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An Ultra-light and Flexible sSEMG Active Probe for
Patch-like Muscle Activity Monitoring

Letizia Cantore, Fabio Rossi, Andrea Mongardi, Danilo Demarchi
Department of Electronics and Telecommunications, Politecnico di Torino, Turin, Italy, Email: fabio.rossi@polito.it

Abstract—Surface ElectroMyoGraphy (sEMG) constitutes a
valid tool for monitoring muscle activity in sports, rehabilita-
tion, control of Human-Machine Interfaces (HMIs), and tele-
monitoring. To extend its applicability beyond clinical settings,
the wearability of acquisition systems is a key factor, allowing
for reduced discomfort during use, acquiring signals without
hindering movement, and reducing the risk of detachment
during the acquisition. This paper proposes a flexible, lightweight
(0.81g), and extremely compact active probe, measuring 30 mm
x 10mm x 3mm, produced using rigid-flex PCB technology.
The experimental tests, conducted on five subjects, each one
performing six dynamic movements, show that the developed
probe is capable of acquiring good quality SEMG signals, with
a median Signal-to-Noise Ratio (SNR) of 10.9dB. Additionally,
the minimal power consumption of the active probe, amounting
only to 0.732 mW, makes the probe suitable for battery-powered
applications, e.g., activities of daily living long-term recordings.

Index Terms—Surface Electromyography, Active Electrodes,
Flexible Electronics, Wearable Sensors, Muscle Monitoring

I. INTRODUCTION

Surface ElectroMyoGraphy (sEMG) is a non-invasive tech-
nique used to capture electrical signals originating from the de-
polarization of muscle fiber membranes by placing electrodes
on the skin [1], [2]. It serves as a particularly valuable tool in
various research and clinical fields, such as rehabilitation [3]—
[11], control of Human-Machine Interfaces (HMIs) [12], [13],
neuro-prosthetics activation and feedback [14], [15], and quan-
titative assessment, like sports performance evaluation [16]-
[18] and gait and postural tracking, in the fields of ergonomics
and tele-monitoring [19]-[21].

A critical aspect of using SEMG recording devices for
muscle activity monitoring is their wearability. Indeed, recent
research [22] has focused on alternatives to disposable sil-
ver/silver chloride (Ag/AgCl) wet-gel electrodes due to their
size, the need for bulky shielded cables and rigid electrode
holders, and the potential for skin irritation, in addition to
dehydration over time resulting in signal degradation. Capac-
itive and surface direct-contact dry electrodes offer a viable
alternative to traditional ones, eliminating the need for gel
and enabling reusability. Dry-contact electrodes consist of
conductive materials, such as biocompatible metals, carbon,
or conductive polymers, and rely on skin sweat and moisture
as the electrolyte, which reduces contact impedance over
time [22], [23]. Capacitive electrodes use a conductive plate
covered by a dielectric material to detect electrical displace-
ment currents through capacitive coupling, providing greater
comfort, reduced allergy risk, and no need for skin prepa-
ration. However, they have higher skin-electrode impedance

! o< ! Reference
Erer @ — 09V 0

flexible
substrate W Mo mm |

exploring
_ - =
electrodes ¥ .

2cm !

3cm

Fig. 1. The sEMG active probe prototype (bottom) and its functional
components (top). The signal is decoupled (a), differential high-pass filtered
to get rid of movement artifacts (b), and then amplified (c). A DC offset (d)
is provided to both the reference electrode and the INA REF input.

and generally higher manufacturing costs [22], [23]. In both
cases, it is advisable to implement bio-signal active probe
strategies to reduce sensitivity to noise and motion artifacts,
i.e., integrating operational amplifiers directly on the top of
the biopotential recording electrode. This solution increases
the input resistance seen by the electrodes, reducing signal
attenuation, and decreases the output resistance seen by the
acquisition system, minimizing noise. As a result, active
probes are less susceptible to electromagnetic interference and
motion artifacts, and allow the use of longer cables without
signal degradation [24].

This paper presents a custom semi-flexible active probe
(Fig. 1), designed focusing on minimizing power consump-
tion and device area while maintaining adequate mechanical
strength and suitable signal quality for muscle activity moni-
toring. The central flexible segment, together with the overall
thinness (i.e., 3mm) of the PCB, make the proposed probe
perfect to be patched for long-term wearable applications, also
involving powerful dynamic exercises.
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Fig. 2. a) shows a photo to demonstrate how the active probe can be worn,

here sensing the activity of the gastrocnemius medialis muscle during gait; b)

reports an example of the recorded sEMG at the temporalis site, displaying both rest and contraction muscular phases; c) represents the PSDs of our frequency
analysis, demonstrating how the active probe correctly detect typical SEMG frequencies, and d) summarizes the SNR results for all tested movements.

