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Abstract—This study describes a novel high-density
EMG dry electrode grid (ReGrid) based on a thin-film
patch highly conformable to the skin and fully ultrasound-
transparent. ReGrid consists of a 15 pum-thick polyurethane
membrane housing silver electrodes and traces inkjet-
printed on the skin-facing side. A waterproof medical-grade
adhesive layer protects the outer surface, while a flexible
PCB connector ensures the connection with the acquisition
system. Bench tests were conducted to assess mechanical
conformability and US transparency. Results showed that
ReGrid conformed to curved surfaces, other than allowing
for B-mode US imaging without artifacts: both the support
and the electrodes resulted transparent to ultrasound. In-
vivo tests on the tibialis anterior muscle confirmed low and
stable electrode-skin impedance and noise levels compara-
ble to conventional gel-based electrodes. HD-sEMG signals
were recorded during isometric contractions at two force
levels (10% and 20% MVC), with and without a US probe
placed directly over the electrodes. Conduction velocity
estimates and HD-sEMG decomposition outcomes were not
significantly affected by the US probe, nor was the level
of power-line interference. Thanks to its conformability,
ultrasound transparency, and high signal quality, ReGrid
enables combined HD-sEMG and ultrasound acquisitions
from the same muscle region, supporting novel appli-
cations such as 3-D and panoramic ultrasound imaging
integrated with HD-sEMG.

Index Terms— Electromyography, high-density EMG, tat-
too electrodes, motor unit decomposition, ultrasound
transparent electrode.

|. INTRODUCTION

OVER the past two decades, high-density surface elec-
tromyography (HD-sEMG) has gained considerable
attention in different fields, ranging from basic neurophysi-
ology, to sport, and ergonomics [1], [2], [3], [4]. HD-sEMG
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employs arrays of closely spaced electrodes to provide a two-
dimensional representation of the electric potentials generated
by the underlying muscle. This spatial mapping of muscle
excitation provides a deeper understanding of both peripheral
and central properties of the neuromuscular system than the
localized detection offered by traditional bipolar recordings
[5], [6], [7]. The detection of HD-sEMG has traditionally
faced two main technological challenges. The first is the
encumbrance of the biopotential acquisition systems, which
has often restricted the use of HD-sEMG to laboratory set-
tings. Recent advancements in the design and development
of biopotential acquisition systems [8], [9] contributed to
overcome this limitation by simplifying experimental setups
and improving the usability of HD-sEMG in increasingly
demanding experimental conditions [8]. The second is related
to the detection systems (i.e. system of electrodes) and in
particular to: i) the need for small electrodes, a few millimeters
in diameter, which leads to high electrode-skin impedance with
negative effects on signal quality [10], [11], [12], and ii) the
need to obtain a good adhesion of the whole electrode grid
to the skin, even on highly curved surfaces [12], [13], [14].
The current HD-sEMG electrode grid technology, which has
remained largely unchanged over the past twenty years [5],
does not provide a comprehensive solution to both issues. It
is based on flexible Printed Circuit Boards (PCB) housing
a grid of silver pads (the electrodes) and the conductive
tracks connecting them to an external connector. The flexi-
ble printed circuit is attached to the skin through a die-cut
bi-adhesive pad, with holes in correspondence of the elec-
trodes. The electrode-skin contact is established by filling the
foam cavities with conductive gel or paste. This state-of-the-art
technology provides a mechanically stable and low-impedance
contact interface between skin and electrodes, allowing, in
combination with the acquisition system, to collect high-
quality EMGs [12]. However, it presents some technological
bottlenecks currently limiting its applicability to a wider range
of experimental contexts. From the mechanical point of view,
the structure composed of a flexible PCB with the underlying
adhesive pad limits the capability of the grids to conform to
anatomical regions characterized by curved surfaces. More-
over, an important practical aspect is that grid preparation
requires time and, albeit minimal, operator expertise to ensure
proper alignment between the foam cavities and the electrodes,
as well as dosing the correct amount of conductive gel or
paste filling the cavities [15]. Other limitations are application
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Fig. 1. a) Grid structure. ReGrid is a dry-electrode patch composed of: (i) a Polyurethane (15 um thick) membrane housing (ii) inkjet-printed silver
electrodes, traces and connection pads, (iii) a waterproof, medical-grade, adhesive patch acting as protective layer; iv) a flexible PCB (0.8 mm thick
polyimide) interfacing the detection and acquisition systems. b) A picture of two ReGrids positioned on the tibialis anterior muscle.

