects) in all cases, the mean magnitude of elec-

tric field in ROI | E |ror Was not consistent across sub-
jects and didn’t reach the target intensity of 0.3 V/m for
any of the subjects. The optimized montages produced

more consistent | F|yo; at the mean target intensity of
0.290+0.005 V/m (min-max 0.277-0.297) among all
subjects while for HD montages, it’s 0.113+0.028 V/m (
min-max 0.080-0.153), see Fig. 1b. Optimized montages
for the eight subjects showed significantly reduced vari-
ance compared to the HD montages, i.e. Levene’s test
for equality of variances was conducted and showed that
the assumption of equal variances was not met, (F(1,
18)=12.02, p=0.00275). For both montages, the correla-
tion of | E'| with RO], a surrogate for target engagement,
had statically comparable mean and variance (0.56 +0.06
for HD and 0.5+0.06 for optimized montages). Thus,
optimized montages achieved the desired stimulation
intensity across different subjects without substantial loss
in target engagement.

In the next experiment, the effect of displacement of a
montage was simulated. One subject’s optimized mon-
tage for the left angular gyrus, showed by green dots in
Fig. 2a, was rigidly rotated about the center of the head
and the resulting electric fields were calculated. This rota-
tion mimics possible misplacement of a cap on the sub-
ject’s head, noting that translating/rotating the electrodes
together is more representative than independent move-
ment in the case of a rigid cap. The correlation of |
| displacea With | §| original Was calculated for each displaced
montage (panel b). For displacements beyond 15 mm,
(e.g. red montage in panel A and red star in panel b), field
distributions showed correlation drop of more than 5%
to the original optimized montage for that target, which
corresponded to substantial visual differences compared
to the desired field distribution and increased oft-target
magnitudes. Panel ¢ and d show the distribution for
the original and displaced montage, respectively, where
the misalignment of the cap reduces the correlation with
original montage | §| intensity by 7% and induce off-tar-
get intensities. This displacement also leads to change in

direction up to 60°, as shown in panel (d), which can
be relevant in cases where the objective is the maximi-
zation of electric field normal to the cortical target. Fig.
S1 shows the change in target engagement in the form of
correlation of | E| with the ROI and the change in mean
| §| in the ROL Fig. S1 notably illustrate that, in some
cases rotated montages exhibit an improved mean |
| within the ROI or a stronger correlation with the ROL
Finally, the difference between | £ |gigpiaced a0 | E'|original
for selected displacements (Fig. S2. c¢) demonstrates the
variability of dosage and, most importantly, increasing
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off-target intensity due to misplacement of the montage
on the subject’s head.

Pipeline for design of custom tES/EEG cap

To reduce errors between planned and delivered electric
field distributions from a given montage, the electrode
positions need to be precisely translated from a 3D head
model in digital space to a patient’s head in real world
space. We propose a solution based on a cap designed for
the anatomy of each patient’s head as derived from struc-
tural MRI scans, see Fig. 3. This pipeline, described in
more detail below, consists of five main steps: (1) creating
a personalized multilayer 3D model of the entire head,
(2) creating an electrode positioning system for each per-
sonalized model, (3) positioning electrodes based on pre-
scribed therapy for that patient such as ROI, type of tES/
EEG, frequency, required target intensity and any other
customization, (4) integrating electrode positions into
the cap shell using computer-assisted design (CAD), and
(5) adding additional design features to finalize the cap
design for 3D printing. The parameters described in the
following steps pertain to, but are not limited to, the cur-
rent version of the tES/EEG hardware.

Head model generation

In the first step, T1-(and optionally T2-) weighted MRI
scans with a field-of-view covering entire head and neck
are segmented based on tissue type. Currently, we use a
9-component segmentation (white matter, gray mater,
cerebrospinal fluid, compact bone, spongy bone, skin,
muscles, eyes, blood) compatible with the open-source
simulation toolbox SimNIBS [13]. However, if necessary,
that can be replaced with more advanced segmentation
tools. Further refinements of the segmentation may be
needed, particularly in neck region, as the skin surface
serves as the reference to ensure a good cap fit. Then, the
segmented volume is meshed to create a multi-layer 3D
model of the entire head.

Electrode positioning system

In the second step, the rough cap shape, referred to as the
cap shell, is created for the head model and the grid of
available electrode positions is defined. Electrodes can
be flexibly placed in this region, which encompasses the
entire cap shell with a 10 mm offset from its outline, pre-
venting electrodes from colliding with the edges of the
cap and reducing mechanical stability.

Montage selection

In the third step, the electrode montage is selected based
on the patient’s prescribed therapy and considering the
cap’s design constrains such as the minimum distance
between electrodes. To avoid electrode-electrode colli-
sions, a minimum electrode spacing is enforced, which
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Fig. 2 Displacement of a montage in real-life application shifts stimulation location and electric field orientation. a The original montage (green dots)
targeting the left angular gyrus (pink area) was displaced via rotations around x, y, z axes (e.g. red dots, where average displacement was 20 mm). b Cor-
relation of electric field magnitudes of the displaced montages with the original montage. Each point represents one simulated displaced montage using
angle ranges of -10° to 10° about all three axes. c and d Electric field distributions from the original and displaced montage (red dots and red star, 20 mm
displacement), respectively. The color map shows the magnitude of electric fields at each arrow. e Difference in angle between electric fields in b and ¢

is 26.5 mm for the current version of the hardware but
can be adapted based on different design features or elec-
trode sizes. For the purposes of cap design, montages can
be chosen from a variety of strategies including standard-
ized fixed electrodes, current-adapted fixed electrodes,
reference-model optimizations, or fully personalized
optimizations or simulations. Given that a personalized
head model is necessary, optimized or ad-hoc montages
based on patient-specific anatomies and simulations are
most suitable. Figure 3 shows an example of a montage

with four electrodes optimized for a left angular gyrus
target. Current hardware supports up to 8 active elec-
trodes per stimulation step and up to 32 customized posi-
tions total for active electrodes. The latter is relevant for
multi-step or multi-target therapies. The cap additionally
includes reference and ground electrodes, which can be
freely positioned; in the example from Fig. 3, Left Pre-
Auricular (LPA) and Right Pre-Auricular (RPA) points
from the 10-20 EEG system were used.
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4. CAD: Electrode-cap integration

Electrode

5. CAD: 3D print file
Electrode holder

Cable guides

Handles

Reinforcement rib
Reference Electrode

Fig. 3 Full pipeline for designing the customized 3D-printed tES/EEG cap. (1) Personalized 3D models are created from each subject’s MRI scans via
segmentation and meshing. (2) The cap outline is created using the skin surface mesh, which then defines a dense grid of available electrode positions.
The magnified region shows the 10 mm offset from the cap outline to the grid of electrode positions. (3) Electrodes are placed on the cap according to
requirements of the treatment and optionally Finite Element Method (FEM) simulations or optimizations. (4) The cap is designed with electrode holders
based on the proposed montage(s). (5) All features of the final customized cap are added to the design, which can then be send for 3D printing

Integrating electrodes into the cap

The electrode positions can be accurately integrated into
the cap because their coordinates are given in the same
subject space where the cap is generated using CAD. The
electrode holders are attached to the cap shell via sus-
pended arms that apply a force to ensure proper contact
between the electrodes and scalp, which has the addi-
tional benefit of enhancing the cap’s grip on the head.
Electrode suspensions are placed to ensure electrodes sit
in the desired position and height above the scalp, then
they are oriented to prevent collisions. The arms can be
gently wiggled side to side to part the hair and ensure
good electrode-scalp contact scalp in hair covered areas
without changing their intended positions.