II. SEMG ACTIVE PROBE DESIGN AND PROTOTYPE

The proposed active probe consists of two square rigid re-
gions (10 mm x 10 mm), with a four-layer stack-up, connected
by a flexible bridge (5 mm x 10 mm) made of polyimide.

The bottom side of the rigid regions includes an exploring
electrode and a reference electrode, both gold-plated to be
dry, bio-compatible, and reusable. The electrode configuration
was optimized for differential signal acquisition, balancing
signal quality and active probe size. An Inter-Electrode Dis-
tance (IED) of 20mm was chosen based on the SENIAM
guidelines [25]. The exploring electrodes have a diameter
of 5mm, which reduces crosstalk from nearby muscles and
minimizes the low-pass filtering effect inherent to the sensing
area [26]. The reference electrode was designed to surround
the exploring electrodes at a distance of 2mm, thus not
interfering with it but still maintaining its electrical continuity.

On the top side of the rigid regions, all the electronic
components have been meticulously positioned to fit the
200 mm? area. Looking at the central section of Fig. 1, the
top layer includes a Pico-Lock connector (1) to interface the
active probe with an external system, a low drop-out voltage
regulator (2) to provide a stable 1.8 V power supply, and the
AFE (a—d) for signal conditioning. In particular, the AFE chain
is based on the design previously described in [27], from which
the following stages were here re-implemented for the active
probe design:

a) electrodes protection and impedance decoupling;

b) Differential High-Pass Filter (DHPF), with 34 Hz cutoff
frequency, to attenuate motion artifacts;

¢) Instrumentation Amplifier (InAmp), further stabilized by

a 70 Hz Low-Pass Filter (LPF) as negative feedback on its
reference, to obtain the amplified (200 V/V) differential
SEMG signal;

d) the 0.9V reference generator used both to impose the
skin potential and to refer the InAmp output to the middle
dynamic.

In this way, the resulting sSEMG signal, whose example rep-
resentation is reported in Fig. 2-b, is sufficiently robust to be
wired-transmitted to a second unit, where optional AFE stages
could be implemented to further enhance signal quality, e.g.,
adding the programmable gain multiplier or the 400 Hz LPF
of our previous design [27].

To complete the design, the flexible substrate provides both
power supply and signal paths between the two rigid regions,
and guarantees good adaptation to skin and muscle anatomy
thanks to the bending and torquing capability of the polyimide
layer (Fig. 2-a).

III. VALIDATION TESTS AND RESULTS

The performance of the developed active probe has been
evaluated by carrying out two tests: the assessment of the
SsEMG signal quality and the power consumption analysis.

Five healthy subjects, aged between 25 and 30 years old,
were recruited to test the actual usability of the active probes.
Each subject was asked to perform 10 dynamic contractions
of 6 common movements. The active probe was attached to
the skin with a bio-compatible adhesive tape, above one of
the primarily activated muscles for each exercise, according
to the SENIAM guidelines [25], [33]. The active probe was
then connected to the NI USB-6003 data acquisition (DAQ)
board, linked to a computer. The movements performed, with
the relative muscle being probed, were:

o Regular Walk (RW) - Gastrocnemius Medialis;

o Calf Raise (CR) - Gastrocnemius Medialis;

o Wrist Flexion (WF) - Flexor Carpi Radialis;

o Wrist Extension (WE) - Extensor Carpi Radialis Brevis;



TABLE I
STATE OF THE ART COMPARISON AMONG SEMG ACTIVE PROBES

Reference  Year Adevice Aglectrode IED Weight Recording Flexible SNR? Noise baseline pPCb
[15] 2020 2115 mm? 79 mm? 20 mm n.a. Differential v n.a. n.a. n.a.
[28] 2020  1225mm? 510 mm?2 n.a. n.a. Monopolar v n.a. 2mV peak-peak n.a.
[29] 2020 1034mm?  64mm?>  35mm n.a. Differential 42.7dB n.a. n.a.
[30] 2021 99 mm? 48 mm? n.a. n.a. Monopolar Ve n.a. 2 uVrms 0.205 mW
[31] 2023 1364 mm? 225 mm? 25 mm 041g Differential v 2.7dB n.a. 1.45mW
[32] 2023 n.a. 16 mm? 4 mm n.a. Differential v 29.3dB 94 uVrms 1.25mW

This work 2024 251mm? 20mm?> 20mm 0.81g Differential J 10.9dB 78 UVRrMs 0.732mW

Median value of the reported metric, bPower consumption, “Flexible and stretchable

o Jaw Closure (JC) - Temporalis;
o Shoulders Opening (SO) - Trapezius Transversalis.

