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Ultra-conformable tattoo
electrodes for providing sensory
feedback via transcutaneous
electrical nerve stimulation

Mascia Antonello3, Collu Riccardo™3"“, Paolini Roberto?, Demofonti Andrea?,

Cordella Francesca?, Zollo Loredana?”, Barbaro Massimo*** & Cosseddu Piero'™*

Electrical stimulation of the peripheral nervous system has been demonstrated to be effective in
restoring somatotopic sensory information in subjects with amputations. It can be achieved using
invasive electrodes, which require surgical implantation, or non-invasive electrodes, which are applied
directly to the skin. Whereas less selective, non-invasive electrodes offer the advantage of avoiding
surgical procedures. Additionally, commercially available wet Ag/AgCl electrodes lack adaptability

to the irregular surface of a subject’s residual limb, leading to detachment during movement or use.
This study aims to address some of the limitations of non-invasive electrodes by proposing and
validating the use of ultra-conformable Parylene C-based tattoo electrodes to restore somatotopic
sensory information through transcutaneous electrical stimulation of the peripheral nervous system.
The skin-electrode impedance was characterized in a healthy subject at varying frequencies over nine
hours, showing a maximum impedance variation of 8% at the target stimulation frequency. Then,

the performance of the proposed tattoo technology was compared to that of commercial Ag/AgCl
electrodes through experimentation involving 12 healthy participants. The study found no statistically
significant differences in key stimulation parameters (rheobase, p>0.3, and chronaxie, p>0.15) or

in the sensory perceptions elicited by the two compared electrodes. Additionally, tattoo electrodes
exhibited a lower operational impedance compared to commercial electrodes, highlighting their
potential advantages for practical applications.
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Recent developments in the field of neuroprosthetics have shown how the integration of technologies for
restoring the somatosensory information can provide benefits in prosthetic control!*6, embodiment”s,
prosthetic acceptance’ and reduce abandonment'?, as well as a reduction in Phantom Limb Pain (PLP)7!1:12,
While various methods for restoring tactile feedback through vibrotactile or mechanotactile!®!* stimulations
have been explored in the literature, and the electrical approach is the most promising. Indeed, it allows the
elicitation of somatotopic and homologous sensations directly perceived in the patient’s missing limb. '°-17. The
principle behind somatotopic electrical stimulation is to inject a specific charge into the sensory nerve fibers
to recruit the neural portions that encode the sensations referred to the phantom limb. The effectiveness of the
electrical stimulation has been demonstrated by using both invasive and non-invasive interfaces.

Particularly, invasive electrodes are divided into extraneural, such as cuff electrodes!'®!? and Flat Interface
Nerve Electrodes (FINE), and intraneural, such as Longitudinal Intrafascicular Electrodes (LIFE*,) Transversal
Intraneural Multichannel Electrodes (TIME?*'-2* and Utah Slanted Electrode Arrays (USEA?%) The selectivity
of a neural interface is often influenced by its level of invasiveness?. Although electrodes such as cuff and FINE
have proven to be stable over the years?®?’, they are less selective than electrodes such as USEA and TIME, in
which the active stimulation sites are in direct contact with the nerve fascicles, thus allowing the recruitment of
more precise neural portions?28:2°,
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Moreover, even if less selective than their implantable counterparts, noninvasive electrodes combined with
Transcutaneous Electrical Nerve Stimulation (TENS) demonstrated good performance in restoring tactile
feedback®0-41,

Different sensations can be elicited by modulating the stimulation parameters, such as frequency, amplitude,
and shape of the stimulus®>363742, Therefore, the electrode interface should guarantee the transmission of the
different parameters over time without affecting the stimulation waveform.

A consensus on the kind of technology for the interface (i.e., electrode) between the stimulator and the skin is
still lacking. While Ag/AgCl electrodes are the most commonly used interface for connecting stimulation devices
to the skin due to their low skin-electrode impedance and ease of application, they have significant drawbacks.
Their reliance on an electrolytic gel limits their suitability for long-term applications, as the gel degrades over
time, leading to an increase in skin-electrode impedance and potential skin irritation*>**. Additionally, despite
being commercially available in various shapes and sizes (e.g., round**~*® or rectangular®**’, these electrodes
exhibit limited conformability to non-planar surfaces like an amputee stump, resulting in instability and
discomfort during prolonged use®. To address these challenges, ultra-conformable tattoo electrodes offer a
promising solution by adhering more securely and comfortably to the skin, thereby minimizing discomfort and
irritation derived from traditional wet electrodes®..