specific. For instance, it is worth mentioning the growing
interest in integrating ultrasound imaging with HD-sEMG, as
this combination provide complementary information, opening
new research possibilities for the study of electrical and
mechanical muscle properties [16], [17], [18], [19], [20],
[21]. Current HD-sEMG grid technology does not allow the
simultaneous acquisition of SEMG and ultrasound images
from the same muscle region, as the acoustic impedance
of the flexible printed circuits and the presence of air gaps
in the bi-adhesive foam lead to shadow-like artifacts hindering
the ultrasound imaging through the grid (cf. Fig. 1 in [22]).
In the last decade, technological solutions have been pro-
posed to design simpler, more reliable, and more flexible
grids of electrodes. In response to the need for enhanced skin
conformability and improved ease of use, dry electrode grids
have emerged. These electrodes are designed to adhere directly
to the skin without requiring adhesive layers or conductive
media on the electrode surface [14], [23], [24], [25]. More
recently, a new research direction has explored the use of
thin-film patches [26], [27], [28], [29], [30], [31] and tattoo-
based approaches [32], [33], [34]. Although promising, these
solutions still present challenges related to the manufacturing
process, (often requiring costly and complex fabrication pro-
cesses) and reliability issues related to the electrical stability of
traces and electrode-amplifier connections [34]. In particular,
a critical issue remains the connection to the amplification
system, as the interface between the highly flexible tattoo or
thin-film supports and the rigid connector elements creates
an intrinsic point of fragility. This limitation undermines the
advantages of using highly flexible and conformable materials,
as the connection system remains bulky, unstable, and difficult
to reproduce. Furthermore, traces connecting electrodes to the
amplifier system are often printed on the layer in contact with
the skin and cannot be insulated without creating air gaps,
leading to an increase of contact area, contact instability, and
possible EMG-crosstalk coming from the coupling between
the traces and the skin [22], [34]. These observations are evi-

denced by the limited number of scientific studies employing
these electrodes in experimental studies, even in controlled
laboratory settings.

From the perspective of ultrasound transparency require-
ment, standard grids based on textile or PCB supports and
metal electrodes do not allow ultrasound imaging through
them, creating long shadow-like artifacts on the echographic
image due to the iper-echogenic nature of such materials [22].
Alternative materials such as hydrogel [35], thin films or
tattoo-like [34] solutions coupled with thin-wire or conductive-
ink electrodes exhibit an acoustic impedance compatible with
ultrasound transparency over the entire electrode surface. This
property has been exploited to develop large, bipolar electrodes
suitable for combined EMG and ultrasound detections [35],
[36], [37]. Another key feature for enabling the possibility
of concurrently acquire HD-sEMG signals and US images is
the electrodes grid waterproofness to limit the short circuits
mediated by the US gel.

In this study, we describe the design and characteriza-
tion of a new grid of electrodes that contends with issues
of growing interest in EMG studies: conformability to the
skin and complete transparency (both on electrodes and
traces) to ultrasound. More specifically, we designed and
developed a new electrode-grid technology based on thin-
film patch allowing to: i) conform to surfaces and body
locations characterized by sharp and non-uniform curva-
tures; ii) guarantee stable and adhesive electrode-skin contact,
also in presence of dry electrodes; iii) concurrently acquire
US images and HD-sEMG signals from the same muscle
region.

Il. METHODS
A. Electrode Grid Design

ReGrid (Fig. 1) is a dry-electrode patch composed by four
main elements: i) a Polyurethane (PU - 15 um thickness)
membrane; ii) conductive elements (silver electrodes, traces
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and connection pads) deposited on the skin-facing side of
the PU membrane through inkjet printing; iii) a water-proof,
medical-grade, adhesive patch overlying the outer side of
the PU membrane, which provides mechanical support and
protects the grid from external agents such as water and
ultrasound gel; iv) a flexible PCB (interface connector) that
ensures electrical continuity between the printed connection
pads and the biopotential amplifier.

The conductive elements are deposited onto the PU mem-
brane using a standard inkjet printer (Epson EcoTank ET-2810,
Suwa, Japan) loaded with a silver nanoparticle-based conduc-
tive ink (Metalon ® JS-ADEV ETO010, NovaCentrix, Austin
(TX), USA). The choice of using a PU membrane as a support
layer for the printed elements is due to its US-transparency
and compatibility with ink-jet printing technology. However,
being the PU thickness (80 um) below the minimum thickness
accepted by standard inkjet printers, a water-soluble paper
sheet was coupled to the PU film and used as a sacrificial
coupling material during printing.

Electrodes (2 mm radius) were arranged in an eight-by-
four grid with 10 mm Inter-Electrode Distance (IED), to
reproduce arrangements often used in HD-sEMG studies.
Traces (0.1 mm thick) were designed to connect electrodes
to the connection pads serving as interface to flexible PCB
connector (interface connector in Fig. 1a). The printed sheet
(PU membrane coupled with the water-soluble paper) is baked
at 150 °C for 15 minutes as suggested by the conductive ink
manufacturer (NovaCentrix, Austin (TX), USA). After baking,
the PU membrane is separated from the water-soluble paper
by means of pure water. Afterwards, a medical-grade adhesive
and water-proof protective patch (Hydrofilm, Heidenheim an
der Brenz, Germany) is attached to the external side of the PU
membrane. Conductive traces on the skin side are protected by
means of a 70 um thick medical-grade adhesive glue (3M™
Medical Transfer Adhesive 4075, 3M, Saint Paul, Minnesota,
USA). The interface connector consists of a flexible PCB
(0.8 mm thick polyimide) and is connected to the terminal
pads of the grids using a silver-loaded adhesive (MPO11123,
Multicomp Pro, London, United Kingdom), as described in
Cerone et al. 2021 [14].