Final cap design

In a final step, additional design features are integrated
into the cap. Perforations in the shell are added to
enhance ventilation and prevent sweating during therapy.
To ensure a secure fit and minimize movement, rigid-
ity in regions such as the frontotemporal, mastoid, and
pjarotid-masseteric areas is important. Therefore, a rein-
forcement rib along the outline of the cap provides struc-
tural strength and rigidity. Cable guides are incorporated
and cable lengths are calculated to ensure a clean and
organized layout with minimal cable length for improved
signal to noise ratio during EEG recordings. The cap is
connected to the neurostimulator electronics housed in
a neckpiece with a cable strain relief system at the pos-
terior section of the cap to prevent cable disconnection
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in the case of dramatic movements or a dropped device.
Handles are added above the ears to facilitate the user to
take the cap on and off.

Multi-step tES/EEG electrode placement

As part of a Miamind® Neurostimulator/EEG device
system, the customized cap can accommodate up to 34
electrode positions, including ground and reference
channels. The device supports multi-step tES and EEG
recordings within a single session, and placement of both
stimulation and EEG recording electrodes is flexible. Fig-
ure 4 illustrates the process for determining the num-
ber and placement of electrodes on the final cap based
on the initial therapy prescription. First, the stimulation
montage for each tES step is selected. If EEG recording
is not required or is limited to the same stimulation elec-
trodes, the pipeline proceeds directly to the CAD design
of the cap. However, if additional EEG-only electrodes
are needed, these positions are added to the tES electrode
positions on the cap, with a maximum of 34 total elec-
trodes (including reference and ground). In the example
depicted in Fig. 4, the prescription includes three tES
steps, each targeting a separate ROI. For each ROI, an
optimization is performed using a dense grid positioning

'E| Prescription

Montage configuration per tES step EEG

Step1: ROI 1

Step2: ROI 2

Step3: ROI 3

Yes
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system on a personalized head model applying cap’s
design constraints. Each optimized montage includes
four electrodes, resulting in a total of 12 tES electrodes.
Together with the reference and ground electrodes, this
results in a customized cap containing 14 electrodes (Cap
A). If an EEG recording step with 32 channels is also
included in the prescription, an additional 18 EEG elec-
trodes must be integrated into the design. These EEG-
only electrodes can be flexibly placed but are typically
selected from the standard 10-20 positioning system
using an algorithm that ensures uniform coverage of the
head. This allows for EEG analysis including microstate
extraction and source analysis without gaps in electrode
coverage (Cap B). The positions of the reference and
ground electrodes can be customized based on the spe-
cific needs of the therapy protocol [55].

The full neurostimulator tES/EEG system components

Once the customized neurostimulator cap with up to 34
electrode positions is 3D-printed, the complete Miam-
ind® Neurostimulator/EEG device is assembled. The com-
ponents of the assembled device are outlined in Fig. 5.
The assembly process involves connecting electrode sites
to the control electronics housed in the neckpiece via the

EEG 10-20

Standard positions

Integrate tES & |
EEG electrodes

Cap B - 34 electrodes

Fig. 4 tES and/or EEG electrode placement. In addition to tES, therapy protocols may feature EEG recordings. In this case, EEG can use electrodes placed
for tES and, optionally, additional electrodes. For example, EEG-only electrodes can be placed in custom or standard positions subject to the total number

of electrodes not exceeding 34
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f Channel

) B Ag/AgCl

o coating

Gel adaptor

Syringe

Conductive gel

scalp

Fig. 5 Components of the custom-made tES Miamind® Neurostimulator/EEG medical device. a Customized 3D-printed cap with integrated electrode
positions. b Neckpiece containing neurostimulator and EEG recording electronics. ¢ Tablet with dedicated Android application that serves as the power
supply for the system. d Electrode suspension holders with inserted brush electrodes; a is the angle between rest and extended states of suspension arm
(about 10°). e Syringe and gel adaptor for gel injection. f Design of the Ag/AgCl-coated brush electrodes for use in both dry and wet mode. g Operation
in wet mode; conductive gel is injected through the electrode channel and brushes. h Miamind® Neurostimulator/EEG device setup workflow. i The 3D-

printed customized device in use by a subject

integrated cable guides and strain relief system (Fig. 5a).
A therapy session is started by pressing a button on the
neckpiece (Fig. 5b). While the electrodes are removable
for cleaning and replacement, the electrode sites remain
connected with a fixed mapping to the control electron-
ics to avoid human error and minimize set-up time. The
neckpiece is sealed during assembly and quality control
tests are performed to confirm the functionality of the
entire device. Neurostimulator devices are delivered with
conductive gel, a syringe, and a gel adapter for reducing
contact impedance with the scalp if necessary. A tab-
let serves as the power supply to the whole system and

allows patients to monitor the stage of the therapy during
a session using a dedicated Android application (Fig. 5c).
The tablet also securely uploads EEG data and patient
feedback to cloud storage.

Hybrid cap electrode design

The cap-electrode system supports operation in both dry
and wet modes, enabled by the combination of suspen-
sion arms on the cap and hybrid brush electrodes (Fig. 5).
The electrodes snap into the electrode holders with a
stem that passes through an opening in the holder. When
fixed, the top section of the stem extends approximately
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Fig. 6 Ag/AgCl-coated hybrid brush electrodes can reach mean impedance of 15 k £2 in dry mode. a Simplified schematic of skin-electrode interface
impedance test setup: Ag/AgCl-coated brush electrodes (blue boxes, impedance Z,) are placed on scalp (orange box, impedance Z,). Zoom in: the
electrical circuit equivalent for skin-electrode interface impedance (Z,.) composed of resistance (R,.) and capacitance (C,). b Positions of electrode pairs
(matching colors) on all subjects'heads for each measurement based on standard EEG positioning system. ¢ Boxplots of Z, for all subjects and electrode
pairs over time at 40 Hz in dry (orange) and wet (violet) mode, i.e. using conductive gel. Impedances of 15 k £2 (green) and 50 k £2 (red) are indicated

with horizontal dashed lines

2 mm above the surface of the holder. A channel in the
stem facilitates the injection of conductive gel when
necessary.

