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Abstract— Surface electromyography (SEMG) is a commonly
used technique for the non-invasive measurement of muscle
activity. However, the traditional electrodes used for sEMG
often have limitations regarding their long-term wearability.
This study explored the feasibility of a wearable platform using
a tattoo-like epidermal electrode (e-tattoo) for multi-day SEMG
monitoring. Our sEMG e-tattoo provided stable and reliable
sEMG signals over three days of application comparable to
conventional gel electrodes. In addition, the e-tattoo has great
resistance to motion artifacts and, therefore, maintains a high
signal-to-noise ratio (SNR) and signal-to-motion ratio (SMR)
during dynamic activities such as cycling. This robust wearable
platform opens up new avenues for developing future wearable
SEMG devices and advancing dynamic muscle fatigue research.

Clinical relevance— The proposed wearable sSEMG system
can provide continuous and non-invasive monitoring of muscle
activity, providing insights for improving rehabilitation and
EMG-based prosthesis development for patients.

I. INTRODUCTION

Extreme fatigue at work sites increases the risk of injury
and decreases productivity. To address this challenge,
wearable electronics have emerged as a promising solution
to monitor the muscle condition of workers engaged in
physically demanding tasks, such as at distribution centers
and construction sites, through surface electromyography
(sEMG). Although there were many proposed studies on
the correlation between characteristics of SEMG and muscle
fatigue, most studies were limited to short-term fatigue
under muscle contraction with a limited range of motion [1],
[2], [3], [4]. One of the major limitations of these studies
is the absence of a robust SEMG system for long-term
monitoring. Conventional gel-based wet electrodes are
uncomfortable, bulky, and prone to dehydration, which
limits their use for extended periods [5].

Recently, advancements in materials and fabrication meth-
ods have made dry electrodes, known as e-tattoos (electronic
tattoos), a more viable solution for comfortable and long-
term monitoring while ensuring high-quality signals [6], [7],
[81, [9], [10]. However, the system-level integration of such
e-tattoos into practical devices still remains challenging.

Reliable data acquisition (DAQ) during dynamic activities
requires stable connections between the ultrathin, soft e-
tattoos and the millimeter-thick, rigid printed circuit boards
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(PCB) in order to be free from motion and other ambient
artifacts. Previously, flexible interconnections between the e-
tattoos with a gradual increase in thickness were proposed to
minimize Young’s modulus mismatch between layers [11],
[12], [13]. Still, these connectors are time-consuming to
manufacture and difficult to deploy in long-term applications.

To address these challenges, this work presents an
SEMG e-tattoo with a high signal-to-noise ratio (SNR)
comparable to the gold-standard gel electrodes and a high
signal-to-motion ratio (SMR) that minimizes dynamic
motion-induced artifacts. The cost-effective and simple
connection between the electrodes and the flexible printed
circuit (FPC) interconnector minimizes motion artifacts
without compromising softness. The plug-and-play analog
front end (AFE) is designed to be user-centered, improving
accessibility for multi-day use. Furthermore, this study
showcased the capability of the SEMG e-tattoo system to
drive innovation in future multi-day muscle fatigue research.
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Fig. 1. (a) Soft, stretchable sSEMG e-tattoo with a flexible FPC intercon-
nector. (b) Side view of the connection between electrodes and the FPC
interconnector. E-tattoo under (c) stretching and (d) twisting on skin.

II. MATERIALS AND METHODS

A. SEMG E-tattoo Design

The sEMG e-tattoo is depicted in Fig. 1a. The electrodes
are made of a 50-um-thick serpentine patterned conductive
graphite deposited polyurethane (G-PU) film and supported
by a medical dressing (Tegaderm, 3M), resulting in a soft,
skin-friendly patch that can be worn for extended periods.

Previous electrical connections for thin-film sensors, such
as epoxy-based solder and anisotropic conductive film [12],
[13], are not robust enough for long-term wear and endure
cyclic load applied under frequent movements. Instead, the
rivet connection in Fig. 1b provides a secure link between the
soft e-tattoo and the FPC interconnector. The JST-GH port
offers a user-friendly plug-and-play interface to the AFE and
DAQ system for practical use. Despite the rigid rivet connec-
tion, the e-tattoo remains flexible, able to accommodate skin
movements like stretching (Fig. 1c) and twisting (Fig. 1d).
B. Analog Front-End Design

The AFE shown in Fig. 2 includes four stages for analog
domain signal processing: an instrumentation amplifier, 60
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Fig. 2. The AFE, with a compact design, amplifies the SEMG band of

20-480 Hz.