B. Experimental Validation

The following sections outline the experimental protocols
carried-out to characterize the ReGrid electrode system in
terms of i) mechanical and electrical properties, ii) quality of
detected HD-sEMG signals, and iii) performance in simultane-
ous acquisitions of HD-sEMG and US from the same muscle
region. The validation tests were categorized into bench and
in-vivo experimental protocols. In-vivo measurements were
conducted in accordance with the Declaration of Helsinki and
the procedure approved by the Regional Ethics Committee
(ASL 1 Torino, Italy, approval n. 0010610). Informed consent
was obtained from participant after receiving detailed expla-
nation of the study procedures.

1) Bench Test: Conformability: Grid conformability is a cru-
cial feature influencing both the performance and the usability
of a HD-sEMG detection system. Conformability is defined as

the ability of the electrode system to conform to the underlying
surface while maintaining the integrity of the electrode-
skin interface. For electrode grids, conformability assessment
is generally based on qualitative and semi-qualitative tests,
which often lack standardized and objective metrics. Typically,
conformability is assessed either by evaluating the electrical
conductivity of an electrode grid when applied to elastic
objects with varying shapes [38], or through visual inspection
of its adhesion to curved surfaces or specific body regions.
The first approach is valid for characterizing grid elasticity,
while the second is mainly used as a proof-of-concept but lacks
objective, reproducibile metrics. Based on these observations,
a new bench-based approach for characterizing electrode grids
conformability has been proposed. Grid conformability has
been evaluated by applying the grid on a 3D-printed semi-
spheric solid whose surface was made electrically conductive
through spray coating paint (Grafite 200 ML spray, 1281411
Dewpro Engineering. RSA), so that all the electrodes are
theoretically short circuited. Grid conformability was evalu-
ated by counting the number of electrodes showing a missing
contact with the underlying conductive surface, assessed using
a digital multimeter configured as lead tester (Fluke 179,
Fluke Corporation, Everett, Washington, US). The test was
carried-out on two 64-electrode grids (8 x 8, 10 mm IED,
50 cm? surface): one ReGrid patch and one state-of-the-
art HD-sEMG grid composed of a flexible polyimide circuit
(254 pm thick) with a 2-mm thick bi-adhesive foam. Each
64-electrode grid was obtained by placing two adjacent
32-channel grids of the same type used in the in-vivo exper-
iments. The test was repeated using three different curvature
radii of the semi-spheric support (41 mm, 57 mm, 78 mm).
Curvature radii have been selected to mimic the median cur-
vature radius of three body regions (chin, knee and shoulder)
[39] selected as representative worst-case conditions both in
terms of curvature radius and surface geometry.

2) Bench Test: Transparency to Ultrasound: A general-
purpose US phantom (model 054GS, CIRS, Norfolk, Virginia,
USA) was used to assess the transparency of ReGrid to
ultrasound. Ultrasound images were detected using a portable
US device (ArtUs, Telemed, Lithuania - equipped with a
12MHz linear probe) in two conditions: with and without the
presence of ReGrid between the probe and the phantom. The
same hyperechogenic markers were imaged in both conditions
while keeping the ultrasound device settings unchanged. The
position of the probe was marked on the phantom surface to
ensure the same scanning area for both experimental condi-
tions. Contrast-to-noise ratio (CNR) was calculated and used
as an image quality index [37]:

|/Jtesr - /chk|
o';leﬂ-i-o' ﬁ(-k
V 2

where u and 0% are the mean and variance, respectively, of
the grey scale distribution of the US image within the selected
areas. The test area (fest) was the most hyperechogenic marker
(40 mm deep), while the background area (bck) was defined

CNR = 20 log,, (1)
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as a circle adjacent to the test area at the same depth (Errore.
L’origine riferimento non e stata trovata.b).

3) In-Vivo Test: Electrode-Skin Impedance and Noise: Main-
taining low and balanced electrode-skin impedance across
electrodes is crucial for detecting high-quality HD-sEMG,
reducing movement artifacts [8], [40], [41], [42] and mini-
mizing the effect of external sources of interference [40], [43],
[44]. Therefore, it is paramount to characterize the electrode’s
impedance and its stability over time. ReGrid electrode-skin
impedance magnitude was measured and compared to that of
a standard grid of electrodes with a comparable electrode-
skin contact area. To assess the temporal stability of the
electrode-skin contact, impedance measurements for ReGrid
were carried-out in two time points: immediately after elec-
trode application and after the protocol for HD-sEMG quality
assessment, described in the following sections. The time
interval between the two measurements was approximately
60 minutes.

The impedance of the electrode-skin interface was measured
for all consecutive electrode pairs in each column of the grid
using a custom-made impedance-meter (LISiN, Politecnico di
Torino, Italy [14], [45]). This device converts a sinusoidal
voltage input into a proportional current signal (200 nA,) and
measures the voltage drop between the electrodes tested. Both
the sine wave, used to drive the current signal, and the voltage
drop were sampled with a National Instrument data acquisition
device (USB-6210, sampling frequency: 10 kHz, resolution
of the A/D converter: 16 bits). The impedance magnitude
was quantified as the ratio between the root-mean square
amplitudes of the measured voltage drop and of the injected
current, for a frequency sweep in the range 10 Hz—1000 Hz.
The magnitude of the electrode-skin impedance at 50 Hz
(power line frequency) was computed and normalized for the
size of the electrode-skin interface.