The electrode features 36 brushes, each 5 mm long,
for use on hair-covered regions of the scalp. The thirty-
six brushes have approximately 113 mm? of surface con-
tact in dry mode when fully in contact with the skin.
To enhance conductivity and reduce skin-electrode
impedance, the tips of the brushes are coated with Ag/
AgCl [56]. In the resting state when the cap is not worn,
the suspension arms hold the electrodes at an angle of
approximately — 10° relative to the cap surface. When the
cap is placed on the head, the electrodes are pushed out-
ward by the scalp, aligning at 0° and applying a consistent
force of about 2 N (Fig. 5d). This force can be adjusted by
modifying the geometry and thickness of the suspension
arms to control their stiffness. The angular alignment and
flexible arms ensure the brush electrodes make parallel
contact with the scalp, distributing pressure evenly across
all brush tips, which enhances comfort while maintain-
ing reliable electrical contact. This pressure increases
the surface contact between the brush tips and the scalp
thereby reducing impedance, particularly in dry mode.

If the impedance remains high due to factors such as
dense hair or specific skin types, conductive gel can be
injected through the electrode’s stem channel using
the gel adaptor and a syringe filled with conductive gel.
When inserted to its full length, the adaptor is 1 mm
shorter than the electrode to prevent direct contact with
the scalp and allow gel to penetrate through the hair to
the scalp (Fig. 5g). The tip of the gel adaptor is blunted
for safety. Tests showed that in regions with no hair, the
empty space between the electrodes and scalp can be
filled with 0.8+0.1 ml of gel to cover a surface area of
254+ 30 mm? on the scalp.

Device setup is outlined in Fig. 5H: First, brush elec-
trodes are snapped into the designated electrode holders.
Next, the subject places the neckpiece around their neck
and fits the cap-electrode system onto their head. To
ensure proper contact between the brush electrodes and
the scalp, the subject may need to gently push or wiggle
the electrodes to allow the brushes to penetrate through
the hair. The suspension design allows for slight elec-
trode movement (a few millimeters) without compro-
mising the positional accuracy of the cap. In the optional
third step, conductive gel can be injected through the
electrode channels. It is particularly useful for ensuring

electrode-skin contact in subjects with dense or long
hair. Once the cap is positioned, the subject initiates the
therapy by clicking the start button on the neckpiece.
The system performs an impedance check automatically
and indicates which electrodes (if any) need improved
contact. If the impedance is within acceptable limits, the
therapy begins. If not, the user can lower impedance by
either applying a small amount of gel or readjusting cer-
tain electrodes by wiggling them, at which point the ther-
apy will start automatically.

Validation of hybrid Ag/AgCl-coated brush electrodes
Hybrid brush electrodes were tested to determine their
electrical and mechanical properties as well as the quality
of brain signal acquisition. The impedance for Ag/AgCl-
coated brush electrodes (Z,) was 80 = 10 W in a test set-
up in contact with highly conductive copper foils (0.95 +
0.10 W) and remained consistent over frequency range
of 20-3000 Hz (Fig. S3). The phase was zero over this
frequency range, indicating that the impedance remains
dominantly resistive and voltage and current resonant in
phase [57].

Figure 6 shows the skin-electrode interface imped-
ance (Z,) measurements for brush electrodes installed
on customized caps for five subjects with hair length
ranging from 10 up to 50 mm and various hair types and
densities. Figure 6a and B illustrate the simplified circuit
model of the skin-electrode interface impedance tests
and positions of electrode pairs on the subjects’ heads
using 10-20 standard EEG positioning system, respec-
tively. The Z, (on the order of k 2) is much higher than
the electrode and tissue impedances (on the order of 2),
thus we can consider the measured impedance approxi-
mately the sum of Z, for both electrodes in contact with
scalp placed in series. As a result, the Z, for one elec-
trode is approximately the half of the value measured on
LCR meter. The boxplot in Fig. 6¢ presents the imped-
ance values for electrodes in both wet and dry modes
at frequencies 40 Hz (see Fig. S4A for measurements
in frequency of 1 kHz) over time (30 min, divided into
5-minute intervals) for the described test setting. Each
box represents distribution of a specific mode at a given
time point and frequency. We took the Z,, <15k as
an indicator for sufficient impedance value for tES appli-
cation assuming injection of 2 mA total current for two
electrodes based on the safety measures [58] by applying
maximum voltage of + 15 V. Over time, there is a general
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decrease in impedance in both dry and wet modes across
both frequencies, reflecting electrode-skin contact stabi-
lization. The drop is more pronounced for wet electrodes
indicating that gel settles on the skin and increases con-
tact area over time. After five minutes, impedance in
both conditions stabilize. Dry electrodes exhibit overall
higher impedance with mean around 15 k 2, with some
data points towards higher values (above 100 kQ). Closer
inspection at the data points in 40 Hz in Figure S4B, sug-
gests that the inter-subject variability is the primary fac-
tor, as indicated by the multi-modal distribution of the
datapoints. Prior studies have suggested that this vari-
ability may be attributed to differences in skin type rather
than hair density or the region of measurement on the
subjects’ heads [59]. Such statement can be confirmed
by another representation of data according to the with
and without hair region in Fig. S5. Wet electrodes show
consistently lower impedance, particularly at 1 kHz,
where the values after minute five are tightly distributed
between 1 kQ and 4 kQ. This is typical in bioelectrical
measurements due to capacitive effects [60, 61]. Note
that this experiment has been conducted without any
skin preparation such as abrasion or cleaning. Generally,
wet mode was below 15 kQ for all subjects and positions,
while dry mode was below 50 kQ for most subjects and
positions.

The performance of brush electrodes in dry mode was
compared to standard Ag/AgCl cup electrodes in wet
mode using conductive paste for EEG signal acquisition,
see Fig. 7. Recordings were conducted simultaneously in
both eyes open and eyes closed conditions from frontal
positions AF7, Fpl, AF8, and Fp2 on the forehead with
both electrode types placed as close as possible (Fig. 7a).
Figure 7b presents the power spectral density for both
electrode types across different frequency ranges. The
brush electrodes in dry mode show a comparable perfor-
mance to the wet mode cup electrodes, with clear spec-
tral peaks around 10 Hz (alpha frequency band) under
both eyes open and eyes closed conditions. The inset
shows the EEG signal traces over time, highlighting that
the dry brush electrodes capture EEG signals with simi-
lar fidelity to the wet cup electrodes, even for subtle eye-
blink artifacts. The coherence between electrode pairs at
different frequency bands is illustrated in Fig. 7c. Across
the delta, theta, alpha, beta, and gamma bands, the brush
electrodes in dry mode show comparable coherence val-
ues to the wet cup electrodes. The inset further quantifies
the signal-to-noise ratio (SNR) before and after filtering
for low-frequency noise and 50 Hz electrical interference.
Both electrode types have high SNR performance (mean
SNR of 0.82 and 0.83 for Miamind electrodes and stan-
dard cup electrodes, respectively). Finally, Fig. 7d shows
the correlation between the signals recorded from adja-
cent pairs of electrodes (FP1-AF7 and FP2-AF8) for both
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electrode types in eyes open and eyes closed conditions.
The correlation is high (close to 0.99), indicating nearly
identical signals from dry brush and wet cup electrodes.
Overall, these results indicate that brush electrodes in
dry mode perform comparably to standard Ag/AgCl cup
electrodes in wet mode across all key metrics for EEG
signal acquisition.