In the field of biological potential recording, where long-term measurements are crucial, dry electrodes have
been developed to address the limitations mentioned above, eliminating the need for electrolyte gel or adhesive
layers®?~>4. Although these electrodes typically exhibit higher electrode-skin impedance due to an increased
capacitive component®~, they effectively prevent irritation while offering superior deformability and adhesion
to the skin®* also during prolonged use.

Among the various types of dry electrodes described in the literature, epidermal tattoo electrodes represent
a promising option for transcutaneous somatotopic feedback applications. These electrodes adhere to the skin
solely through weak electrostatic forces (i.e., van der Waals interactions), ensuring stable adhesion over time
without the need for external support®!. Thanks to this approach, ultra-thin, temporary, tattoo-based electrodes
are capable of withstanding extreme mechanical deformation at small radii without compromising their
functionalities. Moreover, such an approach ensures maximizing the contact area between the subject’s skin and
the tattoo electrode, a crucial feature for this kind of application since it enables reducing the contact impedance.

In addition, the employment of bio-compatible or chemically inert materials, such as Parylene C, allows for
the minimization of adverse skin effects®. Thanks to these features, there is a plethora of examples of epidermal
tattoo electrodes for bio-potential acquisition®"*-%°. However, their application in sensory electrical stimulation
systems has not been thoroughly investigated. In Table 1, the main related works in which epidermal electronics
have been employed in augmented feedback or sensory feedback are presented. Although promising due to their
non-invasiveness, vibrotactile or electro-tactile approaches lack a somatosensory match: the elicited sensation
is perceived just locally on the stump and not in the missing limb!7:%%¢”. Their working principle is based on
sensory substitution, necessitating user training to recognize the artificial input. Nevertheless, the naturalness
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Table 1. Comparison of epidermal electronics for augmented feedback and sensory feedback.
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and intuitiveness of sensory location and sensation are fundamental to improving dexterity and cognitive load
during prosthetic wearing!”.

In this work, we propose for the first time the use of ultra-thin Parylene C-based tattoo electrodes for
transcutaneous electrical stimulation of the median nerve to induce somatotopic sensations referred to the
hand. We fabricated a 600 nm thick electrode, which, based on prior findings that films below 1 um exhibit
strong conformability to complex 3D surfaces without additional adhesive layers’*7>, is inherently conformal to
ultrasoft substrates such as human skin via sole Van der Waals forces, as the bending stiffness EI, i.e., the ability
of a structure to withstand bending or flexure under a load, exhibits a cubic dependence on the film thickness.
We investigated the use of tattoo electrodes for sensory feedback on 12 full-able body subjects. We compared the
behavior of tattoo electrodes with that of Ag/AgCl electrodes, examining the impact on both the physiological
parameters of rheobase and chronaxie and on the quality and location of the sensations induced in the hand.