Noise measurements were conducted ex-vivo on pigskin.
This approach [45] was employed to simulate electrode-
skin interface properties similar to those of human skin,
in an experimental condition where no other physiological
or electrical sources contribute to the detected noise. Using
this experimental design, the only sources of the electrical
potential are the noise from the electrode-skin interface and
the electronic noise from the amplifier (measurable by short-
circuiting the input electrodes). Since the electronics noise is
uncorrelated with the electrode-skin interface noise [46], it
can be removed through quadratic subtraction, isolating the
electrode-skin interface from the electronic noise. The noise of
the electrode-skin interface was measured though the MEACS
HD-sEMG acquisition system (LISiN and ReC Bioengineering
Laboratories S.r.l.—Turin, Italy) having the following character-
istics: sampling frequency: 2048 Hz, amplification: 192 V/V,
input range 10 mV,,, 16 bits resolution, noise floor: 2.5 pVgry
in the 10 Hz - 500 Hz frequency band [8].

4) In-Vivo Test: EMG Quality Assessment: The aims of the
experimental protocol were the following: (i) to verify the
quality of EMGs detected by ReGrid under experimental
conditions similar to those commonly used in HD-sEMG
studies and (ii) to assess the effects of placing the US probe
over the electrodes on the characteristics of the detected EMG

signal. To this end, HD-sEMG signals were recorded from the
tibialis anterior (TA) muscle during isometric dorsiflexion of
the foot. Signals were analyzed both at a global and single
motor unit level.

The participant was positioned on the ergometer (Biodex
System 4, Biodex Medical System, Shirley, USA) with a knee
angle of approximately 120 degrees (where 180 degrees is
full knee extension) and an ankle angle of 90 degrees. Before
starting the experiment, the skin area over the right TA was
shaved and then cleansed with abrasive paste (NuPrep, Weaver
and Company, Aurora, USA). Two eight-by-four ReGrid
(10 mm IED) were positioned on TA to obtain a grid of 64
(16 x 4) electrodes. The distal grid was placed with the first
column of electrodes (column 1, Fig. 1b) 5 mm lateral to the
anterior crest of the tibia bone and the first row of electrodes
(row 1, Fig 1b) 1 cm proximal to the TA distal myotendinous
junction. The anatomical landmarks were identified with ultra-
sound imaging (ArtUs, Telemed, Lithuania - equipped with a
12 MHz linear probe). The proximal grid was positioned so
that the columns of electrodes in both grids were parallel to
the TA’s longitudinal axis (Fig. 1b). A pre-gelled reference
electrode (Kendall, Cardinal Health, USA) was positioned on
the lateral malleolus of the same leg. The grids were then
connected to the MEACS acquisition systems (MEACS, ReC
Bioengineering Laboratories, Turin, Italy) [8]. Force signals
detected by Biodex were collected using a general-purpose
acquisition system (GAM, ReC Bioengineering Laboratories,
Turin, Italy) and synchronized with the HD-sEMG signals by
means of a common digital signal wirelessly sent to both
systems [47].

Monopolar HD-sEMG signals were recorded during an
experimental protocol including six isometric contractions
(5 s ramp-up phase, 20 s constant force phase at the target
force). Force during the constant phase matched 10% and 20%
of the maximum voluntary contraction (MVC), respectively
for the first and last three contractions. For each group of
contractions at the same target force (either 10% MVC or
20% MVCQC), the first two were acquired without the US probe
over the grid (without US condition) while the third one was
acquired with the US probe over the grid (with US condition).
When placed over the grid, the US probe was positioned
over the third row of the distal grid, transversally to the TA
longitudinal axis.

a) Global EMG analysis: EMG signals detected under
the two experimental conditions (with US and without US)
were compared both in the time and frequency domains.
The temporal analysis was focused on the morphology and
spatiotemporal characteristics of the action potentials. Specif-
ically, we examined the possibility of obtaining comparable
estimates of conduction velocity (CV) in the distal muscle
region. Indeed, any disturbances caused by the presence of
the ultrasound probe are expected to induce common-mode
artifacts, inflating CV estimates. CV was computed from a
sequence of four consecutive single differential channels in
the distal grid using the method described by Farina and
colleagues [48], without including the muscle innervation
zone. CV estimates were obtained for non-overlapping epochs
of 500 ms during the 20 s steady phase of the 10% MVC
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contraction, thus leading to forty estimates for each contrac-
tion. In addition to the CV analysis, the overall quality of the
detected EMG signals was assessed by computing the signal-
to-noise ratio (SNR) for each active channel and comparing
SNR values between the two experimental conditions (with US
and without US). The frequency domain analysis concerned
the degree of power line interference and was motivated by
the presence of a mains-powered US device whose probe is
placed over the electrodes. This experimental setup is expected
to increase the 50 Hz/60 Hz common mode voltage at the
input of the electrode-amplifier system due to the parasitic
coupling between the participant, the US device probe, and the
power line mains and ground, thereby potentially increasing
the amount of input-referred power line interference [11],
[12], [49]. For each monopolar signal the signal power at
mains frequency (a band of 4Hz centered around 50 Hz) was
computed and normalized with respect to the total power of
the signal (20 Hz - 400Hz). This variable was computed for
the signals collected in the two experimental conditions (with
US and without US) to assess whether the presence of the
US probe increases the level of power line interference in the
detected signals.