The brush electrodes remained intact with no signs of
breakage or peeling of the Ag/AgCl coating during both
real-time and accelerated cyclic loading tests, confirming
their durability and reusability (Figure S5). Furthermore,
they have been deemed biocompatible by passing ISO
10993-5 cytotoxicity tests. The electrodes meet the nec-
essary safety standards for medical use in contact with
skin with and without use of conductive gel and are thus
certified as a Class I medical device under Swissmedic.

Usability and performance of the miamind®
neurostimulator/EEG device

The Miamind® Neurostimulator/EEG device was tested
on healthy subjects (N=28) as part of the MindStim clini-
cal trial (NCT05999916) to evaluate its safety and per-
formance. The therapy protocol for the MindStim trial is
shown Fig. S6. Subjects had four sessions each with three
steps of tACS (for three target ROIs) and EEG recordings
before and after each tACS step. Each subject received
a customized cap with 34 electrodes (2 electrodes were
used as reference and ground electrodes), similar to cap
B in Fig. 4, and used conductive gel to reduce the imped-
ance, specifically for tACS. All participants completed all
the intervention sessions. Also, out of 128 EEG record-
ings, only two were excluded due to persistent muscle
artifacts that could not be removed using independent
component analysis (ICA).

In addition to EEG data, participant feedback was
collected through a questionnaire after final visit. All
respondents felt comfortable during the use of the system
and most (7 out of 8) were content how easy the system is
to use. 7 out of 8 participants rated the cap and neckpiece
design as comfortable. 1 participant reported discomfort
of the cap and during stimulation. Willingness to extend
stimulation duration was moderate, 5 out of 8 expressed
willingness of sessions lasting longer than one hour. All
participants found daily clinic sessions manageable, and
7 out of 8 expressed interest in conducting the therapy by
themself at home. Importantly, no respondents reported
discomfort with the therapy, indicating a positive over-
all experience with minimal barriers to compliance.
Daily usage was generally acceptable if no gel injection
is required (7 out of 8). These findings indicate that par-
ticipants prefer the device for home-based daily use if
designed with minimal setup, such as gel-free operation
(Table S1). A total of 32 one-hour tACS sessions were
conducted using the Miamind® Neurostimulator, with no
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Fig. 7 Ag/AgCl-coated brush electrodes in dry mode match the performance of standard cup electrodes in wet mode for EEG signal acquisition. a
Schematic of the test setup for EEG recordings of Ag/AgCl-coated brush electrodes in dry mode compared with clinically standard cup electrodes in wet
mode. b Power spectral density (PSD) for the two electrode types under both eyes open and closed conditions. Inset: overlayed signals in time domain.
c Coherence between pairs of electrodes of same type for different band frequencies in eyes closed condition. Inset: Signal to noise ratio (SNR) for both
electrode types for the original and filtered signals (0.5 to 100 Hz bandpass and 50 Hz notch filters). d Correlation of signals between adjacent wet cup
and dry brush electrodes (FP1-AF7 and FP2-AF8) for eyes open and closed conditions

Serious Adverse Device Effect (SADE) or Unanticipated
SADE (USADE) reported during any of the sessions.
None of the participants paused the intervention during
any of their 4 sessions.

Table 1 demonstrates a comparison to other available
state-of-the-art tES/EEG devices. At present, this device
is the only tACS device intended for use at home that is
registered as custom made medical device according to
Annex XIII EU-MDR in the EU, the United Kingdom,
and Switzerland. Unlike conventional systems relying on
generic, low-density montages with manual setup, our

pipeline combines therapeutic accuracy with unsuper-
vised ease-of-use in a fully integrated solution.

Discussion

In this study we present the development of a novel
manufacturing pipeline for clinically viable device for
personalized tES therapy and EEG recording, which was
informed by the following design requirements: (i) flex-
ible, personalized electrode placement; (ii) repeatable,
accurate fit on the patient’s head; (iii) ease-of-use to
accommodate at-home application; (iv) acceptable con-
tact impedance without extensive head/skin preparation.
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Table 1 Comparison of features from available tES/EEG devices
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This device Ref. 1* Ref. 2%* Ref, 3%** Ref, 4%
Technology tDCS, tACS, EEG, custom tDCS, tACS, EEG, tRNS, tDCS tDCS tDCS, tACS, tRNS
waveform custom waveform, Tl (4 waveform)
Hardware Specification
Medical grade Custom made MD (CH, UK, Research only Class llaMD (EU,  Class lla MD Research only

Power supply

Number of channels
Ground electrode

Electrodes
(wet mode)

Electrodes
(Dry mode)

Communication

PCB house

EEG recording

EV)
Tablet power, rechargeable

Upto32
Build-in, customized position

Ag/AgCl-coated brush
electrodes

Ag/AgCl-coated brush
electrodes
(36 points over area of 2 cm?)

Wireless (SIM card)

Neckpiece

Yes

Electrode holders Specification

Technology
Material

Positions

Size
Grip

3D-printed rigid cap
PA12 (USP class VI, FDA
certificate)

Flexible on entire electrode
positioning zone

Personalized head fit
Patient head morphology

Built-in, rechargeable

32
Ear clip

Ag/AgCl disk electrodes
Sponge electrodes
Kendall™ H1245G
electrodes

Ag/AgCl Drytrode (10
points over area of 1.3
cm?)