Results
Ultra-conformable tattoo electrode fabrication process
To optimize the electrical performance of the electrodes employed in non-invasive neurostimulation, it is
fundamental to improve the electrode-skin interface to maximize the contact area between them. To achieve
this, the tattoo electrodes developed in this work have been designed to maintain a total thickness below one
micrometer, allowing the electrodes to adapt to the natural roughness of the skin. The fabrication process of the
proposed ultra-comfortable tattoo electrodes is illustrated in Fig. 1.a. The whole procedure starts with a 125 um-
thick Poly(Ethylene Naphthalate) (PEN) substrate (i), onto which a water-soluble Poly(Vinyl Alcohol) (PVA)
sacrificial layer is deposited throughout a standard spin coating technique and then backed at 90°C on a hot
plate for 10 minutes (ii). This layer guarantees that all subsequent fabrication steps are completed without the
premature detachment of the Parylene C nanofilm; it also helps prevent damage to the tattoo patch during the
peel-off process. Next, the core of the tattoo electrode is created; a 500 nm-thick Parylene C layer is deposited
via Chemical Vapor Deposition (CVD), and then gold electrodes, 50-70 nm thick, are deposited on top using
thermal evaporation through a shadow mask (iv). The active area of the electrode has a diameter of about
25 mm. The electrode is peeled off from the plastic carrier to be applied to the skin and transferred to a piece
of paper using a small amount of deionized water, which ensures the dissolution of the residual PVA layer (v).
Once the water evaporates, the electrode can be stored or applied by wetting the back of the paper with a few
drops of deionized water and gently sliding the paper off. The tattoo electrode is applied directly to the skin and
is connected through an interconnection system made using a 13 pm-thick polyimide (KAPTON) substrate. Its
reduced thickness enables the electrode to adhere to the skin conformably, maximizing the contact area, as shown
in Fig. 1b. This feature allows the electrode to be used on irregular surfaces, such as the elbow, unlike commercial
electrodes that often fail to maintain proper adhesion, as depicted in Fig. 1c. As can be seen in Fig. 1.d, it is worth
mentioning that the resulting electrodes have a total thickness of less than 600 nm where the parylene occupies
around 500nm and the gold layer is around 50nm. This ensures excellent conformal contact with the skin solely
through electrostatic interactions, eliminating the need for glue or electrolyte gel. As demonstrated by Nawrocki
et al.”®77 yltra-thin films adhere to complex surfaces, such as human skin, through Van der Waals interactions,
as the Bending Stiftness (EI) is proportional to the cube of the film thickness. Therefore, the proposed electrode
thickness of less than 600 nm ensures an optimal electrode-skin adhesion.”

Electrode storage capacitance was investigated according to Ganji et al.”® through Cyclic Voltammetry
analysis. Storage capacitance was estimated to be 1.46 mC/cm?

Electrode-skin contact impedance evaluation

To optimize the electrode dimensions for the proposed TENS applications, three sets of electrodes with varying
areas were fabricated and tested in the frequency range from 20 to 500 Hz. The results were compared to the
impedance measured using a set of five commercial pre-gelled electrodes in parallel’!*#6>7, Figure le reports
the results for a set of 10 electrodes for each dimension (namely 1, 2, and 2.5 cm of diameter) applied on the
same day (with one hour of the experiment) on the same subject, intending to reduce the inter-subject contact
impedance variability. The best performance was obtained using electrodes with a diameter of 2.5 cm with an
impedance of 27 + 4 kQ at 20 Hz and 4.15 + 0.3 kQ at 500 Hz. Impedance is a key characteristic in electrical
stimulation since the higher the impedance, the higher the stimulator voltage compliance required to stimulate
nerves and deliver the desired current effectively. Moreover, maintaining stable behaviors over time is a crucial
characteristic of wearable applications. In this regard, the impedance of the tattoo electrode was measured over
nine hours to observe the impedance variation over time. The higher impedance variation was recorded during
the first hour of the test at 20 Hz, where it reached 15% of variaion with respect to the impedance measured at
the beginning. As shown in Fig. 1f, the impedance at 500 Hz reached a maximum variation of approximately 8%.
In addition, Supplementary Figure S1 reports the effect of the two electrodes on the subject’s skin right after nine
hours of measurements. It is possible to notice that Ag/AgCl electrodes cause redness and irritation of the skin
due to the adhesive layer employed. In contrast, tattoo electrodes do not have any effect, as the adhesion with the
skin is ensured solely by electrostatic interactions.

Strength duration curve - rheobase and chronaxie

We compared the stimulation performance of two categories of electrodes based on rheobase current and
chronaxie time, two physiological parameters used to describe the excitability of a tissue®’, and that can be
influenced by the kind of electrical stimuli that are applied®”8!-8. Sensory and motor thresholds were collected
for the electrodes at four different pulse width values: 300 ps, 400 ps, 500 s, and 600 ps, respectively, according
to stimulation ranges similar to those of previous studies*”%. Although median stimulation current values for
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Fig. 1. Fabrication process and characterization of ultra-conformable Parylene C-based tattoo electrodes:

A plastic substrate (a.i) served as the carrier throughout the fabrication process. Initially, a polyvinyl alcohol
(PVA) sacrificial layer was deposited onto the substrate using a spin-coating technique (a.ii). a Parylene C layer
was deposited via Chemical Vapor Deposition (a.iii), and a gold electrode (a.iv) was thermally evaporated

on top of it. Subsequently, the tattoo electrode was peeled off from the carrier, thus obtaining the ultra-thin
tattooable electrode (a.v). In this manner, the tattoo’s active area remains at the bottom, while the top is
covered and insulated by the parylene-C. The tattoo is applied to the skin, lying over an interconnection pad
printed on Kapton (b.i). The tattoo follows the skin corrugation (b.ii), improving the total contact area between
the tattoo and skin”*7* (b.iii). The tattoo technology can adhere to irregular surfaces, such as the elbow, and
remains securely attached. In contrast, the commercial Ag/AgCl technology does not ensure proper adhesion
(). The final dimension of the tattoo is less than 600 nm, where the parylene occupies around 500 nm and the
gold layer is around 50 nm (d). Tattoo impedance was investigated at three different electrode dimensions (e).
The impedance of one electrode with a diameter of 2.5 cm was monitored over nine hours of measurements,
showing a maximum impedance variation of 15% at low frequency (20 Hz) and 8% at 500 Hz (f).

the tattoo electrodes are generally higher than commercial electrode ones, no statistical differences were found
for sensory (Fig. 2a) and motor (Fig. 2b) thresholds. The sensory and motor threshold data were used to estimate
the rheobase current and chronaxie time by fitting the Lapicque Eqs. 3%%6%7, which describes the strength-
duration curve, a relation between the minimum current required for stimulation and the pulse duration®”:%.
The Lapicque curve was fitted for each subject. Results from Lapicque fitting are consistent with the threshold
analysis, as no statistically significant differences (Wilcoxon-ranksum) were observed between the rheobase
current for sensory fibers (p > 0.3) and motor fibers (p > 0.96), as shown in Fig. 2c. In addition, there is no
significant variation in chronaxie time (p > 0.151), as shown in Fig. 2d. The effective somatosensory stimulation
area was investigated. We defined the effective stimulation area as the area comprised between the Lapicque
curve for sensory fibers and the Lapicque curve for motor fibers, as represented in Fig. 2f. The sensory curve
represents the lower limit for somatosensory feedback, as no sensations can be statistically elicited below it.
At the same time, the motor curve represents the upper limit since, above it, slight movements of the digits
of able-body volunteers will also accompany somatotopic sensations. We computed the effective somatotopic
stimulation area for each subject for each pair of electrodes. The estimated effective somatotopic stimulation area
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Fig. 2. Effect of electrodes on the strength-duration curve. The sensory threshold was investigated at four
different pulse widths for both pairs of electrodes. No statistical differences were found between the electrodes
(a).The motor threshold was investigated at four different pulse widths for both pairs of electrodes. No
statistical differences were found between the electrodes (b). The thresholds were used to fit the Lapicque curve
for sensory and motor fibers, obtaining rheobase and chronaxie for each subject. No statistical differences were
obtained between the rheobase (c) and chronaxie (d) values. The area between the sensory and motor curves
was computed for each subject for both electrodes, showing that the technology does not affect the effective
somatotopic stimulation area for each subject (p=0.3804) (e). The representation of the somatotopic sensation
area for the tattoo and commercial electrodes for subject S1 (f). The red dots and curve illustrate the Lapicque
curve for sensory feedback, which indicates the stimulation threshold for inducing somatotopic sensations
referred to the hand. Similarly, the green dots and curve show the Lapicque curve for motor fiber activation.
The area between the two curves defines the somatotopic sensory zone, representing the region where nerves
can be stimulated without causing any visible activation of motor fibers.

of tattoo electrodes was then divided by the effective somatotopic stimulation area of the commercial electrodes,
as shown in Fig. 2e. No significant variation was observed between the two areas (p = 0.3804).