b) Single MU analysis: HD-sEMG decomposition was
applied to the signals detected with ReGrid to demonstrate
its suitability for single motor unit studies. We also aimed to
show that the presence of the ultrasound probe on the elec-
trodes does not affect the decomposition results. To this end,
HD-sEMG signals were decomposed into their constituent
motor unit action potential (MUAP) trains using a vali-
dated semi-automated algorithm [50], [51]. Spike trains were
manually edited [52], and MUAPs were calculated using
spike-triggered averaging with the identified firing instants
as trigger source. For each contraction, the following vari-
ables were considered: (i) the number of identified motor
units (MUs), (ii) the average Pulse-to-Noise Ratio (PNR) of
the decomposed MUs, and (iii) the coefficient of variation
(CoV) of the MU firing frequencies. Additionally, correlation
coefficients (cc) [53] and normalized mean squared error
(nMSE) [54] were used to match MUAPs identified in the first
contraction (reference contraction - without US) with those
identified in the following two test contractions at the same
force level, one without (without US condition) and one with
the US probe over the electrodes (with US condition). This
approach allowed to evaluate whether the presence of the
probe affected the ability to match MUAPs across different
contractions. If the presence of the probe does not affect the
signal quality, the decomposition results should be similar
between the conditions with US and without US, moreover, the
number of matched MUs between the reference and the test
contraction should not depend on the presence of the probe.

C. Statistical Analysis

Shapiro-Wilk test was used to assess the normality of
the collected variables’ distributions. Parametric statistical
tests were used in case of normal distribution, while non-
parametric tests were adopted otherwise. Wilcoxon signed
rank test was used to: (i) compare changes in magnitude of

ReGrid electrode-skin impedances measured at the beginning
(IZsolz) and at the end (|Zso|g) of the experimental protocol
and (ii) evaluate the effect of US probe over the electrodes
on the signal-to-noise ratio (SNR) and on the relative power
of the detected signals in the power line frequency band
(48-52 Hz). Mann-Whitney test was used to compare the
electrode-skin impedances and noise of ReGrid and conven-
tional electrodes. A two-way ANOVA was used to analyze
the effect of contraction level and the presence of the US
probe over the electrodes on the MU decomposition results
(PNR and ISI CoV) and on the descriptors of MU matches
(cross correlation, nMSE). All statistical tests were per-
formed in Matlab (version R2023a; The Math-Works, Natick,
MA, USA). The threshold for statistical significance was set
at p <0.05 for all comparisons. Results are reported as
median + standard deviation.

I1l. RESULTS
A. Bench Test: Conformability

Errore. L’origine riferimento non e stata trovata.a shows
a standard grid and a ReGrid positioned on the 3D-printed
semi-spherical solid with the intermediate radius (57 mm),
among those tested. It is evident that state-of-the-art electrode
grid displays several folds, particularly along its outer edges,
indicating that it does not conform well to the curved surface
of the semi-sphere and suggesting possible occurrence of bad
contacts in the proximity of the folding. In contrast, ReGrid
array adheres to the surface, showing no relevant deformations.
These visual observations were supported by the quantification
of missing electrical contacts between the grid electrodes and
the conductive surface of the solid. For the standard grid,
the number of missing contacts was 15, 9, and 2 for semi-
spheres with radii of 41 mm, 57 mm, 78 mm respectively. In
comparison, the ReGrid array exhibited no missing contacts
for any of the tested radii.

B. Bench Test: Transparency to Ultrasound

Errore. L’origine riferimento non e stata trovata.b shows
the two B-mode images detected from the phantom in the
two experimental conditions: with and without the presence
of ReGrid between the probe and the phantom. The quality of
the two images was similar without evident artifacts due to the
presence of ReGrid below the ultrasound probe. The similarity
between the two images was confirmed by CNR that was
4.8 dB in the reference condition (without ReGrid) and
5.7 dB with ReGrid.

C. In-Vivo Tests: Electrode-Skin Impedance and Noise

Electrical characteristics of ReGrid and state-of-the-art elec-
trode grid were comparable. No significant differences were
observed both for the electrode-skin impedance magnitude
at S0Hz and the input-referred electrode-skin noise (ReGrid
vs conventional electrodes: 11.18 + 2.89 kQ- cm? vs
10.42 4+ 1.75kQ- cm?; 2.0 & 1.1 uVrums vs 1.8 & 1.0 uVrums)-
The comparison between the electrode-skin impedances mea-
sured for ReGrid electrodes at the beginning and at the
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Fig. 2. Bench tests. a) A standard 64-channel HD-sEMG grid (left) and a 64-channel ReGrid patch (right), obtained by combining two 32-channel
grids and positioned on a conductive semi-spherical solid (57 mm radius) to assess conformability. b) Examples of ReGrid positioning on infrahyoid
muscles (grid with 10 mm IED) and on thenar eminence muscles (grid with 5 mm IED). c) Ultrasound transparency tests experimental setup and
ultrasound images detected with and without the presence of ReGrid between the probe and the phantom.
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Fig. 3. Global EMG analysis. Two examples of raw HD-sEMG signals detected from the distal portion of the tibialis anterior during a 10%MVC
isometric dorsiflexion with (a) and without (b) the US probe over the electrodes. The lower part of each panel shows a zoomed version of the signals
of column 4 over a 150-ms epoch. Several propagating potentials and their innervation zones are clearly visible in both conditions.