Wireless

box on back of cap

Yes

Fabric cap
Neoprene

Fixed holes based on EEG
standard systems (32 or 69
positions)

Four sizes
Chin strap

UK)

Built-in,
rechargeable
2

Collector
electrode

Sponge
electrodes

None

Bluetooth con-
trolled through
app

Build-in headset

No

Headset
N/A

FP1,FP2 on
frontal lobe

Adjustable fit

Extended arm to
back of head

Built-in, rechargeable

2
N/A

Rubber electrodes
with sponge pads
(rectangular and circu-
lar and ring shapes)

None

USB port to a PC with
internet connection

Portable Hardshell
case

No

Fabric cap
Lycra

Five pairs of positions
in frontal and prefron-
tal regions

Five sizes
Chin strap

Built-in,
rechargeable
2

N/A

Rubber electrodes
with sponge pads
(rectangular and
circularand ring
shapes)

None

USB port to a

PC with internet
connection
Portable Hardshell
case

No

Fabric cap
Lycra

Five pairs of posi-
tions in frontal
and prefrontal
regions

Five sizes

Chin strap

T Allinformation was gathered from original specification sheets of each device and is valid only for the specified product

*Ref. 1: Starstim Neuroelectric,

**Ref. 2: Flow, Flow Neuroscience

***Ref. 3: DC-stimulator mobile, Neurocare
**¥*Ref. 4: DC-stimulator plus, Neurocare

Our in-silico experiments (Fig. 1) showed that com-
pared with fixed HD montages, montages optimized
with personalized head models achieved a biologically
effective dose in the ROI [21], reduced variability across
subjects, and did not substantially sacrifice accuracy or
focality. These results are in good agreement with prior
studies [14, 16] and increasing flexibility in electrode
placement will likely provide further gains. Our recent
findings further support this direction, demonstrating
that increasing the number of candidate electrode posi-
tions from 32 to 86 significantly improved target engage-
ment and reduced off-target field exposure across a
variety of stimulation scenarios [62]. In conventional sys-
tems, deploying such dense arrays may be impractical due
to increased complexity in setup and patient discomfort.

However, within our pipeline, there are no major techni-
cal or ergonomic drawbacks to higher-density montages.
Since electrode placement is digitally optimized and
embedded directly into the 3D-printed cap design, the
patient receives a fully configured device that requires
no manual setup. The CAD model enforces safety con-
straints, such as minimum spacing to prevent short cir-
cuits, while providing maximal flexibility in positioning.
Thus, the use of a denser electrode grid in this context
allows for improved focality and dosage control without
compromising ease of use or comfort. However, practi-
cal constraints dictate that many devices still employ
non-personalized fixed montages or limit the number
of available electrode positions for optimization. Given
that variability in tES response is linked to variability in
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applied dose [63, 64], next-generation devices must solve
this personalization challenge for clinical application.
This informs our 3D-printing-based approach, where
each cap is customized to an individual.

Simulations mimicking the effects of inconsistent cap
placement during real-world usage identified the strong
impacts of montage movements due to slight rotational
displacements of a cap (Fig. 2). Displaced montages
resulted in altered electric field strength and direction in
the target ROI, thereby generally reducing on-target and
increasing off-target stimulating. This effect is especially
critical when specific electric field orientations relative to
cortical gray matter are desired [12]. The off-target dos-
age may also reduce therapy efficacy, particularly if func-
tional networks anti-correlated to the target network are
stimulated. This may result due to spatial proximity of
anti-correlated cortical nodes, e.g. BA39 (task-negative
network) and BA7/40 (task-positive network) [28]. Thus,
the efficacy of tES therapy will likely depend heavily on
the precise and consistent application of the prescribed
montage over many sessions. Accurate replication of
montage positions across sessions remains challeng-
ing with one-size-fits-all caps that must accommodate
varying head shapes and sizes. It is important to note
that improved mean | E'| in ROI, along with its correla-
tion with the ROI due to displacement in certain cases,
may be attributed to the constraints of the 82-electrode
positioning system used for optimization. This obser-
vation underscores the potential benefits of employ-
ing denser electrode grids to achieve a more optimized
montage. While the rigid rotational model used in this
study is primarily applicable to rigid caps, future research
should evaluate displacements for elastic fabric caps in
real-world application. Our cap design approach seeks
to reduce inconsistent cap placement through a rigid cap
whose shape is given by the scalp profile extracted from
an individual's MRI. To assess inter-session and inter-
user variability in cap placement, self-administered elec-
trode placement with the Miamind® neurostimulator/
EEG device should be compared to placements by medi-
cal professionals using anatomical landmarks. Further
studies could explore the use of motion detectors to iden-
tify and correct any potential cap mispositioning during
use.

In this work we present a pipeline to fabricate a device
for personalized therapy that can be precisely set up with
minimal effort. Here we integrate structural MRI-based
head morphology extraction for customized cap profile
and personalized montage selection. The tailored, rigid
cap is 3D-printed, ensuring accurate digital-to-physical
translation via CAD modeling. A key advantage of this
approach is the alignment of CAD coordinate system
with the patient-specific 3D head model enabling mon-
tage configurations to be directly embedded into the
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cap design. This integration ensures accurate electrode
placement while additional design features enhance grip,
rigidity, and ventilation, improving comfort and usabil-
ity. The cap is designed to fit in only one orientation and
reduce the potential for electrode displacement, though
future studies should systematically benchmark move-
ments across different head geometry. Ensuring the accu-
rate replication of montage geometries by the real-world
users reduces the mismatch between simulated and
applied electric field distributions, however these cannot
be completely eliminated due to the inherent simplifica-
tions and assumptions used in computational models
[65].

One of the target clinical indications for this system is
Alzheimer’s disease, for which structural MRI is typically
part of the routine diagnostic pathway. In such cases, the
MRI data can be directly integrated into our pipeline for
personalized cap design and electrode placement. How-
ever, for other conditions, such as depression, structural
MRI may not be routinely acquired. In those cases, addi-
tional imaging may be required to enable customization.
For individuals unable to undergo MRI due to contra-
indications, alternative approaches can be employed to
approximate personalization. For example, a 3D opti-
cal scan of the head can be performed while the subject
wears a tight-fitting fabric cap to suppress hair volume,
allowing for extraction of the scalp surface and configu-
ration of standard electrode positioning systems. While
this method does not allow for the generation of person-
alized internal anatomical models, available brain and
head atlases can be utilized to perform simulations and
optimizations using these standardized electrode layouts.
Despite a reduction in anatomical accuracy compared to
MRI-derived models [62], the customized fit of the cap
based on individual head surface geometry still offers
several advantages over conventional, one-size-fits-all
systems, particularly in facilitating improved comfort and
repeatability for at-home use. Future work should investi-
gate how 3D photogrammetry-based fitting of normative
atlases combined with customized electrode placement
could improve electric field distributions.