Elicitation of somatotopic sensations

Somatosensations were collected by modulating the amplitude from the sensory threshold to the motor
threshold, as shown in Fig. 3a-c-e. Tattoo electrodes elicited a higher number of sensations defined as “natural”
(13.8% vs. 11.1%) and as “almost natural” (27.77% vs. 22.22%) with respect to Ag/AgCl technology. Even if the
number of sensations reported as “superficial” is comparable between the two electrodes (52.77% vs. 55,55%),
tattoo technology reported a higher number of sensations reported as “deep” (44.44% vs. 30,55%). The global
hand coverage of the two technologies is comparable between the electrodes, even if the Ag/AgCl technology
reported generally better coverage of fingers.

Afterward, we modulated the stimulation frequency between 100 Hz and 500 Hz, collecting Somatosensations,
as shown in Fig. 3b-d-f. Tattoo electrodes elicited a higher number of sensations defined as “natural” (10% vs.
8,33%) and as “almost natural” (15% vs. 10%) with respect to Ag/AgCl technology. Although Tattoo electrodes
elicited mainly sensations located superficially on the skin (53,33%), they also elicited a higher number of
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Fig. 3. Somatotopic sensation investigation. The quality of the sensations induced by using the Ag/AgCl
electrodes and the tattoo electrodes appears to be comparable both when the amplitude (a) and the frequency
(b) vary, although in this case, the somatosensations reported by using the tattoos described as “almost
natural” or “natural” appear to be more significant respect to the ones induced with Ag/AgCl electrodes. The
sensations induced are mainly of “vibration” using the wet electrodes, while mainly of “tingling” with the tattoo
electrodes. Furthermore, a modification in the depth of the sensation is evident both when the frequency and
the amplitude (c) of stimulation (d) vary. The location of the induced sensations is consistent between the
two technologies used. However, the commercial electrodes show a higher coverage of the total area of the
hand both when the amplitude (e) and the frequency (f) vary. At the same time as investigating the sensations
induced by changing the frequency, the impedances of the electrodes were recorded (g). The intensity of the
sensations caused by the two electrodes appears to be consistent. However, when the frequency increases, the
sensations induced with the tattoo become more intense than those induced with the commercial ones (h).

sensations described as located in “deep” with respect to Ag/AgCl technology (38,33% vs. 13,33%). Tattoo
electrodes reported a global coverage of the hand consistent with Ag/AgCl technology. During frequency
modulation, the impedance of the electrodes was computed, as shown in Fig. 3g. At the frequencies of use,
the impedance of the tattoos appears to be lower than that of the Ag/AgCl electrodes. A statistical difference
was observed between the impedances of the electrodes at a frequency of 500 Hz. This effect is attributed to
the capacitive nature of dry tattoo electrodes. As the stimulation frequency increases, the capacitance of the
electrode-skin interface is bypassed, effectively reducing its contribution to the impedance. Therefore, this
reduction in impedance also appears to affect the intensity of the induced sensations, which are generally
described as more intense by participants, as shown in Fig. 3f.

Discussion

Ultra comfortable tattoo electrodes for sensory feedback restoration

The proposed method utilizes ultra-thin Parylene C electrodes for non-invasive human medical applications.
While temporary tattooable electrodes have been widely used for biomonitoring, this study investigates their
potential for sensory feedback restoration. Non-invasive transcutaneous electrical nerve stimulation involves
challenges related to both stimulation algorithms and the technological development of stimulating electrodes.
Electrodes must maintain stability throughout a full working day, enabling continuous use of the prosthetic system
for the entire working day. Therefore, electrode durability and stability are critical for daily operation. The ultra-
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Fig. 4. Ultra-comfortable tattoo electrodes validation protocol.

conformable electrodes demonstrated stable performance over nine hours of use in a controlled environment
and consistently induced somatosensory sensations in all twelve healthy participants. This approach addresses
the discomfort commonly associated with commercial silver/silver chloride (Ag/AgCl) electrodes, particularly
in sensory feedback applications where user comfort is critical. Additionally, the weak electrostatic interaction
of the proposed electrodes provides a stable electrode-skin interface, preventing skin irritation throughout the
study. These features are essential for daily use and position the ultra-thin tattoo electrodes as strong candidates
for restoring sensory feedback.