end of the experimental protocol for HD-sEMG-US detection D. In-Vivo Test: EMG Quality Assessment

showed no signiﬁcantzdifferences (11.18 + 2.89 kQ-cm? vs 1) Global EMG Analysis: Fig. 3 shows the EMG signals
10.72 £ 1.33 kQ-cm”). recorded during a 10% MVC isometric dorsiflexion without
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Fig. 4. Ultrasound images of the longitudinal and transverse sections of the tibialis anterior were obtained by placing the ultrasound probe on the

surface of ReGrid. The position of the ultrasound probe is indicated with

two blue rectangles on the left picture. Anatomical muscle structures, such

as muscle fascicles and aponeuroses, are clearly visible in both ultrasound images.

Motor units

ceses

Instantaneous discharge rate (pps)

Fig. 5.

Motor Unit (MU) identification from tibialis anterior during
b) instantaneous firing rate of 14 MUs overlapped to the trapezoidal force profile. c) Single differential Motor Unit Action Potentials (MUAPS)
obtained by the spike-triggered averaging based on MU firing instants of the raw HD-sEMG over a 50-ms window.

and with the US probe positioned over the grid. The presence
of the probe over the electrode did not affect the estimates of
average CV (with US vs without US: 3.50 £ 0.02 m/s vs
349 £+ 0.02 m/s). The relative power in the 4-Hz frequency
band centered on the power line frequency (50 Hz) did not

a 10% MVC isometric dorsiflexion. a) picture of the grid positioning.

change significantly in the two tested conditions (with US vs
without US: 7.9 + 19 % vs 7.0 =+ 1.4 %, p = 0.126).
Similarly, the SNR did not change significantly between the
two conditions (with US vs without US, p = 0.211). Figure 4
shows two examples of B-mode US scans detected positioning
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Fig. 6.

a) Representative examples of matching between MUAPs identified during two different ankle dorsiflexions at 10% MVC performed with

(orange trace) and without (blue trace) the joint acquisition of ultrasound images (i.e., with and without the ultrasound probe positioned on the
electrode matrix). b) Comparison of the same MUAP identified across two 10% MVC contractions using ReGrid and a standard HD-sEMG grid
(flexible polyimide circuit), positioned at the same anatomical location and with identical electrode configuration and size. For each pair of matched
MUAPS the cross-correlation (cc) and the normalized mean squared error (nMSE) are reported.

TABLE |
DECOMPOSITION RESULTS AND EFFECT OF COMBINED HDSEMG-US AcaQuisITION ON HDSEMG SIGNAL DECOMPOSITION

Contraction Condition # MUs MU properties MU matching
PNR (dB)  ISICoV (%) M(itvcrhtedR]\gg s Cross-cor. nMSE (%)
10% MVC (Ref) Without US 15 324+29 19.8+1.1 n.a. (Ref) n.a. (Ref) n.a. (Ref)
10% MVC Without US 14 33.7+34 18.0+£1.7 10 0.973 +£0.012 54+£23
10% MVC With US 14 333+£42 184+1.2 10 0.969 +0.011 6.2+25
20% MVC (Ref) Without US 13 31.7£55 21.5+3.0 n.a. (Ref) n.a. (Ref) n.a. (Ref)
20% MVC Without US 12 30.1+49 24.7+8.4 8 0.984 +0.01 33+1.8
20% MVC With US 12 31.1£5.6 20.6+2.2 9 0.983 +0.01 35+£22

the US probe over ReGrid during the protocol for the EMG
quality assessment. Anatomical structures such as aponeuroses
and muscle fascicles are clearly visible.

2) Single Mu Analysis: Fig. 5 depicts a representative exam-
ple of the decomposition results of a 10% MVC contraction.
The characteristics of the decomposed MU pools for each con-
traction level and condition and the results of the MU matching
across different contractions are reported in Table I. The
presence of the US probe over the grid did not significantly
affect the PNR (p = 0.932) and the ISI CoV (p = 0.133). As
expected, ISI CoV was significantly affected by the contraction
level, with larger CoV for 20% MVC contractions (p <0.001).
As regard to the MU matching, similar number of matched
MUs with respect to the reference contraction could be found

in the two test conditions: with and without US probe over the
electrodes. The cross correlation and nMSE between matched
MUs were not affected by the presence of the US probe
(p = 0.503 and p = 0.407 respectively). A significant effect
of the contraction level was observed for both cross cor-
relation and nMSE (p <0.05 and p <0.001 respectively),
with larger cross correlations and lower nMSE for the 20%
MVC contraction. The examples in Fig. 6 illustrate the
matching between MUAPs detected under the two experi-
mental conditions, as well as the matching between MUAPs
detected using ReGrid and a standard HD-sEMG grid (flexible
polyimide circuit), both positioned at the same anatomical
location and sharing identical electrode configuration and
size.
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IV. DISCUSSION
A. Conformability and US Transparency