Hybrid dry/wet Ag/AgCl-coated brush electrodes were
designed for the neurostimulator device in both EEG and
tES applications. The brush structures extend through
hair to contact the skin in areas with short to moderate
hair coverage, achieving dry-mode impedance below 15
kQ for some subjects. However, variable interface imped-
ance between subjects, which is influenced primarily by
skin type rather than hair density, necessitates gel injec-
tion in certain scenarios. Dry brush electrodes, while
advantageous for ease of use, may leave temporary scalp
imprints after prolonged sessions; however, these marks
typically fade within minutes of removing the headset.
The applied contact force is carefully calibrated to remain
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within a low range (below 2 N), a contact force well toler-
ated by users (Table S1), striking a balance between sig-
nal integrity and user comfort. The individualized CAD
design of the cap allows for further pressure tuning by
altering the thickness and angle of the electrode arms
based on scalp region, providing softer contact in hairless
zones (e.g., forehead) and slightly firmer contact in areas
with dense hair. This customization not only ensures reli-
able scalp contact but also contributes to improved cap
stability during movement. For extended therapy ses-
sions where lower impedance and enhanced stability
are required, the hybrid electrodes can alternatively be
operated in wet mode, which provides additional perfor-
mance benefits. Selection of dry or wet mode operation
can be made by users in real-time based on impedance
measurements communicated to the user through the
tablet. For tES, wet mode is more suitable because the
overall impedance is reduced, thus reducing the applied
voltage and resulting sensations under the electrodes.
Further investigations are needed to evaluate long-term
electrode-skin contact stability in dry mode under vary-
ing conditions, including head movement and extended
use, particularly for tES applications.

Our findings demonstrate the comparable performance
of dry brush electrodes (without skin preparation) and
conventional wet clinical electrodes (with skin prepa-
ration) for EEG recording in forehead regions. Within
the MindStim study (NCT05999916), 2 out of 128 EEG
recordings (in wet mode) were excluded for power spec-
tral analysis and EEG biomarker estimation such as vigi-
lance analysis, frontal alpha asymmetry and alpha peak
frequency due to excessive muscle artifacts that could not
be removed using ICA. Furthermore, the willingness of
participants to use the system for extended periods, com-
bined with the lack of serious complaints regarding elec-
trode imprints, supports the overall comfort and usability
of the device in prolonged sessions. These results empha-
size the potential of the custom cap-electrode system as
a reliable and user-friendly solution for simultaneous or
separate EEG and tES applications. The integration of
flexible electrode placement allows for a range of con-
figurations to adapt to clinical needs, from optimized
high-density montages to standard EEG setups. Accu-
rate electrode localization in MRI space also facilitate
advanced EEG analyses such as source imaging [66] with-
out restrictions imposed by rough estimation of posi-
tions using standard fixed EEG systems [67, 68]. Future
research should investigate the impact of asymmetric
configurations on source reconstruction quality and
electrode distribution strategies in customized tES/EEG
systems. The custom made integrated tES/EEG device is
ideally suited for advanced tES/EEG synergies, such as
closed loop tACS informed by real-time EEG feedback.
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The connected tablet serves as both a power supply and
a monitoring device for the patients to check impedance
and track therapy session progress. This digital inter-
face could also support remote physician assessments
and therapy adjustment to reduce the need for frequent
clinic visits. Such features could enhance convenience for
patients undergoing extended therapy sessions, which
can require daily session for up to one-hour over weeks
or months.

The system, comprising the cap-electrode interface and
the Miamind® Neurostimulator/EEG device, was success-
fully achieved 100% intervention completion rate in the
MindStim safety study (NCT05999916). These results
confirm the system’s stability, usability, and reliability in
an in-clinic setup. However, further validation is neces-
sary to assess suitability in at-home settings under repeti-
tive use over extended periods. Controlled studies should
evaluate the feasibility of gel injection, cap fit across vari-
ous age groups and head shapes, and the performance of
the device in diverse real-world scenarios. Importantly,
the usability of the Miamind® neurostimulator should
be evaluated in clinical populations, as sensitivity to the
intervention and perceptions of the device and its perfor-
mance may vary depending on the user’s health status.
Symptoms such as altered pain sensitivity, confusion and
sensory overload are commonly described due to neuro-
logical conditions and might impact the user experience
and feedback.

Some limitations on current pipeline should be
acknowledged. The primary challenges for personaliza-
tion of therapy using simulations and comfort of the cus-
tomized cap are the quality of real-world MRI data and
the accurate segmentation of such images, as motion arti-
facts or spatial distortions can lead to poor model fitting.
Moreover, current atlas-based segmentation methods
[13, 69] may underperform for heterogenous MRI data or
head shapes deviating from standard references, the lat-
ter is relevant as tES therapy may target populations with
anatomical variations due to aging or disease progression
[70]. Currently, manual quality control and segmentation
correction are used to mitigate this sort of errors. This
could be addressed by integrating deep-learning-based
segmentation algorithms designed around heterogenous
clinical data [71] into modeling and montage optimiza-
tion pipelines and ultimately increase the accuracy of cap
design, montage configuration and scalability for larger
populations. Additionally, electrode placement is con-
strained by the need to prevent collisions, requiring pre-
defined design constraints in the positioning system and
optimization algorithm. As a result, current optimization
methods operate within fixed electrode positions [16],
limiting their flexibility in determining the most effective
montage configurations. These restrictions may reduce
the full potential of personalized setups by excluding
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viable electrode placements that fall outside the pre-
defined range. Future advancements should prioritize the
development of adaptive algorithms capable of dynami-
cally optimizing electrode positioning while adhering
to parametric design constraints. Such improvements
would enable greater precision in targeting brain regions,
leading to enhanced therapeutic efficacy in tES applica-
tions. Finaly, while personalization is a major strength, it
may be less cost-effective for short-term use cases, such
as clinical trials or exploratory research, where stimula-
tion parameters may need to remain flexible and a sepa-
rate device must be produced per subject.

Overall, this study demonstrates a significant step for-
ward in personalized neuromodulation therapy by inte-
grating computational modeling, 3D printing and hybrid
electrode technology. The developed system enables
reliable, repeatable, and patient-specific tES and EEG
applications, reducing setup complexity by eliminating
skin preparation, positioning and fixation, enhancing
accessibility for at-home therapy. Furthermore, para-
metric design enables adaptability for future hardware
updates and additional customization. Moreover, recent
studies have demonstrating the feasibility and safety of
combining non-invasive TI stimulation with intracra-
nial monitoring electrodes [72, 73], highlighting promis-
ing directions for the future integration of personalized
non-invasive tES with invasive neuromodulation thera-
pies. Future efforts should focus on long-term assess-
ments in clinical populations, integration with adaptive
neuromodulation strategies, and further refinement of
electrode designs to maximize comfort and efficacy.
These advancements will be crucial in transitioning from
research-based neurostimulation approaches to widely
adopted clinical and home-use solutions.