Strength duration curve

Lapicque curve analysis allows us to objectively assess the operational behavior of tattoo technology;, i.e., the
ability to stimulate peripheral nerve tissue. To the best of our knowledge, no studies have analyzed the behavior
of stimulation electrodes by trying to objectivize electrode performance through physiology. The described
approach shows that dry technology is comparable to the gold standard represented by Ag/AgCl electrodes,
showing an absence of statistical differences for both rheobase and chronaxie values for sensory and motor
pathways. By defining and comparing the size of the sensory area of each subject, it was possible to observe that
it is not influenced by the type of electrode used.

Elicitation of somatotopic sensations

Through the modulation of the parameters and the investigation of the sensations induced by the stimulation,
it was possible to observe that the tattoo electrodes allow obtaining a behavior comparable to that of the wet
electrodes, both from the point of view of the areas of the hand excited and from the point of view of the quality
of the sensations declared, which are consistent between the two types of electrodes. However, the behavior of
the tattoo electrodes was generally appreciated more by the subjects involved in the test. As with commercial
technology, the tattoo electrodes were able to induce sensations along the main regions of the hand where the
median nerve is innervated, proving capable of being used in sensory feedback applications where discriminating
between different areas of the hand is essential.

Limitations and future directions

Even if promising results have been presented in this paper, the methodologies presented several limitations that
should be kept in account. First, the participant group was composed of only 12 healthy subjects, thus limiting
the generalizability of the results. A larger cohort, including amputees, should be considered in successive studies,
thus improving the robustness of results. Furthermore, each subject participated in the tests only once, and no
data was collected that could show the stability of the sensations over time. Second, the stimulation tests were
performed in a controlled environment and with subjects in resting conditions. To represent a situation closer
to reality, it would be necessary to translate the experiments outside of the laboratory into daily life activities.
To do this, the electrodes should be incorporated into a wearable transcutaneous electrical stimulation system
with a sufficient voltage compliance and stimulation current to deliver sensory feedback®-!. In addition, tests
on amputees wearing the entire prosthetic system equipped with the proposed electrodes and a fully wearable
sensory feedback system should be performed over a longer period of time, taking into account the variation
of perceived sensation due to the prolonged use of electrodes over time. Addressing these limitations will be
essential for ensuring that tattoo electrodes can reliably support broader clinical use.
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Conclusion

In this paper, we developed ultra-conformable tattoo electrodes for non-invasive electrical stimulation of
peripheral nervous tissues using a nanometer-thick Parylene C patch and gold film as the active area. The
electrode impedance was analyzed and monitored over nine hours, showing a variation of about 8% at a
frequency of 500 Hz. We compared the tattoo technology to the Ag/AgCl technology, commonly used for TENS
stimulation, through an innovative analysis based on observing the effects on physiological parameters like
rheobase and chronaxie. Although there are no statistical differences between the two technologies, the effective
area for somatotopic stimulation is larger with tattoos than with commercial electrodes. We also collected data
on the sensations induced by both technologies, demonstrating that the descriptions of these sensations are
consistent with those produced by dry or wet electrodes. We have thus shown that tattoo technology can be
used in fields such as sensory feedback, where the wearability of the components is a key factor for integrating
with prosthetic systems. Given the demonstrated effectiveness of tattoo technology in electrical stimulation, we
believe that its mechanical characteristics—high flexibility and ability to follow skin folds and deformations—
could be a crucial advantage in sensory stimulation for amputees, allowing electrodes to be placed at non-regular
points, such as on the stump.

Methods

Tattoo electrodes fabrications

Tattoo electrodes were fabricated on a 125 um-thick Poly(Ethylene Naphthalate) (PEN) substrate, which was
employed as a carrier for the whole fabrication procedure. Above it, a sacrificial layer of Poly(Vinyl Alcohol)
(PVA, 6% in deionized water ) was deposited throughout a standard spin coating technique and then baked
at 90 °C on a hot plate for 10 min. On top of it, a 500 nm-thick Parylene C layer was deposited via Chemical
Vapor Deposition (CVD). Finally, gold electrodes, with a thickness in the range of 50-70 nm, were thermally
evaporated using a shadow mask, creating an active electrode area with a diameter of about 2.5 cm.