From a mechanical standpoint, ReGrid is a patch charac-
terized by a thin profile and high conformability, making it
minimally intrusive. These features enable recordings from
uneven skin surfaces or regions that undergo significant shape
changes during movement. In contrast, standard technology
based on the use of bi-adhesive pads (1)-3 mm thickness)
often encounters difficulties to conform to the underlying
surfaces. The mechanical stresses at this interface can lead
to a loss of electrode-skin contact resulting in power line
interference and motion artifacts due to the high impedance
(several hundreds of kilo-ohms) of the electrode-skin interface
[40], [42], [44], [55]. The ReGrid reduced thickness, high con-
formability (implying the absence of air gaps between ReGrid
and the skin), and the use of plastic materials determine its
transparency to ultrasound. Previous studies have shown that
the presence of air in the adhesive foam layer due to the
relative rigidity of flexible PCB materials substantially hinder
ultrasound transmission through electrode grids made with
standard technology (cf. fig 1 in [22]). For this reason, elec-
trode grids composed of materials with acoustic impedance
similar to that of biological tissues, adhering uniformly to the
skin, have been proposed [22]. In that implementation, the
conductive tracks were embedded in a silicone material and
were exposed only at the electrode sites in the grid. ReGrid
represents a significant advancement in this technology, as the
electrical pads and conductive tracks are printed directly on
the material that forms the ultrasound-transparent patch. This
eliminates the need for cavities in the supporting material,
thereby reducing the thickness of the grid to that of the
supporting patch itself.

In this work, we quantified the ultrasound transparency
through an in-vitro test performed on a standard phantom.
Results show that the image quality obtained with the grid
positioned between the probe and the phantom is comparable
to that obtained with the probe placed directly on the phan-
tom. Ultrasound transparency is further shown in an in-vivo
measurement of the tibialis anterior muscle (Fig 4b), where
both longitudinal and transverse scans reveal the anatomical
structures of the tibialis anterior without artifacts due to the
presence of the grid between the probe and the skin. Notably,
the ultrasound images presented in this study were obtained
with the ultrasound probe positioned directly over the EMG
electrodes, which also proved fully transparency to ultrasound.
This is a particularly important feature for muscles demanding
highly dense detection systems, such as those in the hand,
where placing the US probe alongside the electrodes is not
possible. Indeed, one possible approach that has been used
to acquire HD-sEMG and ultrasound data from the same
muscle region, is to introduce a gap (an US-window) between
adjacent columns of electrodes in standard HD-sEMG grids
to accommodate the ultrasound probe. While this is a fea-
sible solution, it limits the minimum inter-electrode distance
(electrode density) and requires protecting the electrodes from
short-circuits mediated by the ultrasound gel. Additionally,
this method does not allow for adjustments to the probe’s

position and orientation once the grid is in place. Finally,
this solution does not allow to sweep the probe over the
electrode grid, which is required for reconstructing a 3D
volume of the muscle [56] and for panoramic/extended-field-
of-view ultrasound imaging [57] Thanks to the full ultrasound
transparency of ReGid, including the supporting layer and the
electrodes, it is possible to acquire US image sequences while
moving the probe over the muscle surface covered by the grid,
as shown in the supplementary material.

B. Electrical Characterization and Signals Quality

ReGrid was found to be comparable to standard electrode
grids in terms of both electrode-skin interface noise and
impedance magnitude at S0Hz [14], [45], [58]. A key point of
interest was the stability of the electrode-skin impedance over
time. No significant variations in electrode-skin impedance
magnitude at 50Hz were observed when comparing measure-
ments taken at the beginning and end of the experimental
protocol, which lasted about 60 minutes. It is worth noting
that during the experimental protocol, water-based ultrasound
gel was applied to the outer surface of the grid to perform
joint HD-sEMG-US measurements. This gel could poten-
tially penetrate between the grid and the skin generating low
impedance paths between the electrodes or electrodes’ detach-
ment, thereby reducing the quality of the detected signals. The
fact that the order of magnitude of the impedances remained
stable from the start to the end of the measurements suggests
that the electrode system is impermeable to external physical
agents that could compromise signal quality.

The good quality of the electrode-skin contact is reflected
in performance in terms of power line interference rejection
properties of the electrode-amplifier system. It is well known
that the degree of power line interference affecting biopoten-
tials depends on the common-mode voltage at the input of
the electrode-amplifier system [10], [11], [12]. This voltage
is primarily due to parasitic capacitive coupling between the
participant, the power line source, and the ground, as well
as coupling between the front-end reference and the power
line ground [11], [59]. This common-mode voltage can be
converted into a differential signal at the amplifier’s input
due to the so-called voltage divider effect [10], [12], [60].
Having low and homogeneous impedance across the electrodes
contributes to minimize this effect. It is also important to
note that in the case of concurrent HD-sEMG and ultra-
sound measurements, the presence of the ultrasound probe
(connected to a mains-powered device) in contact with the
electrode grid could strengthen the capacitive coupling of the
electrodes with the power line mains, consequently increasing
the 50Hz/60Hz common-mode voltage at the input of the
electrodes-amplifier system. Our experimental measurements
showed that this condition does not lead to a significant
increase in power within a 4-Hz frequency band centered to
the power line frequency (50 Hz). This result is likely due
to two main factors: i) the relatively low 50-Hz electrode-
skin impedance magnitude with respect to the amplifier input
impedance, limiting the voltage divider effect; ii) the use of a
miniaturized and ground-floating wireless acquisition system
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[8], [12], decoupling front-end electronics form the power line
mains and ground.