Hz notch filter, high-pass filter, and low-pass filter. The
instrumentation amplifier provides high input impedance and
common mode rejection. A relatively low input stage gain
of 19 was used to avoid saturating the amplifier. The second
stage was a notch filter implemented by a twin-T network
and a source follower. The center rejection frequency was
set to 60 Hz to eliminate power line interference. The
high-pass stage was designed with a Sallen-Key topology,
with a gain of 200 and a cutoff frequency of 20 Hz. The
low-pass stage was also designed with Sallen-Key topology,
with unity gain and a cut-off frequency of 480 Hz.

C. Subject and Study Procedure

Five healthy subjects (males, age 224-4 years) participated
in a three-day exercise study. E-tattoos and conventional
gel electrodes were applied to the vastus lateralis muscle
for comparison. During the study, subjects wore the sensors
continuously and were allowed to engage in usual daily
activities, including showering. However, they were asked
to avoid intense exercises that could fatigue the leg muscles.
The subjects performed 30 squats and all-out one-minute
power cycling daily for three days, and the sSEMG signal
and the contact impedance were collected. The experimental
procedures involving human subjects described in this
paper were approved by the University of Texas at Austin
Institutional Review Board.

The long-term stability of the SEMG e-tattoos was
evaluated using two criteria: secure contact of electrodes
on the skin and signal quality. Electrode-skin contact was
assessed by measuring the contact impedance over time,
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while signal quality was evaluated by computing the signal-
to-noise ratio (SNR) and the stability of the myoelectric
signal relative to motion (SMR). Contact impedance was
measured by applying a 1 kHz sinusoidal current between
the sSEMG input electrodes.

The SNR and SMR were computed for each contraction
of the muscle. The SNR was calculated by dividing the total
power of the SEMG signal across all frequencies by the
power of the noise frequency range, which is assumed to
be ambient noise in the upper 20% of the frequency range
(above 400 Hz) [14]. To evaluate signal stability from the
motion artifacts, the SMR was computed as the ratio of total
SEMG power to the motion-induced noise power, which was
calculated as the sum of the power spectral density (PSD)
area below 20 Hz and above a straight line connecting the
origin and the peak power between 50 Hz and 150 Hz [15].

D. Signal Processing

The AFE-preamplified sSEMG signals were sampled at 1
kHz using a data acquisition (DAQ) system (NI-DAQ, Na-
tional Instruments). The raw SEMG signals were detrended
and then squared to segment the muscle contractions. For
each contraction, the mean frequency (MNF) and median fre-
quency (MDF) were computed by fast Fourier transform. The
average root-mean-squared (RMS) of each contraction was
computed as well. The raw signals were also decomposed by
empirical mode decomposition (EMD), which can separate a
time series into a set of oscillatory components in different
frequencies, called intrinsic mode functions (IMFs) [16].

III. RESULTS AND DISCUSSION
A. Multi-day Signal Reliability

The electrode-skin contact impedance is a standard
metric for evaluating electrodes’ skin conformability and
conductivity. Lowering the contact impedance improves
signal quality. We compared the impedance of the e-tattoos
and the conventional gel electrodes for both short-term and
long-term periods.
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Fig. 3.

(a) The contact impedance over the first one hour (inset) and five hours. (b) The contact impedance and SNR of the sSEMG signal during three

days of the squat exercise. (c) The raw SEMG signals during three days of the squat exercise.
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Fig. 4. The raw sEMG signal recorded during one-minute power cycling
shows clear muscle activation without motion artifacts.

As shown in Fig. 3a, both e-tattoos and gel electrodes
had low initial impedance, with an average of 4.54 k() and
2.21 k€ respectively. Over time, the impedance increased
gradually for both electrodes, with the e-tattoo stabilizing
at 7.08 k€2 and the gel electrode at 3.06 k(2 after 5 hours.