Methods

Customized CAD design and manufacturing

A software pipeline was developed to facilitate the design
and production of customized electrode caps, utilizing
a command line interface built with bash scripting and
Python 3.9. This pipeline integrated SimNIBS (version
4.0.1) and FreeSurfer (version 7.4.1) to aid in head mod-
elling and montage selection. Personalized head models
were used to define a subject-specific coordinate system
for cap design, locate fiducials, generate homogeneously
distributed dense grid of points on the skin surface, and
simulate electric field distributions for montage selection.
Once the scalp morphology is modeled and locations of
cap electrodes are defined, the digital design of the cap
is done in Autodesk® Fusion 360™. Following this, a Rhi-
noceros® (V7)-Grasshopper pipeline is employed to posi-
tion all features including electrode placement on scalp
within a coordinate system that is aligned with original
3D model. The final mesh shell outline is then defined.
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Electrode Suspension arms are oriented to prevent colli-
sions and ensure a logical cable routing. Semi-automatic
generation of cable guides follow, after which all features
are combined to create the final geometry. If quality con-
trol tests of the design pass, the final CAD file is sent for
print and cable length recommendations are exported to
guide assembly.

3D printing of personalized caps

The custom-designed caps were 3D printed at Prodartis
AG (Appenzell, Switzerland) using Multi Jet Fusion (MJF)
technology on an HP Jet Fusion 5000 3D Printer (HP
Schweiz GmbH, Wallisellen, Switzerland). Polyamide 12
(Nylon), certified under FDA food contact regulations
and USP Class VI standards, was used as the printing
material. This material was selected for its durability and
safety for skin contact, making it suitable for prolonged
use in neurostimulation applications.

Neurostimulator/EEG device

The Miamind® Neurostimulator tES/EEG device (v1.0.0,
REF 00600) was developed by Bottneuro AG (Basel, Swit-
zerland). The device supports a maximum of eight active
electrodes per stimulation steps out of up to 34 positions
and up to 33 EEG recording channel. It can deliver both
DC and AC currents across a frequency range of 20 to
80 Hz. It allows customizable waveform and phase shifts,
with adherence to international safety standards includ-
ing IEC 60601-1:2005+ A1:2012 + A2:2020. The neuro-
stimulator and all materials used in the cap and electrodes
underwent biocompatibility and safety testing, meeting
the electromagnetic disturbance standards (EN 60601-1-
2:2014+ A1:2020, IEC 60601-1-2:2014 + AMD1:2020).

Electrodes

The Miamind® brush electrodes used for EEG and tES
were developed by Bottneuro AG (Basel, Switzerland)
and registered as Class I medical device according to
Swiss agency for therapeutic products, Swissmedic,
Switzerland. These electrodes are made from a conduc-
tive carbon-rubber material and manufactured using an
injection molding method by Datwyler Holding Inc. (Alt-
dorf, Switzerland). The tips of the brush electrodes are
coated with Ag/AgCl.

Gel adaptor

Gel adaptor is developed by Bottneuro AG (Basel, Swit-
zerland) and is a 304 stainless steel needle (18 gauge /
blunt needle point) manufactured by Hamilton Central
Europe (Timisoara, Romania). The 15 mm length of nee-
dles are compatible with Luer lock syringes.
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Electrode impedance measurement

For the impedance measurement of the brush electrodes,
a copper tape was fixed to a rigid plate with two folded
sections of the tape providing contact points for alligator
connectors attached to the precision LCR meter (KEY-
SIGHT E4980AL, Keysight Technologies, CA, United
states). Initially, the impedance of the copper plate was
measured across a frequency range of 20 Hz to 3 kHz as
a normalized value, with both alligator connectors grip-
ping the copper tape. The impedance of the electrodes
was then measured by connecting one alligator clip to the
electrode’s stem while ensuring that all the brushes of the
electrode were in full contact with the copper tape under
a fixed force of 5+0.5 N, applied using a digital force
gauge (EXTECH, model 475040, Teledyne FLIR LLC,
Wilsonville, United states). The process was repeated for
five randomly selected electrodes from a batch of 400.
The impedance of the copper foil (0.95+0.10 Q) was 80
times lower than that of the electrode, confirming its
negligible influence on the measurement.

Skin-electrode interface impedance test

The skin-electrode interface impedance for the brush
electrodes was assessed on five subjects with varying
hair densities. The test was performed on five different
pairs of scalp positions that covered all lobes of the head,
with measurements taken every five minutes for a total
duration of 30 min. Both wet and dry modes were tested,
with the wet mode employing a conductive gel (Signa gel
Electrode Gel, Parker Laboratories, Inc., Fairfield, USA)
without any prior skin preparation. The volunteers, who
had short hair (4+2 c¢m), were required to shower a few
hours before the test to ensure consistency in skin condi-
tions. Impedance measurements were performed using a
precision LCR meter (KEYSIGHT E4980AL) witha 1 V
applied voltage. The electrodes were mounted on a cus-
tomized 3D-printed cap described in this work, which
were designed specifically to ensure consistent electrode
positioning and force on the scalp.

EEG signal validation

The validation of the brush electrodes in dry mode for
EEG signal acquisition was conducted using an OpenBCI
Cyton board (OpenBClI, Brooklyn, NY, united states), an
8-channel EEG acquisition device. The validation proce-
dure involved recording EEG signals for a subject dur-
ing two sessions, each lasting 3 min, with the subject’s
eyes open and closed. These sessions were separated by
a 1-hour interval. The electrode positions FP1/AF1 and
FP2/AF2 were chosen on the non-hair region of the fore-
head, minimizing the distance between the electrodes
(FP1 and FP2) and cup electrodes (AF1 and AF2) with
15 mm distance. For optimal comparison, only the skin
region under the cup electrodes was prepared according
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to clinical standards by cleaning and abrading the skin
using Nuprep gel (Weaver and Company, Aurora, USA),
and the cup electrodes (reusable 10 mm Ag/AgCl-coated
electrodes) affixed with Elefix Z-401CE conductive adhe-
sive paste (Nihon Kohden Corporation, Tokyo, Japan).
The brush electrodes were carefully placed on the sub-
ject’s head without any skin preparation and in dry mode,
using a personalized cap while ensuring the cup elec-
trodes remained undisturbed. The recorded EEG signals
were processed by applying high-pass and low-pass filters
with a cutoff frequency of 0.5 and 100 Hz respectively,
along with a notch filter in the 47-53 Hz range to remove
noise. The sampling rate for the recordings was set at
250 Hz.

Mechanical characterization

Mechanical testing of the electrodes was conducted using
a BOSE ElectroForce 3300 (TA Instruments, New Castle,
USA) machine under both real-time and accelerated
conditions. Eight brush electrodes were mounted on a
polytetrafluoroethylene (Teflon) platform installed on the
machine’s arm. To simulate the conditions of a human
scalp, a stiff flat plate covered with a soft wipe was used
as the substrate. In the real-time test, 30 loading cycles
were applied each over a 30-minute period, with a force
of up to 1.5 N per electrode. For the accelerated simula-
tion, 500 loading cycles were performed with a force of
up to 3 N per electrode. This mechanical characterization
aimed to evaluate the durability of the electrodes under
conditions replicating both short-term and long-term
use.