C. Global HD-sEMG Analysis

The analysis of HD-sEMG signals detected using
ReGrid allowed for the extraction of physiologically
relevant variables both at the global and individual motor unit
levels. Given the extensive literature on HD-sEMG studies
using standard grids, here we focused on comparing per-
formance of ReGrid with and without the probe over the
grid, using literature values as reference for comparison with
standard grids. This analysis was performed because, despite
the good rejection of power line interference, the presence of
the probe could potentially introduce artifacts or other distur-
bances that might limit the extraction of relevant information
from HD-sEMG signals. For the global features extracted from
experimental signals, we focused on CV estimation, a key
physiological variable for characterizing the propagation of
action potentials along the muscle fiber membrane [61]. The
estimation of CV from sEMG signals relies on calculating
the time delay between signals recorded by electrodes placed
along the course of the muscle fibers [62]. Calculating CV
is therefore particularly sensitive to artifacts or disturbances
that appear simultaneously across multiple electrodes, as these
can bias the time delay estimation and consequently lead
to overestimations. Our results indicate that CV estimates
are not affected by the presence of the ultrasound probe
over the electrodes, suggesting that signals quality remains
unchanged even under joint HD-sEMG-US measurement
conditions.

D. Single MU Analysis

The analysis at the single motor unit level demonstrated
that the decomposition of signals detected by ReGrid yields
results comparable to those reported in the literature, in terms
of both the number and characteristics of the identified motor
units. Additionally, the presence of the ultrasound probe on
the electrode grid did not affect the decomposition output.
The analysis of matched single motor units (MU tracking)
was specifically designed to test the effect of the combined
EMG-US measures on the firing properties of the identified
motor units and on the shape of the identified action poten-
tials. We conducted motor unit tracking across consecutive
contractions without changing the position of the participant
or the grid, to minimize potential confounding factors that
could alter the action potential shape [53]. This setup was
purposely chosen as it provides favorable conditions for motor
unit tracking, allowing us to isolate possible effects of the
presence of the ultrasound probe on the grid. For both force
levels, when compared to the reference contraction, neither the
number of matches nor the values of the considered metrics
were significantly affected by the presence of the ultrasound
probe. In line with the results from the global signal analysis,
this finding complements the previously shown analyses of
noise, impedance, and power line interference, demonstrating

that the proposed electrode grid performs similarly to stan-
dard electrodes and enables the extraction of physiologically
relevant variables even during combined measurements with
ultrasound.

From a broader perspective, ReGrid grid enables a range
of new experimental paradigms for the study of neuromus-
cular function. By allowing the concurrent acquisition of
high-quality HD-sEMG signals and ultrasound images from
the same muscle region, this technology enables the char-
acterization of the electromechanical properties of muscle
contraction, including the relationship between neural drive,
tissue motion, and architectural changes. In addition, the
technology presented in this study opens the way to three-
dimensional imaging of muscle, either by moving the US
probe over the electrodes or by using 2D matrix array
transducers, facilitating volumetric reconstructions of muscle
morphology. Integrated recordings may help linking changes
in muscle architecture to changes in EMG features at both
the global level (e.g. amplitude distribution) and the single
motor unit level (e.g. MUAP waveform). This may provide
useful information to enhance the modelling of the relationship
between muscle architecture and MUAP shape, with potential
benefits for the improvement of HD-sEMG decomposition
algorithms in dynamic contractions. Finally, the waterproof
nature of the proposed grid may enable EMG investiga-
tions in aquatic environments, expanding opportunities for
studying muscle function under altered loading conditions.
From a technological perspective, ReGrid represents a new
generation of electrode-grid technology compared to conven-
tional PCB-based solutions with bi-adhesive foams, providing
high conformability complex anatomical surfaces and robust
interfacing with signal conditioning and acquisition systems.
Although the experimental validation presented in this study
was performed using a grid configuration with a 10 mm inter-
electrode distance, the proposed technology is not limited
to this spacing and number of electrodes. ReGrid can be
scaled to different electrode configurations, including higher-
density layouts (i.e. 5 mm IED, Fig 2.b), depending on the
requirements of the application.

V. CONCLUSION

In this work we described the design, development and char-
acterization of an innovative fully echo-transparent HD-sEMG
electrode patch. The developed detection system represents an
advancement of the state-of-the-art technology for the concur-
rent acquisition of HD-sEMG signals and US images through
highly conformable grids of electrodes. The design method-
ology, bench, and in-vivo characterization demonstrated that
the developed detection system can be considered an enabling
technoly for the development of new applications requiring
high conformability of the electrodes grids, waterproofness
or the simultaneous acquisition of high quality HD-sEMG
signals and US images. Although presented in the context
of surface EMG detection, the proposed electrode design is
extendable to other applications involving the acquisition of
surface biopotentials, further broadening the potential impact
of this technology.
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