The data were acquired at 1kHz, by interfacing the DAQ
with the MATLAB® software. The signals were then band-
pass filtered at 20 Hz—400 Hz, rectified, and low-pass filtered
again to obtain their envelopes. Then, the muscular rest and
contraction phases were extracted based on envelope vari-
ations, excluding movement transients to ensure activation
stability (see Fig. 2-b). From these windows, after bringing
the signal back to its original dynamic (i.e., scaling the InAmp
gain), three metrics were evaluated: Signal-to-Noise Ratio
(SNR), Power Spectral Density (PSD), and baseline noise. For
SNR evaluation, the standard deviations of the initial rest and
of each contraction phase were computed, and the following
formula was applied:

P O3
SNR =10-log;, <PEMG> =10 - log;g ( = al)

noise noise

Then, to ensure that no relevant variations in the frequency
content occurred during dynamic exercises, a time-frequency
analysis was conducted, with positive outcome. The PSDs
of the contraction phases were thus estimated using the
periodogram method with the Hamming window and then
averaged to obtain a curve for each movement (Fig. 2-c).

Regarding the power consumption analysis, the Texas In-
strument’s (20 V/V gain) INA240 evaluation board was used.
The output voltage of the board was then connected to an
oscilloscope to display and save the acquired signal. The power
consumption of the active probe was obtained by dividing the
read voltages by 200 V/V - Q (i.e., gain - Rgyn), to obtain
the current values, which were then multiplied by the supply
voltage (5 V provided by the DAQ) and averaged over time.

The obtained metrics are reported in Fig. 2. In particular,
Fig. 2-b presents a typical raw signal, and the related envelope,
acquired with the active probe, from which a baseline noise
of around 78 uVrms has been measured. This value can
be improved by designing an acquisition board application-
specific, thus ensuring a more stable acquisition setup. The
PSDs shown in Fig. 2-c demonstrate that the active probe
effectively records the typical frequencies of the SEMG spec-
trum [34]. The SNR computed for the six different movements,
as shown in Fig. 2-d, exhibits a median value of 10.9dB,
indicating a good representation of muscle activity in dynamic

movements, which generally yield lower values than controlled
static contractions at high percentage of maximum voluntary
contraction. Last, the power consumption was measured at
0.732 mW, a satisfactory value for utilizing the active probe on
a battery-powered system suitable for long-term monitoring.

IV. COMPARISON WITH SIMILAR WORKS

The proposed active probe is developed using dry-contact
technology, also adopted by [15], [29], [30] with a gold-
coated surface like [29]. In contrast, [28], [31], [32] incor-
porate capacitive electrodes. The implemented AFE includes
an InAmp as [28], [29], [31] and an HPF like [15], [32],
alongside a protection circuit as in [15]. Table I compares
the mechanical and electrical performance of similar state
of the art devices. Regarding SNR, among papers reporting
values, the best performance was achieved by [29], albeit at
the expense of larger sensor size and rigid support. In [30], a
stretchable electrode was proposed, achieving significantly re-
duced baseline noise with compact dimensions and low power
consumption. However, this setup requires separate placement
of three monopolar electrodes and involves non-standardized
manufacturing, comprising several processing phases. Among
available commercial devices, Delsys offers the Trigno® Mini
Sensor [35], which combines very compact size and high
performance. However, these devices are made with rigid
technology and are not open-source. All the above considered,
the proposed active probe offers the smallest dimensions for
differential sampling, very limited power consumption, and
SNR and baseline noise performance comparable to state of
the art works.

V. CONCLUSIONS

A flexible dry-contact SEMG active probe has been pro-
posed. This device, manufactured using rigid-flex PCB tech-
nology, enables differential measurement through gold-coated
electrodes and on-board signal amplification and filtering
stages. According to the tests conducted, the active probe
achieved a good balance between mechanical and electrical
performance. It features a compact size (30mm x 10 mm
x 3mm), light weight (0.81 g), and low power consumption
(0.732 mW). The quality of the acquired signals, with a median
SNR of 10.9dB and baseline noise of 78 uV during dynamic
contractions, proves its applicability in muscle activity moni-
toring, minimizing discomfort for the subject.
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