The tattoo interconnection system was fabricated on a 13 pm-thick polyimide (KAPTON) substrate. A
connecting stripe was deposited by inkjet printing gold ink (DryCure Au-J 1010B) onto the substrate, followed
by annealing at 120 °C for 2 h.

The thickness characterization of the deposited films was performed through the profilometer Dektak XT by
Bruker, Billerica, MA, USA.

The described fabrication process led to the development of circular tattoo electrodes. The shape of the
electrodes was defined in agreement with the literature?>3436:3841,

The fabricated electrodes underwent different validation processes aimed at evaluating the electrode/skin
impedance, extracting the strength-duration curve, and characterizing the evoked sensations. The experimental
protocol was approved by the University of Cagliari ethical committee (N. 0191672), and the research was
performed in accordance with the relevant guidelines and regulations in compliance with the Declaration of
Helsinki. All the subjects agreed to participate in the study and signed informed consent.

Electrode/Skin contact impedance evaluation

To evaluate the electrode/skin impedance, a healthy participant (a 28-year-old male) was asked to sit in a chair
in a comfortable position with his right arm placed on a table. The choice of the right arm rather than the left
one was arbitrary because of the human body’s symmetry with respect to the sagittal plane. Based on biological
landmarks, the medial face of the forearm was located, and thus, a scrub was used to remove the corneous layer.
Subsequently, the tattoo electrode was placed at the center of the cleaned area.

The electrode-skin contact impedance analysis was carried out, varying the stimulation frequency in the
range of 20-500 Hz, and measuring the impedance using an Agilent 4284 A precision LCR meter (Agilent
Technologies Inc., Santa Clara, CA, USA).

Three diameter values (i.e., 10 mm, 20 mm, and 25 mm) were tested for each tattoo electrode to find
the optimal dimension. Such values were defined in agreement with the literature since these are the most
commonly used electrode sizes’>3¢3841. Additionally, 10 specimens were tested for each diameter to minimize
inter-participant variability in contact impedance.

Finally, the obtained results were compared to the impedance measured of five commercial pre-gelled
electrodes connected in parallel®>7°.

Electrode storage capacitance was investigated through cyclic voltammetry as reported in Ganji et a
Cyclic Voltammetry was done using Autolab IMP (Metrohm Italiana Srl, Italy) by applying a voltage sweep from
—-0.6 V t0 0.6 V at a scan rate of 100 mV/s across five repetitions. The resulting curve was used to calculate the
charge storage capacity of the Tattoo electrodes using the NOVA software.

The experimental setup is shown in Figure SI in the Supplementary Materials.

1.5,

Experimental setup for electrode validation.
Twelve healthy subjects (4 females and 8 males) with an average age of 26.75 + 2.45 years were enrolled in the trials
to extract the strength-duration curve and characterize the sensations elicited with the two types of electrodes.
Each participant was asked to sit in a chair in a comfortable position with their left arm placed on a table. The
median nerve path along the forearm was located based on biological landmarks. In this phase, no scrub or skin
preparation procedure was performed. The choice of stimulating the median nerve was attributed to anatomical
considerations since it innervates the thumb’s thenar eminence, the palmar side, the index, middle, and half of
the ring finger®.
Subsequently, a pair of both tattoo and commerecial, circular (25 mm diameter) and auto-adhesive electrodes
(TensCare Ltd, Epsom, UK) was placed in the region of interest, with a distance of 50 mm between the active and

Scientific Reports |

(2025) 15:37521 | https://doi.org/10.1038/s41598-025-21599-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

counter electrodes. Such commercial wet electrodes were chosen since they were developed for electrostimulation
and are widely used in the literature’®-42, Both pairs of electrodes were connected to the electric stimulator
STG4008 (Multichannel System MCS GmbH, Reutlingen, DE) for stimulus delivery.

In agreement with the literature, a symmetric biphasic square wave was used since it induces charge transfer
according to the phase-preventing galvanic process that could cause tissue damage’®®. The stimulation
parameters considered were the Pulse Amplitude (PA), the Pulse Width (PW), and the Pulse Frequency (PF).