The contact impedance increased less than 5 kQ over
three days, demonstrating the multi-day reliability of the
e-tattoo. Although the contact impedance of the dry e-tattoo
electrode was higher than that of the wet gel electrode, the
SNRs of both electrodes were comparable over the three
days, as shown in the notched box plots in Fig. 3b. On the
first day, the average SNR was 21.84 dB for the e-tattoo
and 21.59 dB for the gel electrode. By the third day, the
average SNRs had decreased slightly to 20.78 dB and 21.58
dB, respectively. The SNR of each muscle contraction was
above 15 dB, indicating that the sSEMG signals were not
severely contaminated by noise during dynamic muscle
contractions [14]. Fig. 3c also shows that the amplitude
of the baseline and EMG contractions remained consistent
over three days of measurement using the e-tattoo.

B. Multi-day Muscle Fatigue Monitoring

Because our robustly designed e-tattoo endures on-skin
deformation, it acquires reliable SEMG even during highly
dynamic activities. In our study, the subjects performed a
one-minute power cycling test to induce leg muscle fatigue
while sSEMG signals were recorded using the e-tattoo system.

Fig. 4 shows raw sEMG signal from a subject during the
cycling test. Despite the subjects maintaining a high speed
of 2-4 cycles per second, muscle contractions are clearly
distinguishable without any noticeable motion artifacts, as
shown in the zoomed-in inset of Fig. 4. The MNF and
MDF of the raw signal and the first three IMFs of muscle
contractions are shown in Fig. 5. The MNF of the SEMG
decreases as fatigue accumulates over time in all IMFs [17],
with IMF1 decaying faster than IMF2 and IMF3, suggesting
that higher frequency components of EMG are more sensitive
to muscle fatigue. MDF also decreased in all IMFs but
decreased more gradually than MNF. In fact, the decay slopes
were similar in all IMFs and the raw signal. The features’
variance was greater in the IMF1 than in the IMF2 and IMF3.

Fig. 6 shows that the SNR and SMR of muscle
contractions during cycling decreased over three days. Such
a decrease can be explained by an increase in contact
impedance which made the e-tattoo more susceptible
to ambient noise. The SNR and SMR values remained
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Fig. 5. The decreases in the (a) MNF and (b) MDF of the raw signal
and the first three IMFs indicate muscle fatigue during one-minute power
cycling.

above 15 dB and 12 dB, respectively, which indicate an
acceptable SEMG signal with little influence of artifacts
[14]. This demonstrates the stability of the sEMG e-tattoo
for multi-day dynamic muscle activity monitoring.

Lastly, we investigated the change in the MNF, MDF, and
RMS values of muscle contractions over three days of exer-
cise. Fig. 7 shows that the MNF and MDF decreased while
the RMS increased as fatigue progressed [18]. The slopes of
the linear fit lines become flatter over days. The MNF and
MDF of the early muscle contractions during the cycling task
were higher on the first day than on the following days. On
the other hand, they converge to similar values towards the
end of the task. This may indicate that the muscle was not
fully recovered from the fatigue between days, and there is a
lower bound of the sSEMG frequency spectrum at the fatigue
state. The initial RMS values were also higher on later days,
indicating muscle fatigue accumulation during multi-day ex-
ercises. Although a decrease in the MNF and MDF and an in-
crease in the RMS of an EMG signal are well-known charac-
teristics of muscle fatigue, a correlation between sSEMG fea-
tures and multi-day fatigue and recovery has yet to be fully
explored due to the current limitation of the conventional
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Fig. 6. The e-tattoo maintains acceptable SNR and SMR during three-day
cycling exercises.
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Fig. 7.  The different initial values of various sEMG features indicate

accumulation of muscle fatigue during three-day cycling exercises. The
initial values of the (a) MNF and (b) MDF decreases over three days. (c)
The initial value of RMS increases over three days.
sEMG hardware. Thus, the proposed sSEMG e-tattoo system
provides a promising approach for stable and non-invasive
monitoring of muscle activities for clinical applications.
IV. CONCLUSIONS

In this paper, we developed an sSEMG e-tattoo electrode
with a robust interconnector for multi-day muscle activity
monitoring. The results of high SNR and SMR during
dynamic exercise demonstrate the device’s ability to
resist ambulatory noises. We also evaluated the system’s
performance in monitoring muscle fatigue during multi-day
dynamic exercise. While changes in the MNF, MDF, and
RMS of the EMG signals under muscle fatigue and during
dynamic activities have been investigated, their explicit
correlation with multi-day fatigue accumulation is yet to
be established due to limitations in stable EMG monitoring
under various conditions. To fully understand the correlation
between these EMG features and muscle fatigue influenced
by a variety of factors, further development of wearable
continuous monitoring platforms that can collect ample data
over an extended period is necessary.
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