Clinical trial
The MindStim clinical trial (NCT05999916) was an
exploratory, first-in-human, single-arm, monocentric
study aimed at evaluating the safety and tolerability of
tACS delivered by the Miamind® Neurostimulator/EEG
device in healthy participants. The trial involved ten par-
ticipants who provided informed consent for the use of
their MRI scans. Eight participants underwent the full
study protocol. The study was approved by the Indepen-
dent Competent Ethics Committee Ethikkommission
Nordwest-und Zentralschweiz and Competent Regula-
tory Authority Swissmedic (BASEC No: 2023-D0054).
Each participant attended four interventional ses-
sions, each included 60 min tACS over four consecu-
tive days. The stimulation frequency was 40 Hz, with a
maximum current of 1 mA per electrode and 2 mA total
across all active electrodes. The stimulation targeted the
left angular gyrus, right angular gyrus, and bilateral tem-
poral lobes, based on individual MRIs, with each region
stimulated for 20 min with EEG recordings before, after
and in between the tACS steps shown in Fig. S7. Usability
of the Miamind® neurostimulator was assessed through
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participant feedback questionnaire after the final inter-
vention. To minimize potential response bias, partici-
pants completed the questionnaires independently using
a digital format. The questionnaire covered six domains:
General Impression, Cap and Neckpiece, Application
and Tablet, Electrodes of the Cap, Therapy Experience,
and Use Outside of the Clinic. Responses were recorded
using a 6-point Likert-type scale: Fully agree, Mostly
agree, Undecided, Mostly disagree, Fully disagree, and
Irrelevant/No answer, and were analysed using descrip-
tive statistics (e.g. frequency counts and percentages)
(Table S1).

EEG data preprocessing was conducted using a stan-
dardized pipeline to ensure high-quality signal extraction
across all sessions by independent experts at Deeppsy
(Zurich, Switzland). To minimize noise, eyes-closed (EC)
segments were analyzed. For further processing, raw
data was cropped into segments. Then, a finite impulse
response (FIR) bandpass filter was applied with cut-off
frequencies of 0.1 Hz and 70 Hz to retain the relevant
physiological EEG signals while removing slow drifts and
high-frequency noise. Additionally, a 50 Hz notch filter
was applied to remove power line interference. To mini-
mize spectral leakage, data were processed with Hanning
window. Electrooculogram (EOG) signals were derived
by subtracting F7 and F8 channels to aid in detecting
ocular artifacts. Broken channels were visually inspected
and interpolated using spline interpolation. Technical
and muscular artefacts were marked and artefact correc-
tion using ICA was performed. Remaining artefacts were
visually inspected to identify high frequency noise due to
muscular activity, eyes movements and blinks and envi-
ronmental noise (i.e., electric peak or wire oscillations). A
total of 2 out of 128 EEG recordings were removed due to
excessive muscle artefacts.

MRI acquisition and personalized head modeling
High-resolution isotropic T1- and T2-weighted MRI
scans (1 x 1 x 1 mm?) were acquired for all participants
using a Siemens Prisma 3T scanner (Siemens Healthcare,
Erlangen, Germany) at the University Hospital of Basel.
The field-of-view included the entire head, from cranial
skin to the C3 vertebra, with minimal head constraints to
reduce skin deformation. Personalized 3D head models
were generated using SimNIBS’ CHARM (version 4.0.1)
software [13, 16. failure in CHARM’s automatic segmen-
tation was semi-automatically corrected. Mesh recon-
struction and surface smoothing were applied to the final
segmented volumes using CHARM to produce accurate
3D models for each subject [74].

In-silico experiments
Simulation experiments were performed using head
models of ten healthy subjects enrolled in the MindStim
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trial who signed the informed consent for the use of their
MRI data. The anatomical ROIs were identified using
FreeSurfer’s recon-all (version 7.4.1) [75] brain parcel-
lation, specifically targeting the left angular gyrus as
defined by the Destrieux atlas parcellation (tag 11125,
“ctx_lh_G_pariet_inf-Angular”). The stimulation mon-
tage involved electrodes of 18 mm in diameter. Simula-
tions were conducted using SImNIBS (version 4.0.1) [76],
with fixed 4:1 HD electrode positions generated by the
CHARM routine [74] placed at P3 (+ 2 mA) and CP3, P1,
P5, and PO3 (-0.5 mA each). The optimization performed
on same subjects, targeted an intensity of 0.3 V/m within
the ROI with maximum current per electrode of 2 mA
and maximum total current of 4 mA. For optimization of
montage for each subject, custom dense grid positioning
system with average total number of 86 positions within
the electrode positioning zone of customized cap has
been used.

Montage displacement experiments were performed
for one selected subject with a montage optimized for
left angular gyrus as a basis. Simulations were conducted
by systematically displacing the entire montage via rigid
rotations covering a grid of 125 points, covering —10° to
10° rotations about all three axes (x, y, z) with 5° inter-
vals over 5 steps. The origin for rotation was taken to be
the 0,0,0 point using world coordinates in subject space.
After rotation, electrode positions were projected onto
the scalp and the resulting montage was simulated.

Statistical analysis

For In-silico study, simulated electric fields from all mon-
tages were interpolated onto the central gray matter sur-
face for each subject. Visual assessment was based on
renderings generated with PyVista version 0.41.1 [77].
Two quantitative metrics were considered: the mean
electric field magnitude in ROI, and the correlation of the
electric field magnitude with the ROI to capture the con-
formity of the field magnitude to the target. The equal-
ity of variances is reported with Leven’s test with P value
indicated in the Figure legend. Experimental data such as
Impedance data and EEG signals were further analyzed
through custom python version 3.11.0 scripts and visu-
alized through matplotlib version 3.9.0 and seaborn ver-
sion 0.13.1 [78] toolboxes. For the MindStim study, Data
cleaning and analysis were conducted using R version
4.4.0 (The R Foundation for Statistical Computing Plat-
form, 2024). R Studio version 2024.04.2, Build 764 (Posit
Software, PBC, 2009-2024), served as the graphical user
interface for R. The software applications were installed
on Windows 11 Home 23H2 (OS Build 22631.4112).
Descriptive statistics were employed to present the device
safety and functionality assessed by multiple experience
questionnaires. All adverse events recorded throughout
the study were categorized and summarized descriptively
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by type, severity, and relationship to the device/proce-
dure. Categorical variables (both ordinal and nominal)
were summarized using counts and percentages within
each category. For numeric variables (continuous and
discrete), the descriptive statistics included the number
of observations, mean, median, standard deviation (SD),
and quartiles (Q1 — Q3), where applicable.
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