The delivered stimuli were monitored by an oscilloscope (Teledyne T3DSO12024A, 200 MHz, CA, USA),
connected to the electrical stimulator by insulated probes, while the adopted stimulation parameters were
recorded using a custom-made Graphical User Interface (GUI) developed in C# using Visual Studio 2019
(Microsoft, Redmond, WA, USA). The same GUI was used to allow participants to characterize the referred
elicited sensations in terms of location, naturalness (i.e., a five-point scale ranging from unnatural to natural),
depth (i.e., superficial, superficial and deep, deep), intensity (i.e., a scale from 0 to 10), and quality. Quality
descriptors were derived from the literature’®3%418,

The experimental setup is shown in Fig. S3 in the Supplementary Materials.

Experimental protocol for electrode validation
The experimentation was carried out in time slots of 2 h with resting phases to avoid habituation.

To extract the strength-duration curve, the following steps were applied:

The minimum current amplitude to elicit a sensation (sensory threshold) and the maximum one that elicits
a sensation without producing a muscular contraction were determined. Thresholds were obtained using a
1-up / 2-down adaptive psychophysics method®*** with 100 pA steps and a threshold set at five reversals. The
threshold was obtained for four different stimulation durations (300 us, 400 ys, 500 ps, and 600 ps). This test was
performed for stimulation with a train of pulses of 1s at 500 Hz. Two modulations were adopted to characterize
the sensations. In the amplitude modulation, the PW, the PE, and the stimulus length were kept constant at 600
us, 500 Hz, and 1 s, respectively, while the PA varied between three values (sensory threshold, motor threshold,
and mean sensitive range value). In the frequency modulation, the PW and the stimulus length were maintained
constant at 600 ps and 1 s, respectively, while the PF varied between 100 Hz and 500 Hz in steps of 100 Hz. The
amplitude was fixed to the mean value between the sensory and motor threshold, to be sure of being capable of
eliciting a sensory sensation.

For each stimulus, the electrode/skin impedance value was evaluated with the oscilloscope, and the
participants described the perceived sensations using the GUIL.

The experimental protocol was carried out for each pair of electrodes (i.e., tattoo and commercial) in a
random order to avoid measurement bias.

Data analysis
All data were exported and processed offline in MATLAB (R2020a, MathWorks, Natick, MA, USA).

Data obtained from the detection threshold was used to fit Lapicque’s Egs. °*°!, extracting the value of
rheobase current and chronaxie time®”$85;
c
I=0b(1+ -
1+

Where b is the rheobase current, c is the chronaxie, and d is the pulse width of stimulation. Lapicque’s
equation was fitted using a robust linear least-squares fitting method based on the bisquare weights method.
Somatosensation stimulation area ( Asom) was computed as:

Asom = A]VI - As

where Ajs and A, are the areas below Lapicque’s equation for motor and sensory threshold, respectively. The
area below the curves was computed as:

600 s c
A= / b (1 n 7) dx
3004 s z

The ratio between the somatosensory area relative to electrical stimulation with tattoo and Ag/AgCl electrodes
(AsomTatt and Asomcomm, respectively) was computed as:

Ratio = AsomTatt

AsomComm

The quality and location of induced sensations were collected for each subject through a custom GUI. The data
derived from each subject were analyzed together in order to have a global view of the effect of stimulation as
reported in Paolini et al.”? and in Collu et al.’’”. Location and quality of sensations were analyzed in terms of
occurrences, i.e., as the number of times a sensation was reported in a specific location or with a certain quality,
with respect to the total number of reported sensations.

Statistical analysis

To compare the performance of tattoo and commercial electrodes, a statistical analysis was carried out. The
Shapiro-Wilk test was adopted for evaluating the normality of data distribution, and it was non-Gaussian.
Therefore, a null hypothesis test using the Wilcoxon signed-rank test is conducted, considering an alpha
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significance level a=0.05. Moreover, a Wilcoxon signed-rank test was also used to verify whether the ratio
between the somatosensation area for tattoo and commercial electrodes was different from 1.

Da
All

ta availability

technical details for producing the figures are enclosed in the manuscript. The simulated and measured data

presented in this paper can be found at Open Science Framework (Ultra-conformable Tattoo electrodes for pro-
viding sensory feedback via transcutaneous electrical nerve stimulation, 2025).
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